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With the development of science and technology of mate-
rials in civil engineering, concrete material has been themost
widely used building material all over the world. %e most
famous advantage of concrete is its high compressive
strength. However, there are many defects for concrete
materials, such as low anticracking performance, bad
toughness, low tensile strength, and so on. During the failure
of the concrete structure under the action of load, the energy
consumed is very limited, and many cracks with different
size scale will come into being. %e concrete with higher
strength has larger brittleness.%e existing of a large number
of cracks has great adverse influence on the mechanical
properties and durability of concrete structures, which will
result in shortening of the service life of the structures. %e
defects of common concrete restrict the application under
severe conditions to a large extent.

In order to overcome the defects of concrete material,
many researchers have conducted a lot of investigation to
improve the properties of concrete, especially the toughness
of concrete. It has been proved that the using of fibers can
improve the mechanical properties and durability of con-
crete. A large number of studies have been conducted to
study the performance and advantages of fiber-reinforced
concrete in the last several decades. %e fibers often used in
concrete materials include steel fiber [1], glass fiber [2],
polyethylene fiber [3], polypropylene fiber [4], polyvinyl
alcohol fiber [5], polyester fiber [6], basalt fiber [7], and
natural fiber [8]. %ere are three kinds of actions of fibers on
concrete, which include anticracking, reinforcing, and
toughening. %e anticracking action refers to the ability to
restrict and reduce the generation and development of

shrinkage cracks in the concrete. %e reinforcing action can
be defined as that the addition of fibers decreases the adverse
effect of the defects inside the concrete on the strength of the
concrete and improves the mechanical properties of the
concrete. %e toughening action refers to the bridge effect of
the fibers across the cracks inside the concrete, which im-
proves the toughness of the concrete after cracking.

%is special issue aims at bring investigators from in-
dustry and academia together to report and explore the new
investigation techniques, new preparation methods and
basic material properties, testing methods and standardi-
zation in civil engineering, fresh properties and construct-
ability, shrinkage and creep, structural performance and
modeling, functional coatings for buildings, durability
and sustainability, and field applications in fiber-reinforced
concrete materials and review the latest progress in this field.
Out of about fifty-two submitted manuscripts, twenty-three
research manuscripts have been selected and published in
this special issue because of their good quality and relevance
to the theme of this special issue. %e selected articles ad-
dress various aspects, including the mechanical properties
and durability of steel fiber-reinforced concrete, materials
and structural performance of fiber-reinforced ultrahigh-
performance concrete, tensile mechanical properties and
failure modes of basalt fiber concrete, the effect of various
waste powder and mineral admixtures on the durability and
mechanical performance of concrete, and the numerical
modeling of properties of fiber-reinforced concrete.

Among various fibers, steel fiber is the most famous fiber
used in concrete materials. %e paper titled “Effects of Single
and Hybrid Steel Fiber Lengths and Fiber Contents on the

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 1698905, 4 pages
https://doi.org/10.1155/2018/1698905

mailto:pengzhang2014@yahoo.com
http://orcid.org/0000-0001-9386-4614
http://orcid.org/0000-0001-5071-4018
http://orcid.org/0000-0003-3347-0634
https://doi.org/10.1155/2018/1698905


Mechanical Properties of High-Strength Fiber-Reinforced
Concrete” is authored by K.-C. Kim et al. %ey conducted an
experimental study on the mechanical properties of high-
strength fiber-reinforced concrete (HSFRC). In this study,
they used three steel fiber contents and three steel fiber
lengths. %e results indicate that the compressive strength,
elastic modulus, and tensile strength of the HSFRC mixture
with hybrid steel fibers were similar to those of the mixtures
with a single length of steel fiber. Y. Zheng et al. compared
the mechanical properties of steel fiber-reinforced concrete
with different strengths prepared by traditional mixing and
vibratory mixing methods. %eir results indicate that vi-
bratory mixing can effectively improve the distribution of
steel fibers in concrete and can increase the density of steel
fiber concrete, and therefore, it effectively improves the
mechanical properties of steel fiber-reinforced concrete
when compared to the traditional mixing method. H. Feng
et al. investigated the mechanical performance of magne-
sium phosphate cement mortar-reinforced microsteel fibers.
%e results showed that the addition of microsteel fibers
from 0% to 1.6% by volume significantly improved the
compressive strength of the mortar, and the addition of
microsteel fibers changed the flexural failure mode of
magnesium phosphate cement mortar from brittleness to
ductility. %e paper titled “Mechanical Properties of Steel
Fibers and Nanosilica Modified Crumb Rubber Concrete” is
authored by Y. Wang et al. %rough a series of experiments,
the mechanical properties of crumb rubber concrete rein-
forced with nanosilica and steel fibers were investigated.
According to their results, the brittle failure of the crumb
rubber concrete can be improved, and the mechanical
properties can be enhanced by the addition of steel fibers and
nanosilica. Besides, the improvement of steel fibers on the
splitting tensile strength of modified crumb rubber concrete
is more obvious, while the nanosilica plays an important role
on the enhancement of compressive performance. %e
chloride diffusion coefficient has been regarded as the most
important parameter to predict the chloride ingress of
concrete. Based on a series of chloride bulk diffusion tests, Q.
Wang et al. presented a proper model to calculate the
chloride diffusion coefficient of concrete reinforced with
steel fibers. %eir results showed that the unstressed spec-
imens of steel fiber-reinforced concrete exhibited better
chloride resistance, and the chloride diffusion coefficient of
steel fiber-reinforced concrete was reduced by the com-
pressive stress, while that of the plain concrete had no
obvious changes. %e addition of steel fibers has great im-
provement on the chloride resistance of concrete. %e
proposed model can provide a simple method to calculate
the chloride diffusion coefficient of the specimens of steel
fiber-reinforced concrete under bending load. %e paper
titled “Stress-Strain Behavior of Steel Fiber-Reinforced
Concrete Cylinders Spirally Confined with Steel Bars” is
authored by B. Sabariman et al. %ey investigated the effect
of the application of hooked-end steel fibers in spirally
confined concrete with various pitches. In their testing, the
standard concrete cylinders were spirally confined with steel
bars and with/without hooked-end steel fibers. %eir results
indicated that the using of hooked-end steel fibers had great

contribution on improving both compressive strength and
ductility of concrete, and the compressive strength and
ductility of steel fiber-reinforced concrete also increased
with the decrease of the spiral’s pitch.

Some short fibers can be added into cementitious com-
posites to produce a kind of high-performance construction
materials, which is often called engineered cementitious
composite (ECC). O. Holcapek et al. prepared a new kind of
cementitious composite using ceramic fibers and carried out
some experiments to evaluate the resistance to elevated
temperatures of the composite. %eir results indicated that
hydrothermal curing had positive effect for the purpose of
refractory cement composites reinforced by ceramic fibers,
and the flexural strength, both before and after being subjected
to elevated temperatures, achieved an especially excellent level.
L. Liu et al. presented an experimental study on the flexural
properties of ECC. It can be observed that the number of
cracks increased with the increment of stress levels, and most
of the cracks were formed during the earlier stage of the
dynamic test. %e paper titled “Effects of Shrinkage-
Compensation on Mechanical Properties and Repair Per-
formance of Strain-Hardening Cement Composite Materials”
is authored by S.-J. Jang et al. %ey studied the influence of
expansive admixture on the mechanical properties of strain-
hardening cement-based composites and investigated the
structural performance of reinforced concrete (RC) beam
specimens repaired with strain-hardening cement composite
materials. Y. Guan et al. studied the flexural properties of
ECC-concrete composite beam and revealed the impacts of
bonding at the interface and fiber mesh reinforcement on the
flexural properties and cracking pattern. It can be concluded
that the fiber mesh reinforcement could further improve the
flexural properties regardless of the bonding condition. Based
on a lot of tests, Y. Liu et al. discussed the effect of silica fume
(SF) and ground-granulated blast-furnace slag (GGBS) on the
frost resistance of ECC with high volume of fly ash. %eir
result shows that the relative dynamic elastic modulus and
mass loss of ECC in sodium chloride solution by freeze-thaw
cycles are larger than those in tap water by freeze-thaw cycles,
and the relative dynamic elasticmodulus andmass loss of ECC
by freeze-thaw cycles increase with increasing fly ash content.

With the development of concrete technology, ultrahigh-
performance concrete has been manufactured to meet higher
and higher requirement on concrete structures. Various waste
mineral admixtures are used to prepare ultrahigh-
performance concrete (UHPC). J. Liu and R. Guo prepared
ultrahigh-performance concrete by applying steel slag powder
and steel slag aggregate. %ey determined the fluidity, non-
evaporable water content, and pore structure of the paste and
the compressive strength of UHPC and observed the mor-
phologies of the hardened paste and the concrete fracture
surface. %e paper titled “Exploitation of Ultrahigh-
Performance Fiber-Reinforced Concrete for the Strengthen-
ing of Concrete Structural Members” is authored by M.A. Al-
Osta. He reviewed, analyzed, and discussed the recent issues
and findings regarding the use of fiber-reinforced UHPC as
a repair or strengthening material for concrete structural
members and recommended the concerning areas where
future attention and research on the use of fiber-reinforced
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UHPC as a strengthening material needs to be focused if the
material is to be applied in practice. P. Zhang et al. studied the
influencing factors on the performance of fiber-reinforced
UHPC under the condition of room temperature. It can be
concluded that the water/binder ratio, the ratio of cement
replaced by ground-granulated blast-furnace slag, the dosage
of fly ash, and the particle size of sintered bauxite have great
effect on the properties of fiber-reinforced UHPC. S. Han
et al. conducted the experiment study of modeling for the
early-age shrinkage of fiber-reinforced UHPC under different
curing conditions. %e calculation model of early-age
shrinkage was established based on the theory of shrinkage
of cementitious materials, which can provide theoretical
support for the structural design and engineering application
of fiber-reinforced UHPC.%e paper titled “Simulation of the
Flexural Response of Ultrahigh Performance Fiber-
Reinforced Concrete with Lattice Fracture Model” is auth-
ored by C. Gu et al. %ey simulated the flexural response of
fiber-reinforced UHPC based on the lattice fracture model,
which has the potential to help with the materials design of
fiber-reinforced UHPC. %e effects of fiber orientation and
fiber content were studied with the lattice fracture model.

%e paper titled “Mechanical Properties and Service Life
Prediction of Modified Concrete Attacked by Sulfate Cor-
rosion” is authored by M. Zhang et al. %ey studied the
mechanical properties and service life prediction of poly-
propylene fiber-reinforced concrete attacked by sulfate
corrosion. %eir results indicated that the strength of con-
crete increased in the early stages of corrosion and decreases
gradually later, and the admixture significantly improved the
resistance to sulfate erosion of the modified concrete, while
polypropylene fiber played a less important role on anti-
corrosion properties. J. He et al. conducted the uniaxial
tensile tests of basalt fiber/epoxy (BF/EP) composite material
with four different fiber orientations under four different
fiber volume fractions and analyzed the variations of BF/EP
composite material failure modes and tensile mechanical
properties. %eir results show that the tensile strength,
elastic modulus, and limiting strain of BF/EP composite
material all decrease with increasing fiber orientation angle
when the fiber volume fraction is constant, and the tensile
strength, elastic modulus, and limiting strain of BF/EP
composite material all increase with increasing fiber vol-
ume fraction when the fiber orientation angle is constant. S.
Rico et al. presented a state-of-the art report on fiber-
reinforced lightweight aggregate concrete masonry. In or-
der to solve the issues of the brittleness of the unit for
masonry concrete, they proposed a reliable solution, which
consists of introducing steel fibers to the lightweight ag-
gregate concrete masonry mix. %e solution can provide
invaluable data for the production of a ductile masonry unit
capable of withstanding seismic loads for prolonged periods.

Besides the properties of fiber-reinforced concrete, the
structural performance of the structures made of fiber-
reinforced concrete was investigated and discussed in this
special issue. C. Boonmee et al. studied the gravity load
collapse behavior of extremely poor quality-reinforced con-
crete columns under cyclic loading. %e results showed that
the use of deformed bars (associated with larger amount of

longitudinal reinforcement) caused the damage to severely
dissipate all over the height of the columns, and such
damage caused columns to collapse at a lower drift com-
pared to those using round bars. G. Zhao et al. numerically
simulated the static load carrying capacity of a non-
corroded reinforced concrete (RC) simply supported beam
using Abaqus software and verified the reliability of the
finite element model by comparing with the test results.
Moreover, they calculated the macroscopic mechanical
properties of the beam under different degrees of corrosion
based on the established model. %eir results indicate that
the macroscopic mechanical properties of the corroded
beam are affected by the coupling effect of bond-slip
degradation and the mechanical property degradation of
the rebar and that the bearing capacity and ductility of the
beam are decreased and its brittleness is increased with the
increase in the corrosion rate. W. Zheng et al. carried out
a series of experiments to investigate the seismic perfor-
mance and shear strength of reactive powder concrete
interior beam-column joints subjected to reverse cyclic
loads. %e results show that reactive powder concrete
beam-column joints have a higher shear-cracking strength
and shear carrying capacity and strength degradation and
rigidity degradation are not notable and that the use of
reactive powder concrete for beam-column joints can re-
duce the congestion of stirrups in joints’ core. %e paper
titled “Seismic Performance of a Corroded Reinforce
Concrete Frame Structure Using Pushover Method” is
authored by M. Zhang et al. %ey built a finite element
model of a six-storey-three-span reinforced concrete (RC)
frame structure using SAP2000 software. %eir results
showed that the seismic performance of the RC frame
decreased significantly due to corrosion of the longitudinal
rebars and that the interstory drift ratios increase dra-
matically with the increasing of the corrosion rate. Besides,
the formation and development of plastic hinges (beam
hinges or column hinges) will accelerate, which leads to
a more aggravated deformation of the structure under rare
earthquake action, resulting in a negative effect to the
seismic bearing capacity of the structure.
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(e effect of curing conditions on the early age and long-term shrinkage of ultra high-performance fiber-reinforced concrete
(UHPFRC) was systematically studied. (e shrinkage of the early age (0–168 h) and long-term age (0–90 d) of UHPFRC material
was measured based on three kinds of humidity conditions (dry, sealed, and soaked) and curing temperatures (25°C, 40°C, and
75°C), respectively. In this paper, the hydration degree of different shrinkage stages was studied in combination with chemical-
bound water experiment. Meanwhile, the influencing mechanism of curing condition on the shrinkage of UHPFRC was analyzed.
(e results show that the early shrinkage rate of UHPFRC is accelerated with the increase of temperature, and the rate of shrinkage
development at the latter stage is suppressed with the increase of temperature. With the increase of humidity, the early age
shrinkage of UHPFRC and its increasing rate gradually decrease, which means drying condition> sealing condition> soaking
condition. According to the long-term shrinkage results, increasing temperature has very significant inhibiting effect on the
UHPFRC shrinkage in the sealed condition. Due to the majority of the in-site components of UHPFRC cured in the sealed
condition, high-temperature curing has evident inhibition of early age shrinkage of UHPFRC. (erefore, promoting curing
temperature is fairly effective at inhibiting the early age shrinkage of UHPFRC for the in-site structures.

1. Introduction

As a kind of typical fiber-reinforced concrete material, ultra
high-performance fiber-reinforced concrete (UHPFRC) is
known for the high strength, high durability, high toughness,
and low defection. UHPFRC has a broad application prospect,
which can be widely used in several environments [1]. In
pursuit of excellent properties of UHPFRC, some methods
including reducing water-cement ratio [1], adding reactive
powders [2], and adding compound chemical admixtures were
carried out. (ese design approaches will accelerate the
hydration of cementitious materials to form dense struc-
ture, while the larger self-drying shrinkage is also generated
simultaneously. However, the internal structure of ordi-
nary concrete with less autogenous shrinkage is relatively
loose. (e shrinkage mechanism of ordinary concrete is
also quite different from that of UHPFRC. Studies have
shown that the autogenous shrinkage of cement hydration
was only 50–100 με after 5 years [3], while the early age

shrinkage of UHPFRC material reached up to 400 με at the
age of 14 d [4]. Since the early strength and shrinkage of
UHPFRC grow rapidly, the shrinkage stress will be gen-
erated inside concrete by constraint effect. (en the
probability of cracking also increases, which causes neg-
ative effect on mechanical properties and durability of the
structure. (erefore, it is of great significance to further
study the shrinkage mechanism of UHPFRC.

UHPFRC is usually cured by heating and steaming. (e
curing condition has a very important effect on the concrete
shrinkage. (ere is great difference for the shrinkage be-
tween the steam curing and the standard curing. Studies
showed that [5] the shrinkage of UHPFRC among 14 d age
reached up to 400–800 με in the standard curing condition,
while that of 28 d was only about 100–300 με in the curing
condition of high-temperature steam. Fehling et al. [6]
believed that the concrete was denser after the heat curing,
which would not produce a larger shrinkage. Bouziadi et al.
[7] studied the effect of different curing temperatures (20°C,
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35°C, and 50°C) on the total shrinkage of high-strength
concrete; the results showed that the total shrinkage and
the growth rate increased with the increase of curing
temperature. Besides, the effect of curing temperature on
early age shrinkage was higher than that of long-term
shrinkage. Mounanga et al. [8] studied the shrinkage de-
velopment in different curing temperatures (10–50°C). It was
found that there was a certain limiting value for the growth
of shrinkage with increasing curing temperature. (e
shrinkage was lower than 40 με at 50°C. Han et al. [9] studied
the effect of environmental humidity and temperature on the
drying shrinkage before the end of curing. (e results
showed that higher environment humidity during curing led
to higher drying shrinkage after the curing time. While the
curing temperature increases, the drying shrinkage de-
creased accordingly. Tu [10] studied the development of
UHPFRC shrinkage in different curing conditions (75°C
steam curing, 75°C dry curing, 40°C purl curing, 40°C dry
curing, and 20°C purl curing). It was indicated that tem-
perature and humidity had large effect on the shrinkage
during the curing period. Raising both the temperature and
the humidity increases the shrinkage during curing, but
high-temperature curing also decreases the drying shrinkage
after the end of curing. Above all, the curing temperature
and humidity presented significant influences on the
shrinkage of UHPFRC. However, in existing researches, the
effects of the curing condition on the shrinkage of UHPFRC
in early age and long-term shrinkage have not been clearly
studied. It is difficult to propose the effective methods to
restrain the UHPFRC shrinkage.

In this study, based on the shrinkage development of
UHPFRC cured in standard curing room, the shrinkage
development of UHPFRC cured in various curing condi-
tions was systematically measured. (ree kinds of humidity
conditions (dry, sealed, and soaked) and curing tempera-
tures (25°C, 40°C, and 75°C) were chosen. (e embedded
vibrating wire extensometer was used to measure the early
age and long-term shrinkage. At the same time, combining
with the hydration degree in different stages of shrinkage,
the changing mechanisms of UHPFRC shrinkage were
discussed.

2. Materials and Methods

2.1. Materials and Mix Proportions of UHPFRC. 42.5 ordi-
nary Portland cement (fineness 3400 cm3/g; the initial set
160min, final set 220min) is used for cementitious materials.
Its clinker mineral compositions are shown in Table 1.

(e chemical compositions of silica fume with an aver-
age particle size of 0.31μm are shown in Table 2. (e fine
aggregate is made of quartz sand customized by a sand
factory in Beijing. It is divided into three grades: 1.25–
2.5mm, 0.63–1.25mm, and 0.315–0.6mm and a ratio of 2 :
4 : 1. (e measured apparent density and bulk density of
quartz sand in different grades are shown in Table 3.
Shortcut steel fiber with the diameter of 0.22mm, length of
13mm, and tensile strength of 2800MPa is used as rein-
forced material. PCE with 29% water reduction rate and
31% solid content is used as superplasticizer.

UHPFRC is composed of graded quartz sand, cement,
silica fume, steel fiber, superplasticizer, and water. (e
standard mixture ratio of UHPFRC commonly used in this
research group is designed based on the packing theory [11].
As shown in Table 4, the UHPFRC standard mixture ratio
was regarded as the control group. (e shrinkage mecha-
nisms of UHPFRC in different conditions were investigated
by varying the curing conditions.

(e detailed curing process is described as follows:
Before demolding and keeping in the standard curing room
(constant temperature and humidity), the experimental
specimens of the sealed and soaked conditions should be
covered by the membrane. At 1 d after molding, the mold
was removed. (e specimen of dry curing was kept in the
standard curing room. (e specimens of sealed curing were
sealed with a plastic membrane and tape. As for soaked
curing, the specimen completely submerged in water was
placed in a sealed box. Moreover, before putting it in the
standard curing room until the stipulated age, the experi-
mental group of high-temperature curing was cured 72 h in
the corresponding temperature (40°C and 75°C, resp.).

2.2. Test Methods. According to the Chinese current code
GB/T 50082-2009 (ordinary concrete long-term perfor-
mance and durability test method standard), the measured
methods of concrete shrinkage are divided into the contact
measuring method and the noncontact measuring method.

Table 1: (e primary mineral composition of 42.5 ordinary Portland cement (wt.%).

C3S C2S C4AF C3A f-MgO f-CaO
Mass percentage 60.5 18.1 8.9 7.4 1.8 0.9

Table 2: (e examination result of silica fume (wt.%).

SiO2 Fe2O3 Al2O3 CaO MgO K2O Na2O SiC SO3 Loss
Content 82.22 1.81 0.97 0.36 1.31 0.84 0.16 0.92 0.27 1.45

Table 3: (e size distribution of quartz sand.

Category Coarse
sand

Medium
sand Fine sand

Particle size distribution
(mm) 0.63–1.25 0.315–0.63 0.16–0.315

Apparent density (g·cm−3) 2.586 2.627 2.634
Bulk density (g·cm−3) 1.306 1.428 1.440
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Because the UHPFRC needs to be cured at high temper-
ature, the shrinkage is unable to be measured by these two
methods during curing according to the current code. So
the method of using the embedded vibrating wire exten-
someter was carried out. After comparing the two kinds of
methods, Han et al. [12] found that the method of using the
embedded vibrating wire extensometer could accurately
measures the shrinkage of UHPFRC. (e shrinkage of
specimens in different curing conditions was measured by
using the JMZX-212-type high-precision vibrating wire
extensometer and the JMBV-1164-type automatic acqui-
sition device from molding. (e reading time was set for
each hour in 7 d. After this, it changed to read a number

every day until the age of 90 d. (e SHT75 temperature and
humidity sensor embedded inside the cube specimens
(100mm× 100mm× 100mm) was used to measure the
internal humidity with cooperating SCTH2001 intelligent
data collector. (e internal humidity of hardened slurry
was read every other day from pouring until the age of 28 d.
(e early age shrinkage of UHPFRC is closely related to
the hydration reaction of cementitious materials. (e hy-
dration heat method can only measure the hydration de-
gree in first 7 d, while the chemical-bounding water test
can measure that of any age. For acquiring the data of
hydration degree comprehensively, the chemical-bound
water contents were measured at 2, 4, 7, 14, 28, and 90 d

Table 4: (e standard mix ratio of UHPFRC (unit: kg/m3).

Cement Quartz sand Silica fume Superplasticizer Steel fiber Water
Content 706 1255 160 74 120 122
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Figure 1: (e shrinkage curve of UHPFRC in 168 h. (a) Soaked condition. (b) Sealed condition. (c) Dry condition.
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in different curing conditions, respectively. According to
[13], after stopping the hydration reaction, the samples
were dried 3 h at 110°C in vacuum from about 10 g to
constant weight m1, and the constant weight m2 at 950°C
through the same method. (e chemical-bound water
content was computed through the difference of two
weights.

3. Results and Discussion

3.1. +e Early Age Shrinkage of UHPFRC in Different Curing
Temperatures. (e development of early age shrinkage is
mainly determined by the hydration degree of UHPFRC.
Different curing temperatures have different effects on the
degree of cement hydration. In the study process of
UHPFRC early age shrinkage, the UHPFRC in the three
conditions of dry, sealed, and soaked were placed in the

environment of 25°C, 40°C, and 75°C, respectively. After
curing for 72 h, the specimens were placed into the standard
curing room until the prescribed curing time. (e early age
shrinkage in 168 h is shown in Figure 1.

(e early age shrinkage of UHPFRC occurred mainly in
the first 96 hours. After that, the shrinkage curve gradually
tended to be flat. Meanwhile, the shrinkage remained ba-
sically unchanged. In different humidity conditions, raising
the temperature would have a great impact on the early age
shrinkage of UHPFRC. At room temperature (25°C), the
shrinkage of UHPFRC 168 h cured in three conditions of
soaked, sealed, and dry was 194.8 με, 651.7 με, and 770.7 με,
respectively. With the increase of temperature, UHPFRC
early age shrinkage had growth of varying degrees. When the
temperature was raised to 75°C, the corresponding 168 h
shrinkage was 551.6 με, 885.5 με, and 1321.9 με, which
was increased by 183.2%, 35.9%, and 71.5%, respectively.
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Figure 2: (e shrinkage of UHPFRC in 90 d. (a) Soaked condition. (b) Sealed condition. (c) Dry condition.
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(e early age shrinkage of UHPFRC would increase with
the increase of curing temperature in all conditions. Faster
development of early age shrinkage led to a higher
shrinkage value, which increased corresponding risk of
material cracking. (e initial cracking of UHPFRC could
occur within a short time. (is was because the increase
of temperature promoted the hydration rate of the ce-
mentitious materials in the concrete, and the hydration-
hardening process was also enhanced. Due to the increase
of cement hydration, the chemical shrinkage also increased
quickly. On the contrary, hydration consumed a large
amount of water in the material, which leaded to an in-
crease in self-shrinkage inside the concrete. It was note-
worthy that UHPFRC undergone some expansion
reaching 200 με within 24–36 h in soaked conditions. Due
to the sudden increase of air humidity in the curing en-
vironment after demolding, the hygroscopic expansion
of concrete resulted in the expansion of the UHPFRC
specimen.

3.2. +e Long-Term Shrinkage of UHPFRC in Different
Curing Temperatures. After continuous measurement of the
shrinkage development, the shrinkage in 90 days was ob-
tained in different curing humidity conditions, as shown in
Figure 2. In soaked and dry curing environments, the early
age shrinkage rate of UHPFRC increased rapidly until the
fifth day and then remained stable in the latter period. (e
long-term shrinkage results showed that higher curing tem-
perature led to smaller long-term shrinkage. Even rebounded
phenomenon would occur. However, higher curing temper-
ature led to higher shrinkage in the same curing time. (e
development of chemical shrinkage and autogenous shrinkage
resulting in larger early age shrinkage and rapid decrease of
humidity inside the concrete would be promoted by the high-
temperature during curing. However, the accelerated hydra-
tion of the cementitious material produced a large amount of
hydration products, which makes the hardened paste more
compact. As a result, the external water hardly enters the
interior of concrete after curing, which inhibited the further
development of hydration. In other words, curing temperature
accelerated the developing rate of UHPFRC shrinkage.
(erefore, curing temperature has a significant increase in the
early shrinkage. It also has an inhibitory effect on the long-
term shrinkage.

As shown in Figure 2(b), UHPFRC in the sealed con-
dition exhibited different shrinkage developments within
90 d at three different curing temperatures. (e shrinkage
curve before 28 d at 25°C increased with age continuously.
(e shrinkage at the first 7 d developed rapidly but gradually
slowed down in the latter period. (e curve tended to be
gentle after 28 d, and the shrinkage at 90 d was 909.9 με. (e
shrinkage at 40°C increased rapidly in the first 5 d and then
continued to increase until up to 875.5 με at 90 d. (e early
age shrinkage at 75°C was similar to that at 40°C, while the
shrinkage decreased continuously after 5 d and decreased to
612.6 με at 90 d. As shown in the long-term shrinkage curve,
the increase of curing temperature inhibited the self-
shrinkage in the latter age. (e inhibition was also more

obvious with the increase of curing temperature. (e
chemical-bound water of the cement paste in three curing
temperatures was measured at 1, 4, 7, 14, 28, and 90 d,
respectively. Analyzing the mechanism with the hydration
degree, the hydration degree was calculated as shown in
Figure 3.

(e shrinkage developing curve of the sealed condition
showed that the effect of curing temperature on shrinkage
was phased. During curing, high temperature promoted the
development of shrinkage, while the inhibiting effect of high
temperature on shrinkage began to emerge at the end of
curing. (e higher the temperature was, the more obvious
the inhibiting effect was. As could be seen from the hy-
dration degree, the highest degree of hydration occurred at
75°C and the degree of hydration at 40°C is slightly higher
than 25°C. High temperature promoted the hydration re-
action, which made early relative humidity decrease rapidly.
(e autogenous shrinkage also developed rapidly during this
period. As there was no water loss in the sealed condition,
the hydration of the cementitious material would continue.
(e hydration products filled the pore to make the structure
denser, which resulted that the increase of curing temper-
ature would inhibit the shrinkage.

3.3. +e Early Age Shrinkage of UHPFRC in Different Hu-
midity Conditions. (e early age shrinkage of UHPFRC in
different humidity conditions was compared.(eUHPFRC
cured in different humidity conditions (dry, sealed, and
soaked) was placed for 72 h at the environment tempera-
tures of 25°C, 40°C, and 75°C, respectively. (e early age
shrinkage in 168 h is shown in Figure 4. With the increase
of moisture in the curing environment, the shrinkage of
UHPFRC decreased significantly. About three hours after
molding, there was a difference appearing in the curing
conditions of different humidity conditions. (e shrink-
age of UHPFRC in the drying condition was highest, the
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Figure 3: (e hydration degree of UHPFRC in the sealed
condition.
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growth rate of which was faster. However, the shrinkage of
UHPFRC in the soaked condition and the sealed condition
was almost the same. (e water absorption expansion
occurred at 24 h after curing in the soaked condition. (e
expansion increased obviously with the increase of curing
temperature. (e early age shrinkage developed rapidly
during the stage of 24 to 48 h. Especially in the normal
temperature condition, the moister the environment was,
the slower the shrinkage developed was. In addition, after
curing in the high-humidity environment, the larger
shrinkage occurred in the short term after the end of curing
(96 hours). Due to the thermal shrinkage and humidity
shrinkage caused by the reduction of temperature and
moisture, respectively, higher temperature led to higher
shrinkage. (erefore, when the UHPFRC components of
high-temperature steam curing were translated from the
curing phase into the use stage, the risk of cracking should

be focused. Higher curing temperature also led to more
obvious cracking risk.

3.4. +e Long-Term Shrinkage of UHPFRC in Different Hu-
midity Conditions. After continuous measurement of the
shrinkage development, the shrinkage in 90 days was obtained
in different curing humidity conditions, as shown in Figure 5.
(ere was a significant difference in the long-term shrinkage
of UHPFRC material in different curing conditions. At 25°C,
the shrinkage in the soaked condition was always lower than
that in the other two conditions. (e shrinkage in the dry
condition and the sealed condition was similar to each other.
At 40°C, the sort by UHPFRC shrinkage was as follows: dry
condition> sealing condition> soaking condition. (e cor-
relation between this rule and environmental humidity was
very good. At a high-temperature curing of 75°C, the shrinkage
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Figure 4: (e shrinkage of UHPFRC in different temperature curing conditions in 168 h. (a) 25°C. (b) 40°C. (c) 75°C.
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of UHPFRC material in the dry condition significantly in-
creased, while shrinkage of the other two curing conditions
was relatively close. (e change of curing temperature caused
the difference in the effect of environmental humidity on the
early age shrinkage of materials. On the whole, with the in-
crease of curing temperature, the early age shrinkage of
UHPFRC in the sealed condition was closer and closer to
soaked curing, which indicated that it was significantly
inhibited. (e inhibiting effect was only significant for the
UHPFRC in the sealed condition, but not for the other two
conditions. (e UHPFRC material was too dense to permeate
after forming, so most of the actual structural components of
UHPFRCmaterial could be regard as a sealed curing state.(e
high temperature had themost obvious inhibiting effect on the
early age shrinkage of UHPFRC in the sealed curing condition.
(erefore, as for the practical engineering structures, im-
proving temperature is a very effective method to inhibit the
early age shrinkage of material.

4. Conclusions

(e early age shrinkage rate of UHPFRC in different hu-
midity conditions is as follows: dry condition> sealing
condition> soaking condition, which is consistent with
ordinary concrete. (e increase of curing temperature will
significantly accelerate the process of UHPFRC material
shrinkage, which increases the early age shrinkage. However,
the rate of long-term shrinkage will be accordingly reduced.
(e shrinkage of UHPFRC material at the same age always
increases with the promotion of curing temperature.
According to the development of long-term shrinkage, in-
creasing temperature has very significant inhibiting effect on
the UHPFRC shrinkage in the sealed condition, which is
much higher than the other two conditions. Due to the
majority of the engineering components of UHPFRC cured
in the sealed condition, high-temperature curing has evident
inhibition on early age shrinkage of them. (erefore, as for
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Figure 5: (e shrinkage curve of UHPFRC in different temperature curing conditions in 90 d. (a) 25°C. (b) 40°C. (c) 75°C.
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the practical engineering structures, improving temperature
is a very effective method to inhibit the early age shrinkage of
UHPFRC.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

(e authors declare that they have no conflicts of interest.

Acknowledgments

(is research was supported by the National Natural Science
Foundation of China (51408037 and 51578049), Major
Scientific and Technological Projects of the Communica-
tions Ministry (2011318494160), and China Communica-
tions Construction R&D Project (2013-ZJKJ-11).

References

[1] J. Dugat, N. Roux, and G. Bernier, “Mechanical properties of
reactive powder concrete,” Materials and Structures, vol. 29,
no. 4, pp. 233–240, 1996.

[2] S. Han, P. Y. Yan, and R. G. Liu, “Study on the hydration
product of cement in early age using TEM,” Science China
Technological Sciences, vol. 55, no. 8, pp. 2284–2290, 2012.

[3] Y. Z. H. Ju, D. H. Wang, and C. H. Zhang, “Advance of
research and application on reactive powder concrete,”
Journal of Northeast Dianli University, vol. 31, no. 1, pp. 9–15,
2011.

[4] O. Bonneau, C. Poulin, J. Dugat et al., “Reactive powder
concrete: from theory to practice,” Concrete International,
vol. 18, no. 4, pp. 47–49, 1996.

[5] T. S. Liu, Study of Reactive Powder Concrete Shrinkage +eory
and Experimental Research, Beijing Jiaotong University,
Beijing, China, 2007.

[6] E. Fehling, M. Schmidt, J. Walraven et al., Ultra-High Per-
formance Concrete UHPC, Ernst and Sohn GmbH and Co.
KG, Berlin, Germany, 2014.

[7] F. Bouziadi, B. Boulekbache, and M. Hamrat, “(e effects of
fibres on the shrinkage of high-strength concrete under
various curing temperatures,” Construction and Building
Materials, vol. 114, pp. 40–48, 2016.

[8] P. Mounanga, V. Baroghel-Bouny, A. Loukili, and A. Khelidj,
“Autogenous deformations of cement pastes: Part I. Tem-
perature effects at early age and micro–macro correlations,”
Cement and Concrete Research, vol. 36, no. 1, pp. 110–122,
2006.

[9] S. Han, P. Y. Yan, and X.M. Kong, “Study on the compatibility
of cement-superplasticizer system based on the amount of free
solution,” Science China Technological Sciences, vol. 54, no. 1,
pp. 183–189, 2011.

[10] Y. Q. Tu, Research on the Influence Factors for the Shrinkage
of Reactive Powder Concrete, Beijing Jiaotong University,
Beijing, China, 2015.

[11] H. Wang, S. Han, A. N. Mingzhe et al., “Development of
microcosmic study on reactive powder concrete materials,”
Materials Review, vol. 28, pp. 95–53, 2014.

[12] S. Han, Y. Q. Tu, M. Z. An et al., “(e shrinkage of reactive
powder concrete in early age and its control methods,” China
Railway Science, vol. 36, no. 1, pp. 40–47, 2015.

[13] S. Han and J. Plank, “Mechanistic study on the effect of sulfate
ions on polycarboxylate superplasticisers in cement,” Ad-
vances in Cement Research, vol. 25, no. 4, pp. 200–207, 2013.

8 Advances in Civil Engineering



Research Article
Mechanical Properties of Steel Fiber-Reinforced Concrete by
Vibratory Mixing Technology

Yuanxun Zheng ,1,2 Xiaolong Wu,1 Guangxian He,3 Qingfang Shang,3 Jianguo Xu ,1

and Yikai Sun1

1School of Water Conservancy and Environment, Zhengzhou University, Zhengzhou, Henan 450001, China
2Henan Traffic Investment Group Co. Ltd., Zhengzhou, Henan 450052, China
3Henan Wanli Road & Bridge Group Co. Ltd., Xuchang, Henan 461000, China

Correspondence should be addressed to Yuanxun Zheng; yxzheng@zzu.edu.cn and Jianguo Xu; jianguoxu@zzu.edu.cn

Received 2 February 2018; Accepted 2 April 2018; Published 12 July 2018

Academic Editor: Song Han

Copyright © 2018 Yuanxun Zheng et al. +is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

As a kind of important engineering material, steel fiber-reinforced concrete was used widely in civil engineering. Up to now, steel
fiber-reinforced concrete was usually produced by the traditional mixing method. For the reason of uniform distribution of fiber,
the reinforcement of mechanical properties of concrete was inadequately performed. In this paper, C50 steel fiber-reinforced
concrete and C60 steel fiber-reinforced concrete were manufactured by traditional mixing and vibratory mixing methods,
respectively, and then, the cube compression test, flexural test, splitting tensile test, and the bending test were carried out. +e
reinforcement effects of mechanical properties were analyzed by comparing the traditional mixing and vibratory mixing methods.
+e results show that vibratory mixing can effectively improve the distribution of steel fibers in concrete and can increase the
density of steel fiber concrete, and therefore, it effectively improves the mechanical properties of steel fiber-reinforced concrete
when compared to the traditional mixing method.

1. Introduction

As an important building material, concrete has been widely
used in civil engineering applications such as bridges and
roads engineering, and the related experimental study of the
mechanical properties of concrete was also fruitful [1–5].
With the vigorous development of engineering construction,
high-performance concretes such as fiber-reinforced concrete
was applied gradually in important engineering structures
[6–10]. Among these high-performance concretes, for the
advantages of low cost, easy fabrication, and performance
improvements, obviously, steel fiber-reinforced concrete was
used widely in the current engineering field [9, 10]. However,
the study showed that uneven incorporation of steel fiber
would affect the fluidity and uniformity of concrete mixing
and even result in fiber bonding, which eventually affects the
reinforcement effect of mechanical properties [11–15]. Up to
now, most research paid attention on the improvement effect

of different types of fiber or optimum fiber content, but little
literature paid attention on the difference of improvement
effect by various stirring technologies. As a kind of new
stirring technology, compared to traditional stirring tech-
nology, vibratory mixing technology could effectively im-
prove the distribution of fibers in concrete, further increase
the density of steel fiber concrete, and finally improve the
mechanical properties of steel fiber-reinforced concrete
[16–20]. But, at present, vibratory mixing technology has not
been widely used in engineering, and research on its im-
provement of concrete mechanical properties is inadequate at
home and abroad. For such reasons, in this paper, different
steel fiber incorporation volume concrete test specimens of
various mix proportions were prepared, which were made by
different stirring technologies. And then, compression test,
flexural test, splitting tensile test, and bending test were
conducted; finally, the differences of workability and me-
chanical properties of steel fiber concrete made by vibratory
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mixing and the traditional mixing technologies, respectively,
were compared and analyzed.

2. Materials and Test Programs

2.1. Materials

2.1.1. Steel Fiber. +e physicochemical parameter of steel
fiber should meet the requirements of JGT 472-2015. +e
length of steel fiber should be 20mm∼60mm and diameter
or equivalent diameter should be 0.3mm∼1.2mm; length to
diameter ratio was 30∼65.

2.1.2. Cement. P.O 42.5 ordinary Portland cement was used
in this paper, and each performance index of cement and its
strength of 3 days and 28 days were checked according to the
performance index of “General Portland Cement” (GB175-
2007).

2.1.3. Fine Aggregate. Good quality graded sand was se-
lected, and fineness modulus should be controlled in 2.3 to
3.0; fine aggregate performance was checked according to
GB14684-2011.

2.1.4. Coarse Aggregate. Test selection of hard texture,
graded continuous gravel, and aggregate shape with a more
uniform edge polyhedron was made as well, with a particle
size of 5mm∼20mm and clay content<1%. +e “standard
test method for building pebbles, gravel” (GB/T14685-2011)
was used as test performance indicators of the coarse
aggregate.

2.1.5. Admixture. Polycarboxylate superplasticizer was used
as admixture, with water reduction rate not less than 25%.
+e amount of admixture was 0.5%∼1% of cement content.

2.1.6. Mineral Admixture. Addition of fly ash should be
consistent with the provisions of GB/T1596.

2.2. Mixture Proportion Design. +e purpose of this exper-
iment is to study the improvement of mechanical properties

of different types of steel fiber-reinforced concrete (SFRC)
which was made by ordinary stirring and vibratory mixing,
respectively. In the field of engineering, steel fiber-reinforced
concrete was always used as high-strength concrete, so in
this paper, two kinds of high-strength concrete C50 and C60
were studied in this paper, and the amounts of steel fiber
admixture were 0.5%, 1%, 1.5%, and 2%, respectively. +e
specific mix is shown in Table 1.

2.3. Sample Preparation. To ensure uniform distribution of
basalt fibers in the mix, sand and macadam were mixed
firstly, and then, cement and fiber were added. After the
mixtures were mixed for 30 seconds, the water and additives
were added during the course of stirring.+e stirring time of
steel fiber-reinforced concrete was 3 minutes; and the
mixing process is shown in Figure 1.

+e prepared mixture was put into the test mold to
vibrate, and then, it was made flat. +e mold was removed
after 48 hours maintenance, and then specimens were cured
in the standard curing room at the temperature of 20°C and
relative humidity of 97%. +e curing process is shown in
Figure 2.

+e strengthening mechanism of vibration was to make
cement powder and fine material to quickly disperse; water
and cement hydration reaction speed was expedited evenly
so that the microscopic structure of the cement concrete was
improved, and the dosage of cement was effectively reduced.
+e contrast of effect between vibratory mixing and tradi-
tional mixing is shown in Figure 3, and the contrast of
microstructure between vibratory mixing and traditional
mixing is shown in Figure 4.

3. Experimental Programs

3.1. Cube Compression of Steel Fiber-Reinforced Concrete.
+e standard length of 150mm cube specimen was used in
the cube compressive strength test, and the methods and
procedures of “ordinary concrete mechanical properties test
method standard” GB/T 50080-2016 and “test method for
fiber concrete” (CECS 13-2009) were referred to conduct the
test. +e constant-speed stress control was used in this test,
and loading speed was 0.6MPa/s; the specimen would be
automatically unloaded, and the strength of damage was

Table 1: Test mix of steel fiber concrete.

Specimen
number

Steel fiber
parameter

(%)

Steel fiber
(kg)

Water
(kg)

Cement
(kg)

Coarse
aggregate

(kg)

Fine
aggregate

(kg)

Additive
(kg)

Sand-coarse
aggregate
ratio

C50

0 0 172 347.5 1181.3 664.5 2.7 0.36
0.5 39 172 347.5 1159.5 674.3 2.7 0.36
1 58.9 172 347.5 1148.6 679.2 2.7 0.36
1.5 78.5 172 347.5 1137.8 684.9 2.7 0.36
2 117 172 347.5 1115.1 693.7 2.7 0.36

C60

0 0 164 451.8 1078.2 660.8 4.9 0.36
0.5 39.3 164 451.8 1055.8 671.2 4.9 0.36
1 78.5 164 451.8 1033.5 681.5 4.9 0.36
1.5 117.8 164 451.8 1011.1 691.9 4.9 0.36
2 157 164 451.8 988.8 702.2 4.9 0.36
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recorded by the machine. +e cube compressive strength
testing machine is shown in Figure 5.

3.2. Flexural Test of Steel Fiber-Reinforced Concrete. +e
existing literatures showed that the flexural tests of steel fiber-
reinforced concrete made by vibratory mixing were very
limited up to now. For this purpose, a series of beam spec-
imens (at the age of 28 d) with the size of 100mm× 100mm×

400mmwere used to study the flexural strength in this study.
+e three-point loading tests were carried out using the

flexural testing machine (NYL-300C type) in accordance with
the Chinese standard (JTG E30-2005). +e test apparatus of
the flexural strength test is presented in Figure 6.

3.3. Split Tensile Test of Steel Fiber-Reinforced Concrete.
+e standard length of 150mm cube specimen was used in
the splitting tensile strength test, and each group includes 3
specimens. +e 3000 kN pressure testing machine was used
in this test, and the splitting position should be drawn before
the splitting test, as shown in Figure 7.

(a) (b)

Figure 2: +e manufacturing and curing operation of specimens.

Cement and water
molecular cluster

Diffusion of cement and
water molecular cluster

Vibratory mixing

Figure 3: Contrast of effect between vibratory mixing and traditional mixing.

(a) (b)

Figure 1: Mixing process of steel fiber concrete by vibratory mixing.
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4. Result and Discussion

4.1. Cube Compressive Strength of Steel Fiber Concrete

4.1.1. Cube Compressive Strength of Steel Fiber Concrete
Made by Traditional Stirring. It can be seen from Figure 8(a)
that, for the traditional mixing method, the compressive
strength of steel fiber-reinforced concrete CF50 increases as
the steel fiber content increases. At the fiber content of 0.5%,
1%, 1.5%, and 2%, the concrete compressive strength in-
creases by 7.05%, 13.79%, 18.17%, and 20.85%. Figure 8(a)
shows that while fiber content is less than 1%, the com-
pressive strength increasing rate is faster; as the fiber content
is more than 1% (e.g., 1.5% and 2%), the compressive
strength increasing rate becomes slow.

Figure 8(b) details that, similar to CF50, the compressive
strength of steel fiber-reinforced concrete CF60 also im-
proves with the increase of steel fiber content. At the fiber
content of 0.5%, 1%, 1.5%, and 2%, the concrete compressive
strength increases by 6.33%, 20.59%, 24.57%, and 26.35%.
Figure 8(b) also shows that while fiber content is less than
1%, the compressive strength increasing rate is faster; as the

fiber content is more than 1% (e.g., 1.5% and 2%), the
compressive strength increasing rate becomes slow.

Comparing CF50 to CF60, it can be found that fiber-
reinforced effect of compressive strength of high-strength
concrete CF60 is higher than that of CF50; for example, at
the same fiber content of 1%, the compressive strength
increases by 20.59% in CF60; in CF50, the value is 13.79%. In
other words, for vibratory mixing, steel fiber enhanced effect
of high-strength concrete is more obvious.

4.1.2. Cube Compressive Strength of Steel Fiber Concrete
Made by Vibratory Mixing. Figure 9(a) shows that, for the
vibratory mixing mode, with the increase of the steel fiber
content, the cubic compressive strength of concrete CF50
increases continuously. At the fiber content of 0.5%, 0.75%,
1%, 1.5%, and 2%, the concrete compressive strength in-
creases by 10.23%, 11.35%, 12.12%, 13.79%, and 17.71%.
Figure 9(a) shows that while fiber content is less than 0.5%,
the compressive strength increasing rate is faster; as the fiber
content is more than 0.5% (e.g., 1.5% and 2%), the com-
pressive strength increasing rate becomes slow.

(a) (b)

Figure 4: Contrast of microstructure between (a) traditional mixing and (b) vibratory mixing.

(a) (b)

Figure 5: Cube compressive strength testing machine.
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Figure 9(b) shows that, similar to CF50, the compressive
strength of CF60 also improves with the increase of steel
fiber content. At the fiber content of 0.5%, 1%, 1.5%, and 2%,
the concrete compressive strength increases by 7.9%,
14.14%, 19.96%, and 22.89%. Figure 9(b) also shows that
while fiber content is less than 1%, the compressive strength
increasing rate is faster; as the fiber content is more than 1%
(e.g., 1.5% and 2%), the compressive strength increasing rate
becomes slow.

Comparing CF50 to CF60, it can be found that fiber-
reinforced effect of compressive strength of high-strength
concrete CF60 is higher than that of CF50; for example, at
the same fiber content of 1.5%, the compressive strength

increases by 19.96% in CF60; in CF50, the value is 13.79%. In
other words, for vibratory mixing, steel fiber enhanced effect
of high-strength concrete is more obvious.

4.1.3. Effect of Different Mixing Methods on the Compressive
Properties of Concrete. It can be seen from Figure 10(a) that,
with the increase of the steel fiber content, the cubic
compressive strength of CF50 concrete increases continu-
ously. Comparing to traditional mixing concrete, with the
same steel fiber content, the concrete made by vibratory
mixing is equipped with higher compressive strength. At the
fiber content of 0%, 0.5%, 0.75%, 1%, 1.5%, and 2%,

(a) (b)

Figure 6: Flexural tensile strength test apparatus.

(a) (b)

Figure 7: Cube splitting tensile strength testing equipment.

Advances in Civil Engineering 5



Steel fiber volume rate (ρr) (%)
0 0.5 1 1.5 2

52

54

56

58

60

62

64

Cu
bi

c c
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

(a)

60
62
64
66
68
70
72
74
76
78
80

Cu
bi

c c
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

Steel fiber volume rate (ρr) (%)
0 0.5 1 1.5 2

(b)

Figure 8: Relationship between compressive strength and steel fiber content. (a) CF50; (b) CF60.
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Figure 9: Relationship between cube compressive strength and steel fiber content. (a) CF50; (b) CF60.
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Figure 10: Effect of the mixing method on cube compressive strength of concrete. (a) CF50; (b) CF60.
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comparing to traditional mixing concrete, the compressive
strength of vibratory mixing concrete increases by 8.18%,
11.40%, 8.80%, 6.59%, 4.17%, and 5.36%. Figure 10(a) also
shows that while fiber content is less than 0.5%, the com-
pressive strength improvement is faster; for example, at 0.5%
fiber content, the compressive strength of vibratory mixing
concrete increased by 11.4%; as the fiber content is more
than 0.5% (e.g., 1.5% and 2%), the compressive strength
increasing rate becomes slow.

Figure 10(b) shows that, with the increase of the steel
fiber content, the cubic compressive strength of CF60
concrete increases continuously. Comparing to traditional
mixing concrete, at the same steel fiber content, the concrete
made by vibratory mixing is equipped with higher com-
pressive strength. At the fiber content of 0%, 0.5%, 1%, 1.5%,
and 2.0%, comparing to traditional mixing concrete, the
compressive strength of vibratory mixing concrete increases
by 11.58%, 13.22%, 5.61%, 7.54%, and 8.53%. Figure 10(b)
also shows that while fiber content is less than 0.5%, the
compressive strength improvement is faster, for example, at
0.5% fiber content, the compressive strength of vibratory
mixing concrete increased by 13.22%; as the fiber content is
more than 0.5% (e.g., 1.5% and 2%), the compressive
strength increasing rate becomes slow.

Comparing CF50 to CF60, it can be found that fiber-
reinforced effect of compressive strength of high-strength
concrete CF60 is higher than that of CF50; for example, at
the same fiber content of 0.5%, the compressive strength
increases by 13.22% and 11.40% in CF60 and CF50,
respectively.

4.2. Splitting Tensile Strength of Steel Fiber Concrete

4.2.1. Splitting Tensile Strength of Steel Fiber Concrete Made
by Tradition Mixing. It can be seen from Figure 11(a) that,
for the traditional mixing method, the splitting tensile
strength of steel fiber-reinforced concrete CF50 increases as
the steel fiber content increases. At the fiber content of 0.5%,
0.75%, 1%, 1.5%, and 2%, the concrete splitting tensile
strength increases by 1.82%, 6.22%, 7.79%, 25.26%, and

35.41%. Figure 11(a) shows that while the fiber content is less
than 1%, the splitting tensile strength increases slowly, while
the fiber content is more than 1% (e.g., 1.5% and 2.0%), the
splitting tensile strength increases rapidly.

Figure 11(b) details that, similar to CF50, the splitting
tensile strength of steel fiber-reinforced concrete CF60 also
improves with the increase in steel fiber content. At the fiber
content of 0.5%, 1%, 1.5%, and 2%, the concrete splitting
tensile strength increases by 6.39%, 18.18%, 30.71%, and
36.86%. Figure 11(b) also shows that while the fiber content
is less than 1%, the splitting tensile strength increases slowly,
while the fiber content is more than 1% (e.g., 1.5% and 2.0%),
the splitting tensile strength increases rapidly.

Comparing CF50 to CF60, it can be found that, at the
same fiber content, fiber reinforcement effect of splitting
tensile strength of high-strength concrete CF60 is higher
than that of CF50; for example, at the fiber content of 1%, the
splitting tensile strength increases by 18.18% and 7.79% in
CF60 and CF50, respectively. In other words, for traditional
stirring, steel fiber enhanced effect of high-strength concrete
is more obvious.

4.2.2. Effect of Steel Fiber Content on Splitting Tensile Strength
of Concrete under Vibratory Mixing. It can be seen from
Figure 12(a) that, for the traditional mixing method, the
splitting tensile strength of steel fiber-reinforced concrete
CF50 improves as the steel fiber content increases. At the
fiber content of 0.5%, 0.75%, 1.0%, 1.5%, and 2.0%, the
concrete splitting tensile strength increases by 4.44%, 7.96%,
11.99%, 28.57%, and 36.99%. Figure 12(b) also shows that
while the fiber content is less than 1%, the compressive
strength increases slowly, while the fiber content is more
than 1% (e.g., 1.5% and 2.0%), the splitting tensile strength
increases rapidly.

Figure 12(b) shows that, similar to CF50, the splitting
tensile strength of steel fiber-reinforced concrete CF60 also
improves with the increase obviously in steel fiber content.
At the fiber content of 0.5%, 1%, 1.5%, and 2%, the concrete
splitting tensile strength increases by 12.11%, 28.74%,
43.23%, and 66.75%.
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Figure 11: Relationship between splitting tensile strength and steel fiber content. (a) CF50; (b) CF60.
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Comparing CF50 to CF60, it can be found that, at the
same fiber content, fiber reinforcement effect of splitting
tensile strength of high-strength concrete CF60 is higher
than that of CF50; for example, at the fiber content of 1%, the
splitting tensile strength increases by 28.74% and 11.99% in
CF60 and CF50, respectively. In other words, for vibratory
mixing, steel fiber enhanced effect of high-strength concrete
is more obvious.

4.2.3. Effect of Different Mixing Methods on the Splitting
Tensile Properties of Steel Fiber Concrete. It can be seen from
Figure 13(a) that, with the increase of the steel fiber content,
the splitting tensile strength of CF50 concrete improves
continuously. Comparing to traditional mixing concrete, at
the same steel fiber content, the concrete made by vibratory
mixing is equipped with higher compressive strength. At the
fiber content of 0%, 0.5%, 0.75%, 1%, 1.5%, and 2%, com-
paring to traditional mixing concrete, the splitting tensile of
vibratory mixing concrete increases by 1.82%, 4.44%, 3.48%,

5.78%, 4.51%, and 3.01%. Figure 13(a) also shows that, at the
fiber content of 1.0%, comparing to traditional mixing, the
splitting tensile strength of concrete made by vibratory
mixing improves obviously.

Figure 13(b) shows that, similar to CF50, with the in-
crease of the steel fiber content, the splitting tensile strength
of CF60 concrete improves continuously. Comparing to
traditional mixing concrete, at the same steel fiber content,
the concrete made by vibratory mixing is equipped with
higher splitting tensile strength. At the fiber content of 0%,
0.5%, 1%, 1.5%, and 2.0%, comparing to traditional mixing
concrete, the splitting tensile strength of vibratory mixing
concrete increases by 3.44%, 9.01%, 12.68%, 13.35%, and
26.03%. Figure 13(b) also shows that, at the fiber content of
2.0%, comparing to traditional mixing, the splitting tensile
strength of concrete made by vibratory mixing improves
obviously.

Comparing CF50 to CF60, it can be found that fiber-
reinforced effect of splitting tensile strength of high-strength
concrete CF60 is higher than that of CF50; for example, at
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Figure 12: Relationship between splitting tensile strength and steel fiber content. (a) CF50; (b) CF60.
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Figure 13: Effect of different mixing methods on the splitting tensile properties of steel fiber concrete. (a) CF50; (b) CF60.
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the same fiber content of 1.0%, the compressive strength
increases by 12.68% and 5.78% in CF60 and CF50,
respectively.

4.3. Flexural Properties of Steel Fiber Concrete

4.3.1. Flexural Properties of Steel Fiber Concrete Made by
TraditionMixing Conditions. It can be seen from Figure 14(a)
that, for the traditional mixing method, the flexural strength
of steel fiber-reinforced concrete CF50 increases obviously
as the steel fiber content increases. At the fiber content of
0.5%, 0.75%, 1%, 1.5%, and 2%, the concrete flexural
strength increases by 11.03%, 15.14%, 29.22%, 58.50%, and
80.75%. Figure 14(a) also shows that while the fiber content
is less than 1%, the flexural strength increases slowly, while
the fiber content is more than 1% (e.g., 1.5% and 2.0%), the
flexural tensile strength increases rapidly.

Figure 14(b) shows that, similar to CF50, the flexural
strength of steel fiber-reinforced concrete CF60 also im-
proves with the increase of steel fiber content. At the fiber
content of 0.5%, 1%, 1.5%, and 2%, the concrete flexural
strength increases by 17.91%, 27.02%, 68.24%, and 101.86%.
Figure 14(b) also shows that while the fiber content is less
than 1%, the flexural strength increases slowly, while the
fiber content is more than 1% (e.g., 1.5% and 2.0%), the
splitting tensile strength increases rapidly.

Comparing CF50 to CF60, it can be found that, at the
same fiber content, fiber reinforcement effect of flexural
strength of high-strength concrete CF60 is higher than that
of CF50; for example, at the fiber content of 1.5%, the
flexural tensile strength increases by 68.24% and 58.50% in
CF60 and CF50, respectively. In other words, for traditional
stirring, steel fiber enhanced effect of high-strength concrete
is more obvious.

4.3.2. Effect of Steel Fiber Content on Flexural Properties of
Concrete under Vibratory Mixing. It can be seen from
Figure 15(a) that, for the vibratory mixing method, the
flexural strength of steel fiber-reinforced concrete CF50
increases obviously as the steel fiber content increases. At the

fiber content of 0.5%, 0.75%, 1%, 1.5%, and 2%, the concrete
flexural strength increases by 8.06%, 13.82%, 24.51%,
55.76%, and 72.86%. Figure 15(a) also shows that while the
fiber content is less than 1%, the flexural strength increases
slowly, while the fiber content is more than 1% (e.g., 1.5%
and 2.0%), the flexural tensile strength increases rapidly.

Figure 15(b) shows that, similar to CF50, the flexural
strength of steel fiber-reinforced concrete CF60 also im-
proves with the increase of steel fiber content. At the fiber
content of 0.5%, 1%, 1.5%, and 2%, the concrete flexural
strength increases by 8.45%, 19.75%, 47.82%, and 68.94%.
Figure 15(b) also shows that while the fiber content is less
than 1%, the flexural strength increases slowly, while the
fiber content is more than 1% (e.g., 1.5% and 2.0%), the
splitting tensile strength increases rapidly.

4.3.3. Effect of Different Mixing Methods on the Flexural
Performance of Concrete. It can be seen from Figure 16(a)
that, with the increase of the steel fiber content, the flexural
strength of CF50 concrete improves continuously. Com-
paring to traditional mixing concrete, at the same steel fiber
content, the concrete made by vibratory mixing is equipped
with higher flexural strength. At the fiber content of 0%,
0.5%, 0.75%, 1%, 1.5%, and 2%, comparing to traditional
mixing concrete, the flexural strength of vibratory mixing
concrete increases by 13.55%, 10.61%, 12.34%, 9.50%,
11.67%, and 8.69%. Figure 16(a) also shows that, at the fiber
content of 0.0%, comparing to traditional mixing, the
splitting tensile strength of concrete made by vibratory
mixing improves obviously.

Figure 14(b) shows that, similar to CF50, with the in-
crease of the steel fiber content, the flexural strength of CF60
concrete improves continuously. Comparing to traditional
mixing concrete, at the same steel fiber content, the concrete
made by vibratory mixing is equipped with higher flexural
strength. At the fiber content of 0%, 0.5%, 1%, 1.5%, and
2.0%, comparing to traditional mixing concrete, the splitting
tensile strength of vibratory mixing concrete increases by
10.01%, 14.04%, 16.73%, 8.94%, and 3.77%. Figure 14(b) also
shows that, at the fiber content of 1.0%, comparing to

0 0.5 1 1.5 2

6

8

10

Steel fiber volume rate (ρr) (%)

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

(a)

0 0.5 1.0 1.5 2.0
6

8

10

12

Steel fiber volume rate (ρr) (%)

Fl
ex

ur
al

 st
re

ng
th

 (M
Pa

)

(b)

Figure 14: Relationship between flexural strength and steel fiber content. (a) CF50; (b) CF60.
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traditional mixing, the flexural strength of concrete made by
vibratory mixing improves obviously.

Comparing CF50 to CF60, it can be found that fiber-
reinforced effect of flexural strength of high-strength con-
crete CF60 is higher than that of CF50; for example, at the
same fiber content of 1.0%, the flexural strength increases by
16.73% and 9.50% in CF60 and CF50, respectively.

5. Conclusion

In this paper, the compressive strength, splitting tensile
strength, and flexural strength of steel fiber-reinforced
concrete made by different mix methods were analyzed.
+e main conclusions are as follows:

(1) With the increase in steel fiber content, all of these
mechanical properties such as compression strength,
flexural strength, and splitting tensile strength im-
prove gradually; especially for flexural strength and
splitting tensile strength, the steel fiber reinforce-
ment effect is obvious. At the same fiber content,

reinforcement effect of mechanical properties of
high-strength concrete is better.

(2) +e vibratory mixing method can make the steel fiber
distribute uniformly in the concrete; as a result,
comparing to traditional mixing, the vibratory mixing
method can improve the compressive strength,
splitting tensile strength, and flexural strength effec-
tively. For example, compressive strength can be
improved by 10%, splitting tensile strength can be
improved by 15%, and flexural strength can be im-
proved 12%.
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'e early-age shrinkage of ultra-high performance fiber reinforced concrete (UHPFRC) in dry, sealed, and soaked curing was
systematically measured. 'e calculation model of early-age shrinkage was established based on the theory of shrinkage of
cementitious materials. According to the results of the relative humidity, hydration degree, pore structure, and elastic modulus of
hardened slurry, the shrinkage calculation model in different curing conditions was calibrated.'e results show that the early-age
shrinkage of UHPFRC can be divided into three parts: chemical shrinkage, autogenous shrinkage caused by self-drying, and
drying shrinkage caused by external drying. Based on the degree of hydration, the chemical shrinkage model was established.
Based on the pore structure, the hydration degree, and the relative humidity of hardened slurry, the autogenous shrinkage model
was established by introducing the effective pore coefficient. 'e drying shrinkage model was established based on the internal
humidity. According to the shrinkage of soaked samples, the calculated value of chemical shrinkage in sealed and drying
conditions was calibrated. 'is research provides theoretical support for the structural design and engineering application
of UHPFRC.

1. Introduction

Ultra-high performance fiber reinforced concrete (UHPFRC),
a special cement-based composite material, can be used as
structural or protective material used in harsh environments
in long-term service of important projects, due to its excellent
mechanical properties and durability. In recent years, it has
become a hot spot for researchers [1, 2], and there have been
a lot of engineering applications. In China, UHPFRC is now
used in pavement system, which significantly improved the
mechanical properties and durability of composite bridge
deck system. UHPFRC is also used in prefabricated com-
ponents, such as cable trench, cover plate, and wind barrier in
high speed railway, bus station, and rest pavilion in urban
area, and so on. UHPFRC is generally composed of cement,
mineral admixtures, steel fiber, fine aggregate, and chemical
admixtures [3]. UHPFRC is designed with the compact
packing model, removing the coarse aggregate and adopting
the ultra-low water-cement ratio, increasing the amount of
the binder material and incorporating the active admixture.

Active admixture such as silica fume reacts with cement at
early age of UHPFRC, which could optimize the pore
structure and greatly reduces internal defects of the hardened
slurry [4]. Active admixtures and ultra-low water-cement
ratio ensures excellent mechanical properties and durabil-
ity, and it also brought a large early-age shrinkage, which may
cause a significant risk of cracking. 'e results of existing
studies show that the total shrinkage value of the UHPFRC in
3 d (day) can be as high as 1600 με [5] (micron epsilon), while
the curing condition has a significant effect on the shrinkage
of the material. 'e existing research mostly focus on the
early-age shrinkage of ordinary concrete (OC) and establish
a perfect shrinkage calculation model for autogenous
shrinkage and drying shrinkage [6]. However, the early-age
shrinkage development rules and micromechanism of
UHPFRC have not yet been clarified [7], and the computa-
tional model is also less involved in the study. Ishida et al. [8]
tried to use the concrete shrinkage crackingmodel to calculate
the early-age shrinkage cracking of the silica-doped concrete
with very low water-cement ratio. 'e result showed that the
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shrinkage model of OC cannot accurately calculate the
shrinkage value of UHPFRC. In addition, some studies fo-
cused on the regularity of the early-age shrinkage of the
UHPFRC based on the existing shrinkage measurement
method of OC [9, 10], and the shrinkage mechanisms they
proposed also had significant divergences.

'erefore, the shrinkage mechanism of UHPFRC is
investigated, and the calculation model of early-age
shrinkage is established, which can provide the theoretical
basis for the structural design and engineering application of
UHPFRC. In this investigation, the early-age shrinkage tests
of UHPFRC in different curing conditions were carried out,
and the early-age shrinkage development of materials in
soaking, sealing, and drying conditions was clarified. Based
on the basic theory of chemical shrinkage, autogenous
shrinkage and drying shrinkage of OC, this paper discussed
the classification and definition of the early-age shrinkage of
the UHPFRC and clarified the main influencing factors of
different shrinkage. By measuring the internal relative hu-
midity, hydration degree, elastic modulus, and pore struc-
ture characteristics of different age materials in different
curing conditions, based on the early-age shrinkage theory
of cement-based materials, the calculation model of mul-
tifactor impact has been established, which provides theo-
retical support for the UHPFRC structure design and
engineering applications.

2. Materials and Methods

2.1. Materials. An ordinary Portland cement (fineness
3400 cm3/g; the initial set 160min, final set 220min, and 28 d
standard strength 42.5MPa) is used for cementitious mate-
rials. Its clinker mineral compositions are shown in Table 1.
'e silica fume with average particle size of 0.31 μm, I-grade
fly ash, and S95 mineral powder are used as supplementary
cementitiousmaterials.'e chemical compositions are shown
in Table 2. Quartz sand with particle size 0.16–1.25mm is used
as fine aggregate. Short-cut steel fiber with the diameter of
0.22mm, length 13mm, and tensile strength of 2800MPa is
used as reinforced material. PCE with 29% water reduction
rate and 31% solid content is used as superplasticizer.

'e concrete mix design is calculated according to the
formula of UHPFRC commonly used in this research team,
including cement 706 kg/m3, quartz sand 1255 kg/m3, silica
fume 160 kg/m3, superplasticizer 74 kg/m3, water 122 kg/m3,
and steel fiber 122 kg/m3. 'e compressive strength of
UHPFRC in standard curing and steam curing was 115MPa
and 165MPa, respectively. In the chemical combined water,
the mercury intrusion porosimetry method (MIP) and other
microtest, the use of samples removing quartz sand can
comply with the requirements of sample preparation to the
utmost extent.

2.2. Test Methods. 'e early-age shrinkage test references to
the current Chinese CodeGB/T50082-2009 (OrdinaryConcrete
Long-termPerformance andDurability TestMethod Standard).
'e specified specimen size is 100mm× 100mm× 400mm,
curing at 25°C temperature in soaking, sealing, and drying

curing, respectively. 'e high-precision vibrating wire sensors
(JMZX-215HAT type) are used to continuously measure the
shrinkage of UHPFRC. 'e shrinkage value is read every 24
hours until 28d. According to the previous research of this
research team, thismethod can accuratelymeasure the early-age
shrinkage of the specimen in special curing conditions [11].'e
SHT75 temperature and humidity sensors buried in the center
of the specimen (100mm× 100mm× 100mm) are used to
measure the internal humidity changes; the internal humidity
of the hardened slurry is read with the SCTH2001 data
collector every 24 hours from the pouring time. According
to current Chinese Code GB/T50081-2002 (standard test
method for mechanical properties of common concrete), the
elastic modulus test was carried out using
100mm×100mm× 300mm prism specimen with YA-2000
electrohydraulic pressure testing machine in the sealing and
drying conditions.

'e hydration degree was carried out by the hydration
heat test and chemical combined water test. 'e TAM AIR
multichannel hydration heat measuring instrument, used to
place the mixed cement slurry in the TAM equipment
measurement tank, could continuously measure the exo-
therm rate of cement paste hydration in 7 d. 'e samples of
chemical combined water test were selected at 1, 3, 7, 14, and
28 d. After vacuum drying to constant weight at 60°C, 10 g
samples were accurately weighed (accuracy: 0.1mg) and
dried to constant weight at 1050°C. 'e chemical combined
water of the sample was calculated by two weight differences.

3. Results and Discussions

3.1. Early-Age Shrinkage of UHPFRC. 'e early-age
shrinkage of UHPFRC with selected mixing was mea-
sured in different curing conditions, as shown in Figure 1.
'e shrinkage of UHPFRC showed a rapid development in
the early stage and a gradual slowdown later. In the soaking
and drying conditions, the material shrinkage developed
rapidly before 6 d, and then shrinkage curve tended to be
gentle. According to the mechanisms, the shrinkage of the
hardened slurry in 28 d could be divided into three parts
[12]: chemical shrinkage (εa) due to hydration of the ce-
mentitious material, drying shrinkage (εb) caused by

Table 1: 'e primary mineral composition of 42.5 ordinary
Portland cement wt.%.

C3S C2S C4AF C3A f-MgO f-CaO
Mass percentage 60.5 18.1 8.9 7.4 1.8 0.9

Table 2: 'e chemical composition of silica fume, class I fly ash,
and S95 slag wt.%.

SiO2 Fe2O3 Al2O3 CaO MgO SO3
Alkali
content Loss

Silica
fume 82.22 1.81 0.97 0.36 1.31 0.27 1.09 1.45

Fly ash 52.7 25.8 9.7 3.7 1.2 — 2.30 0.4
Mineral
powder 30.5 — 12.5 38.2 9.4 0.92 3.05 0.6
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external drying, and autogenous shrinkage (εc) due to self-
drying effect caused by hydration.

'e chemical shrinkage depends on the hydration
degree of the material, and the drying shrinkage depends
on the pore structure and the internal relative humidity of
the hardened slurry, while the autogenous shrinkage is
determined by the hydration degree, the pore structure,
and the internal relative humidity. 'erefore, considering
the main factors affecting the material shrinkage, the in-
ternal relative humidity, hydration degree, pore structure
distribution, and elastic modulus of the hardened slurry
were measured in different curing conditions, the results of
which are shown in Figure 2. It was obvious that the
composition of the material shrinkage would be also dif-
ferent in different curing conditions. 'e shrinkage of
UHPFRC was mainly chemical shrinkage in soaking
condition. According to Figure 2(a), although the early-age
moisture has not completely immersed inside the concrete,
the humidity curve still showed a significant descent, which
indicated the existence of partial autogenous shrinkage,
while the internal humidity increased slowly when the
moisture gradually reached the inside of specimen after 7 d.
In the sealing condition, the material shrinkage consists of
chemical shrinkage and autogenous shrinkage due to the
exclusion of external drying. However, the shrinkage
composes of chemical shrinkage, autogenous shrinkage,
and dry shrinkage in drying conditions. Based on the
shrinkage theory of cementitious material, the calculation
model was established for different kinds of shrinkage. It
was worth noting that the shrinkage of UHPFRC in sealing
condition was even higher than that in drying condition
after 11 days. 'is rule is contrary to the shrinkage de-
velopment of OC, which has been discussed by this re-
search group in the preliminary work [13]. 'e shrinkage

value in sealing condition would grow continuously and be
even higher than that in drying condition later, which is
due to the differences of the effective pore content and
stiffness change.

3.2. Calculation Method of Chemical Shrinkage. Hydration
of cementitious materials is the direct cause of chemical
shrinkage. At present, the relation between cement hydra-
tion degree and chemical shrinkage in OC has been stud-
ied systematically [14, 15], which concluded that there
was a linear relationship between them in the early stage
of shrinkage. 'ence the cement hydration degree could
be viewed as the quantitative analysis index of chemical
shrinkage.

According to the results of relative humidity test, the
humidity inside UHPFRC was always close to 100% within
1 d in sealing condition. It could be seen that the internal
pores were basically saturated, which meant that the ef-
fects of drying shrinkage and autogenous shrinkage
were negligible. 'erefore, the shrinkage of UHPFRC
was mainly the chemical shrinkage within 1 d, and the
shrinkage curve could be fitted with the hydration degree
to obtain the relationship between the hydration degree
and the chemical shrinkage of UHPFRC. It was also used
to calibrate the proportion of chemical shrinkage in
different conditions. 'rough the hydration heat test to
determine the hydration degree in early age, the hydration
degree of cementitious materials in the concrete was
defined as

α(t) �
Q(t)

Qmax
, (1)

where Q(t) is the hydration heat release amount at time t

and Qmax is the total release amount of hydration heat.
'e hydration degree and the shrinkage strain within 24

days were calculated by linear fitting to obtain

Y �
−2.68 + 10.24α (5> a> 0) (R � 0.992)

36.05 + 2.15α (a> 5) (R � 0.984),
 (2)

where α is the hydration degree of cementitious material, the
unit %.

'e linear relationship between the chemical shrink-
age and the hydration degree is shown in Figure 3. 'e
slope of linear relationship changed abruptly when the
hydration degree reached about 5% (scilicet, the hydration
time at about 17 h), indicating that the microstructure of
slurry changed greatly at the dividing point. According to
the early hydration heat release curve of UHPFRC in
Figure 2(c), 17 h was the beginning of the slurry hydration
acceleration period and the time of slurry condensation.
'e slurry changed from plastic to nonplastic at this
moment. In the plastic phase, the chemical shrinkage of
slurry was in the form of plastic shrinkage, but after that
moment, part of chemical shrinkage caused the shrinkage
of slurry skeleton, and the other part formed internal
porosity, which caused the internal pores beginning
to form; wherefore, a two-stage chemical shrinkage
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Figure 1: 28 d shrinkage of hardened slurry in different curing
conditions.
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development was formed. According to the linear re-
lationship, the chemical shrinkage values could be cal-
culated with the hydration degree obtained by the
chemical combined water test in 28 days in different
conditions. So far, we calculated the chemical shrinkage of
UHPFRC with the hydration degree of material in

different curing conditions, and the results are shown in
Figure 4.

3.3. Calculation of Autogenous Shrinkage. On the basis of
mastering the chemical shrinkage, the autogenous shrinkage
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of UHPFRC was further separated. In this study definition,
the autogenous shrinkage caused by the self-drying effect is
somewhat different from the concrete autogenous shrinkage
in the conventional concept. 'e traditional concept of
autogenous shrinkage refers to the use of sealing specimens
to start measuring the shrinkage value from the initial setting
time, including chemical shrinkage and drying shrinkage
caused by self-dry hydration; in this investigation, chemical
shrinkage will be separated, and the remainder is named
autogenous shrinkage. In the UHPFRC, the main influ-
encing factors of autogenous shrinkage were the humidity

change caused by hydration of cementitious materials and
the pore structure of hardened slurry. 'e shrinkage
mechanism could be regarded as the drying shrinkage
caused by self-drying. 'erefore, the establishment of self-
shrinkage prediction model was based on the theory of
capillary tension. In the sealing condition, the shrinkage of
UHPFRC was mainly chemical shrinkage and autogenous
shrinkage at 25°C. Since themoisture could not dissipate out,
the drying shrinkage caused by external drying was ruled
out. Based on the autogenous shrinkage value, removed
chemical shrinkage in sealing condition, combined with the
parameters of pore size distribution, internal relative hu-
midity, hydration degree, and elastic modulus, the autoge-
nous shrinkage model of UHPFRC, was established and the
proportion of autogenous shrinkage was calculated in drying
conditions.

According to the Powers capillary tension theory [16], the
model was based on two basic equations of surface physi-
cal chemistry, namely, Kelvin equation and Yang–Laplace
equation. In the light of Kelvin’s law, when the humidity
in the concrete begins to decrease, the evaporable water
and the gaseous water are in the thermodynamic balance.
'e relationship between the relative humidity RH and
the curvature radius r of the capillary pores meniscus is as
follows:

RH � exp
−2cM cos θ

ρrRT
 . (3)

In the formula, c is the surface tension of the capillary
inner wall, 7.28×10−2 N/m; M is the molar mass of water,
0.01802 kg/mol; θ is the contact angle of solid-liquid surface;
ρ is the density of water, 1× 103 kg/m3; R is the molar gas
constant, 8.314 J/mol·K; T is the absolute temperature.

'e initial internal relative humidity of the fresh
UHPFRC was 100%. With the rapid hydration of cement,
the relative humidity decreased gradually. When the ther-
modynamic balance was reached inside the pore, the relative
humidity corresponded to a capillary water curvature radius
rRH. At this point within the system, the pores with pore
diameters greater than rRH did not have liquid water inside
and produce capillary tension, but pores with pore diameters
less than rRH were opposite exactly. 'erefore, the moisture
in the concrete macroporous began to dry firstly, gradually
transitioning to the keyhole, and the relative humidity also
decreases at the same time. According to the Kelvin equation
and the Yang–Laplace equation, the curvature radius rRH of
the capillary pores meniscus at a certain relative humidity is
as follows:

rRH �
−2cM

ln(RH)ρRT
. (4)

Based on the Yang–Laplace equation, the pressure dif-
ference between the liquid phase and the gas phase is caused
by the meniscus of capillary water. 'erefore, the shrinkage
stress produced by the pores can be calculated as

σ �
2c

rRH
� −

ln(RH)ρRT

M
. (5)
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Figure 3: 'e fitting curve of hydration degree and chemical
shrinkage.
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'e strain caused by the capillary pores tension can be
obtained by

ε � −ξ
1− 2μ

Es
·
ln(RH)ρRT

M
. (6)

Among them, μ is Poisson’s ratio of UHPFRC; Es is the
elastic modulus of the micromatrix around the capillary; the
ratio of the elastic modulus E to Es is usually between 3 and
3.5 (E/Es � 3 for low-strength concrete and E/Es � 3.2 for high-
strength concrete); and ξ is the effective pore coefficient.

In the sealing condition, the relative humidity decreased
and the hydration degree increased continuously with the
progress of hydration. Although the proportion of capillary
pores in 10–100 nm increased, the number of effective pores
decreased with the drop of relative humidity. 'e effect of
effective hole on shrinkage could not be neglected, so an
effective pore coefficient ξ was introduced in the autogenous
shrinkage prediction model for correction. 'e number of
effective pores was affected by relative humidity and the pore
content in the range of 10–100 nm; wherefore, the effective
pore coefficient should be a function with these two factors as
the dependent variable. With reference to the existing
shrinkage calculation model of cement-based material, the
power function was used to fit. 'e relationship between the
effective pore coefficient ξ and the relative humidity RH and
the pore content W is given by (7). 'e coefficients in the
formula can be obtained by inversion of the concrete
shrinkage data, where λ and η are 0.57 and 0.77, respectively.
Substituting the different age porosity coefficients calculated
by (7) in (6) yields the shrinkage strain at different ages.
Figure 5 shows the comparison between the models calcu-
lated values of different age and the measured values after

subtracting chemical shrinkage, which indicates that the
calculated results are in good agreement with the measured
results.

ξ � λ∗ (W · ln RH)
∧ η. (7)

Based on the autogenous shrinkage calculation model,
according to the early-age shrinkage measured value of
UHPFRC in drying conditions and autogenous shrinkage
calculation model, the autogenous shrinkage of the material
in drying conditions can be separated. In drying conditions,
there were two reasons for water loss inside UHPFRC; one of
them was that the hydration of the cementitious material
consumed water and the other was that the water lost to
environment continuously. 'e hydration of cementitious
material reduced the moisture content, which was the un-
derlying cause of the humidity drop inside the material.
'erefore, the relationship between the hydration degree of
cementitious material and the relative humidity change
inside the material was established. 'e hydration degree in
the 28 days was nonlinearly fitted with the relative humidity
in sealing condition, as shown in Figure 6. Substituting the
hydration degree of different ages in drying conditions, the
relative humidity change value corresponding to the hy-
dration degree could be calculated, the calculation results of
which are shown in Table 3.

'e relative humidity values in Table 3 were taken into
(6) to obtain the autogenous shrinkage values in drying
conditions, and the autogenous shrinkage calculated values
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Figure 6: 'e relationship of hydration degree and relative hu-
midity in sealed curing.

Table 3: 'e relative humidity corresponding to different hy-
dration degree in dry curing.

Age (d) 4 7 14 28
Hydration degree (%) 30.07 31.09 32.11 33.13
Relative humidity (%) 94.80 94.64 94.46 94.25
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were compared with the total shrinkage values, as shown in
Table 4. In the drying condition, the proportion of autog-
enous shrinkage was higher. With the increase of age,
though autogenous shrinkage value had a small increase, the
proportion of autogenous shrinkage showed a decreasing
trend as a whole. According to the model calculation results
and the previous theoretical analysis, it was obvious that the
autogenous shrinkage and drying shrinkage both existed and
restricted each other in drying condition. 'e hydration
reaction of the cementitious materials and the water loss
carried out simultaneously in the early age caused relatively
clear shrinkage. With the density of structure, limiting the
water loss, the development of drying shrinkage was
inhabited in some degree; simultaneously, a large number of
microporous was formed, and autogenous shrinkage grad-
ually developed. Hydration reaction gradually slowed down
while the water lost constantly later, which limited the
development of autogenous shrinkage. From the late
shrinkage development in Figure 1, it indicated that the
drying shrinkage became the main factor after 28 days.

4. Conclusion

In the sealing, soaking, and drying conditions, the shrinkage of
UHPFRC shows a rapid growth in the early stage and a gradual
slowdown in the later stage. According to the mechanism, the
early-age shrinkage of UHPFRC is divided into three parts:
chemical shrinkage caused by hydration, autogenous shrinkage
caused by self-drying, and drying shrinkage caused by water
loss. Based on the basic theory of hydration and capillary
tension, the key control factors and calculation methods of
chemical shrinkage, autogenous shrinkage, and drying
shrinkage are proposed, respectively.

Based on the determination results of the hydration
degree of UHPFRC, the chemical shrinkage model is
established. Based on the pore characteristics of the hard-
ened paste, the hydration degree, and the determination
results of the relative humidity, the autogenous shrinkage
model is established by introducing the effective pore co-
efficient. 'e proportion of autogenous shrinkage to total
shrinkage is basically stable between 45% and 49% in 28 d
curing. According to the measured shrinkage of soaking
specimens, the shrinkage value in soaked, sealing, and
drying conditions is calibrated.
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Ultrahigh-performance fiber-reinforced concrete (UHPFRC) is a new type of concrete with excellent performance and good
application prospects. However, expensive heat curing or high-pressure curing was often adopted to ensure the sufficient
compressive strength. *is study focuses on improving the compressive strength and workability of UHPFRC by changing the
composition materials and the mixture ratios under standard curing conditions. *e 0-1mm and 1∼3mm sintered bauxite was
adopted as coarse aggregate. UHPFRC with high compressive strength and good workability was developed by changing the
water-binder ratios, by adding ground-granulated blast furnace slag (GGBFS) or fly ash, and by changing the bauxite content of
different particle sizes. When the volume ratio of steel fiber was 3%, the recommend water to binder ratio was 0.194 according to
this experiment, the dosage of GGBFS-replaced cement is recommended as 20%, the dosage of fly ash instead of silica fume is
recommended as 30%. *e recommend ratio of 0-1mm and 1∼3mm sintered bauxite was 1.51 :1. Finally, a kind of UHPFRC
material with a compressive strength of 152.4MPa and a slump of 120mm was developed under the standard curing conditions.

1. Introduction

Ultrahigh-performance fiber-reinforced concrete [1] (UHPFRC)
is a cement-based composite with superior mechanical
properties. UHPFRC is often composed of fine particles of
cement and ash-activated silica fume. In the process of
condensation, hydration reaction and pozzolanic activity
produce crystal and gel body. Fine aggregate, such as the
crystals and the sintered bauxite, is the elastic skeleton, which
results in elastic deformation; while the gel produces plastic
deformation. UHPFRC has excellent mechanical properties,
including high compressive strength, good bending re-
sistance, excellent toughness, superior fatigue resistance, and
high impact resistance. In addition, the internal porosity is
often very compact in UHPFRC, thus resulting in a much
better durability than that in normal concrete.

Silica fume (SF) is a material with a large specific surface
area and high pozzolanic activity. *e typical diameter of SF

is about 0.2 μm; therefore, it is able to fill the pores between
cement particles, while generating gel with hydration
products. When UHPFRC was mixed with SF materials,
their tiny spherical body can play a role in lubrication. Shi
et al. [2] pointed out that the fluidity of UHSC increases
along with the dosage of SF. However, when the SF content
keeps increasing after its ratio reaches 15%–20%, the fluidity
of UHSC declines instead. Due to the lubricating effect of SF,
the embedding water between small particles can be re-
leased, so when the SF content does not exceed 20%, the
fluidity of themixture can be improved.When the content of
SF exceeds 20%, the surface area will be too large and it will
reduce the liquidity. Richard and Cheyrezy [3] proposed that
the optimal content of SF is about 25% of cement content,
and Chan and Chu [4] thought that the optimum content of
SF is 20%–30%. Overall, if SF is too little, it results in a rapid
formation of hydration products and forms a porous
structure; therefore, the optimal dosage of SF in UHPFRC
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material should be above 20%. SF can result pozzolanic
activity and can increase the bulk density of the particles so
as to densify the cement matrix and develop higher strength
[4, 5]. *e improvement mechanism of SF to the pore
structure is as follows: first, the gap among cement particles
is filled by SF. Second, the existence of large amounts of C-S-
H gel, which is formed due to its volcanic ash reaction with
calcium hydroxide, further reduces the pore size and cap-
illary porosity during the hydration reaction [6, 7]. Zhang
and Han [8] pointed out that silica fume will also affect the
fluidity of fresh concrete.

*e amount of cement in UHPFRC is generally above
1000 kg/m3, which is a large amount. *e abuse of cement
not only influences the cost but also has a negative impact on
hydration heat and can cause shrinkage of concrete.*erefore,
it is often common to addmineral admixtures into UHPFRC
to replace cement to solve these problems. Wang and Zhi [9]
found that the heat of cement hydration was reduced with
the replacement of the auxiliary cementitious material.
Several studies [2, 10–12] pointed out that the use of binary
SF-FA (fly ash), SF-GGBFS (ground-granulated blast
furnace slag), or ternary SF-GGBFS-FA binder systems not
only reduces the content of SF but also has a positive effect
on the mechanical properties. Yazici et al. [13] used
GGBFS to replace cement in the production of RPC (re-
active powder concrete) while adopted bauxite and granite
as aggregate. *e results showed that when the amount of
cement replaced by GGBFS increases, the heat of hydra-
tion and shrinkage and the SF content can be reduced. *is
modification greatly reduced the demand for the super-
plasticizer. In addition, increasing mineral admixtures can
increase the fluidity. Studies [14–16] showed that BFS
(blast furnace slag) and FA can increase the fluidity under
fresh conditions and densify the microstructure and can
get higher strength due to its potential hydraulic and
volcanic ash reactions. In addition, GGBFS reduces the
porosity of concrete. Song and Saraswathy [17] pointed out
that GGBFS can reduce the porosity, and the mineralogical
changes of cement hydrate will lead to the decrease of chloride
ion mobility.

Sintered bauxite is the most important aluminum-
bearing mineral, the main components are Al(OH)3,
c-AlO(OH) and α-AlO(OH), goethite, hematite, kaolinite,
and a small amount of anatase TiO2. *e density of natural
sintered bauxite is 3.9-4 g/cm3, and the hardness is among
1∼3. Because it is opaque and brittle, it will not be suitable as
mortar or concrete aggregate. However, the strength and
hardness of sintered bauxite far exceed most of the natural
rock. *erefore, it is commonly used in ultrahigh strength
and high wear-resistant mortar. Richard and Cheyrezy
[3, 18] suggested that coarse aggregates should be re-
moved to improve uniformity. However, Yazici et al. [13]
studied the use of sintered bauxite and granite as aggregate
in RPC; the largest aggregate size in the RPCmixture is 3mm,
and the aggregate of 80% of the total mixture is used as the
coarse aggregate (1∼3mm). Compared to conventional RPC
(all aggregates which are in the form of powder (<0.1mm)),
a good improvement was obtained, and it was demonstrated
that bauxite aggregates have higher mechanical properties than

the granite series. Yigiter et al. [19] also proved this conclusion.
Zhang et al. [16] compared the effect of sintering bauxite,
quartz sand, and black silicon carbide concrete in UHPFRC,
and results showed that with sintered bauxite, aggregate can
get higher compressive strength and resistance. Yazici et al.
[13] and Yigiter et al. [19] explored the effect of sintered
bauxite on UHPFRC performance by using sintered bauxite
as the aggregate of RPC in the experiment and proved that
bauxite can effectively improve its strength. However, the
experiment did not discuss the impact of different sizes of
sintered bauxite on the performance of UHPFRC.

Heat curing and autoclave curing can shorten the curing
time, making the second hydration reaction between silica
fume and the initial hydration product (calcium hydroxide),
and give full play to the pozzolanic activity of silica fume and
crushed quartz. Numerous studies have shown that [20–24],
heat curing and autoclave curing can improve concrete
strength compared to standard curing. Richard and Cheyrez
[3] formulated RPC with a strength of up to 800MPa with
steel fibers (10% by volume) and steel aggregate at tem-
peratures up to 400°C and pressures of 50MPa. In order to
have high enough strength, heat curing or autoclave curing
was usually required for UHPFRC. However, these curing
measures are often high cost and difficult to apply, which
greatly limit the engineering applications of UHPFRC.
*erefore, many scholars have conducted researches on
UHPFRC under standard curing conditions. Yazici et al. [13]
and Yigiter et al. [19] using bauxite as the aggregate, for-
mulated RPC and LCRPC with a compressive strength of
more than 150MPa under standard curing conditions. It
shows that satisfactory mechanical strength values can be
obtained even in standard water curing. Arel [25] studied the
influence of fineness and fiber aspect ratio of UHPFRC on
compressive strength and impact resistance of UHPFRC
under standard curing conditions, steam curing, and hot
water curing conditions, respectively, and obtained UHPFRC
with 28-day compressive strength of more than 150MPa
under standard curing conditions. Wille et al. [26] obtained
UHPFRC with compressive strength above 190MPa and
a tensile strength up to 37MPa under the room temperature
and atmospheric pressure.

Although some scholars have conducted research under
standard curing conditions and have obtained satisfactory
mechanical properties, UHPFRC from these studies still has
the shortcomings of poor workability. Yazici et al. [13] and
Yigiter et al. [19] formulated the concrete with a compressive
strength of more than 150MPa under standard curing
conditions. However, due to its low water-gel content and
high SF content, the viscosity of the mixture is so great that it
cannot be compacted except by using mechanical vibrations.

Based on the current research status, this project aims to
obtain UHPFRC with both good workability and high
compressive strength under the standard curing conditions,
by conducting a series of experimental studies. *is paper
studied the effect of W/B ratio, GGBFS ratio, FA ratio,
aggregate particle size on the workability, and compressive
strength of UHPFRC under standard curing conditions.
Sintered bauxite was used instead of fine aggregate and sand
in UHPFRC.
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2. Experiment

2.1. Materials. Ultrahigh-performance fiber-reinforced con-
crete (UHPFRC) is formulated by increasing the fineness and
activity of the components and reducing the internal defects
(voids and microcracks) of the material, and thus, the ultra-
high strength and durability is achieved. *e composition
materials (Figure 1) include the following:

(1) Cement: PO 52.5 ordinary Portland cement con-
forming to Chinese Standard GB 175-2007 [27].

(2) Sintered bauxite: sintered bauxite with particle sizes
of 0-1mm and 1∼3mm. Sintered bauxite contains
71.8% of alumina the fire resistance >1800°C, density
3.9-4 g/cm3, the hardness in the range of 1∼3, and
crisp insoluble in water.

(3) GGBFS: S95 grade powder, whose fineness is about
430m2/kg, and the content ratio of moisture is
smaller than 1.0%.

(4) FA: use in line with the Chinese standard GB/T1596-
2005 [28] I-level fly ash.

(5) Polycarboxylate liquid superplasticizer: 40% solids,
35% water reduction, and 2 h no slump loss.

(6) Flat copper-plated steel fiber: the size of single steel
fiber is 0.22mm× 13mm, with a tensile strength

higher than 2850MPa.*e volume ratio of steel fiber
was 3% for all specimens.

(7) SF: silica content is more than 95%, with a density of
300 kg/m3; specific surface area is 15∼27m2/g; 28 d
activity index is higher than 94%; and the particle
size is less than 1 μm, with the average particle size of
0.1 μm.

2.2. #e Mix Proportion of Control Specimen. Yazici et al.
[13] used sintered bauxite to develop UHPFRC with a com-
pressive strength ofmore than 150MPa under standard curing
conditions. However, the flowability of UHPFRC was poor
when using the same mixing ratio with them, which is shown
in Table 1. To solve the problem of the poor flowability of
UHPFRC, a series of experimental study was done by
changing the relative content of the originalmaterials, and new
materials were added to develop a kind of UHPFRC material
with both high compressive strength and excellent workability.
*e mixing ratio listed in Table 1 was chosen as the control
group of specimens.

2.3. Composition of the Mixtures. *e composition of
UHPFRC is shown in Tables 2 and 3. According to the
different targets, the experiment was divided into five series:

Cement Silica fume 1~3 mm sintered bauxite

0~1 mm sintered bauxite Fly ash GGBFS

Steel fiber Superplasticizer Water

Figure 1: Composition materials of the UHPFRC.
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(1) Series A studied the influence of theW/B ratio on the
compressive strength and fluidity of UHPFRC.
According to the different W/B ratios, the specimens
were divided into A1, A2, A3, A4, and A5, and the
W/B ratios were 0.164, 0.174, 0.184, 0.194, and 0.204.

(2) Series B studied the influence of the ratio of GGBFS
substituting the cement content on the compressive
strength and fluidity of UHPFRC. According to the
different amount of GGBFS, the specimens were
divided into B1, B2, and B3, and the GGBFS content
was 10%, 20%, and 30% of the cement.

(3) Series C studied the influence of theW/B ratio on the
compressive strength and fluidity of UHPFRC with
20% GGBFS content. According to the differentW/B
ratio, the specimens were divided into C1, C2, and
C3, and the W/B ratios were 0.174, 0.184, and 0.194.

(4) Series D studied the influence of FA-replaced partial
SF on compressive strength and fluidity of UHPFRC.
According to the dosage of FA replacing SF, the
specimens were divided into D1, D2, and D3, and
the amounts of replacement ratio were 10%, 20%,
and 30%.

(5) Series E studied the influence of the amount of
different particle sizes of sintered bauxite on the
compressive strength and fluidity of UHPFRC.
According to the different proportions of bauxite
with different particle sizes, the specimens were
divided into E1 and E2, and the proportions of
0-1mm bauxite and 1∼3mm bauxite were 0.755 : 0.5
and 1.255 : 0.

2.4. Specimen Preparation and Curing. Materials are added
to the stirring pot in the order of 1∼3mm of sintered bauxite,
0-1mm of sintered bauxite, cement, silicon powder, and
GGBFS.Water was added into the mixing pot to join all after
dry mixing for 1 minute, and then mixing was continued for
about 2 minutes. *en the superplasticizer was added and
continuously stirred for 5 minutes. Finally, steel fiber was
added and was stirred for 2 minutes. *en the mixture was
compacted by vibration and then was cured for 28 days
under the standard condition (temperature: 20± 2°C, hu-
midity: ≥95%) after the specimens were taken out of the
molds. *e compression test specimen is a cube of
100mm× 100mm× 100mm. Photos of specimens’ prepa-
ration are shown in Figure 2.

2.5. TestMethod. *e test mainly focused on the fluidity and
the compressive strength of the UHPFRC. *e compressive
strength test was conducted according to the test method
specified in “GB/T 31387-2015 Reactive Powder Concrete”

[29]. *e loading speed is 1.2∼1.4MPa/s. *e slump test of
the mixture was conducted according to the test method
specified in GB/T 50080-2016 [30]. *ree specimens were
tested for each batch to eliminate the discreteness of the test.

3. Results and Discussion

3.1. Influence of W/B Ratio on the Compressive Strength and
Fluidity ofUHPFRC(SeriesA). Influence of theW/B ratio on
the compressive strength and fluidity of UHPFRC is shown
in Figure 3. As shown in Figure 3, the compressive strength
of UHPFRC decreases with the increase of the W/B ratio.
Specifically, while the W/B ratio was changed in the range of
0.164–0.204, the compressive strength reached a peak of
150.5MPa when the W/B ratio was 0.174; and the com-
pressive strength reduced to 141.3MPa when the W/B ratio
was 0.204; the compressive strength when theW/B was equal
to 0.184 is lower than the compressive strength when the
W/B ratio was equal to 0.194. *e reason is that when the
value of the W/B ratio is reduced, the viscosity of fresh
concrete increases, resulting in difficulty to vibrate and
compact, resulting relatively large bubbles and microcracks
within the test block, thus reducing the compressive
strength.

As can be seen from Figure 4, when the W/B ratio is
0.164, the fluidity of fresh concrete was very poor, unable to
measure its slump, and no liquidity was observed. When the
W/B ratio was in the range of 0.174∼0.184, the fresh concrete
had moderate fluidity, and its surface can become flat when
vibrating densely; however, the time required was a little
longer. When the W/B ratio is in the range of 0.194∼0.204,
the fresh concrete had excellent fluidity, its surface can
become flat fast when vibrating and the time required for
final vibration compacting was much less. *e fluidity of
UHPFRC increases with the increase of theW/B ratio, which

Table 1: *e mix proportion of the control specimen (kg/m3).

Number
Powder

0-1mm bauxite 1∼3mm bauxite Steel fiber SP L/m3 Water Water/binder
Cement GGBFS FA SF

A0 940 — — 282 240 940 234 55 125 0.1

Table 2: Composition of the mixtures and the test results.

Material (kg/m3) A1 A2 A3 A4 A5
Cement 940 940 940 940 940
GGBFS — — — — —
FA — — — — —
SF 282 282 282 282 282
0-1mm bauxite 240 240 240 240 240
1∼3mm bauxite 940 940 940 940 940
Steel fiber 234 234 234 234 234
SP (L/m3) 70.5 70.5 70.5 70.5 70.5
Water 200 212 225 237 250
Water/binder 0.164 0.174 0.184 0.194 0.204
Compressive strength (MPa)
7 days 128 130.5 115.5 110.6 120.5
28 days 149.7 150.5 145.7 146.5 141.3
Slump (cm) 0 3.9 5 8.5 10.1
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is because, in a certain range, the increase of the W/B ratio
will increase the amount of gel formation, thereby reducing
the friction between the aggregates and improving the
fluidity. Based on the UHPFRC compressive strength and
the fluidity of the mixture, the optimum W/B ratio is rec-
ommended as 0.194 according to this test.

3.2. Influence of the Content of GGBFS-Replaced Cement on
the Compressive Strength and Fluidity of UHPFRC (Series B).
To reduce the cost of UHPFRC, GGBFS powder was used
instead of some of the amount of the cement. Addition of
GGBFS is beneficial to delay the peak point of hydration
heat, and it can reduce hydration heat and reduce the oc-
currence of temperature cracks. In order to explore the
optimal content of GGBFS-replaced cement, the experiment

(a) (b)

Figure 2: Photos of specimen preparation.
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Figure 3: Influence of theW/B ratio on the compressive strength of
UHPFRC.

Table 3: Composition of the mixtures and the test results.

Material (kg/m3) B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2
Cement 846 752 658 752 752 752 940 940 940 940 940
GGBFS 94 188 282 188 188 188 — — — — —
FA — — — — — — 28.2 56.4 84.6 — —
SF 282 282 282 282 282 282 253.8 225.6 197.4 282 282
0-1mm bauxite 240 240 240 240 240 240 240 240 240 710 1180
1∼3mm bauxite 940 940 940 940 940 940 940 940 940 470 0
Steel fiber 234 234 234 234 234 234 234 234 234 234 234
SP (L/m3) 70.5 70.5 70.5 70.5 70.5 70.5 70.5 70.5 70.5 70.5 70.5
Water 237 237 237 212 225 237 237 237 237 237 237
Water/binder 0.194 0.194 0.194 0.174 0.184 0.194 0.194 0.194 0.194 0.194 0.194
Compressive strength (MPa)
7 days 106.2 105.3 89.6 106.5 108 105.3 119.2 106.5 115.2 115.7 121.2
28 days 141.4 140.1 121.5 132 131.7 140.1 144.6 137.6 148.6 152.4 155.5
Slump (cm) 9.2 10.1 12 2 3.5 10.1 9.6 7.2 14.1 12 7.3
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was carried out when kept the same total amount of cement
and GGBFS (940 kg/m3).

Influence of the content of GGBFS-substituted cement
on the compressive strength of UHPFRC can be seen in
Figure 5. *e influence of the content of GGBFS-replaced
cement on the slump of UHPFRC is shown in Figure 6. As is
shown in the figure, with the increasing of the content of
GGBFS-replaced cement, the fluidity of the mixture was
gradually increased, and the workability of the mixture has
been greatly improved. GGBFS powder can be filled in the
cement particle gap and can form a flocculation structure,
thus occupying the water-filled space, and then water is
released from the original flocculation structure, and the
slurry becomes thin. If the amount of water was kept the
same, the workability and mobility of UHPFRC can be
improved.

As can be seen from Figure 5, the compressive strength
decreases with the increasing of the content of GGBFS in-
stead of the cement. *e specimen compressive strength
decreased from 146.5MPa (content 0%) to 121.5MPa
(content 30%), which decreased by 25MPa. However, when
the GGBFS content replaced 20% of the cement (188 kg/m3),
the compressive strength only reduces to 6.4MPa, and its
slump reaches 10.1 cm. Based on the compressive strength of

UHPFRC and the fluidity of the mixture, the composite
performance of UHPFRC is considered to be superior when
the GGBFS content replaced 20% of the cement.

3.3. Influence of the W/B Ratio on the Compressive Strength
and the Fluidity of UHPFRC When GGBFS Replaced 20% of
the Cement (Series C). According to the measured data,
when the amount of GGBFS is replaced instead of 20% of the
cement (188 kg/m3), influence of the W/B ratio on the
compressive strength of UHPFRC is shown in Figure 7.
Influence of the W/B ratio on the fluidity of UHPFRC when
GGBFS replaced 20% of the cement is shown in Figure 8.

It can be concluded from Figure 7 that the compressive
strength increases with the increase of the W/B ratio. *e
compressive strength was 140.1MPa when the W/B ratio is
equal to 0.194, which is higher than those when the W/B
ratios are equal to 0.174 (132MPa) and 0.184 (131.7MPa).

As can be seen from Figure 8, the slump increases when
the W/B ratio is increased. *e slump (10.1 cm) of UHPFRC
when the value of the W/B ratio was equal to 0.194 also
increased greatly compared with the slump when the values
of the W/B ratios were equal to 0.174 (2 cm) and 0.184
(3.5 cm). *e mixture was relatively viscous when the W/B
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Figure 5: Influence of the content of GGBFS-replaced cement on
the compressive strength of UHPFRC.
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ratio was equal to 0.174 or 0.184; mechanical vibration was
needed, and it was difficult to vibrate dense. However, the
fluidity of the specimen with the W/B ratio equal to 0.194 is
much better, which can be vibrated compactly fast by me-
chanical vibrating. *e result shows that the W/B ratio has
a great influence on the compressive strength and the slump
of UHPFRC. Based on the compressive strength of the
UHPFRC and the fluidity of the mixture, the overall per-
formance of the UHPFRC is optimal when the W/B ratio is
0.194 and when the GGBFS replaced 20% of the cement.

3.4. Influence of FA-Replaced Partial SF on Compressive
Strength and Fluidity of UHPFRC (Series D). FA can have
a positive impact on the mechanical properties of concrete
when it was used to replace part of the SF in UHPFRC with
an appropriate dosage. In order to determine the optimal
amount of fly ash (FA)-replaced silica fume (SF), experi-
ments with different FA/SF ratios were carried out while
keeping the total amount of silica fume and fly ash
(282 kg/m3) the same. According to the test results, the
influence of the dosage of FA replacing SF on the com-
pressive strength of UHPFRC is shown in Figure 9. *e

influence of FA-replaced SF on the slump of UHPFRC is
shown in Figure 10.

As can be seen from Figure 9, the compressive strength
of UHPFRC decreases first and then increases when the FA
ratio is increased. *e compressive strength was reduced
from 146.5MPa to 137.6MPa and then increased to 148.6MPa.
*e compressive strength of the specimen with the FA-
replaced SF ratio equal to 30% was slightly higher than that
of no FA specimens. *is is because the synergistic effect of
SF and FA reaches a high level when FA replaced 30% of SF.
Adding SF can improve the compressive strength, while
adding FA can improve the fluidity. As is shown in Fig-
ure 10, with the increase of the amount of FA replacing SF,
the mixture gradually changed from viscous to semiviscous
in the stirring process, which means the workability was
improved gradually, and the overall trend of fluidity in-
creases gradually. Considering the compressive strength and
the fluidity of the UHPFRC, the comprehensive perfor-
mance of the UHPFRC is optimal when the FA replaces the
SF with 30% (84.6 kg/m3).

3.5. Influence of the Amount of Different Particle Sizes of
Sintered Bauxite on Compressive Strength and Fluidity of
UHPFRC (Series E). In this experiment, sintered bauxite
of different particle sizes was used as aggregate. Influence of
the size of sintered bauxite on the properties of UHPFRC
was investigated by changing the amount of sintered bauxite
with different particle sizes. *e total amount of sintered
bauxite constant was kept as a constant value while the
mixing ratios of different particle sizes of bauxite were
changing. According to the measured results, the influence
of the amount of different sizes of bauxite on the com-
pressive strength of UHPFRC is shown in Figure 11. *e
influence of the amount of different size of bauxite on the
slump is shown in Figure 12.

As can be seen from Figures 11 and 12, the compressive
strength and fluidity of the concrete vary greatly with dif-
ferent particle size ratios of sintered bauxite. With the in-
crease of the ratio of 0-1mm sintered bauxite to 1∼3mm
sintered bauxite, the strength of the UHPFRC increased.
When the ratio of 0-1mm sintered bauxite to 1∼3mm
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Figure 9: Influence of FA-replaced partial SF on the compressive
strength of UHPFRC.
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sintered bauxite was 1.255 : 0, the strength of the concrete
reached a maximum of 155.5MPa. *e fluidity was the best
when the ratio of 0-1mm sintered bauxite to 1∼3mm
sintered bauxite was 0.755 : 0.5 (1.51 :1). *e difference of
strength between the two groups was not significant, while
the slump of E1 was 12 cm which was significantly higher
than that of E2. *erefore, the overall performance of the
UHPFRC was optimal when the ratio of 0-1mm sintered
bauxite to 1∼3mm sintered bauxite was 1.51 :1.

4. Conclusions

*is study aims to solve the shortcomings of the poor current
fluidity of UHPFRC (temperature: 20± 2°C, humidity: ≥95%),
by changing the relative content of the original materials and
attempting to add new materials. UHPFRC with excellent
mechanical properties and excellent workability was de-
veloped under the standard curing conditions, with the values
of the compressive strength reaching 152.4MPa and the slump
reaching 12.0 cm. Based on the test results, the influencing
factors of UHPFRC strength and construction performance
are analyzed in detail. *e conclusions are as follows:

(1) UHPFRC with a compressive strength of more than
150MPa and excellent workability was developed
under standard curing conditions.

(2) *e W/B ratio has a great influence on the com-
pressive strength and the slump of UHPFRC. Based
on the compressive strength and the fluidity of the
UHPFRC, the optimum W/B ratio is 0.194.

(3) When the total amount of cement and GGBFS is
constant (940 kg/m3), with the increase in the con-
tent ratio of GGBFS from 0% to 30%, the com-
pressive strength of UHPFRC decreases, while the
fluidity increases.*e optimal ratio of GGBFS-replaced
cement is recommended as 20% (188 kg/m3).

(4) *e dosage of FA can significantly improve the
flowability of UHPFRC, and the influence of FA on
compressive strength is not obvious. Results show
that FA is suitable for replacing SF by 30%
(84.6 kg/m3) when the total amount of SF and FA is
constant (282 kg/m3).

(5) *e particle size of sintered bauxite has a certain in-
fluence on the strength and fluidity of UHPFRC. *e
optimal ratio of 0-1mm sintered bauxite to 1∼3mm
sintered bauxite was recommended as 1.51 :1.

Data Availability

*e data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

Highlights. (1) High strength and good workability of
UHPFRC can be achieved under standard curing conditions.
(2)*e optimumW/B ratio is recommended as 0.194. (3) Fly
ash can significantly improve the fluidity of UHPFRC. (4)
*e optimal ratio of 0-1mm to 1∼3mm sintered bauxite is
1.51 :1.
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,e compressive strength of concrete according to certain codes can be based on the compressive strength of unconfined plain
standard concrete cylinders tests at the age of 28 days. In this paper, the standard concrete cylinders were spirally confined with
steel bars and with/without hooked-end steel fibers.,e influence of the use of hooked-end steel fiber in spirally confined concrete
with various pitches was investigated. It can be seen that the use of hooked-end steel fiber contributes significantly in improving
both compressive strength and ductility of concrete. ,e compressive strength and ductility of steel fibered concrete also increase
with the reduction of the spiral’s pitch.

1. Introduction

It has been widely reported from the results of several re-
searches that the effects of confinement in concrete can
increase its axial compressive strength and ductility. ,is is
due to the presence of the lateral compressive force provided
by the confining steel in concrete. In addition, the lateral
stress acting on the concrete also increases the ductility of
concrete. ,e lateral expansion of concrete core is confined
by the lateral pressure produced by the lateral confinement
steel such that the slope of the descending postpeak branch
of the stress-strain curve of confined concrete decreases with
the increase of confinement degree.

,e use of confinement in concrete core is intended to
increase ductility. ,e resistance generated by the transverse
reinforcement is influenced by, among others, the per-
centage of transverse reinforcement, the strength of trans-
verse reinforcement, the compressive strength of concrete,
the spacing of transverse reinforcement, and the configu-
ration of transverse reinforcement in concrete.

,e stress-strain relationship of concrete should be
discovered for its characteristics, since it can be used to

derive its analytical approach or model. Several studies on
the issue have been well addressed and studied previously
[1–18]. ,e studies resulted in the stress-strain relationships
of normal- and high-strength concrete as well as the stress-
strain relationships of steel fiber-reinforced concrete (SFRC).
From these studies, the complete analytical stress-strain re-
lationships were obtained which include the pre- and post-
peak responses of the curve. ,ese proposed stress-strain
relationships can be used further by an engineer for designing
the concrete members. Both the use of confinement and steel
fiber might increase the ductility of concrete. To further
improve the ductility of concrete, the simultaneous effect of
combined lateral confining steel and steel fibers needs to be
investigated to observe its actual compressive stress-strain
behavior [11–18].

Confinement in concrete can be in the forms of rectilinear
or square hoops/stirrups or spiral. By laterally confining the
concrete core with rectilinear or square hoops/stirrups or
spiral, the increases in terms of compressive strength and
ductility of concrete can be expected. ,e confinement serves
to reduce the lateral expansion of concrete core and delay the
crushing of concrete, thus further affecting the compressive
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strength and ductility of concrete. Spiral provides better
continuous confining pressure on concrete core, whereas the
rectilinear or square hoops/stirrups provides effective con-
fining effect at the corners since the four sides of the
hoops/stirrups tend to bend outwards. Although, it is not as
good as the spiral in providing effective confining effect on
concrete core, the rectilinear or square hoops/stirrups can still
improve the compressive strength and ductility of concrete
core significantly. ,us, this type of confinement is still
adopted to be used for rectangular or square concrete cross
sections to provide confinement to concrete core and thus
improve its ductility.

Ou et al. [17] have observed the compressive behavior of
SFRC with reinforcing index (RI) up to 1.7. When RI is
greater than 1.7, the compressive strength of steel fiber-
reinforced concrete (SFRC) starts to degrade. Ou et al. [17]
concluded that the addition of steel fiber in concrete im-
proves the compressive strain and peak stress of SFRC
significantly. However, the increase was only up to volume of
fiber in concrete (Vf ) of 2 percent.

Liu [18] showed that the use of hooked-end steel fiber
with the dimensions of 35× 0.55mm in concrete can control
better its compressive failure (better performance/ductility).
However, Oliveira Júnior et al. [15] indicated that the
compressive strength of unconfined concrete with hooked-
end steel fiber is comparable with that of the unconfined
concrete without steel fiber. ,ey also found that the ad-
dition of steel fiber in concrete does not increase its com-
pressive strength [15].,e slightest descending slope and the
longest ultimate strain of SFRC were found at Vf equal to 2
percent.

Several proposed models [11, 13, 16, 17] related to the
use of steel fiber in concrete are given as follows:

Ezeldin and Balaguru [11]:
fcf′ � fc′ + 3.51RI(MPa),

εpf � εco + 446 × 10−6.
(1)

Nataraja et al. [13]:

fcf′ � fc′ + 2.1604RI(MPa),

εpf � εco + 0.0006.
(2)

Ou et al. [17]:

fcf′ � fc′ + 2.35RI(MPa),

εpf � εco + 0.0007RI,

RI �
WfLf

Df
.

(3)

Soroushian and Lee [16]:

fcf′ � fc′ + 3.6If(MPa),

εpf � 0.0007If + 0.0021,

If �
VfLf

Df
,

(4)

where fcf′ is the compressive peak strength of SFRC, fc′ is the
compressive peak strength of non-SFRC, RI is the re-
inforcement index by fiber weight, εpf is the strain corre-
sponding to the peak stress of SFRC, εco is the strain
corresponding to the peak stress of non-SFRC, Wf is the
fiber weight, Lf is the fiber length, Df is the fiber diameter,
If is the fiber reinforcement index, and Vf is the fiber
volume.

All the above studies have not explored the use of
combined spiral as confinement and steel fiber in concrete.
,is study focuses on the compressive behavior of concrete
considering the contribution of both spiral and steel fiber.
Based on Oliveira Júnior et al. [15], Ou et al. [17], and Liu
[18], the study investigated further on the effect of com-
bined spiral confinement and steel fiber on the compressive
behavior of concrete. ,ere are two main findings of the
study. First, the compressive strength of concrete with
and without steel fiber is similar, that is, 23.0981 and
23.2634MPa, respectively. ,is confirms the study by
Oliveira Júnior et al. [15]. Second, the combination of spiral
and steel fiber improves both the compressive strength and
the strain (strain at peak strength and ultimate strain)
significantly.

2. Experimental Program

2.1. Material and Mix Design. ,e designed compressive
strength of normal-weight concrete (fc′) was 22.5MPa. Both
the coarse and fine aggregates used for concrete satisfied the
standard mix design requirements. ,e concrete was made in
the hot weather condition, and thus, it required the addition
of retarder to delay the setting time during the casting and
compaction. Steel fiber was also added in some of the concrete
mixture to study its effect on concrete properties compared to
those without steel fiber. Superplasticizer was also used to
improve its workability. ,e physical and mechanical prop-
erties of steel fiber used in the study are shown in Figure 1.,e
concrete mixture proportion obtained from the mix design is
listed in Table 1. According to Figure 1 and Table 1, the value
of If can be calculated as If � VfLf /Df � 1.60.

2.2. Concrete Confinement. Since the application and ef-
fectiveness of spiral as confinement in concrete have been
widely studied and well established both analytically and
experimentally, the study concentrates mainly on the use of
combination of both spiral and steel fiber together to know
their interaction impact on the compressive behavior
of concrete. When used together, the compressive behavior
of concrete is considerably influenced by the combination of
confining steel bars (spiral) and steel fiber. ,ese two pa-
rameters were observed in the study. ,e size of the spec-
imen, diameter of spiral, compressive strength of concrete,
pitch of spiral, yield strength of spiral, and volumetric ratio
of spiral are the parameters required to determine the value
of Zm of modified Kent–Park [12] (given by (5)–(8)). Several
Zm values were set (discussed further in Section 2.2) to study
the combined effect of spiral confinement and steel fiber in
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terms of compressive strength and ductility (represented by
the ultimate compressive strain of concrete). ,e effect of
confinement in concrete is very important to be in-
corporated (confining parameter Zm) when analyzing its
compressive behavior since it is completely different from
that of the unconfined concrete:

Zm �
0.625

3 + 0.29f′c( /145 · f′c − 1000  +(3/4) · ρs ·

�������

h″/sh( 



− 0.002K
,

(5)

K � 1.25 1 +
ρs · fyh

fc′
 , (6)

ρs1 � 0.12
fc′

fyh
 , (7)

ρs2 � 0.45
Ag

Ach
− 1 

fc′

fyh
, (8)

where Zm is the confining parameter of confined concrete
(modified Kent–Park [12]), ρs is the volumetric ratio of spiral
to the confined concrete core measured outer to outer of
spiral, h″ is the width of confined concrete core measured
outer to outer of spiral, sh is the spacing of spiral measured
center to center of spiral, K is the multiplying factor, fyh is
the yield strength of spiral, Ag is the gross area of concrete
section, and Ach is the area of concrete core spirally confined
with steel bars [19, 20] measured outer to outer of spiral.

2.3. Specimen Details. ,e details and cross section of the
specimens are illustrated in Figure 2. ,e specimens listed in
Table 2 were designed based on (5)–(8).

3. Test Method

,e compressive strength and shortening deformation of
concrete cylinders are the main parameters observed in the
study. ,e value of fc′ was obtained from the compressive
strength tests of the standard plain concrete cylinders
(150× 300mm) (without steel fiber) at the age of 28 days
after the curing period.

3.1. Test Setup. ,e test setup to perform the compressive
test is shown in Figure 3. ,e test was carried out until the
concrete specimens failed in the compressive crushing
mode. ,e data collected during the tests were the com-
pressive load and shortening until the failure of the speci-
mens. ,e compressive pressure was generated from the
universal testing machine (UTM) with a maximum capacity
of 100 tons, and the load was read by the load cell (maximum
capacity of 100 tons). For measuring the shortening dis-
placements, a pair of LVDTs was installed at the two op-
posite sides of the specimen to average the values. All the
measurements were transferred to the data logger or uni-
versal recorder (UR), and the data were recorded and dis-
played in the computer.

3.2. Test Procedure. ,e experimental tests were conducted
in the laboratory. First, the course and fine aggregates were
evaluated for their compliances with the ASTM standards
for normal-strength concrete. ,e cement used was OPC.
,en, the mix design can be calculated and mixed in the
laboratory including the curing process until 28 days. ,e
loading type applied to the concrete cylinder specimens was
the static monotonic compressive loading. Tensile tests were
also carried out for all the steel bars used for spirals as
confinement in concrete. Based on the mix design and using
the selected materials as mentioned previously, the spirals
that have been prepared earlier were cast to produce the
concrete cylinders specimen as shown in details in Figure 2.
After curing for 28 days, the molds of the specimens were
removed and left to dry in the air for a few hours before they
were ready for loading tests. ,e compressive test was
conducted until the specimens failed in a crushing manner.
From the tests, all the data were collected such as loads and
displacements to calculate the compressive stresses and
strains of the specimens. ,e loading was terminated when
the spiral has ruptured.

4. Results and Discussion

4.1. Compressive Strength. Tables 3 and 4 show the com-
pressive strength test results of the specimens with and
without steel fiber, respectively. Concrete with and without
steel fiber confirms that there is an insignificant difference in
terms of compressive strength. In fact, all of them tend to
similarly approach the target compressive strength of

Table 1: Concrete mixture proportion from mix design.

Material Volume� 0.05m3

Cement 10.30 kg
Fly ash (Paiton, Indonesia) 4.40 kg
Coarse aggregate (4.75–12.5mm) 11.50 kg
Coarse aggregate (12.5–25mm) 44.50 kg
Normal sand 20.00 kg
Fine sand 20.00 kg
Water 8.00 kg
Retarder 0.5% 51.5ml
Superplasticizer 51.5ml
Steel fiber volume ratio and weight 2%≈ 5.23 kg

Aspect ratio (L/D) 80

Diameter (D) 0.75 mm

Length (L) 60 mm

Fibre family 3D

80 65 55 45

Figure 1: Physical and mechanical properties of steel fiber used in
the study: tensile strength Rm,nom � 1225N/mm2; tolerances ±7.5%
average; Young’s modulus ±210000N/mm2.
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concrete (fc′) of 22.5MPa.,us, it can be concluded that the
addition of steel fiber did not affect the compressive strength
of concrete significantly [15]. ,e test results can be seen in
Tables 3 and 4.

4.2. Maximum Compressive Stress. ,e maximum com-
pressive stresses of each concrete specimen from the ex-
perimental results can be obtained from their corresponding
stress-strain curves. It can be seen that the maximum

compressive strengths of all specimens vary with the vari-
ation of volumetric ratio of spiral and steel fiber. Based on
the calculated volumetric ratios of the spiral as confinement,
the values of Zm can also be obtained, namely, Zm1 � 28.625,
Zm2 � 16.926, and Zm3 � 11.118 for specimens CF1, CF2, and
CF3, respectively. ,e compressive strengths of spirally
confined concretes without steel fiber can reach up to
fCWF

� 24.0269MPa, while for those with steel fiber can
reach up to fCF1

� 26.0262MPa, fCF2
� 29.2993MPa, and

fCF3
� 33.4394MPa (Figure 4).
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Figure 2: Details of spiral and specimens: (a) details of spiral, (b) dimensions of spirally confined specimens, and (c) cross section of
specimens.

Table 2: Details of test specimens.

Specimen ID D (mm) L (mm)
Stirrup

Vf fc′ (MPa) fyh (MPa) ρs1 ρs2 ρs used Zmϕ (mm) sh (mm)
CWF 150 300 6 52 0 22.5 457 0.0059 0.0155 0.0189 28.625
CF1 150 300 6 52 2% 22.5 457 0.0059 0.0155 0.0189 28.625
CF2 150 300 6 36 2% 22.5 457 0.0059 0.0155 0.0273 16.926
CF3 150 300 6 27 2% 22.5 457 0.0059 0.0155 0.0364 11.118
Note. CWF is the spirally confined concrete cylinder without steel fiber, CFn is the spirally confined concrete cylinder with steel fiber, D is the cylinder diameter,
and L is the cylinder height.

UTM frame 

LVDT

Load cell, 
capacity 100 tons

Specimen

LaptopUR

UTM hydraulic 
Jack, capacity 100 
tons

Figure 3: Schematic of test setup. UR� universal recorder;
LVDT� linear variable displacement transducer.

Table 3: Unconfined concrete specimens without steel fiber.

Specimen ID εc fc′ (MPa)
C1 0.00246 23.0892
C2 0.00239 23.1069
Average 0.00243 23.0981

Table 4: Unconfined concrete specimens with steel fiber.

Specimen ID εc fc′ (MPa)
C3 0.00391 23.1016
C4 0.00207 23.4253
Average 0.00299 23.2634
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4.3. Failure Modes. ,e failure modes indicated the com-
bined effect of steel fiber and spiral as confinement. All
the test specimens failed in their midheights as shown in
Figure 5. ,e plain concrete cylinder specimen performed
a brittle sudden failure. For spirally confined specimens, it
indicated better performance (more ductile) as the failures of
the specimens can be delayed slowly in the postpeak re-
sponses. ,e failures of the specimens were obtained
when the steel spirals were ruptured. ,e specimens with
steel fiber failed at the compressive strains in the range of
0.0823< εc < 0.1031, whereas the compressive stresses were
in the range of 14.826<fc < 23.549MPa. When compared
to the unconfined concrete without steel fiber (plain con-
crete), its failure occurred when the strain and stress were
εc � 0.018 and fc � 11.818MPa, respectively.

4.4. Ductility. From the experimental results, it can be seen
that the spirally confined specimens with steel fiber in-
dicated very ductile failure manners. At the loading of a half
of Pmax, they showed low degradation of stiffness. In the
postpeak responses, they performed better strain ductility
compared to that without steel fiber. ,e increase in strain
ductility is due to the combined effect of spiral and steel
fiber [12]. However, from the experimental results, it in-
dicates that the steel fiber contributes significantly to the
tensile strength of concrete, and consequently, the strain
ductility of the concrete also increases considerably. ,e

comparison of the experimental stress-strain curves of the
specimens with various confinement ratios is shown in
Figure 6.

4.5. Effect of Confining Parameter Zm. ,e confining pa-
rameter Zm [12] was adopted to consider the effect of
confinement of the specimens. ,e value of Zm is very
crucial in the determination of confinement of the speci-
mens. If the value of Zm is known, then the value of sh
(spiral’s pitch) can be found, or vice versa; if the spiral’s
pitch is known, then the value of Zm can be obtained. Better
concrete confinement can be achieved by lowering the
value of Zm. To reduce the value of Zm, ρs can be increased.
,e greater the value of ρs, the better confining effect to the
concrete core such that the value of Zm is lower. ,us,
the lower the value of Zm, the better the ductility of the
concrete (longer ultimate compressive strain). ,e study
confirmed the phenomenon. With the lowest value of Zm
equal to 11.118, the concrete specimen is capable of
attaining an ultimate compressive strain of 0.1031 with
a slightly descending slope.

4.6. Proposed Model. Assuming that the compressive
strength of concrete without steel fiber equals to that of
concrete with steel fiber, Equations (9)–(11) were proposed
in the study. ,e comparison of the peak stresses and the
corresponding strains at peak stresses between the proposed
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Figure 4: Experimental stress-strain curves of test specimens: (a) specimen CWF (ZmWF � 28.625), (b) specimen CF1 (Zm1 � 28.625),
(c) specimen CF2 (Zm2 �16.926), and (d) specimen CF3 (Zm3 �11.118).
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equations and the experimental results is given in Figure 7
and Tables 5 and 6. ,e comparison of the strains at failures
between the proposed equations and the experimental re-
sults is given in Table 7. ,e increases of stresses and strains
are also listed in Tables 8 and 9.

,e proposed equations developed based on the data
obtained from the experimental tests in the study are given
as follows:

fcfc′ � fcc′ +
57If

Zm
, (9)

εpfc � εcc +
0.1747If

Zm
, (10)

εffc � εpfc +
0.95If

Zm
, (11)

where fcfc′ is the compressive strength of spirally confined
SFRC, fcc′ is the compressive strength of spirally confined
non-SFRC, εpfc is the strain corresponding to the peak
stress of spirally confined SFRC, εcc is the strain corre-
sponding to the peak stress of spirally confined non-
SFRC � 0.0035, εffc is the strain at failure of spirally confined
SFRC, and εpfc is the strain corresponding to the peak stress of
spirally confined SFRC. ,e proposed equations (9)–(11) can
be used for predicting the compressive behavior of SFRC
(2 percent) spirally confined with various volumetric ratio of
steel bars.

(a) (b)

(c) (d)

Figure 5: Failure modes of all specimens after completion of the tests: (a) specimen CWF, (b) specimen CF1, (c) specimen CF2, and
(d) specimen CF3.
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5. Conclusions

Based on the discussion above, it can be concluded that due to
the use of combination of steel fiber and spiral as confinement
in concrete, both the stress and the strain of concrete

increases, and thus, it becomes more ductile. ,e peak stress
of the concrete can increase up to 39.17 percent, while the
strain value can increase up to 657.14 percent (when it is
compared to the ultimate strain of plain or unconfined
concrete which is considered about 0.0035). ,e unconfined
concrete behavior performed significantly different behavior
with the confined concrete where the confined concrete in-
dicated much more ductile behavior than the unconfined
concrete. In the study, the peak stress and the corresponding
strain at peak stress can be well predicted with the proposed
equations particularly for the spirally confined concrete with
steel fiber. ,e proposed equations include parameter Zm to
consider the combined effect of spiral and steel fiber.
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Uniaxial tensile tests of basalt fiber/epoxy (BF/EP) compositematerial with four different fiber orientations were conducted under four
different fiber volume fractions, and the variations of BF/EP composite material failure modes and tensile mechanical properties were
analyzed.+e results show that when the fiber volume fraction is constant, the tensile strength, elastic modulus, and limiting strain of
BF/EP composite material all decrease with increasing fiber orientation angle. When the fiber orientation angle is constant, the tensile
strength, elastic modulus, and limiting strain of BF/EP composite material all increase with increasing fiber volume fraction. A certain
degree of fiber clustering appears in the epoxy resin when the basalt fiber volume fraction is >1.2%. +e fiber equidistribution
coefficient and clustering fiber content were used to characterize the basalt fiber clustering effect. With the increase of fiber volume
fraction, the clustering fiber content gradually increased, but the fiber equidistribution coefficient decreased.Meanwhile, based on Tsai
theory, a geometric model and a tensile mechanical model of the clustering fiber are established. By considering the fiber clustering
effect, the BF/EP composite material tensile strength is calculated, and the calculated values are close to the experimental results.

1. Introduction

Basalt fiber is a new type of mineral fiber made from the
melting of natural basalt at high temperature (1400–1500°C)
[1]. Because of its characteristics such as high elastic
modulus and tensile strength, it is widely applied in in-
dustries such as machine building, aviation, and building
materials [2–5]. Basalt fiber/epoxy (BF/EP) composite ma-
terial is made by adding specific amounts (volume fractions)
of basalt fiber to epoxy resin. +e addition of basalt fiber
effectively reduces the internal stress of the epoxy resin
(matrix) and improves its mechanical properties [6].

Because of the high tensile strength, light weight, and
convenient construction, BF/EP composite material can be
used as a new type of reinforcement material and applied to
repair and strengthening of concrete structure and steel
structure in civil engineering [7]. For example, the re-
inforcement material is glued to the tensile area of concrete
component (walls, beams, slabs, and columns), which can
effectively improve its carrying capacity, avoid excessive
deformation of the cross section, and prevent the crack

expansion [8–10]. And in the shear area of the concrete
beam, reinforced material can effectively improve its
shearing capacity [11, 12]. By gluing the reinforcement
material to the intersection of beam and column, the limiting
strain of the plastic-hinge zone can be constrained, and the
seismic behavior of concrete structure and steel structure
can be improved [13, 14]. Meanwhile, compared with glass
fiber/epoxy (GF/EP) composite material and carbon
fiber/epoxy (CF/EP) composite material, due to its excel-
lent properties such as higher corrosion resistance, excellent
durability, and resistance to high temperature, BF/EP com-
posite material can be used for strengthening the structure
(concrete and steel) after long-term chemical corrosion or
exposure to fire so that the service life of the structure is
improved. Related research shows that reinforced component
(concrete and steel) has higher fatigue resist [15]. +erefore,
BF/EP composite material can also be used to strengthen the
bridge structure and dam body under long-term action of
fatigue load.

To sum up, the intensive research of the manufacturing
process and mechanical property of BF/EP composite
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material provides powerful help for its application in civil
engineering. At present, research on BF/EP composite ma-
terial focuses on the influence of fiber surface modification on
mechanical properties [16, 17], yet there is some research on
the influence of fiber distribution on tensile properties of
BF/EP composite material. However, the fiber distribution
can also have a significant influence on mechanical properties
of the BF/EP composite material [18–20]. As the main pa-
rameter reflects the fiber within thematrix, fiber orientation is
an important factor influencing the mechanical properties of
BF/EP composite material [21, 22]. +erefore, some scholars
have made attempts to use flow-field orientation (imposed by
an internal fluid viscous force) before matrix curing to control
fiber orientation. For example, Yang et al. [23] conducted
research on the flow field formed in the interval between two
concentric rotating cylinders and the fiber movement and
orientation in the flow field. +eir results show that fibers
moved and oriented along the flow field. With the use of
a numerical algorithm employing the finite volume and finite
difference methods, Zhang and Jie [24] analyzed the flowing
behavior of a fiber-reinforced polymer melt in a contraction
flow chamber. +e results show that when shearing motion
dominates, fibers orient in cyclonic rotation, whereas when
stretching dominates, fibers exhibit monopodium stretching.

In this paper, with the use of a handmade chute device,
16 kinds of BF/EP composite materials (with different
volume fractions and different fiber orientations) were
produced. Uniaxial tensile testing of these BF/EP composite
materials was then conducted. +e goal is to understand the
influence of fiber orientation and fiber volume fraction on
the tensile properties of the BF/EP composite material and to
provide some experimental bases for the design and engi-
neering application of BF/EP composite material.

2. Experiments and Research on Tensile
Properties of BF/EP Composite Material

2.1. Material Parameters and Raw Materials. +e curing
agent used was polyamide, and the diluent was acetone. +e
matrix was compounded according to a mass ratio of M1
(epoxy resin) :M2 (curing agent) :M3 (diluent)� 38 : 25 :1.
As tested after solidification, the matrix had a tensile
strength of 16.67MPa, a limiting strain of 0.002, a shear
strength of 21.73MPa, and a curing residual stress of
0.31MPa. +e fiber employed was a chopped discontinuous
basalt fiber, and the physical and mechanical indexes of
which are listed in Table 1.

2.2. Design and Technology of BF/EP Composite Material.
First, we designed the basic parameters of the BF/EP
composite material. +e volume fractions Vf of basalt fi-
ber tested are 0.6%, 0.9%, 1.2%, and 1.5%. +e orientation
angles θ of fibers in the matrix are 0°, 15°, 30°, and 45°. +e

size of each sample is 10mm× 20mm× 300mm, and three
samples comprised one group.

Second, we used a handmade device to fabricate the
oriented basalt fiber/epoxy composite material. For the epoxy
resin, a curing agent and diluent were mixed according to
a predetermined proportion, thus forming a liquid epoxy
resin matrix. Basalt fiber was then added, and the mixture was
stirred for two minutes. +e resulting mixture was then
poured into the hopper of the chute stretch device (Figure 1).
+e mixture flowed down the chute into the mold under the
influence of gravity, forming an elongation flow field in the
matrix that led to fiber orientation approaching the elonga-
tion flow-field direction [25, 26]. By controlling the angle
between the chute and the surface, different gravity flow fields
were formed. Chute angles θc of 15°, 23°, 30°, and 45° pro-
duced oriented basalt fiber/epoxy composite materials with
fiber volume fractions of 0.6%, 0.9%, 1.2%, and 1.5%, re-
spectively. For example, Figure 2 shows an oriented basalt
fiber/epoxy composite material (Vf � 0.9%).

+ird, we fabricated BF/EP composite materials with
different fiber orientations. After the completion of matrix
solidification (about 48 h at 20°C± 2°C), along the fiber
direction, we cut the samples at included angles of 0°, 15°, 30°,

Table 1: Physical and mechanical indexes of basalt fiber.

Density (g/cm3) Tensile strength (MPa) Limit elongation (%) Tensile modulus (GPa) Diameter (mm) Length (mm)
2.65 3300 3.2 100 0.01 12

HopperChute

Mold

Pulley

Frame

v

θc

Figure 1: +e chute stretch device.

20 mm

Figure 2: Molding effect of oriented basalt fiber/epoxy composite
material (Vf � 0.9%).
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and 45°, thus obtaining BF/EP composite material with four
different fiber orientations.

2.3.Analysis of theExperimentalResults. Uniaxial tensile tests
were conducted using aWAW-1000 universal testingmachine
and stress-strain curves were collected at a loading rate of
5N/s. Figure 3 shows the tensile test machine (WAW-1000).

Figure 3 shows the tensile test device. +e tensile stress-
strain curves of different kinds of BF/EP composite materials
(with different fiber orientations and different fiber volume
fractions) are given in Figures 4(a)–4(d). According to
Figure 4(a), when Vf was 0.6% and θ was 0°, 15°, and 30°,
compared with the epoxy resin matrix, the tensile strength of
BF/EP composite material increased by 16%, 8%, and 1%,
respectively, and the limiting strain increased by 22%, 5%,
and 1%, respectively. According to Figure 4(b), when Vf was
0.9% and θ was 0°, 15°, 30°, and 45°, compared with the epoxy
resin matrix, the tensile strength of BF/EP composite ma-
terial increased by 45%, 36%, 22%, and 12%, respectively,
and the limiting strain increased by 29%, 22%, 8%, and 4%,
respectively. According to Figure 4(c), when Vf was 1.2%
and θwas 0°, 15°, 30°, and 45°, compared with the epoxy resin
matrix, the tensile strength of BF/EP composite material
increased by 90%, 81%, 56%, and 34%, respectively, and the
limiting strain increased by 88%, 54%, 35%, and 20%, re-
spectively. According to Figure 4(d), when Vf was 1.5% and
θ was 0°, 15°, 30°, and 45°, compared with the epoxy resin
matrix, the tensile strength of BF/EP composite material
increased by 106%, 98%, 80%, and 58%, respectively, and the
limiting strain increased by 114%, 75%, 38%, and 21%,
respectively. Table 2 lists the tensile strengths and limiting
strains of the BF/EP composite materials. One can see that
the addition of basalt fiber has different impacts on im-
proving the tensile strength and limiting strain of the matrix.
When the fiber volume fraction is constant, the tensile
strength and limiting strain of BF/EP composite material
both decrease with increasing fiber orientation angle. When
the fiber orientation angle is constant, the tensile strength
and limiting strain of BF/EP composite material both in-
crease with increasing fiber volume fraction.

+e elastic modulus of the matrix and BF/EP composite
material can be obtained by calculating the slope of the
elastic section of the stress-strain curve (Figures 4(a)–4(d)).
+e calculation results are given in Table 2. It can be seen
from Table 2 that when the fiber volume fraction is constant,
the elastic modulus of BF/EP composite material decreases
with increasing fiber orientation angle. For example, when
Vf was 0.6% and θ was 0°, 15°, 30°, and 45°, compared with
the epoxy resin matrix, the elastic modulus of BF/EP
composite material increased by 59%, 34%, 27%, and
13%, respectively. When the fiber volume fractions were
0.9%, 1.2%, and 1.5%, the trends in the elastic modulus of
BF/EP composite material were similar to that with a fiber
volume fraction of 0.6%.

It can also be seen from Table 2 that when the fiber
orientation angle is constant, the elastic modulus of BF/EP
composite material increases with increasing fiber volume
fraction. For example, when θ was 0° and Vf was 0.6%, 0.9%,

1.2%, and 1.5%, compared with the epoxy resin matrix, the
elastic modulus of BF/EP composite material increased by
59%, 71%, 93%, and 124%, respectively. When the fiber
orientation angles were 15°, 30°, and 45°, the trends of the
elastic modulus of BF/EP composite material were similar to
that with a fiber orientation angle of 0°.

In conclusion, the tensile strength, limiting strain, and
elastic modulus of the BF/EP composite material are
related to the orientation and volume fraction of fiber. To
further analyze the influence of the orientation and vol-
ume fraction of fiber on tensile properties of the BF/EP
composite material, the following enhancement co-
efficient β is introduced:

β �
If

Im
, (1)

where If is the tensile property indicator of the BF/EP
composite material, such as its tensile strength σf , elastic
modulus Ef , and limiting strain εf , and Im is the tensile
property indicator of the matrix, such as its tensile strength
σm, elastic modulus Em, and limiting strain εm. +erefore,
the enhancement coefficient of tensile strength (βt), the
enhancement coefficient of elastic modulus (βe), and the
enhancement coefficient of limiting strain (βs), for different
orientations and volume fractions, can be obtained from
Table 2. We used the linear regression method to analyze
the change in the enhancement coefficient with fiber ori-
entation angle and fiber volume fraction.+e fitting surface
functions are

βs � 1.274− 0.3661i− 0.008179θ + 0.4552i
2

− 0.00007442iθ + 0.00004652θ2,
(2)

βe � 1.469 + 0.05436i− 0.008847θ + 0.2491i
2

− 0.01271iθ + 0.000182θ2,
(3)

βt � 0.3937 + 1.301i + 0.003205θ− 0.08973i
2

− 0.008662iθ − 0.00006437θ2.
(4)

+e correlation coefficients for (2)–(4) are 0.9677,
0.9783, and 0.9791, respectively. +ese experiment results
provide useful guidance for the design and manufacture of
BF/EP composite material [27] Figure 5.

Figure 3: +e tensile test machine (WAW-1000).
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3. Analysis of the BF/EP Composite Material’s
Tensile Failure Mode

We analyzed the tensile failure mode of samples by ob-
serving the fracture surface of samples through scanning
electron microscopy. It was found that there is a certain
degree of agglomeration occurring in the epoxy resin when
the basalt fiber volume fraction is >1.2%. Figure 5 shows
images of the BF/EP composite material sample fracture
surface. Figures 5(a) and 5(b) show agglomeration of fibers
in the fracture surface when fiber volume fractions were
1.2% and 1.5%.+is agglomeration occurs because the fibers
and matrix undergo different mixing mechanisms, making it
difficult for the fibers to distribute evenly within the epoxy

resin. Consequently, some fibers are present in groups or
bundles [20].

+is kind of fiber agglomeration can be called “fiber
clustering.” Because of the fiber clustering effect, there are
only small gaps in between fibers, which make it hard for the
matrix to enter the fiber agglomerates, and there are crevices
in the fiber agglomerates (Figure 5(c)). Fibers in fiber ag-
glomerates are loosely bound to the matrix, and its most
common tensile failure mode presents as fiber pulling out,
whereas peripheral fibers of the fiber agglomerates are well
bound to the matrix, with its most common tensile failure
mode presenting as fiber pulling off (Figure 5). According to
Tsai theory [28, 29], when the matrix cracks because the
tensile force exceeds its tensile strength, all its load is
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Figure 4: Tensile stress-strain curves of BF/EP composite materials with different orientations and different volume fractions of fibers.
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transferred to the fiber for its pull off. +e fiber approaches
its yield strength and is broken with the matrix. +us, the
bonding strength of the fiber and matrix is greater than the
yield strength of the fiber, and meanwhile, the bonding
strength of the fiber and matrix is greater than the tensile
strength of the matrix alone. +erefore, the fibers play an
enhanced role in the matrix.

However, the matrix is destroyed before the pullout fiber
reaches its yield limit, and the bonding strength of the fiber
and matrix is smaller than the tensile strength of the fiber, so
the fibers do not play an enhanced role in the matrix.
Similarly, a crevice in a fiber cluster leads to matrix cracking

in advance to some degree, and the tensile strength of the
composite decreases (Figure 5(e)). Compared with the
sample fracture surface of a fiber cluster, the fracture surface
of samples is rougher and has large bumps when the fiber has
an even distribution (Figure 5(f)). +ese bumps occur be-
cause when the fibers are evenly distributed, they bond well
with the matrix, diminishing the stress concentration within
the matrix and changing the matrix cracking stress path,
thus leading to greater roughness of the fracture surface. +e
reason is that the tensile strength of a solid material de-
creases with the increase of the three-dimensional roughness
of its fracture surface [30, 31]. In conclusion, fiber clustering

(a) (b) (c)

(d) (e) (f)

Figure 5: E-sports scan results of the BF/EP composite material sample fracture surface.

Table 2: Tensile property parameters of BF/EP composite material.

Sample number Fiber orientation
angle, θ (°)

Fiber volume
fraction (%)

Tensile strength
(MPa)

Limiting strain
(mm/mm)

Elastic modulus
(MPa)

0-0 0 0 16.13 0.00210 8576
1-1 0 0.6 18.54 0.00257 13638
1-2 15 0.6 17.35 0.00220 11530
1-3 30 0.6 16.12 0.00213 10918
1-4 45 0.6 15.85 0.00205 9730
2-1 0 0.9 23.56 0.00273 14741
2-2 15 0.9 21.78 0.00255 11868
2-3 30 0.9 19.62 0.00228 11257
2-4 45 0.9 17.90 0.00218 10315
3-1 0 1.2 30.37 0.00323 16568
3-2 15 1.2 29.05 0.00303 13320
3-3 30 1.2 25.13 0.00256 11360
3-4 45 1.2 21.54 0.00241 10428
4-1 0 1.5 33.26 0.00354 19226
4-2 15 1.5 32.01 0.00339 15302
4-3 30 1.5 28.60 0.00333 11675
4-4 45 1.5 25.27 0.00313 10911
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has reduced the utilization of fibers to some degree and
diminished the improvement in tensile strength of the
matrix. Consequently, in the design and engineering ap-
plication of BF/EP composite material, attempts should be
made to decrease or avoid fiber clustering.

4. Performance and Mechanism Analysis of
Stretchability of Fiber-Reinforced Epoxy
Matrix Composites

4.1. Characterization of Fiber Clustering Effect. Consider an
agglomerate of oriented fibers and matrix material in their
adjacent area as a mesocharacteristic unit, as shown in
Figure 6.

Figure 6(a) shows the stress produced by the bonding
between clustering fibers and matrix material, and Fig-
ure 6(b) shows the confining stress generated by matrix
solidification contraction on fiber agglomerates. +ere-
fore, the stress acting on fiber agglomerates in the matrix
material is

σfe � τ · Se + 
N

0
μ · σs dN � τ · C · lf + Nπ

df

2
 

2
⎡⎣ ⎤⎦

+ μ · σe · C · lf ,

(5)

where σfe is the stress acting on clustering fibers in thematrix
materials; τ is the strength of bonding between fibers and
matrix material; Se is the bonding surface area between the
clustering fiber (the number of fibers is N) and the epoxy; μ
is the friction coefficient between fibers; C is the perimeter of
fiber agglomerates section; df and lf are, respectively, the
diameter and length of a fiber; σs is the average confining
stress of a single fiber inside the fiber agglomerate; and σe is
the confining stress of fiber agglomerates (the numerical
value of which is equal to the residual stress generated by
matrix solidification contraction). +erefore, the stress
acting on the clustering fibers in the matrix material can be
divided into a bonding force between fibers and matrix
material and friction between fibers. However, the stress
acting on the uniformly distributed fibers in the matrix
material is the bonding force between fibers and matrix
material. Based on this, without considering the fiber tip
area, the fiber equidistribution coefficient ηe is introduced to
represent the influence of clustering of fibers on tensile
strength of the complex; that is,

ηe �
σfe
σf

�

τ · Se + 
N

0
μ · σs dN

τ · Sf
�
τ · C · lf + μ · σe · C · lf

τ · N · 2πdf lf
,

(6)

where σf is the stress of N uniformly distributed fibers in the
matrix material and Sf is the bond area of N uniformly
distributed fibers and matrix material. For the analysis of the
geometric characteristics of fiber agglomerates, we assume
that there are agglomerates of fibers (containing N fibers) in
the matrix material and that the arrangement of fibers in the
fiber agglomerates includes a triangular arrangement and
a square arrangement (as shown in Figure 5(c)), from the
fiber center in the periphery of fiber agglomerates, randomly
forming a polygon with k sides, that is, A1, A2, A3, . . . , Ak,
as shown in Figure 7, which is called the “k-sided polygon
fiber-clustering model.”

If α1, α2, α3, . . . , αk are the interior angles of k-sided
polygon A1, A2, A3, . . . , Ak, M is the number of the most
peripheral fibers of the clustering fibers and c is the pe-
rimeter of k-sided polygon A1, A2, A3, . . . , Ak, and then,
the relationship between C and c can be deduced according
to the geometrical relationship:

M �
c

df
, (7)

ηf � 1−
lf(crit)

2lf
, (8)

σfe

τ·Se
Matrix 

Fibers

(a)

σs

σe

(b)

Figure 6: Micromechanics model of cluster-fiber-reinforced epoxy matrix composites.
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Figure 7: k-sided polygon fiber-clustering model.
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C � πdf · (M− k)

+ 2πdf ·
2π − α1
2π

+ 2πdf ·
2π − α2
2π

+ · · · + 2πdf ·
2π − αk

2π
 .

(9)

Equation (9) can be simplified to

C � πdf · (M− k) + df · 2kπ − α1 + α2 + · · · + αk(  .

(10)

Substituting (7) and (8) into (10) gives

C � c · π + 2πdf . (11)

All edges of k-sided polygon A1, A2, A3, . . . , Ak are
offset outward by df /2 to form k-sided polygon
B1, B2, B3, . . . , Bk, where S is the area of k-sided polygon
B1, B2, B3, . . . , Bk. +erefore,

S ≈ n1 · d
2
f (square arrangement of fibers), (12)

S ≈ n2 ·
3

�
3

√

4
d
2
f (triangular arrangement of fibers), (13)

where n1 and n2 are, respectively, the number of fibers inside
the fiber agglomerates in square and triangular arrange-
ments. It is considered that the fibers inside the fiber ag-
glomerates are in square and triangular arrangements;
therefore, the range of the number N of fibers in the fiber
agglomerates can be determined to be n1 to n2. By taking
N � 0.5(n1 + n2) and the sectional area of fiber agglomerates
approximate to the area of k polygon B1, B2, B3, . . . , Bk,
when the fibers cluster in a randomly formed k-sided
polygon, the equidistribution coefficient is

ηe �
6

�
3

√

4 + 3
�
3

√ ·
d2
f

S
·

c

2df
+
μ · σe · c

2τ · df
+
μ · σe
τ

+ 1 . (14)

4.2. Analysis of BF/EP Composite Material Tensile Property
with Fiber Clustering. Based on Tsai theory [28, 29], if we
take the BF/EP composite as a fiber-reinforced multiple
complex, then the tensile strength of the complex is the
elastic superposition of the tensile strength of fibers and
matrix material:

σfc � σfVf + σmVm � σm 1 +(n− 1)Vf , (15)

where σfc is the stress of the complex at the elastic stage; σm is
the stress of the matrix material; σf is the stress acting on the
fibers; Vm and Vf are, respectively, the volume fraction of
matrix material and the volume fraction of fibers; n � Em/Ef ;
Vm + Vf � 1; Em is the elasticity modulus of the epoxy
matrix; and Ef is the elasticity modulus of the fibers. If we
assume that the matrix material crack after its tensile
strength is reached under a tensile force, then all loads are
transferred to the fibers until they are broken, and thus,

σufc � σuf Vf , (16)

where σufc is the tensile strength of the complex and σuf is the
tensile strength of the fibers. In [32–34], it was assumed that

discontinuous fibers are uniformly distributed in the matrix
material. By considering the influence of fiber orientation,
length, and bonding between fibers and matrix material on
the tensile strength of the complex, the effective coefficient of
fiber, ηf , is introduced, so the tensile strength is given by

σufc � ηfσ
u
f Vf � ηlηθηbσ

u
f Vf , (17)

where ηl is the fiber length coefficient, ηb is the bond co-
efficient of fibers and matrix material, and ηθ is the orien-
tation coefficient of fibers in the matrix material. Given the
existence of fiber clustering, fiber composites contain
clustering fibers and uniformly distributed fibers. +erefore,
the ratio of volume fraction (Vfe) of clustering fibers to the
total volume fraction (Vf ) of fibers is defined as the clus-
tering fiber content w:

w �
Vfe

Vf
× 100%. (18)

According to (2) and (13), the tensile strength of the
BF/EP composite material with fiber clustering taken into
account is

σufc � ηfσ
u
f Vf � ηfσ

u
f 1−Vfe(  + ηfηeσ

u
f Vfe

� ηfσ
u
f Vf 1−w + ηew( .

(19)

Representative sections of BF/EP composite material
samples with the volume fractions of 0.6%, 0.9%, 1.2%, and
1.5% were magnified for observation after cutting and
polishing so that the number of clustering fibers and inside
arrangement can be obtained, as shown in Figure 8(a) (an
agglomerate of fibers). +e arrangement pattern of fiber
agglomerates in Figure 8(a) was cut, with the cutting line of
fiber agglomerates and matrix material being a solid poly-
gon, as shown in Figure 8(b). All edges of the solid polygon
are offset inward by df /2 to form a dotted polygon, which is
a polygon formed from the fiber center in the periphery of
this agglomerate of fibers. We calculated the area S of the
solid polygon and perimeter c of the dotted polygon. Table 3
lists cj and Sj values for the jth fiber agglomerate in the
representative section of the BF/EP sample for different
volume fractions of basalt fiber.

By taking a section from the oriented basalt fiber/epoxy
composite material samples with different volume fractions
(0.6%, 0.9%, 1.2%, and 1.5%), the length of each being 12mm,
as a representative volume unit, the effective coefficient of
fiber (ηf ) was calculated according to the method in [32–34]
and μ is 0.33 [35]. We then calculated the equidistribution
coefficients of all fiber agglomerates in the representative
volume unit using (14) and took the average value of these
coefficients as the equidistribution coefficient of fiber in this
representative volume unit.+e clustering fiber content of the
representative volume unit was calculated according to (18).
Figure 9 shows the fiber equidistribution coefficient ηe and
clustering fiber content w of different fiber volume fractions.
As shown in Figure 9, with the increase of fiber volume
fraction, the fiber equidistribution coefficient decreases and
the fiber clustering content increases.

By substituting the fiber equidistribution coefficient ηe
under different fiber volume fractions and clustering fiber
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contents w into (16), we obtained the BF/EP composite
material tensile strength calculated values with fiber clus-
tering effect taken into account. Figure 10 shows the BF/EP
composite material tensile strength calculated values of
equidistributed fibers (without consideration of fiber clus-
tering effect: w � 0), the BF/EP composite material tensile
strength calculated values with fiber clustering effect taken
into account, and the BF/EP composite material tensile
strength test values of different fiber volume fractions.

From Figure 10, one can see that the calculated values for
BF/EP composite material tensile strength without fiber
clustering effect taken into account (i.e., fibers are distrib-
uted uniformly), the calculated values of the BF/EP com-
posite material tensile strength values with fiber clustering
effect taken into account, and the BF/EP composite material
tensile strength values obtained by testing all increase as the
fiber volume fraction increases. When the fiber volume
fraction is constant, the calculated value of the BF/EP
composite material tensile strength without consideration

of fiber clustering (i.e., if fibers are distributed uniformly) is
higher than the test value and has a larger deviation. Other
research [36] has shown that when the fibers are distributed
uniformly, the complex strength value predicted by Tsai
theory deviates significantly from the test value. However,
when the fiber volume fraction is constant, the BF/EP
composite material tensile strength calculated value with
fiber clustering effect taken into account is lower than that of
equidistributed fibers and is closer to the test value. +e
results of a linear regression between the calculated values of
BF/EP composite material tensile strength with consider-
ation of fiber clustering effect and the test values are as
follows:

σy � 1.01σx + 1.44,

R
2

� 0.991,
(20)

where σy is the BF/EP composite material tensile strength
value obtained by testing and σx is the calculated value of the

(a) C = 1.7880 mm 
S = 0.1684 mm2

(b)

Figure 8: Graph division and calculation of C and S for a cluster fiber.

Table 3: Calculated values of c and S for the jth fiber clustering with different fiber volume fractions.

j
i � 0.6% i � 0.9% i � 1.2% i � 1.5%

cj (mm) Sj (mm2) cj (mm) Sj (mm2) cj (mm) Sj (mm2) cj (mm) Sj (mm2)
1 1.6873 0.1297 2.2260 0.2516 1.7707 0.1216 1.9107 0.1247
2 2.1040 0.2116 2.0927 0.1159 1.4033 0.0869 1.3867 0.0752
3 1.0007 0.0566 1.5520 0.0903 1.8380 0.1683 1.3893 0.1380
4 0.8187 0.0493 1.6253 0.0956 1.1933 0.0966 1.5607 0.1260
5 1.6520 0.0930 1.7587 0.1676 1.3293 0.0992 1.6360 0.1342
6 1.7920 0.1739 1.7880 0.1684 1.4427 0.1413 1.3000 0.1041
7 — — 1.6073 0.1047 1.6980 0.1489 1.5373 0.1346
8 — — 1.6093 0.0887 1.4333 0.1111 1.4927 0.1354
9 — — 1.3620 0.0674 1.4267 0.1195 1.4587 0.1337
10 — — — — 1.1420 0.0857 1.2833 0.0870
11 — — — — 1.5180 0.1199 1.4673 0.1136
12 — — — — 1.5467 0.1460 1.3733 0.1151
13 — — — — 1.5067 0.1380 1.6620 0.1601
14 — — — — — — 1.2527 0.0982
15 — — — — — — 1.3993 0.1104
16 — — — — — — 1.3820 0.1068
17 — — — — — — 1.4807 0.1082
18 — — — — — — 1.8280 0.1551
19 — — — — — — 1.6640 0.1220
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BF/EP composite material tensile strength with consider-
ation of fiber clustering effect. +e correlation coefficient is
>0.991, which indicates a strong linear correlation. +is
conclusion can provide a theoretical basis and reference
value for predicting the tensile strength of BF/EP composite
material.

5. Conclusion

Different fiber orientations and BF/EP composite material
tensile strength experiments were analyzed, and research on
failure modes of different fiber volume fractions was con-
ducted. +e following can be concluded:

(1) With a certain amount of basalt fiber, the tensile
strength, elastic modulus, and limiting strain of epoxy

resin composite material significantly improve. When
the fiber volume fraction is constant, the tensile
strength, elastic modulus, and limiting strain of BF/EP
composite material all decrease with increasing fiber
orientation angle. When the fiber orientation angle is
constant, the tensile strength, elastic modulus, and
limiting strain of BF/EP composite material all in-
crease with increasing fiber volume fraction.

(2) +e fibers play an enhanced role in the matrix when
the bonding strength of the fiber and matrix is greater
than the yield strength of the fiber. However, the
matrix is destroyed before the pullout fiber reaches its
yield limit, and the bonding strength of the fiber and
matrix is smaller than the tensile strength of the fiber,
so the fibers do not play an enhanced role in the
matrix.

(3) +e calculated values of the BF/EP composite material
tensile strength with fiber clustering effect taken into
account and the test values exhibit a strong linear
correlation (with a correlation coefficient of 0.991).
+is conclusion can provide a theoretical basis and
reference value for predicting the tensile strength of
BF/EP composite material.
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Crumb rubber concrete (CRC) is an environment-friendly material using crumb rubber as a composition of cement concrete. It
provides an alternative method for recycling of waste tires scientifically. CRC exhibits numerous advantages compared to ordinary
concrete. However, the application of CRC is limited due to its low compressive and tensile strengths. *is paper puts forward
a new modified method by adding steel fibers and nanosilica in CRC. Material properties’ testing of eighteen concrete mixtures
was investigated, considering different strength grades of CRC and crumb rubber contents. In addition, four different steel fiber
contents (0%, 0.5%, 1.0%, and 1.5%) and three different nanosilica content (0%, 1%, and 2%) were taken into consideration. *e
brittle failure of the CRC can be improved and the mechanical properties can be enhanced according to the test results. More
importantly, the modified CRC with 1.0% steel fiber content has relatively high compressive and splitting tensile strengths.
Furthermore, the noncompactness of CRC can be effectively improved by nanosilica, enhancing the efficiency of steel fibers
simultaneously. Finally, the failure mechanism of the modified CRC is discussed in this paper.

1. Introduction

With the development of automotive industry in recent years,
a large amount of waste tires are produced. As a global problem,
every year more than half of waste tires were discarded with no
treatment [1]. *ese nonbiodegradable waste tires can provide
breeding places for flies and mosquitoes. Besides, these tires
pose high danger of fire, threatening the environment, human
lives, and property [2]. Hence, this black pollution becomes an
inevitable problem raising concerns worldwide.

Crumb rubber concrete (CRC), also called rubberized
concrete, is an environment-friendly material using crumb
rubber as a composition of cement concrete. After a series
of treatments, such as mechanical crushing, grinding, dust
removal, and cleaning, crumb rubbers can be obtained from
the waste tires. According to previous studies, many aspects
of concrete performance have been greatly improved after
adding crumb rubbers. Khaloo et al. [3] indicated that the
increase of rubber content weakened the brittleness of
concrete. Zheng et al. [4] found that the crack propagation in

the concrete with CRC was obviously slower than that in the
plain concrete, which was consistent with the results ob-
tained from other experiments [3, 5]. *e concrete energy-
absorbing capacity was enhanced by adding crumb rubber,
which was found by Li et al. [6]. Moreover, CRC has been
proven to have crack resistance [7], dynamic behavior and
fatigue behavior [8], superior acoustical properties, better
resistance to abrasion [9], and electrical resistivity [10].*us,
CRC provides sufficient environmental benefits and eco-
nomic significance.

As mentioned above, CRC exhibits numerous advan-
tages compared to ordinary concrete. However, the appli-
cation of CRC is limited, such as pavements layers, parking
lots, and tennis courts, due to its low compressive and tensile
strengths. *e lower strength and elasticity modulus of
rubber aggregate and the weak interface between the crumb
rubbers and surrounding mortar due to hydrophobic
properties of crumb rubbers [11] may lead to low strength of
CRC. *e uncompetitive strength makes CRC seldom used
in the structural members.
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*us, it is very important to find a method improving the
mechanical properties of CRC to expand its practical appli-
cation and widen its universality in the engineering con-
struction. Recently, a number of researchers have been focused
on the modification of mechanical properties of CRC. *e
methods can be divided into physical and chemical modifi-
cations. In terms of the physical modification, copper slag has
been added into CRC, and the strength and durability of
concrete have been increased [12]. Hesami et al. [13] had used
polypropylene fibers to modify CRC, which resulted in sig-
nificant increases of compressive, flexural, tensile, and abra-
sion strengths.Many scholars used steel fibers as additives, and
steel fiber has been proven to have good effect onmodification
of CRC. Turatsinze et al. [14] found that steel fibers can en-
hance the cracking resistance of CRC. Xie et al. [15] in-
vestigated the compressive and flexural properties of crumb
rubber- and steel fiber-reinforced concrete with recycled ag-
gregates. Noaman et al. [16] found that the compression
toughness has improved after adding steel fibers and the brittle
failure changed to a ductile one. Previous studies have proved
that steel fibers improved tensile strength, durability, impact
resistance, and toughness of concrete considerably, at the same
time, preventing the crack propagation [17, 18]. Other re-
searchers have used the chemical process on the surface of the
rubbers or improved the strength of interface between the
crumb rubbers and mortar. Ismail and Hassan [19] suggested
adding metakaolin in CRC, and Fakhri and Saberi used silica
fume [20]. Many researches chose nanosilica as additives
[21–23]. Results showed that both the compressive strength
and tensile strength of CRC were insignificantly improved
after adding nanosilica [24].

However, there are very few studies available for in-
vestigating the combined modified effect of steel fibers and
nanosilica on the CRC. To this end, an investigation on the
mechanical properties of steel fibers and nanosilica modified
CRC (or SFNS-CRC, for short) is presented in this paper. An
extensive discussion on additives’ content effects on
strengths (compressive and splitting tensile) of modified
CRC is included. Furthermore, the optimum efficiency of the
additives’ content could be found.

*e remaining of this paper is organized as follows. An
introduction of the experimental program is illustrated in
Section 2. Section 3 details the failure modes, compressive
and splitting tensile test results, and the workability of
concrete mixtures. Section 4 discusses the effects of steel
fiber and nanosilica contents on the modified CRC and the
failure mechanism of SFNS-CRC. Finally, Section 5 lists
some concluding remarks of this paper.

2. Experimental Program

2.1. Raw Materials. *e raw materials in this test were ce-
ment, fine aggregate, coarse aggregate, steel fibers, nano-
silica, water, and crumb rubbers with a diameter of 1-2mm.
*e workability of the concrete mixing was insured by the
naphthalene formaldehyde water reducer.

Here, the cement was chosen Portland cement of
42.5MPa (P.O. 42.5). *e coarse aggregate (crushed stone)
was adopted continuous grading with 5mm–20mm in sizes,

and its specific gravity was 2.66.*e fineness modulus of fine
aggregate (river sand) was 3.40, and its gravity was 2.65. *e
tensile strength of steel fibers (hooked at both ends) was
1345MPa. *e length of the steel fiber was 35mm, and the
aspect ratio was 64.*e nanosilica was white powder with an
average particle size of 30 nm, and its apparent density was
30–60 g/l. *e naphthalene formaldehyde water reducer
with 25% water-reducing ratio was adopted to guarantee
that most of the concrete mixtures had slumps within the
range of 40∼80mm. *e rubbers, steel fibers, and nanosilica
used in this test are shown in Figure 1.

2.2. Experimental Design and Mixture Proportion. *e
modification effects of the steel fibers and the nanosilica on
the CRC are the main purpose of this test, especially on the
aspect of the specimens’ compressive and splitting tensile
strengths. *e mix proportions of crumb rubbers and steel
fibers followed the volume percentage method, while that
mixed method of the nanosilica was an equivalent substitute
to the cement, meaning the replacement ratio of the cement.

*us, we chose the strength grade C35 of CRC with 5%
crumb rubber (namely, 50 kg/m3, meaning adding 50 kg
crumb rubbers in 1m3 concrete) as a basic group, and here,
this group was called C35CR5. Here, C35 means the
compressive strength of concrete is within the range of
35–45MPa. Four different steel fiber contents, 0%, 0.5%
(39 kg/m3), 1.0% (78 kg/m3), and 1.5% (117 kg/m3), were
taken into consideration. When the volume percentage of
the steel fiber was 1.0%, two different nanosilica contents, 1%
and 2%, were chosen. On this basis, a higher strength CRC of
C45 with the same rubber content was designed to in-
vestigate effects of the different strength grades. Here, this
second basic group was called C45CR5. Moreover, in order
to involve the effect of different rubber contents, the third
basic group with 10% (100 kg/m3) crumb rubber which still
belongs to the C45 strength grade was designed and called
C45CR10.

Hence, there were two kinds of strength grades: C35 and
C45 and two different rubber contents: 5% and 10%. *e
three basic groups were C35CR5, C45CR5, and C45CR10.
Similarly, the latter two basic groups considered different
steel fibers and nanosilica contents. *e optimum concrete
mixture proportion was achieved based on 39 group of
testing. Details of mixture proportion of the eighteen
concrete mixtures are listed in Table 1.

2.3. Specimen Preparation and Test Procedures. *e speci-
mens were mixed through a shaft mixer. First, aggregate
materials were put together and mixed for 90 seconds, and
then the steel fibers were added gradually and mixed for
180 s to guarantee steel fibers dispersed uniformly. *e steel
fibers may be balled, as shown in Figure 2, while the ap-
pearance of this situation indicates that mixing should be
continued. *en, crumb rubbers and cement (if this mix
proportion includes nanosilica, nanosilica is added to ce-
ment) were added sequentially, insuring the uniformity of
the mixture as well. Finally, water together with the water-
reducing agent was added, which was mixed for another
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180 s. After the mixing process, the slumps of concrete
mixtures were tested immediately, as shown in Figure 3.
For each group, twelve standard concrete test cubes

(150×150×150mm3) were cast to test the compressive
strengths of 7 d, 14 d, and 28 d and tensile strength of
28 d (d refers to days). *e specimens were cured in

(a) (b) (c)

Figure 1: *e (a) crumb rubbers, (b) steel fibers, and (c) nanosilica used in this test.

Table 1: Concrete mixture proportion (unit: kg/m3).

Group Crumb rubber Cement Coarse aggregate Fine aggregate Water Water-reducing ratio Steel fiber Nanosilica
C35CR5
1SF0 50 400 703 1004 169 4 0 —
1SF0.5 50 419 705 1060 177 4.5 39 —
1SF1 50 438 654 1045 185 5 78 —
1SF1.5 50 457 604 1029 193 5 117 —
1SF1NS1 50 433.62 654 1045 185 5 78 4.38
1SF1NS2 50 429.24 654 1045 185 5 78 8.76

C45CR5
2SF0 50 550 703 1004 180 7 0 —
2SF0.5 50 574 630 957 188 5 39 —
2SF1 50 599 572 931 196 5 78 —
2SF1.5 50 623 514 905 204 5 117 —
2SF1NS1 50 593.01 572 931 196 5 78 5.99
2SF1NS2 50 587.02 572 931 196 5 78 11.98

C45CR10
3SF0 100 590 1192 400 168 6 0 —
3SF0.5 100 618 1117 388 176 6 39 —
3SF1 100 646 1041 376 184 6 78 —
3SF1.5 100 674 966 365 192 7 117 —
3SF1NS1 100 639.54 156 358 189 6 78 6.46
3SF1NS2 100 633.08 1056 358 189 6 78 12.92

(a) (b)

Figure 2: *e ball of steel fibers.
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a standard curing room for 28 days at 20°C temperature, and
the relative humidity was above 95%.

Both the strength tests of compressive and splitting
tensile were conducted in an electrohydraulic servo-
controlled machine with a capacity of 2000 kN, as pre-
sented in Figure 4. *e data of loads and displacements of
specimens were obtained through the computer-controlled
test system automatically, and the speed of the load can be
controlled efficiently. *e load procedure followed the
Chinese Standard (GB/T50081-2002) [25]. *e constant
loading rate of compression and splitting tensile tests was
0.5MPa/s and 0.05MPa/s, respectively.

3. Test Results

3.1. .e Workability of the Concrete Mixtures. *e work-
ability of tested eighteen mixtures of concrete was basically
good.*e optimum result that most of the concrete mixtures
had slump within the range of 40∼80mm was achieved. *e
slumps of the concrete mixtures are shown in Table 2 and
Figure 5.

It can be seen intuitively from Figure 5 that, with the
increased steel fiber contents, the slumps of the tested
mixtures showed basically a downward trend. When the
content of steel fiber reached 1.5%, the fluidity had a great
drop, especially in the third group. *e fluidity had been
further sacrificed after adding nanosilica. When the nano-
silica content reached 2%, the fluidity of all the concrete
mixtures from the three groups was no more than 30mm. In
the third group, the liquidity got worse because of the higher
rubber content.

3.2. Compressive and Splitting Tensile Strengths. *e strength
result of each group was calculated from the average test
result of three test samples. Table 3 presents the compressive
strengths of specimens at the age of 7 d and 14 d. *e test
results of the specimens’ strengths at 28 d are listed in
Table 4.

According to Table 3, there is a general improvement of
the early age compressive strength of modified CRC. Test
results indicated that adding steel fibers can significantly
improve the strengths of the CRC under the same water-
binder ratio, as seen in Tables 3 and 4. *e three groups had
consistent results. On this basis, nanosilica can further
enhance the strengths in the first two groups when crumb
rubber content was 5%. *e strengths of SFNS-CRC in the
third group decreased compared with the CRC with 1% steel

Figure 3: Concrete slump test.

Figure 4: Test setup.

Table 2: *e slumps of concrete mixtures (unit: mm).

Group C35CR5 C45CR5 C45CR10
SF0 64 57 52
SF0.5 70 65 56
SF1.0 73 55 40
SF1.5 52 45 30
SF1NS1 43 41 26
SF1NS2 30 23 20

SF0 SF0.5 SF1.0 SF1.5 SF1NS1 SF1NS2
0

10
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Figure 5: *e slumps of concrete mixtures.
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fiber content. However, the strengths were still higher than
those of CRC with 10% crumb rubber content.

3.3. Modes of Failure. Some certain regularities of failure
modes are presented with the increasing steel fiber and
nanosilica contents after the material properties’ tests. Here,
the chosen specimens of six concrete mixtures from the first
basic group and typical damage shapes of the test cubes are

shown in Figures 6 and 7, respectively. Note that these
pictures were selected randomly from one of the three cubes
in each group.

*e typical failure mode of CRC with 5% rubber
content after compressive tests is shown in Figure 6(a).
*ere were several penetrating cracks on CRC, and right
part of the sample was badly damaged. When the bearing
capacity was reached, fragments ruptured from the CRC
samples, while there were less ruptured fragments of the
latter modified groups. During the loading process, the
more the steel fibers added in CRC, the slower the cracks
appeared and propagated. It can be seen from Figure 6(b)
that the failure mode of CRC with 0.5 steel fiber content
had improved. Moreover, with the increasing steel fiber
contents, multiple microcracks could be seen and no fatal
penetrating crack appeared when damage happened, as
shown in Figures 6(c) and 6(d). *e SFNS-CRC samples
maintained integrity with microcracks evenly distributed.
*e width of cracks became thinner, and there were hardly
any big cracks, as shown in Figure 6(e). *e damage sit-
uation of SFNS-CRC samples was even better with 2%
nanosilica content, as shown in Figure 6(f).

In the splitting tensile tests, the load was applied to the
middle of specimen’s up and down surface through two
curved steel shims. Cracks firstly appeared at the bottom and
top of all the test cubes, and then, the cracks developed
gradually. It can be seen from Figure 7(a) that the vertical
crack ran across the entire height of the specimen, and the
specimen split into half. *e fracture damage occurred
suddenly without a signal and accompanied by a loud noise,
showing a clear brittle failure, while this situation has been
significantly improved with incorporation of steel fibers. All
of the residual specimens did not separate into two parts
when damage happened. *is is because when the concrete
was invalidated and the steel fibers bore the tension. *e
crash sound of steel fiber’s fracture could be heard at the later
stage of loading. Furthermore, with the increasing steel fiber
contents, more microcracks appeared, and it took more time
for the process of load and damage. In addition, the
microcracks reduced, and the fatal cracks ran through the
specimen changed into multiple shorter cracks of the last
two specimens containing nanosilica.

4. Discussion

4.1.Effects of Steel FiberContents. *e test results showed that
the compressive strengths of the first modified CRC group
(C35CR5) with 0.5%, 1.0%, and 1.5% steel fiber content in-
creased to 10.59%, 15.25%, and 3.36%, respectively, while the
growing rate of the splitting tensile ones were 13.79%, 68.97%,
and 51.72%, respectively. *e latter two groups (C45CR5
and C45CR10) showed relatively constant tendency. Figure 8
shows the effect of steel fibers on strengths on the three basic
CRC groups.

With the increasing steel fiber content, the compressive
strength gradually increased, except when the content of
steel fibers reached 1.5%, and the first (C35CR5) and the
third groups (C45CR10) showed a downward trend, as
shown in Figure 8(a). *is is due to the easy balling of steel

Table 4: Results of the specimens’ compressive and splitting tensile
strengths tests at 28 d (unit: MPa).

Group C-28 d CAvg-28 T-28 d TAvg-28

C35CR5
1SF0 40.0 37.7 38.3 38.7 2.8 2.9 3.0 2.9
1SF0.5 44.0 42.9 41.6 42.8 3.3 3.6 3.1 3.3
1SF1 46.8 44.5 42.4 44.6 4.9 4.7 5.2 4.9
1SF1.5 38.9 38.8 42.3 40.0 4.6 4.0 4.6 4.4
1SF1NS1 47.1 47.9 46.3 47.1 5.3 4.8 5.2 5.1
1SF1NS2 49.0 46.6 46.4 47.3 5.2 4.9 5.5 5.2

C45CR5
2SF0 50.1 51.1 50.8 51.3 3.4 3.3 3.4 3.3
2SF0.5 54.7 51.9 51.8 52.8 3.7 3.4 3.8 3.6
2SF1 53.3 54.8 52.5 53.5 4.2 4.9 4.3 4.4
2SF1.5 57.6 54.6 50.7 54.3 4.8 4.9 5.4 5.0
2SF1NS1 54.1 55.1 55.0 54.9 4.8 5.3 5.3 5.1
2SF1NS2 56.1 58.4 53.7 56.1 4.9 5.2 4.6 4.9

C45CR10
3SF0 50.0 49.8 52.7 50.8 3.6 2.9 3.0 3.2
3SF0.5 53.6 49.2 50.9 51.2 4.3 4.2 3.3 3.9
3SF1 55.0 53.5 51.7 53.4 4.5 3.6 4.0 4.0
3SF1.5 50.0 48.8 51.1 50.0 4.0 4.9 3.7 4.0
3SF1NS1 52.7 51.5 49.7 51.3 3.9 3.8 3.9 3.9
3SF1NS2 51.5 52.1 53.6 52.4 3.7 3.9 3.5 3.7

Table 3: Test results of the specimens’ compressive strengths at 7 d
and 14 d (unit: MPa).

Group C-7 d CAvg-7 C-14 d CAvg-14

C35CR5
1SF0 28.1 32.5 31.2 31.4 34.6 36.4 38.0 36.3
1SF0.5 32.7 32.3 31.3 32.1 42.2 40.3 42.2 41.6
1SF1 38.0 35.9 37.2 37.1 40.4 37.3 40.3 39.3
1SF1.5 32.0 30.2 31.6 31.3 35.4 38.1 38.7 37.4
1SF1NS1 38.1 39.1 38.2 38.5 43.5 42.7 42.9 43.1
1SF1NS2 43.4 42.1 43.3 42.9 47.9 43.1 45.3 45.5

C45CR5
2SF0 38.4 41.3 42.5 40.8 43.8 42.7 41.1 42.6
2SF0.5 47.6 46.3 49.4 47.8 48.7 49.3 47.6 48.5
2SF1 48.9 48.3 50.7 49.3 52.4 53.3 50.3 52.0
2SF1.5 45.9 52.8 47.8 48.8 47.7 46.2 54.1 49.3
2SF1NS1 45.8 46.8 45.7 46.1 49.2 49.1 48.3 48.9
2SF1NS2 48.5 51.8 54.5 51.6 54.3 55.6 57.5 55.8

C45CR10
3SF0 41.2 39.3 38.2 39.6 46.6 46.7 49.8 47.7
3SF0.5 47.7 46.2 45 46.3 48.3 46.5 48.8 47.8
3SF1 50.7 48.4 51 50.1 51.9 49.5 49.7 50.4
3SF1.5 50.4 49.4 42.7 47.5 48.5 49.6 50.9 49.6
3SF1NS1 42.0 42.9 42.1 42.3 45.3 44.0 44.5 44.6
3SF1NS2 43.0 43.9 40.1 42.3 41.1 45.3 41.2 44.5
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fibers during the mixing process when meeting the high
dosage, which reduces the quantity of uniformly distributed
steel fibers. *us, the test results failed to show the optimum
performance as expected. Similarly, as shown in Figure 8(b),
because of the uneven distribution of the steel fibers, there
was a slight difference in the effect on the splitting tensile
strength when the steel fiber content was 1.5%. Besides, the
splitting tensile strength showed a steady promotion along
with the increasing steel fiber content.

By comparing the first two groups (C35CR5 and
C45CR5), the conclusion that the enhancement function of
steel fibers on the compressive and splitting tensile strengths

is more significant on the lower strength CRC with the same
crumb rubber content can also be drawn.

In addition, by comparing the latter two groups
(C45CR5 and C45CR10), the splitting tensile strength of
concrete varies inversely to the rubber contents. *e line of
the third group (C45CR10) ascended first and then ap-
proximately remained stable, demonstrating that the change
of the steel fiber content (>0.5%) has little influence on the
splitting tensile strength of CRC with 10% crumb rubber.

Furthermore, the lines of the three groups had the
largest slope when the steel fiber content ranged from 0.5%
to 1.0%. *is also proves that the most effective strength

(a) (b)

(c) (d)

(e) (f)

Figure 6: Typical damage shapes of concrete cubes after compressive tests. (a) SF0; (b) SF0.5; (c) SF1.0; (d) SF1.5; (e) SF1NS1; (f) SF1NS2.
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improvement content of steel fibers is 1.0%. Hence, the
modified CRC with 1.0% steel fiber content has relatively
high compressive and splitting tensile strengths.

4.2. Effect of Nanosilica Contents. As mentioned before, the
optimum content of steel fiber is 1.0%. Figure 9 shows the
effect of nanosilica on strengths of the three SFNS-CRC
groups when the steel fiber content was 1.0%. In addition,

the strengths of unmodified CRC of the three groups are
marked in Figure 9. *e modification effect is obvious since
the strengths of SFNS-CRC are much higher than that of
CRC.

It can be seen from Figure 9(a) that the compressive
strength of SFNS-CRC in the first two groups improved with
the increase in the nanosilica contents. In Figure 9(b), the
first group exhibited steady growth with the increasing
nanosilica content. Conversely, both the compressive and

(a) (b)

(c) (d)

(e) (f)

Figure 7: Typical damage shapes of concrete cubes after splitting tensile tests. (a) SF0; (b) SF0.5; (c) SF1.0; (d) SF1.5; (e) SF1NS1; (f) SF1NS2.
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splitting tensile strengths of the third group showed
a downward trend. In addition, the splitting tensile strength
of the second group only decreased when it met 2%
nanosilica content. As mentioned before, since the work-
ability of the third group was not very good, there must be
some pouring defects in the third group, reducing the
quantity of uniformly distributed steel fibers.*us, when the
rubber content reached 10%, the modification did not show
up. It can be concluded that the compressive and split-
ting tensile strengths of modified CRC strengthened by

nanosilica are more effective when the crumb rubber content
is 5%.

4.3. Failure Mechanism of SFNS-CRC. *e typical damage
situation of specimens with different steel fiber and nano-
silica contents varies significantly. *e more the steel fiber
mixed in CRC samples, the better the integrity the cubes
maintained when damage happened. *e fatal penetrating
crack changed into multiple microcracks evenly distributed
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Figure 8: *e effect of steel fibers on (a) compressive and (b) splitting tensile strengths.
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Figure 9: *e effect of nanosilica on (a) compressive and (b) splitting tensile strengths.
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on the concrete. *e damage situation of the test samples
became better after adding nanosilica.

*e role of crumb rubber in the CRC has been studied in
our previous study [26]. Here, the steel fibers bear the force,
and also they can be regarded as evenly distributed power
transmission elements in CRC, just like the role of steel bars
in the reinforced concrete. *e steel fibers make the stress
redistribution to occur, ensuring uniform force on CRC.*e
bond of concrete and steel fiber contributes to enhancing the
deformation performance, and the fast fracture damage is
postponed.*e brittle failure mode is mitigated and changes
into a ductile one. Hence, the ductility of CRC improved
significantly with the increasing steel fiber content.

On the contrary, there are lots of pores in the CRC
because of the hydrophobic nature of the crumb rubber. *e
nanosilica has two positive effects. It can fill the holes or
refine the pores’ size to make CRC more dense in physics.
Moreover, because of the pozzolanic activity of nanosilica,
the chemical reaction products, namely, calcium silicate
hydrate (C-S-H gel), can densify the interfacial transition
zone between aggregates and cement matrix. Hence, the
noncompactness of the CRC can be effectively improved by
nanosilica, enhancing the efficiency of steel fiber simulta-
neously. *e combined effect of crumb rubber, steel fiber,
and nanosilica resists further propagation and coalescence of
cracks, ensuring the integrity of the specimens.

Hence, based on the failure mechanism analysis, the
strengthening mechanism of mechanical properties can be
drawn. *e compressive and splitting tensile strengths of
CRC are enhanced using steel fiber and nanosilica as ad-
ditives. *e improvement of steel fibers on the splitting
tensile strength of modified CRC is more obvious, while the
nanosilica plays an important role in the enhancement of
compressive performance. *e modified effects can achieve
an optimum result when using the two additives together
with the optimal amount.

5. Conclusions

Steel fibers and nanosilica were first introduced into CRC
together to accomplish the modification on the compressive
and splitting tensile strengths in this paper. Material
properties’ testing of eighteen concrete mixtures was con-
ducted. Different concrete strength grades, rubber contents,
steel fiber, and nanosilica contents were considered. *e
following conclusions can be drawn:

(1) *e failure mode of CRC can be improved after
adding steel fibers and nanosilica. *e test samples
maintained integrity when damage happened. *e
fatal penetrating crack changed into multiple
microcracks uniformly distributed on the concrete
surface.

(2) *e compressive and splitting tensile strengths of
CRC are enhanced using steel fiber and nanosilica as
additives. *e improvement of steel fibers on the
splitting tensile strength of modified CRC is more
obvious, while the nanosilica plays an important role
on the enhancement of compressive performance.

(3) *e steel fibers can be regarded as evenly distributed
power transmission elements in CRC, and the
ductility of modified CRC improved significantly.
With the increased steel fiber content, the com-
pressive and splitting tensile strengths gradually
enhanced. More importantly, the modified CRCwith
1.0% steel fiber content has relatively high com-
pressive and splitting tensile strengths. Moreover,
the lower the compressive strength of CRC, the
better the modification effect of the steel fibers.

(4) *e noncompactness of the CRC can be effectively
improved by nanosilica, enhancing the efficiency of
steel fibers simultaneously. Furthermore, nanosilica
can further strengthen the compressive and splitting
tensile strengths of modified CRC when the rubber
content is 5%. On a negative side, the fluidity of the
SFNS-CRC may have further sacrifice with the in-
creasing nanosilica content.
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(e flexural response of ultrahigh performance fiber-reinforced concrete (UHPFRC) was simulated based on the lattice fracture
model. Fiber was modelled as separated beam that was connected to the matrix with interface beams. (e simulated results were
compared with the experimental results. Deviations occurred at the late stage of the strain-softening period. But both the strain-
hardening behavior and multicracking phenomenon were observed in the simulation. (e effects of fiber orientation and fiber
content were studied with the lattice fracture model. (e flexural strength and toughness of UHPFRC improved as the fibers were
aligned distributed or the fiber content increased. (e proposed model has the potential to help with the materials design of
UHPFRC, and the limitations of the model were also discussed in the paper.

1. Introduction

Ultrahigh performance fiber-reinforced concrete (UHPFRC)
was initially invented in 1980s in France [1, 2]. In the revised
recommendations on UHPFRC published by AFGC (Asso-
ciation Francaise de Génie Civil) [3], UHPFRCs are defined as
materials with a cement matrix and a characteristic compres-
sive strength of 150MPa–250MPa. (e most common meth-
odology to prepare UHPFRC is cement+ silica fume+very low
water to binder (w/b) ratio+fine aggregate+ superplasticizer
+fiber [4]. Fibers are added to improve the ductility of
UHPFRC. (anks to its extremely excellent mechanical
properties and durability, UHPFRC has been considered as the
potential construction material for the next generation in-
frastructures [5]. (e applications of UHPFRC are growing all
over the world, especially in Europe, North America, Japan,
Korea, and Australia. It has been widely applied for bridges,
buildings, coastal structures, structural repairing, military
structures, and so on [4]. However, the UHPFRC material

design guides or codes are not fully developed right now, which
inhibits the wider application of UHPFRC in infrastructure
construction [4, 6].

With the increasing applications of UHPFRC, there is
a clear need in developing material design methods for
UHPFRC. Conventionally, UHPFRC is designed in the lab-
oratory, with series of experimental tests. However, experi-
ments will consume time, money, natural resources, energy,
and so on. (erefore, numerical simulation has become
popular to predict the properties of materials and could assist
in the material design [7]. As for UHPFRC, its fracture
process under the flexural load is very important when
UHPFRC is applied for structures as large-span bridges and
thin-wall shields. Many models have been proposed to
simulate the fracture process of concrete under loads, such as
discrete crack model [8, 9], smeared crack model [10, 11],
damage model [12], and lattice fracture model [13]. Among
them, the lattice fracture model is more suitable for the
simulation of the flexural response of UHPFRC.
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(e lattice fracture model was firstly developed by
Schlangen and van Mier in 1990s [14]. Over the last few
decades, it has been successfully used for the simulation of
the fracture process in concrete. Based on the lattice fracture
model, Arslan et al. simulated the strain-softening behavior
of concrete under tension [15]; Vervuurt studied the in-
terface fracture behavior of concrete [16]; Van Vliet in-
vestigated the size effect in tensile fracture of concrete and
rock [17]; Man revealed the effect of aggregate shape on the
compressive strength of concrete [18]; Caduff and van Mier
analyzed the compressive fracture behavior of normal
concrete, high-performance concrete, and foam concrete
[19]; Grassl and Davies simulated the corrosion-induced
cracking in reinforced concrete [20]; Montero and
Schlangen modelled the fracture process of engineered
cementitious composites (ECC) under uniaxial tension
[21]; and Qian et al. simulated the fracture process of
concrete considering the structural information of con-
crete at different scales [13]. Nevertheless, the application
of the lattice fracture model for simulating the fracture
process of fiber-reinforced concrete, especially UHPFRC,
under the flexural load is rarely seen. In order to aid the
material design, in this study, the flexural response of
UHPFRC was simulated with the lattice fracture model;
moreover, the effects of fiber content and orientation were
studied and discussed.

2. Description of the Lattice Fracture
Model for UHPFRC

(e main idea of the lattice fracture model is to replace the
composite by a network of beam elements [21].(e different
phases are represented by beams with different materials
properties. (e procedures to perform lattice fracture
simulation are shown in Figure 1.

(e first step is to construct the lattice network.
UHPFRC is considered to be composed of two phases, that
is, the matrix and fibers [22]. Discrete fibers are embedded in
the matrix. Correspondingly, in the lattice fracture model,
fibers are implemented as discrete beam elements and are
connected to the matrix elements with interface beams
[21, 23], as shown in Figure 2. (e network constructed by
the matrix beams and nodes represents the matrix of
UHPFRC. Since the matrix of UHPFRC is very homoge-
nous, the lattice nodes are generated to at the center of the
square grids so that a uniform network can be constructed.
With a given volume fraction, fiber beams with a given
diameter and length are generated and randomly distributed
within the matrix. Along with the fiber beam, extra nodes
were generated at the location where the fiber beam in-
tersects the square grid. In order to represent the fiber-
matrix bond, interface beams were generated between the
extra nodes and lattice nodes. More details on the lattice
network construction for fiber-reinforced concrete can be
found in [23].

After the lattice network construction, the mechanical
properties of all the beams have to be assigned. According
to the previous studies [21], the matrix and fiber beams
are set to be brittle and will fail under tension at their

corresponding tensile strength, and the interface beams are
set to be ductile and can fail either in tension or com-
pression. (e material properties of the matrix and fiber
beam can be obtained directly with experiments, and the
properties of interface beam normally can be determined by
fitting the experimental results of the single fiber pullout test
[21, 24].

(e lattice fracture model could simulate a series of
mechanical tests in the lab, such as compressive test [6],
tensile test [13], and flexural test. With different boundary
condition settings on the lattice network, different me-
chanical tests can be simulated.

(e fracture process simulation is described in detail in
[13, 23, 25]. In summary, the fracture process is simulated step
by step. At every step, a prescribed force or displacement is
applied on the lattice network, and the stresses in the beams
can be calculated. (e beam with the highest stress/strength
ratio is removed from the lattice network, representing the
crack growth process. After the simulation, the stress-strain
response diagram, the crack pattern, and the crack propa-
gation process can be obtained.

3. Simulation of Flexural Response of UHPFRC

3.1. Proportion and Properties of UHPFRC. (e flexural re-
sponse of a typical UHPFRC with 2% steel fibers was
simulated in the paper. (e proportion of the UHPFRC is

Lattice network construction

Local mechanical property assignment

Boundary condition setting

Fracture process simulation

Simulation result processing 

Figure 1: Procedures of lattice fracture simulation.

Square grid

Matrix node
Matrix beam

Fiber node

Extra node

Interface beam

Fiber beam

Figure 2: Schematic 2D representation of fiber-lattice construction.
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shown in Table 1. Cement, fly ash, and silica fume were used
as binders. River sand had a maximum particle size of
2.36mm.(e superplasticizer was a type of liquid agent with
a solid content of 28%. (e length, diameter, and tensile
strength of steel fiber were 13mm, 0.2mm, and 1800MPa,
respectively. (e compressive strength and four-point
flexural strength of UHPFRC after 90 d standard curing
were 156.1MPa and 34.4MPa, respectively.

3.2. Lattice Network Construction. Due to the limitation of
computing efficiency, four-point flexural tests were simulated
on a 10mm× 10mm× 40mm prism. (e fibers were con-
sidered to be randomly distributed in the prism. (e fiber
beams were generated following themethod described in [21].
(e simulated fiber distribution and corresponding lattice
network are shown in Figures 3 and 4.(e lattice network was
constructed with the method mentioned in Section 2, and the
mesh size was 1mm. (e matrix beam and fiber beam are
shown in blue and red, respectively, in Figure 4.

3.3. LocalMechanical Properties Assignment. From a general
point of view, the flexural response of UHPFRC depends on
the matrix parameters, fiber parameters, and fiber-matrix
interface parameters. (ese parameters are also the inputs
for the lattice fracture model. (e input parameters for this
study are shown in Table 2. (e parameters for the matrix
and steel fiber were obtained with experiments, and the
parameters for the interface beams were fitted based on the
experimental data from [26]. (e matrix and fibers were
considered as linear elastic (Figure 5(a)), while a seven
segment ductile stress-strain response [21] (Figure 5(b)) was
applied for interface elements in order to obtain more re-
alistic results.

3.4. Boundary Condition Setting. (e boundary condition
was set following that happened in the experiments. A four-
point bending test was set for the simulation, and an il-
lustration is shown in Figure 6. In the lattice network, the
arrow pointed nodes at the bottom were fixed, and a pre-
scribed displacement was imposed on the arrow pointed
nodes at the top for every step.(e beams connected to these
nodes were shown in red in Figure 6.

3.5. Simulation Results. Figure 7 shows the simulated load-
deformation curve of UHPFRC. It can be seen from Figure 7(a)
that the lattice fracture model could give a reasonable flexural
response of UHPFRC. Both the strain-hardening behavior and
multiple cracking could be simulated. Nevertheless, it is un-
realistic that the curve begins to go up when the deformation
exceeds 2.5mm. At this stage, a large portion of the matrix
beam have been broken, and the fiber beams and interface
beams, which have higher mechanical properties, were con-
nected to each other and might be bearing most of the loads.
Hence, the load went up instead at the late stage. In Figure 7(b),
the load-deformation curve before deformation reaches
0.2mm is emphasized. Before step 100, UHPFRC showed an
elastic behavior. When the stress in the matrix exceeded the
matrix cracking strength, the first crack of the UHPC matrix
occurred, and the crack began to propagate until fibers took
over the load at step 500. (en, the second crack occurred at
step 1000.(e crack bridging effect of the fibers led to a strain-
hardening behavior of UHPFRC. During this process, the
number of the cracks increased and individual cracks widened.
At step 5000, UHPC began to fail. Fibers started to pull out
from the matrix, and cracks began to localize.

Figure 8 shows the crack patterns in UHPFRC at dif-
ferent steps, and the broken beams are shown in blue. (e
white beams are broken beams at the end of the simulation.
It can be seen from Figure 8 that, at step 100, UHPFRC
started to crack. Only some beams at the bottom were
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Figure 3: Fiber distribution in the UHPFRC prism.

Figure 4: Lattice network of the UHPFRC prism.

Table 2: Input parameters for the lattice fracture model.

Element
Young’s
modulus
(GPa)

Shear
modulus
(GPa)

Tensile
strength
(MPa)

Compressive
strength
(MPa)

Matrix 48 18 14 —
Steel fiber 200 80 1800 —

Interface

16 8 500 −500
8 4 500 −500
4 2 500 −500
2 1 500 −500
1 0.5 500 −500
0.5 0.25 500 −500
0.25 0.125 500 −500

Table 1: Mixture proportion of UHPC (kg/m3).

Cement Fly
ash

Silica
fume River sand Superplasticizer Water Steel

fiber
540 432 108 1296 37.8 172.8 160
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broken. After that, the crack developed, and one straight
crack formed at step 500. (en, this crack was bridged by
fibers, and cracks at other location began to occur at step
1000. At step 5000, several cracks can be seen and UHPFRC
started to fail.

3.6. Experimental Validation. In order verify the lattice
fracture model, four-point bending tests were performed
on UHPFRC specimens with a dimension of 40mm×

40mm× 160mm. (e simulated and measured load-
deformation curves are compared in Figure 9. Although dif-
ferent specimen sizes were adopted in the simulation and
experiments, it still can be seen that the load-deformation
curves obtained by simulation and experiments were in
a similar shape. For the simulated curve, the load increased very
fast during the elastic and strain-hardening periods. (e slow
development of the load for the measured curve may be due to
that the clamp and the specimen were not fully contacted at the
beginning of the test. Flexural strengths of UHPFRC obtained
from the simulation result and experimental result were
31.3MPa and 34.1MPa, respectively. (e deviation is very
small. (e most obvious difference of the two curves occurred
at the late stage of the strain-softening period. (e load of the
simulated curve increased at ending of the simulation, which
was not in accordance with the reality. In the simulation, the
interface beamswere connected with the fiber beam andmatrix
nodes. (ere is also a chance that one matrix node was

connected to two or more interface beams so that the interface
beams and fiber beams may be connected to each other and
hold the load together, when most of the matrix beams were
broken. (e input of the tensile strength for interface and fiber
beams was much higher than the matrix beam; hence, the load
increased at the late stage. One of the solutions to this problem
is to reduce the grid size to avoid the direct connection between
interface beams. But, under this circumstance, the computation
will be more expensive.

In general, the presented lattice fracture model could
reliably simulate the flexural response of UHPFRC before
failure, and improvements have to be made to eliminate the
deviation of the simulated load-deformation curve at the late
stage.

4. Effect of Fiber Orientation and Fiber
Content on the Flexural
Response of UHPFRC

4.1. Fiber Orientation. It is well acknowledged that fiber
orientation will definitely influence the mechanical properties
of UHPFRC, especially the flexural and tensile strength. But,
it is very difficult to control the fiber orientation in the ex-
periments, while different fiber orientation could be imple-
mented easily in the simulation.

In the lattice fracture model, theoretically, fiber can be
distributed in any desired form. To demonstrate the po-
tential application of the lattice fracture model, the effect of
aligned and randomly distributed fibers on the flexural
behavior of UHPFRCwas studied. 2% steel fibers were added
in UHPFRC, and the inputs and settings were the same as
those in Section 3. Aligned distributed fibers are shown in
Figure 10, and randomly distributed fibers are presented in
Figure 3.

(e simulated load-deformation curves of UHPFRC
with aligned and randomly distributed fibers are shown in
Figure 11. It can be seen that UHPFRC with aligned dis-
tributed fibers has a higher flexural strength than UHPFRC
with randomly distributed fibers. Moreover, the area under
the load-deformation curve of UHPFRC with aligned dis-
tributed fibers was also bigger than UHPFRC with randomly
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Figure 5: Mechanical properties of (a) matrix beam and fiber beam and (b) interface beam.
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Figure 6: Four-point bending test setup for the UHPFRC prism.
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distributed fibers, which implied UHPFRC with aligned
distributed fibers had a higher toughness. In general, the
aligned distributed fibers showed a better reinforcing and
toughening effect on UHPFRC. (e results are as expected.

Figure 12 shows the crack patterns of UHPFRC with
aligned and randomly distributed fibers. Compared with
UHPFRC with randomly distributed fibers, more cracks
occurred in UHPFRC with aligned distributed fibers. (e
aligned distributed fibers did better in inhibiting the crack
propagation than randomly distributed fibers. Hence, when
preparing UHPFRC materials, a particular method could be
applied to make fibers tend to be aligned distributed and be
perpendicular to the crack, so that the flexural property of
UHPFRC could be improved.

4.2. Fiber Content. It is anticipated that the increase of fiber
content could improve the flexural strength and toughness
of UHPFRC. (is was also studied by comparing simulated

(a) (b)

(c) (d)

Figure 8: Crack patterns in UHPFRC at different steps: (a) 100, (b) 500, (c) 1000, and (d) 5000.
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results of UHPFRC with different fiber contents. (e other
inputs and settings were also the same as those in Section 3.
Four fiber volume fractions (Vf) were studied in this paper:
0%, 1%, 2%, and 3%. In Figure 13, the simulated load-
deformation curves of UHPFRCwith different fiber contents
are presented. It is observed that the flexural strength and
toughness increased with the increase in fiber content. (e
results are also in accordance with the experimental results
[26].

(e crack patterns in UHPFRC with different fiber
contents are shown in Figure 14. When fibers were not
presented, the material was brittle and one single crack was
developed (Figure 14(a)). As the fiber volume fraction in-
creased, the main crack was bridged by fibers and other
cracks were generated. With more fibers, more cracks were
generated, and in other words, the multicracking phe-
nomenon was more remarkable.

5. Potential Applications and Limitations

(e lattice fracture model has been successfully used for
simulating the uniaxial tensile behavior of pain concrete and
fiber-reinforced concrete [13, 21, 23]. (e results of this
study showed that the lattice fracture model was also capable
to simulate the flexural response of UHPFRC, which is one
of typical fiber-reinforced concretes. Besides the fiber ori-
entation and fiber content, the effect of different variables,
for example, fiber strength, fiber stiffness, and fiber size, can
be explored with the lattice fracture model as well. (e effect
of matrix composition on the flexural behavior of UHPFRC
can also be addressed with the lattice fracture model at
different length scales. (e outcome of the simulation could
contribute to the materials design of UHPFRC.

One drawback of the presented simulation is that the
demand for computational time is very long, which caused
that the sample size used in the simulations was much
smaller than that in experiments. According to the simulated
results, it is acceptable to simulate the flexural response of
UHPFRC with a small size, but it is better to perform the
simulation on UHPFRC with the same size as that used in
experiments, if the computing efficiency could be improved.
Hence, perfecting the algorithm of the lattice fracture model
is necessary for the further improvements. Another solution
of this problem is to develop an approach to determine the
representative elementary volume (REV) size of UHPFRC
for flexural response simulation. REV is the smallest volume,
whose properties are representative of the whole material.
Simulated flexural response of REV of UHPFRC could
represent the actual flexural behavior of UHPFRC. Under
this circumstance, the computational time could be reduced.

At present, the properties of interface beams can be de-
termined only by fitting the experimental results. It may cause
the problem that the fitted data could not be used for other
UHPFRCs with confidence. Hence, a deeper understanding
on the relationship between the matrix and interface prop-
erties is needed, and this can be obtained by simulations at
a lower scale (nanoscale or microscale), or by series of ex-
perimental tests. More simulations or experiments should be
performed to study the bond strength between the fibers and
the matrix. It is important for the correct setting of the in-
terface beam parameters in the lattice fracture model.

6. Concluding Remarks

In this paper, the flexural response of UHPFRC was sim-
ulated with the lattice fracture model. (e properties of
matrix, fiber, and interface were used as inputs. Both the
strain-hardening behavior and multicracking phenomenon
could be observed in the simulations. (e simulated and
tested load deflection curves were in a similar shape, except
that deviations occurred at the late strain-softening period.
(e effects of fiber orientation and fiber content were studied
with simulations. (e flexural strength and toughness of
UHPFRC were improved with aligned distributed fibers and
with increased fiber contents.

In general, the lattice fracture model has proved to be an
efficient numerical tool to simulate the flexural response of
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Figure 14: Crack patterns in UHPFRC with different fiber contents: (a) Vf � 0%, (b) Vf � 1%, (c) Vf � 2%, and (d) Vf � 3%.
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Figure 12: Crack patterns in UHPFRC with different fiber orientation. (a) Aligned distribution and (b) random distribution.
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UHPFRC. Parameter studies will be conducted to reveal the
effects of various parameters and testing configurations, and
further studies could be focused on the determination of the
interface beam properties of UHPFRC.
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SAP2000 software was used to build the finite element model of a six-storey-three-span reinforced concrete (RC) frame structure.
*e numerical simulation of the seismic performance of the RC frame structure incorporating different levels of rebar corrosion
was conducted using pushover analysis method. *e degradation characteristics of the seismic performance of the corroded
structure under severe earthquake were also analyzed. *e results show that the seismic performance of the RC frame decreased
significantly due to corrosion of the longitudinal rebars. And the interstory drift ratios increase dramatically with the increasing of
the corrosion rate. At the same time, the formation and development of plastic hinges (beam hinges or column hinges) will
accelerate, which leads to a more aggravated deformation of the structure under rare earthquake action, resulting in a negative
effect to the seismic bearing capacity of the structure.

1. Introduction

*e building seismic fortification requirements are gradually
improving around the world, and the buildings in strict
accordance with design and construction code also showed
good seismic performance during earthquakes. But in recent
years, the houses collapses, highway cracks [1], and casu-
alties caused by earthquakes are still high, such as the
Wenchuan earthquake, the India-Pakistan earthquake [2],
and the Chilean earthquake [3]. *e postdisaster survey data
show that collapsed or severely damaged houses are mainly
multistorey masonry buildings or concrete frame structures
with relatively poor seismic performance [4].

Currently, multistory masonry houses have been grad-
ually restricted to be built and used in large and medium-
sized cities, while the reinforced concrete frame buildings
are still widely used in schools, office buildings, residential
buildings, street shops, and other buildings due to their
flexible plan layout and strong adaptability. With the in-
crease of service years, under the induction of external
corrosion factors, the material of reinforced concrete frame
structure will deteriorate [5–8], resulting in the durability
damage (such as surface cracks [9], carbonization, spalling,

and steel corrosion [10]). Among which, the corrosion of
steel bar is regarded as the prime factor that affecting the
durability of concrete structures [11–13]. Corrosion leads to
the degradation of geometric parameters and mechanical
properties of the rebar and, to some extent, weaken the static
bearing capacity of a concrete structure and increase its
brittleness. Meanwhile, the seismic performance will be
inevitably impaired [14–17]. *erefore, it is of important
theoretical significance and engineering guiding value to
study the degradation law of seismic performance of cor-
roded reinforced concrete frame structures. At the same
time, it can also provide reference about the seismic per-
formance evaluation and maintenance reinforcement for the
old reinforced concrete frame structures in the seismic area.

In this paper, the finite element model of a six-storey-
three-span corroded reinforced concrete (RC) frame
structure was built using SAP2000 software [18, 19]. *e
numerical simulation of the seismic performance of the
corroded RC frame structure was conducted using pushover
analysis method [20] because pushover analysis method is
the most widely used and convenient method for the seismic
performance analysis of the middle-low level RC frame
structure. Pushover method is based on the structural static
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elastic-plastic analysis theory, by increasing the lateral load
on the inertial force center of each floor of the structure to
obtain the relationship between internal forces and de-
formation response in this process. Finally, using the seismic
demand spectrum and capacity spectrum (ATC-40 response
spectrum or Chinese code response spectrum) to estimate
the performance point index of the structure, one can easily
evaluate the seismic performance of the structure [21]. *e
main advantage of the pushover analysis method is that the
elastic-plastic response of the structure can be considered
and the calculation results are stable. *is paper also ana-
lyzed the degradation law of the seismic performance in-
dicators of the corroded RC frame structure under severe
earthquake. *e results were expected to provide a reference
for seismic safety analysis, reliability assessment, mainte-
nance reinforcement, and reconstruction of corroded RC
frame structures.

2. Mechanical Properties of Corroded
Reinforced Concrete Materials

2.1. Degradation of the Mechanical Properties of Concrete
Cover. A large number of experiments and theoretical
analyses have shown that the concrete cover of a RC frame
structure will be cracked and peeled off due to the role of rust
expansion force after the steel corrosion. In addition, it
weakens the bond strength between the rebar and concrete,
hence reducing the service life of the structure [22, 23].
Considering that the core concrete binding force of an
ordinary reinforced cement concrete member is mainly from
the protective layer, the cracking and peeling of the concrete
cover will reduce its restraint on the core concrete and
further weaken the load and deformation capacity of the
member. *erefore, the degradation of mechanical prop-
erties of the protective concrete cover should not be ignored
during structural analysis. Due to the strong random
characteristics of the deterioration of the cover concrete, it is
difficult to use analytic methods to determine the degree and
location of deterioration. In order to simplify the calculation,
(1) is used here to calculate the strength of the cover concrete
[24, 25].

fc−cor �
fc

1 + c εt-cor/εc( 
,

εt−cor �
bcor − b

b
,

bcor � b + nωcor,

ωcor � 
i

uicor � 2π υcor − 1( X,

ρs �
2X

r
−

X

r
 

2
,

(1)

where fc−cor is the peak value of the compressive strength of
the concrete cover after the steel bar corrosion; c is the
correlation coefficient between the rebar surface shape and
its diameter, and it is usually suggested to be 0.1; εt−cor is the
generalized cracking strain of concrete; b is the original
width of the member; bcor is the cross-sectional width of the

corrosion member; n is the number of longitudinal rebars;
ωcor is the total width of the corrosion crack; υcor is rust
oxidation products and the volume ratio coefficient before
rust, and it can be taken value 2.0; uicor is the width of the ith
corrosion crack; X is the depth of steel bar corrosion; ρs is
the corrosion loss rate of the rebar section; and r is the radius
of the steel rebar before corrosion, and it can be taken as the
weighted average value when the reinforcement diameters
are different.

2.2. Degradation of the Corrosion Steel Bar Mechanical
Properties. Usually, because the distribution of rust factors
(such as cracks, chloride ions, and sulfate ions [26]) has
significant random characteristics, the corrosion status of
reinforcement in RC members often appears as pitting
corrosion. Numerical analysis usually adopts the method of
equivalent uniform corrosion to deal with the degradation of
mechanical properties of pit corroded steel bars, so as to
improve the accuracy of numerical simulation or theoretical
analysis [27]. It is assumed that the cross section of the rebar
is in a uniform corrosion state, but its mechanical properties
are degradated according to the pit corrosion equation. In
order to consider the effect of pitting corrosion on the
mechanical properties of corroded rebar, the nominal yield
stress and elastic modulus of the corroded rebar are cal-
culated by (2) [28], and the ultimate stress and strain [29]
can be calculated by (3).

fyc � (1− 0.0198δ)fy,

Esc � (1− 0.0113δ)Es,
(2)

fuc � (1.0− 0.019δ)fu,

εuc � (1.0− 0.021δ)εu,
(3)

where fy (fyc) is the nominal yield strength of the steel bar
before (after) corrosion; Es (Esc) is the nominal modulus of
elasticity of the steel bar before (after) corrosion; fu (fuc) is
the nominal ultimate strength of the steel bar before (after)
corrosion; εu (εuc) is the nominal ultimate strain of the steel
bar before (after) corrosion; and δ stands for the mass loss
rate of the corroded steel. *e relationship between ρs and δ
can be seen in (4) [28].

ρs �

0.013 + 0.987δ, δ ≤ 10%

0.061 + 0.939δ, 10%< δ ≤ 20%

0.129 + 0.871δ, 20%< δ ≤ 30%

0.199 + 0.810δ, 30%< δ ≤ 40%

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(4)

3. Pushover Analysis Results of the
Noncorroded RC Frame Structure

3.1. Engineering Background and Calculation Parameters.
For the purposes of comparison, a model of noncorroded RC
frame building was presented here. *e building model has
six stories with typical story height 3.6m, and the overall
plan area is 24×12m. All beams are 300× 550mm. *e
columns in 1–3 storeys are 500× 500mm, while the columns
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in 4–6 storeys are 400× 400mm, rectangular. Figure 1 shows
the typical structural layout. It can be seen that the building
model is a typical biaxially symmetric structure. *erefore,
to simplify the following computation, only the plane frame
in axis ③-③ (Figure 1(b)) is selected to perform pushover
analysis.

According to Chinese Standard GB50011-2010, Code for
Seismic Design of Buildings [30], the building is located in
class II site, with the design earthquake group of 2, and the
design basic acceleration of ground motion 0.20 g. *e loads
acting on the building are in strict accordance with Chinese
Standard GB50009-2012, Load Code for the Design of
Building Structures [31], and the representative values of the
gravity load are shown in Table 1.

*e design strength of concrete was C30 grade, and the
longitudinal reinforcement was Grade II rebar (HRB335), while
Grade I rebar (HPB300) was used for the stirrups. Figure 2
shows the geometric parameters and the reinforcement layout
of the beams and columns. *e detailed design material pa-
rameters and reinforcement parameters of the beams and
columns are shown in Tables 2 and 3, respectively.

3.2. Pushover AnalysisMethod. Pushover analysis is a static-
nonlinear analysis method [20]. During pushover analysis,
a structure is subjected to lateral load which continuously
increases through elastic and inelastic behaviours until the
ultimate condition is reached. *e key thing here is that the
plastic hinge theory plays an important role in pushover

analysis. Plastic hinges are often used to simulate the
nonlinear behaviour of the structure; the plastic develop-
ment degree of the plastic hinges is used to reflect the plastic
development degree of the structure. In the SAP2000 pro-
gram, yielding and postyielding behaviour can be modelled
using either default hinges or user-defined hinges. Each
hinge represents concentrated postyield behaviour in one or
more degrees of freedom. Default hinges include uncoupled
moment (M), torsion (T), axial force (P), shear (V) hinges,
and coupled P-M2-M3 (or P-M-M) hinge which yields based
on the interaction of axial force and bending moments at the
hinge location. For the P-M-M hinge, an interaction (yield)
surface should be specified in the three-dimensional P-M2-
M3 space that represents the first yielding location for
different combinations of axial force P, minor moment M2,
and major moment M3. In the SAP2000 program, the built-
in default hinge properties for steel members are provided
based on FEMA-356 criteria [32], and the built-in default
hinge properties for concrete members are generally based
on ATC-40 criteria [33]. For the user-defined plastic hinges,
XTRACT [34] software is generally utilized to determine the
moment-rotation curves for beam and P-M-M interaction
curves for columns. When analyzing an RC frame structure,
plastic hinge regions are usually assigned to the ends of the
members. For the beam element, the plastic hinge is usually
yielded only by the bending moment (M), and the plastic
hinge is generally considered by the axial force and the two-
way bending moment correlation (P-M-M) for the column
element. When the default hinge is adopted to simulate the
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Figure 1: Layout of the RC frame building. (a) Plane of the RC frame structure. (b) Elevation of the RC frame structure in axis ③-③.

Table 1: Representative values of the gravity load on the RC frame.

Distributed span load (kN/m) Concentrated load (kN)
Beam in side span Beam in middle span Node in side span Node in middle span

Standard storeys 22.9 11.3 111.4 122.8
Top storey 18.2 12.1 78.3 151.9
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nonlinear behavior of the structure, only the influence of
rebar corrosion on degradation law of the plastic hinge
parameters can be considered. However, from the above
analysis, it can be seen that the degradation of mechanical
properties of the protective concrete cover should not be
ignored during the structural analysis. *e user-defined
hinge can fully consider the effects of rebar corrosion and
the degradation of mechanical properties of the protective
concrete cover as well as the plastic hinge parameters
degradation law, so we adopt a user-defined plastic hinges in
the nonlinear analysis of the structure.

To determine the development of the plastic hinges on
the frame structure, a force-displacement (moment-rotation)
curve can be defined according to FEMA-356 criteria, which
gives the yield value and the plastic deformation following

yield. *is is done in terms of a curve with values at five
points, A-B-C-D-E, as shown in Figure 3.

As is suggested by Figure 3, there are four line segments
(i.e., AB, BC, CD, and DE) in the skeleton curve, repre-
senting the elastic stage, the strengthening stage, the
unloading stage, and the failure stage, respectively. More-
over, FEMA-356 criteria also set three performance points
(i.e., IO, LS, and CP) between the characteristic points B and
C. IO is the abbreviation for “Immediate Occupancy,” which
means that the structure is in the serviceability limit state. LS
is the abbreviation for “Life Safety,” which means that the
structure is close to the safety limit state. CP is the
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Figure 2: Dimensions and reinforcement layout of the RC frame members. (a) Reinforcement layout of columns in 1–3 storey. (b)
Reinforcement layout of columns in 4–6 storey. (c) Reinforcement layout of beams① (Figure 1(b)). (d) Reinforcement layout of beams②
(Figure 1(b)).

Table 2: Material parameters of noncorroded members.

Concrete (C30) fcu (MPa) fc (MPa) ft (MPa) Ec (MPa)
30 24 2.4 24595.2

Longitudinal
reinforcement
(HRB335)

fy (MPa) fu (MPa) εu Es (MPa)

335 455 0.15 200000

Table 3: Detailed reinforcement parameters of beams and columns.

Column
reinforcement

(mm2)
Beam reinforcement (mm2)

Storey — Beam
numbering

Upper
reinforcement

Bottom
reinforcement

1–3 2036 ① 1256 804
4–6 1608 ② 1017 942
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abbreviation for “Collapse Prevention,” which means that
the structure is close to the collapse limit state.

3.3. Pushover Analysis Results

3.3.1. Comparison of the P-M-M Curves between Default
Hinges and User-Defined Plastic Hinges. In view of the bi-
axial symmetry of the cross section of the noncorroded frame
column, Figure 4 presents only the correlation curve of the
axial force P and the major moment M3 in the x direction of
the column section. It can be seen that the P-M-M curves
obtained by user-defined plastic hinge are in good agreement
with those by the built-in default hinge in SAP2000 software.

Table 4 provides the parameters of the P-M-M curves of
the noncorroded column section. It can be seen from Figure 4
and Table 4 that the computed key-point parameters of the
P-M-M curves using user-defined hinge are generally con-
sistent with those acquired by the built-in default hinge in
SAP2000 software. *e maximum discrepancy is within 5%.
*is indicated that the user-defined hinge has relatively higher
precision and can be used in the subsequent analysis.

3.3.2. Comparison of the Pushover Analysis Results between
Default Hinges and User-Defined Hinges. Considering that
the load pattern may affect the pushover analysis results dra-
matically, it is important to consider at least two different lateral
pushover cases to represent different sequences of response that
could occur during dynamic loading [29]. *erefore, the
pushover analysis in this paper should be performed using both
of the following lateral load patterns: the uniform pattern,
corresponding to uniform unidirectional lateral acceleration;
and the 1st modal pattern.*e 1st modal pattern is a pattern of
forces on the joints that is proportional to the product of the
fundamental mode shape times its circular frequency squared
times the mass tributary to the joint. In view of the remarkable
material nonlinear of concrete, the load pattern based on
displacement control is chosen in this paper to avoid trouble
converging. *e pushover curves for the plane frame in axis
③-③ under different load patterns are shown in Figure 5.

From the simulation results in Figure 5, we can see that
although the pushover curves of the frame are quite different
under different lateral load patterns, the pushover curves

obtained by using user-defined hinges almost exactly co-
incide with those by using the default plastic hinges in
SAP2000 under the same lateral load pattern.

Table 5 gives the calculation results of the elastoplastic
interstory drift ratios of the noncorroded plane frame under
rare earthquake action. From Table 5, it could also be seen
that the story drift ratios obtained by using user-defined
hinges are generally consistent with those obtained by using
the default hinges in SAP2000 under the same lateral load
pattern. *e maximum discrepancy is less than 5%, and the
maximum story drift ratio is very close to 1/120, which can
meet the code requirement [32].

4. Pushover Analysis Results of the Corroded
Frame Structure

4.1. Plastic Hinge Properties of Corroded Beams and Columns.
When considering rebar corrosion, the geometric parame-
ters and mechanical properties of the rebar will degenerate,
which will inevitably affect the plastic hinge properties of
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Figure 4: Comparison of the P-M-M curves of the noncorroded
RC column section. (a) RC column with cross section of 500× 500mm.
(b) RC column with cross section of 400× 400mm.
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corroded beam and columns. To simplify the following
computation, in this paper, the P-M-M interaction curves
for different corroded RC columns are calculated using user-
defined hinge with the help of XTRACT software, while the
moment curvature (M3) for different corroded RC beams
can be obtained using user-defined hinge by literature [35].

To understand the influence of different amounts of rebar
corrosion on the seismic performance of the RC frame
structure, four sets of operating conditions, including non-
corroded, slight corrosion, moderate corrosion, and severe
corrosion, were selected. According to the literature [35], the
corresponding uniform corrosion rates of the rebar cross
section under the four conditions above were 0%, 5%, 10%,
and 18%, respectively. *e corresponding concrete cover and
reinforcement parameters under the four cases, including the
strength of concrete cover, the yield strength of the rebar, the
elastic modulus of the rebar, etc., are listed in Table 6.

4.1.1. Degradation of the P-M-M Curves of Corroded Column
Using User-Defined Hinge. According to the parameters in
Table 6, the P-M-M curves of the RC column under different
degrees of corrosion can be obtained, and the results are
shown in Figure 6. It can be seen that with an increased
corrosion rate, the ultimate bearing capacity of compression,

tension, and bending of the frame column section decreased
after the rebar corrosion. However, comparatively speaking,
the ultimate bending moment of the section deteriorates
observably. Table 7 shows the detailed results of the

Table 4: Parameters of the key points of the P-M-M curves of the RC frame column.

Maximum compression
force (kN)

Maximum tension
force (kN)

Maximum bending
moment (kN·m)

(a) Column with cross section of 500× 500mm
Default hinge (i) 7005.1 682.3 492.3
User-defined hinge (ii) 7231.0 682.0 483.7
Relative error (%) ((ii)− (i)/(i))× 100% 3.22 −0.04 −1.75
(b) Column with cross section of 400× 400mm
Default hinge (i) 4577.4 538.8 258.6
User-defined hinge (ii) 4697.0 538.8 257.9
Relative error (%) ((ii)− (i)/(i))× 100% 2.61 0 -0.27
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Figure 5: Comparison of the pushover curves of the noncorroded RC frame under different load patterns. (a) Under the uniform load
pattern. (b) Under the 1st modal load pattern.

Table 5: Story drift ratios of the noncorroded plane frame under
rare earthquake action.

Storey Default
hinge (i)

User-defined
hinge (ii)

Relative error (%)
((ii)− (i)/(i))× 100%

(a) Under the uniform load pattern
1 1/162.3 1/163.9 −0.97
2 1/125.9 1/126.1 −0.13
3 1/148.8 1/148.6 0.15
4 1/220.8 1/221.7 −0.44
5 1/574.6 1/565.0 1.72
6 1/1234.6 1/1219.5 1.23
(b) Under the 1st modal load pattern
1 1/201.6 1/201.6 0.00
2 1/125.9 1/125.6 0.25
3 1/119.3 1/119.6 −0.24
4 1/137.2 1/140.3 −2.19
5 1/396.8 1/380.2 4.37
6 1/900.9 1/885.0 1.80

6 Advances in Civil Engineering



degradation of maximum bending moments under cases
with different corrosion rates.

4.1.2. Degradation of the Bending Strength of Corroded Frame
Beam. In this paper, the bending strength for noncorroded
beam hinge (M3) can be computed using the built-in default
hinge properties in SAP2000. For the plastic hinge properties
of corroded beams, the bending strength of the beam hinge
(M3) can be obtained with the help of the calculation results
of literature [35]. *e ultimate bending moment of corroded
beams with four different amounts of corrosion are shown in
Table 8.

4.2. Pushover Analysis Results for Corroded RC Frame.
Generally, the corrosion of rebar in RC frame structures is
mainly caused by carbonisation, cracking, and spalling of the
concrete cover. *erefore, it can be reasonably assumed that
the corrosion rates of columns and beams are the same [12].
On the base of the parameters for plastic hinge properties of
corroded beams and columns in Figure 6 and Tables 6–8, the
static pushover analysis under rare earthquake action was
carried out incorporating inelastic material behaviour for
concrete and steel with different corrosion rates.

Table 6: Mechanical property parameters of corroded RC material under different degrees of corrosion.
(a) Strength of concrete cover
Corrosion rate (%) fc (MPa)
0.0 24.0
5.0 16.7
10.0 12.7
18.0 9.2
(b) Mechanical properties of corroded rebar
Corrosion rate (%) fy (MPa) fu (MPa) Es (MPa) εu
0.0 335.0 455.0 200000 0.15
5.0 299.8 409.1 188002 0.13
10.0 266.7 366.0 176739 0.12
18.0 214.1 297.5 158821 0.09
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Figure 6: Comparison of the P-M-M curves of the column under different degrees of corrosion. (a) Column with cross section of
500× 500mm. (b) Column with cross section of 400× 400mm.

Table 7: Degradation of the ultimate bending moment of corroded
column section.

Corrosion rate
(%)

Mmax (kN·m)
Column

(500× 500mm)
Column

(400× 400mm)
0.0 483.7 257.9
5.0 455.5 240.2
10.0 417.6 221.2
18.0 383.6 213.1

Table 8: Bending strength of corroded beam hinge (M3) under
different degrees of corrosion.

Corrosion rate
(%)

Beam ① Beam ②
+M

(kN·m)
−M

(kN·m)
+M

(kN·m)
−M

(kN·m)
0.0 129.9 198.8 151.3 162.8
5.0 118.1 180.7 137.5 148.0
10.0 103.4 158.2 120.4 129.5
18.0 74.0 113.3 86.2 92.8
+M represents the bending strength of the bottom longitudinal re-
inforcement; −M represents the bending strength of the upper longitudinal
reinforcement.

Advances in Civil Engineering 7



4.2.1. Plastic Hinges Formation andDevelopment. Figures 7 and
8 show the distribution of plastic hinges for the corroded
plane frame in axis ③-③ when the performance point
(shown in Figure 3) is reached. As can be seen from the
figures, with an increasing rebar corrosion rate, the number of
plastic hinges in beams and columns increased gradually.
Meanwhile, the hinges developed rapidly from the bottom to
the higher storey with an increasing development level. Under
slight corrosion condition (corrosion rate is less than 5%), the
number and distribution of the plastic hinges for the corroded
frame are approximately the same as that for the noncorroded
frame (corrosion rate is equal to 0%). For moderately or
seriously corroded frame, the number of plastic hinges in-
creased significantly relative to the noncorroded structure,
and the beam hinges have a large development rate than
column hinges. By comparison, under the uniform lateral

load pattern, the development degree of the plastic hinges for
the same corroded frame is higher than that under the 1st
modal load pattern.

As shown in Figures 7 and 8, there are 6 segments
(i.e., B-IO, IO-LS, LS-CP, CP-C, C-D, and D-E) in the legend
band. Each legend band is represented by a different colour,
which can help the reader to judge the damage state of the
structure or member. For example, it can be seen from the
frame figure that there are pink points, blue points, and
green points in the frame beams and columns, which are
distributed in the B-IO segment, IO-LS segment, and LS-CP
segment of the legend band, respectively. *erefore,
according to the explanation shown in Figure 3, we can
determine the stress states of these points as the service-
ability stage, the safety stage, and the prevention of the
collapse stage, respectively.
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Figure 7: Distribution of plastic hinges under the uniform load pattern. (a) 0% corrosion rate. (b) 5% corrosion rate. (c) 10% corrosion rate.
(d) 18% corrosion rate.
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4.2.2. Degradation of the Seismic Performance of the Cor-
roded Structure under Rare Earthquake Action. Figure 9
provides the pushover curves for the corroded frame
under different degrees of corrosion. It is easy to see that
the trend of the pushover curves and the degradation laws
are basically the same despite the slight difference of the
curves under different lateral load patterns. Table 9 lists
the values of seismic bearing capacity of the frame under
different corrosion rates. From the results in Figure 9 and
Table 9, it can be concluded that the seismic bearing
capacity of the corroded frame decreased significantly due
to corrosion of its rebars. In addition, with increasing
rebar corrosion rate, the degradation of the bearing ca-
pacity gradually increased.

4.2.3. Deformation Performance of the Corroded Structure
under Rare Earthquake Action. In order to better un-
derstand the lateral deformation capacity of the corroded
structure, this paper also provides the story drift ratios, as
shown in Table 10. Similarly, we can see that the interstory
drift ratios increase dramatically with the increasing of the
corrosion rate of the structure. However, the increasing
extent varies by floor position; for instance, there is a phe-
nomenon of negative increase in the fifth and sixth floor,
which is mainly caused by the redistribution of internal
forces under different lateral load patterns.

Adding the interstory drift of each storey, one can get the
storey displacements of the structure, which also represent
the global behaviour of the corroded frame with stiffness and
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Figure 8: Distribution of plastic hinges under the 1st modal load pattern. (a) 0% corrosion rate. (b) 5% corrosion rate. (c) 10% corrosion
rate. (d) 18% corrosion rate.
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ductility. Figure 10 reveals the storey displacements of the
corroded structure under different lateral load patterns.
*e results indicate that the storey displacement increases
with the increasing of corrosion rate. In addition, the
deformation diagram of the frame is consistent with its 1st
modal shape.
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Figure 9: Comparison of the pushover curves of the corroded RC
frame under different load patterns. (a) Under the uniform load
pattern. (b) Under the 1st modal load pattern.

Table 9: Seismic bearing capacity of the corroded frame under rare
earthquake action.

Corrosion
rate (%)

Maximum base shear (kN)
Under the uniform

load pattern
Under the 1st modal

load pattern
0.0 628.5 518.5
5.0 581.9 479.6
10.0 508.1 417.7
18.0 359.2 290.3

Table 10: Interstory drift ratios of the corroded frame structure.

Corrosion
rate (%) 0.0 5.0 10.0 18.0

(a) Under the uniform load pattern

Storey

1 1/163.9 1/156.3 1/142.7 1/127.9
2 1/126.1 1/120.9 1/111.4 1/86.5
3 1/148.6 1/140.1 1/125.2 1/79.9
4 1/221.7 1/208.3 1/185.2 1/87.8
5 1/565.0 1/574.7 1/598.8 1/138.3
6 1/1219.5 1/1298.7 1/1449.3 1/689.7

(b) Under the 1st modal load pattern

Storey

1 1/201.6 1/186.6 1/161.0 1/127.9
2 1/126.6 1/119.6 1/108.1 1/86.5
3 1/119.6 1/113.6 1/102.7 1/79.9
4 1/140.3 1/132.6 1/119.2 1/87.8
5 1/380.2 1/392.2 1/377.4 1/138.3
6 1/888.0 1/934.6 1/1030.9 1/689.7
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Figure 10: Comparison of the story displacements under different
degrees of corrosion. (a) Under the uniform load pattern. (b) Under
the 1st modal load pattern.
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5. Conclusions

In this paper, the finite element model of a six-storey-three-
span corroded reinforced concrete (RC) frame structure was
established using SAP2000 software. *e numerical simu-
lation of the seismic performance of the corroded RC frame
structure with four different amounts of corrosion was
conducted using pushover analysis method. *e main
conclusions are as follows:

(1) For the noncorroded RC frame, the P-M-M curves
of column section obtained by using user-defined
hinges with the help of XTRACT software are
generally consistent with those acquired by the
built-in default hinges in SAP2000. For the cor-
roded RC frame column section, the calculated
P-M-M curves based on user-defined hinges pres-
ent out the same change trends as the noncorroded
one. *erefore, XTRACTsoftware can be utilized to
determine the properties of user-defined P-M-M
plastic hinges.

(2) With the increasing corrosion rate of rebars, the
plastic hinges in beams and columns of the RC frame
developed rapidly from the bottom to the higher
storey with an increasing development level, which
leads to a more aggravated deformation of the
structure under severe earthquake.

(3) *e seismic bearing capacity of the corroded frame
decreased significantly due to corrosion of its rebars.
In addition, with increasing rebar corrosion rate, the
degradation of the bearing capacity gradually increased.

(4) *e interstory drift ratios increase dramatically with
the increase of the corrosion rate of the structure.
However, the increase varies with by the location of
storeys, and it has a strong correlation with the
lateral load pattern.
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,e static load carrying capacity of a noncorroded reinforced concrete (RC) simply supported beam is numerically simulated by
ABAQUS software, and the reliability of the finite element model is verified by comparing with the test results. Based on the above
model, the macroscopic mechanical properties of the beam under different degrees of corrosion are calculated. In the calculation,
the degradation of the bond-slip performance andmechanical properties of corroded rebars and the coupling effect on the bearing
capacity and ductility degradation of the beams are considered. ,e results show that, under conditions of slight corrosion, the
degradation of bond-slip performance between the rebar and concrete has no significant influence on the bearing capacity of
the beam, while the degradation of the corroded rebar had a significant effect. Under moderate and severe corrosion conditions,
the bearing capacity and ductility degradation caused by bond-slip are dominant in the mechanical property degradation of the
beam. Overall, the macroscopic mechanical properties of the corroded beam are influenced by the coupling effect of bond-slip
degradation and the mechanical property degradation of the rebar. With the increase in the corrosion rate, the bearing capacity
and ductility of the beam are decreased, and its brittleness is increased.

1. Introduction

Among all kinds of civil engineering structures, the rein-
forced concrete structure is one of the most widely used
structural forms. With the increase of service life, the ma-
terials of the reinforced concrete structure will degrade
under the direct or indirect influence of corrosive media
from the outside world, resulting in durable damage (such as
surface cracks, carbonization, spalling, and corrosion of
rebars). Accidents causing damage to concrete structures
often occur in the case of damage resulting in durability
damage, and the resulting loss is even more difficult to
measure. ,e sum of the annual maintenance, repair, and
reinforcement costs for corrosion of reinforced concrete
structures in the world has exceeded 100 billion dollars [1].
According to statistics, among the many factors leading
to the damage of the durability of a reinforced concrete
structure, rebar corrosion is the most common. Once the
rebar in the concrete is corroded, the corrosion rate of the

steel is further increased. Corrosion will lead to the deg-
radation of the geometric parameters of steel and me-
chanical properties, mainly reflected in the following [2–4]:
(1) loss of mass and effective cross-sectional area; (2) the
decline of nominal yield stress and ultimate stress; (3) the
decrease of the nominal elongation rate and ultimate strain;
and (4) the degradation of bond-slip. Degradation of these
properties will inevitably weaken the static bearing capacity
of the structure to a certain extent and increase its brittle-
ness. ,erefore, it is of great theoretical significance and
practical engineering value to study the degradation char-
acteristics of the bearing capacity of concrete structures or
members caused by corrosion of rebars.

,e previous research on the corrosion direction of RC
members mainly focuses on two aspects, which are anticor-
rosion capability of the members and the mechanical prop-
erties of the corrodedmembers [2–4].Most of the anticorrosive
researches of RC members are to add some additional ma-
terials (such as polypropylene fiber [5–9], silica fume, and
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nanomaterial [10]), or somemechanical treatment schemes for
members are adopted to reduce the effect of corrosion.

At present, noncorroded RC frame structure has been
widely studied in engineering [11–14]. However, there are
relatively few studies on corroded RC structures or members
affected by corrosion. ,e existing research focuses on the
macroscopic mechanical properties of steel corrosion mem-
bers. In most natural environments, the corrosion and deg-
radation of reinforced concrete members will take a long time.
If it is simulated under natural conditions, it will take a lot of
time and cost [13]. ,erefore, the methods of changing the
temperature, concentration, and composition of the corrosive
medium are used to accelerate the corrosion of the compo-
nents during the test [14, 15], and some scholars also accelerate
the simulation process by the method of external current. In
order to get enough test data, a lot of samples are needed for
the accelerated corrosion test. In addition, the preparation of
test specimens and related corrosion media will also cost a lot
of time and cost [16–18], and there is few relevant impact
parameters that can be used for reference during the course of
experiment.,rough a long period of study, it is found that the
methods mentioned above are less similar to the actual cor-
rosion in the natural environment. Based on these restrictions,
the performance of corroded reinforced concretemembers has
not been fully studied.

With the rapid development of computer technology,
numerical simulation has been widely used in engineering
[19]. Moreover, numerical simulation presents numerous
advantages such as short computation time and low cost, and
it considers the influences of various parameters. In this paper,
the characteristics of the degradation of bearing capacity of
reinforced concrete simply supported beams before and after
corrosion were studied using ABAQUS software to provide
a reference for the performance evaluation and maintenance
and reinforcement of rust structures or members.

2. Constitutive Relationship of Corroded
Reinforced Concrete

In this paper, the concrete-damaged plasticity model (CDP
model) in ABAQUS is used to simulate the mechanical
behaviour of concrete materials [20].,e elastoplastic model
of the double inclined line is used to simulate the stress-
strain relationship of rebar material. ,e nonlinear spring
(SPRING2) is used to simulate the bond-slip between the
rebar and the concrete.

2.1. Constitutive Relationship of Concrete. ,e CDP model is
a constitutive relation model for concrete in the implicit
algorithm of ABAQUS software. ,e model was first pro-
posed by Lubliner et al. [21] and improved by Lee and Fenves
[22]. ,e model can automatically consider the biaxial or
three-axis stress state of the material unit and calculate the
degradation in the materials during stress under the con-
dition of only inputting uniaxial stress-strain parameters
and damage parameters of the material. ,erefore, the
model can reflect the mechanical response of the material

more truthfully in the process of monotonic loading and
repeated loading/unloading [4].

2.1.1. Stress-Strain Relationship of Concrete Material.
Because the mechanical properties of concrete materials
have strong randomness characteristics [23, 24], this paper
adopts the Sargin model [25] with adjustable descent ve-
locity to define the compressive stress-strain relationship
(Formula (1) and Figure 1). ,e Arab model [26] is used to
define the tensile stress-strain relationship of concrete
(Formula (2) and Figure 2).

,e compressive model of Sargin:

σc �
Ec/Eg  ε/εc(   +(D− 1) ε/εc( 

2

1 + Ec/Eg − 2  ε/εc(  + D ε/εc( 
2fc,

Eg �
fc

εc
,

(1)

where Ec is the initial elastic modulus of concrete, with data
selected from [27]; Eg is the secant modulus of concrete; and
εc is the strain corresponding to the peak stress of concrete.
In this paper, a strain value of 0.0020 is used; fc is the peak
stress of concrete, and D is the adjustment parameter of the
resist compression softening section of concrete; 0<D< 1.

,e tensile model of Arab:

σt �

yft, y≤ 1

βyft

β− 1 + yβ , y≥ 1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

y �
ε
εt

,

(2)
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Figure 1: ,e compressive model of Sargin.
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where ft is the tensile strength of concrete, with data se-
lected from [28]; εt is the tensile peak strain of concrete,
which can be approximated to εt � ft/Ec; and β is the ad-
justment parameter of the resist tensile softening section of
concrete; β> 1.

To fit the test results [29], the damage characteristics of
concrete materials (3) are defined by the Lee and Fenves
damage parameter model [30] with ABAQUS, which makes
the calculation results closer to the experimental results:

d � 1−
σtrueE−1c

εpl 1bc/t − 1(  + σtrueE−1c
,

εtrue � ln(1 + ε),

σtrue � σ(1 + ε),

εin � εtrue −
σtrue
Ec

,

εpl � bc/tε
in,

(3)

where d is the tensile/pressure damage factor of concrete;
σtrue is the true stress; εpl is the plastic strain in the concrete;
εtrue is the real strain of concrete; εin is the inelastic strain in
the concrete; and bc/t is the scale factor between plastic strain
and inelastic strain. In this paper, the tension bc/t was 0.3,
and the pressure bc/t was 0.7 during calculation.

Corrosion will result in the degradation of the material
property of the concrete cover. In a service environment,
chloride ions penetrate the surface of the rebar through the
primary fractures or cracks of the concrete cover, form
a conductive medium on the surface of the rebar, and
participate in primary cell reflection of the corroded rebar
[31, 32]. In the rebar corrosion state, the cracks of the

concrete cover produce the stress concentration due to the
extrusion force of the corroded rebar, which further in-
creases the crack width, causing cracking and spalling. ,e
degree and location of the cracking and exfoliation of the
concrete cover have a strong randomness. To date, this
process is still difficult to describe with a precise mechanical
model. In this paper, the simplified formula recommended
in [33, 34] is used for calculation as follows:

fc−cor �
fc

1 + c εt−cor/εc( 
,

εt−cor �
bcor − b

b
,

bcor � b + nωcor,

ωcor � 
i

uicor � 2π υcor − 1( Χ,

ρs �
2Χ
r
−
Χ
r

 
2
,

(4)

where fc−cor is the compressive peak strength of corroded
concrete; c is the correlation coefficient between the surface
shape of the rebar and its diameter, assuming 0.1; εt−cor is the
cracked strain of the generalized concrete; b is the primitive
width of the member; bcor is the width of the cross section of
the corroded member; n is the number of compressive
longitudinal tendons of corrosion damage; ωcor is the total
width of the corrosion crack; υcor is the proportion co-
efficient of the oxidation product of corroded rebar and the
volume before the corrosion of the rebar, 2.0; uicor is the crack
width of the corrosion member of number i; Χ is the cor-
rosion depth of the rebar; ρs is the loss rate of corrosion of the
rebar cross section; r is the radius before the corrosion of the
rebar; and the weightedmean value is used when the diameter
of the rebar is different.

2.2. Constitutive Relationship of Rebar and Degradation of
Corrosion Mechanical Properties. In this paper, the consti-
tutive relationship of the rebar material is simulated by using
a double-fold linear elastoplastic strengthening model
(Figure 3). ,e model can fully reflect the reinforcement
behaviour after the rebar yield, so it is widely used in the
static analysis of the structure.

,ere are two main forms of rebar corrosion [35–37]: (1)
uniform corrosion and (2) pit corrosion. ,e characteristic
of uniform corrosion is that the section size and shape of the
rebar do not change along the longitudinal direction of the
rebar, and this state is a perfect state. However, the pit
corrosion is a common phenomenon in the test room or in
the state of natural corrosion due to the randomness of the
size and distribution of primary cracks and voids in the
corrosion process of the rebar, which will cause local con-
centrations of chloride ions, electrons, and random pitting
corrosion on the surface of the corroded rebar because the
real stress, strain, and other parameters of the steel bar are
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Figure 2: ,e tensile model of Arab.
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not changed under corrosion conditions. ,erefore, for the
uniform corrosion, the corrosion state of the rebar can be
simulated directly by the direct reduction of the section area
of the rebar. However, the state of pit corrosion, considering
the randomness of pit corrosion distribution, is very difficult
to simulate directly using finite element software [38].
,erefore, we used the equivalent uniform corrosion state to
simulate the pit corrosion rebar.

,e Wang and Liu model [39] can be used in the
nominal yield strength and nominal elastic modulus of the
corroded rebar after pit corrosion:

fyc � (1− 0.00198δ)fy,

Esc � (1− 0.00113δ)Es,
(5)

where fy is the nominal yield strength of the rebar before
corrosion; fyc is the nominal yield strength of the rebar after
corrosion; Es is the nominal elastic modulus of the rebar
before corrosion; Esc is the nominal elastic modulus of the
rebar after corrosion; and δ is the mass loss rate of the
corroded rebar, and the transformation relationship be-
tween mass loss rate of the corroded rebar and the cross-
sectional loss rate can be seen in the following equation [39]:

ρs �

0.013 + 0.987δ, δ ≤ 10%

0.061 + 0.939δ, 10%< δ ≤ 20%

0.129 + 0.871δ, 20%< δ ≤ 30%

0.199 + 0.810δ, 30%< δ ≤ 40%.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(6)

For the ultimate strength and ultimate strain of the pit
corrosion rebar, we use the fuzzy formula of Wu and Yuan
[2] to calculate as follows:

fuc � (1.0− 0.019δ)fu,

εuc � (1.0− 0.021δ)εu,
(7)

where fuc is the nominal ultimate strength of the rebar after
corrosion and εuc is the nominal ultimate strain of the rebar
before corrosion.

2.3. Constitutive Relationship of Bond-Slip. ,e reason why
the two parts of the rebar and concrete materials can better
display their respective advantages is a good bond-slip re-
lationship between rebar and concrete, which can fully
coordinate the deformation of the rebar and concrete to
achieve the purpose of coordination of deformation [40].

ABAQUS finite element software uses the single-axis
tension and pressure function of the nonlinear spring
(SPRING2) to simulate the bond-slip behaviour of the rebar
and concrete.,emodel concentrates the slip shear stress on
the surface of the rebar to the nonlinear spring element, and
the relative dislocation between the rebar and the concrete is
completed by pulling the rebar through the deformation of
the spring [41]. ,e mechanics calculation formula of the
nonlinear spring element is

Fi � Ai × τ,

Ai � 2πRl,
(8)

where Fi is the axial force of a single spring unit; Ai is
interaction area of a single spring unit; τ is the shear stress on
the surface of the rebar; R is the radius of a single rebar at the
linkage unit; and l is the spacing of the adjacent spring
element.

,rough the research and analysis of the uniaxial tensile
test curve of the corroded rebar in the literature [42], the
shear stress displacement curve of the corroded rebar is
found to be similar to the shear stress displacement curve
defined by the European Standard CEB-FIB [43]. ,erefore,
the shear stress parameter of CEB-FIB definition (8) is
adopted in this paper, and the bond-slip model of the
corroded rebar is obtained by modifying the key point
parameters of the curve (formula (9) and Figure 4):

τ �

τu s/s1( 
α
, 0< s≤ s1

τu, s1 < s≤ s2

τu − τu − τf(  s− s2(  s3 − s2( ( , s2 < s≤ s3

τf , s3 < s,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

fu

fy

εy εu

Figure 3: Constitutive relations of steel bars.
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Figure 4: ,e diagram of the CEB-FIB bond-slip model.
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where τu is the maximum shear stress; s is the value of the
displacement; τf is the minimum shear stress; and α is the
exponent of upward section of the curve. ,e values of each
parameter in (9) are shown in Table 1.

,e reduction coefficient of the shear stress peak value of
the corroded rebar [36] can be calculated by the following
equation:

θ �
τcoru
τu

� 0.9959e
0.0041δ

+ 0.0069e
0.7858δ

, δ ≤ 4%

θ �
τcoru
τu

� 9.662e
−0.5552δ

+ 0.1887e
0.0069δ

, δ > 4%.

(10)

Because the stirrup has the effect of pulling, the slip shear
stress will not be reduced to the numerical point with the
increase of the slip displacement. After the corrosion, the
shear stress parameter τf will also change accordingly.
Almusallam [44], Auyeung et al. [45], and other scholars
believe that the final value of the longitudinal rebar cor-
rosion τf is 0.15 times τu. ,erefore, in this paper, the re-
search conclusions of Almusallam [44] and Auyeung et al.
[45] are cited to correct corroded τf .

3. The Establishment and Reliability
Verification of the Finite ElementModel of an
Uncorroded RC Simply Supported Beam

To establish a more credible finite element analysis model,
we first take a simply supported RC beam without corrosion
as an example. ,e finite element analysis is carried out and
compared with the test results to verify the reliability of the
finite element model. On this basis, the bearing capacity of
the simply supported RC beam with different corrosion
degrees is analysed.

3.1. Introduction of Test Beam Model. ,e model of the test
beam is from the literature [29], and the beam number is
LA6. ,e total length of the test beam is 2400mm, and the
spacing of the support is 2100mm. ,e distribution beam
applies the load to the two points at the point of trisection
of the top of the beam. ,e section size of the beam is
200mm× 300mm, and the depth of the concrete cover is
25mm. ,e bottom of the beam is configured with two
diameters of the 20mm HRB335 and one diameter of the
12mm HPB235 longitudinal rebars. ,e top of the beam is
configured with two diameters of the 12mm HPB235

Table 1: ,e parameters of the CEB-FIP bond-slip model.

s1 s2 s3 α τu τf
1.0mm 3.0mm Rib spacing 0.4 2.5

��
fc


0.4τu

Table 2: ,e material parameters of concrete.

Material Ec (MPa) fc (MPa) ft (MPa)
Concrete 29509.97 34.55 2.97

Table 3: ,e material parameters of rebars.

Type of rebar Es (MPa) fy (MPa) fu (MPa) εu
HPB235 210000 258.25 393.39 0.15
HRB235 200000 373.71 578.28 0.15
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Figure 5: Diagram of the beam size.
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Figure 7: Finite element analysis of concrete section.
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longitudinal rebar. ,e stirrup is the HPB235 rebar of 8mm
diameter; the stirrup is two limbs, and the distance is
100mm. ,e measured strength of concrete is 34.55MPa.
,e parameters of tensile strength and elastic modulus of
elasticity of concrete are shown in Table 2, and the pa-
rameters of rebar properties are shown in Table 3. ,e di-
agrams of geometric parameters and rebar parameters are
shown in Figures 5 and 6, respectively.

3.2.;eEstablishment of aFinite ElementModel. ,eC3D8R
element is used to simulate concrete (unit size is 25mm×

25mm× 100mm).,e T3D2 element is used to simulate the
rebar (unit length is 100mm).,e SPRING2 element is used
as the bonding element (the unit is a nonlength unit). Be-
cause the rebar is only comparatively remarkable in the
longitudinal slip, the SPRING2 element nonlinearity is
defined only in the longitudinal direction of the beam in this
paper. ,e slip of the rebar is not considered in the lateral
and high directions of the beam, and the spring stiffness in
this direction is defined as 2×1012N/mm.

According to the weakening rule of concrete cover de-
fined by (4), the block modelling technology is used to peel
off the concrete cover from the core concrete (Figure 7), but
it does not change the force and displacement transfer
between nodes. To facilitate the convergence of models, two
reference points (RP1 and RP2) are set up at the loading
point of the beam. ,e distribution of the reference points
and the top surface of the beam are constrained by
the distributed coupling mode, and then the symmetrical
displacement load is applied at the loading point. To prevent
the stress concentration in the loading process, two rigid
cushion plates are set up at the support, and the bottom plate

and the bottom of the beam are restrained by the binding
(tie) mode. ,e finite element model is shown in Figure 8.

3.3. Reliability Verification of the Finite Element Model.
Figure 9 shows the distribution of cracks after loading of the
beams that are not corroded. ,e distribution of the cracks
produced by the results of the finite element analysis is
basically consistent with the distribution of the cracks in the
test. On the whole, the cracks are symmetrical in the cross
section and are distributed in a double arch.

RP-2 RP-1

X

Y

Z

Figure 8: Finite element analysis model.
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Figure 9: Comparison of (a) test model and (b) finite element model in cracking distribution.
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,e load-deformation curves obtained by the finite el-
ement calculation and the test are shown in Figure 10 and
Table 4. As shown in Figure 10, the finite element analysis
result is very close to the test curve. ,e main difference is
that the test model has greater stiffness, while its yield
displacement and bearing capacity are relatively small. From
the comparison in Table 4, the errors of all parameters are
less than 10%, and all are within the acceptable range of
error. ,e above results indicate that the finite element
model established in this paper is reliable. ,us, the bearing
capacity analysis of the corroded members can be further
carried out based on this model.

4. Numerical Analysis of Bearing
Performance of the Corroded Reinforced
Concrete Simply Supported Beam

Considering that the bottom of the beam is more easily
cracked under normal conditions, the chloride ion can
corrode the bottom longitudinal reinforcement through
a crack in the bottom. In this paper, the bearing capacity of
the beam is mainly considered when the longitudinal re-
inforcement is corroded at the bottom of the beam.

,e following 4 types of corrosion conditions are con-
sidered in the analysis: the corrosion rate distribution of

the corresponding rebar section is 0% (noncorrosion),
5% (slight corrosion), 10% (medium corrosion), and 15%
(severe corrosion). ,e parameters used in modelling of
noncorrosion corrosions are exactly the same as the pa-
rameters of the previous finite element model.

,e calculated parameters of the corroded member are
shown in Tables 5–7 (the corrosion rates in the table are all
the corrosion rates of the cross section).

In the following analysis, the degradation of bond-slip
properties, the degradation of mechanical properties of the
rebar, and the degradation law of macromechanical prop-
erties of the members caused by their coupling are con-
sidered. ,e load-displacement curves of the members with
different corrosion rates under the above three conditions
are shown in Figures 11–13.

Figure 11 shows that there is no significant effect on the
degradation of the rebar-concrete bond-slip behaviour
under slight corrosion. Under the medium corrosion con-
dition, the degradation of the rebar-concrete bond-slip
properties mainly affects the ductility of the member (de-
ferring yield displacement and limiting the development of
ultimate displacement). Under the severe corrosion condi-
tion, the degradation of bond-slip properties seriously re-
stricts the exertion of the mechanical properties of the rebar
and reduces the ductility and bearing capacity of members,
resulting in brittle failure mechanism.,e degradation of the

Table 4: Comparison of key point mechanical parameters.

Item Crack load (kN) Yield load (kN) Ultimate load (kN) Ultimate displacement (mm)
Results of test (a) 40 210.2 241.4 18.2
Results of numerical (b) 42.2 220.6 264.8 19.1
Relative error (%) (((b)− (a))/(a))× 100% 5.5 4.9 9.7 4.9

Table 5: ,e strength of the concrete cover of the corroded member.

Corrosion rate of rebar section 0% 5% 10% 15%
Concrete compressive (MPa) 34.55 17.37 11.08 8.61

Table 6: Mechanical parameters of corroded rebars.

Corrosion rate of rebar section Es (MPa) fy (MPa) fu (MPa) εu (MPa)
Diameter of rebar D � 12mm

0% 210000 258.25 393.39 0.15
5% 197769.7 231.90 354.87 0.13
10% 185829.1 206.17 317.26 0.12
15% 172889.8 178.28 276.50 0.10

Diameter of rebar D � 20mm
0% 200000 373.71 578.28 0.15
5% 188500.8 336.06 522.38 0.13
10% 176835.3 297.87 465.66 0.12
15% 164508.9 257.51 405.73 0.10

Table 7: ,e degradation of bonding stress.

Corrosion rate of rebar section 0% 5% 10% 15%
τu (MPa) 14.7 11.0 3.7 2.9
τf (MPa) 5.9 2.2 2.2 2.2
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bond-slip properties of the rebar caused by corrosion above
the middle level has a great influence on the ductility de-
velopment and the mechanical properties of the rebar.

,e analysis of Figure 12 also shows that the bearing
capacity and ductility (ultimate displacement/yield dis-
placement) of members are gradually weakened with the
increase of the corrosion rate, while the ductile failure
mechanism still exists. ,e degradation of the mechanical
properties of the rebar caused by corrosion directly affects
the bearing capacity and ductility of the members, which
is equivalent to decreasing the reinforcement ratio of the
member section or decreasing the strength level of the
reinforcement.

In Figure 13, the effects of the degradation of the bond-
slip properties and the degradation of mechanical proper-
ties of the rebar are taken into consideration. ,e bearing

capacity and characteristic displacement of the beam de-
crease gradually with the increase in the rebar corrosion
rate, and the failure mode of the beams gradually develops to
brittleness. Compared with Figure 12, the bearing capacity
and ductility degradation speed of members are accelerated,
indicating that the mechanical property degradation and
the bond-slip property degradation caused by corrosion
have a strong coupling effect. Under this coupling effect, the
bearing capacity and ductility of the members decrease
significantly with the increase of the corrosion rate of the
rebar.

To further understand the change characteristics of the
bearing behaviour of the members under the coupling action
of the degradation of the mechanical properties and the
degradation of the bond-slip performance, the key points of
load-displacement curves in Figure 13 are listed in Table 8.

Table 8: ,e key point value of the load-displacement curve under coupling factors.

Corrosion rate of cross
section

Yield load (a)
(kN)

Yield displacement (b)
(mm)

Ultimate load (c)
(kN)

Ultimate displacement (d)
(mm)

Ductility ratio,
(c)/(d)

0% 220.6 8.0 264.8 19.1 2.39
5% 200.0 7.6 246.0 17.9 2.36
10% 173.8 7.2 203.8 16.5 2.29
15% 143.8 6.6 153.8 11.7 1.77

Table 9: Comparison of parameter lower rate and corrosion rate.

Corrosion rate of cross
section

Reduction percentage of yield
load (%)

Reduction percentage of yield
displacement (%)

Reduction percentage of ultimate
load (%)

0% 0 0 0
5% 9.3 5.0 7.1
10% 21.2 10.0 23.0
15% 34.8 17.5 41.9
Note: reduction percentage� (no corrosion index− corrosion index)/no corrosion index× 100%.
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Figure 11: ,e load-displacement curve due to bonding
degradation.
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According to the analysis of Table 8, the yield load/
displacement, ultimate load/displacement, and ductility ratio
of members are all decreased to some extent after rebar
corrosion, and the decrease of yield load/displacement and
ultimate load is obvious. ,erefore, the relationship between
the reduced ratio coefficient of the above three parameters
(Table 9) and the corrosion rate of the rebar cross section
can be fitted. ,e fitting results can be seen in the following
equations:

Iyc � −0.00045 + 1.681ρs + 4.3ρ2s , 5%≤ ρs ≤ 15%, (11)

Δyc � −0.005 + 1.15ρs, 5%≤ ρs ≤ 15%, (12)

Iuc � −0.0029 + 1.062ρs + 11.8ρ2s , 5%≤ ρs ≤ 15%, (13)

where Iyc is the reduction percentage of the yield load; Δyc is
the reduction percentage of the yield displacement; Iuc is the
reduction percentage of the ultimate load; and ρs is the
corrosion rate of the cross section.

5. Conclusions

In this paper, the bearing capacity and ductility degradation
characteristics of a reinforced concrete simply supported
beam with different corrosion rates are simulated and
analysed. ,e main conclusions are as follows:

(1) Under slight corrosion conditions, the degradation
of the bond-slip properties between rebar and
concrete has no significant influence on the bearing
capacity of the member, while the degradation of the
mechanical properties of the rebar caused by cor-
rosion has a great influence on the bearing capacity
and ductility of the member.

(2) With the increase in the corrosion rate of the rebar,
the bearing capacity and ductility of the member

decreased significantly. Under moderate and severe
corrosion conditions, the bearing capacity and
ductility degradation of the member caused by
the degradation of the bond-slip properties are
dominant.

(3) On the whole, the bearing capacity of the member
decreases with the increase of the rebar corrosion,
and the failure mode develops from initial ductile
failure to brittle failure, which is a disadvantage for
the structure hit by an earthquake.
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Fly ash (FA) has been an important ingredient for engineered cementitious composite (ECC) with excellent tensile strain capacity
and multiple cracking. Unfortunately, the frost resistance of ECC with high-volume FA has always been a problem. *is paper
discusses the influence of silica fume (SF) and ground-granulated blast-furnace slag (GGBS) on the frost resistance of ECC with
high volume of FA. Four ECCmixtures, ECC (50% FA), ECC (70% FA), ECC (30% FA+ 40% SL), and ECC (65% FA+ 5% SF), are
evaluated by freezing-thawing cycles up to 200 cycles in tap water and sodium chloride solution. *e result shows the relative
dynamic elastic modulus andmass loss of ECC in sodium chloride solution by freeze-thaw cycles are larger than those in tap water
by freeze-thaw cycles. Moreover, the relative dynamic elastic modulus and mass loss of ECC by freeze-thaw cycles increase with
FA content increasing. However, the ECC (30% FA+ 40% SL) shows a lower relative dynamic elastic modulus and mass loss, but
its deflection upon four-point bending test is relatively smaller before and after freeze-thaw cycles. By contrast, the ECC (65% FA
+ 5% SF) exhibits a significant deflection increase with higher first cracking load, and the toughness increases sharply after freeze-
thaw cycles, meaning ECC has good toughness property.

1. Introduction

In recent years, the development of high-performance
cementitious (HPC) materials, including high-strength
concretes with low water-cementitious materials ratio, and
high-performance fiber-reinforced cementitious (HPFRC)
composites has remarkable advancement. Green concrete is
more environmentally friendly because it contains increasing
contents ofmineral admixtures and by-products. According to
global sustainable development, green high-performance ce-
mentitious (GHPC) material is developed in the past years
[1–3]. Using different mineral admixtures to partially replace
cement is important [4–6] because it potentially reduces the
pollution of industrial by-products and greenhouse gases [7].

*e engineered cementitious composite (ECC) possesses
high ductility and toughness under the shear and tension

loading. *e maximum tensile strain exceeds 3% when
adding 2 vol.% fiber by micromechanical design [8–10].
Because coarse aggregates affect the distribution of fibers and
weaken the interface transition zone within ordinary con-
crete, the brittleness of concrete is improved greatly by
applying ECC without coarse aggregates [11]. Moreover,
ECC has great ability in controlling crack width, and it has
a number of applications, such as weight-bearing structures
of concrete and steel-concrete composite airport runways
and bridge decks, but the high strength and ductility of ECC
are still stressed [12–14]. It is known that each ton of cement
produced generates an equal amount of carbon dioxide,
responsible for 5% of global greenhouse gas emission created
by human activities [15]. *erefore, in view of global sus-
tainable development, it is imperative to develop green ECC
in which cement is replaced by supplementary cementitious
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material (SCM) partially. *ough the strength of ECC de-
creases with the addition of FA, the ductility and toughness
are greatly improved. Moreover, hydration heat and cost are
reduced because of FA replacing cement partially [5, 16].

In cold regions, concrete is subject to many freezing-
thawing cycles every year. Hence, the freeze-thaw cycle is the
main factor that damages the concrete structure in cold
regions [17]. More seriously, in order to ensure safe driving,
the sprinkle of deicing salt has further reduced the service life
of the concrete. [18]. Yun and Rokugo [19] proved the
abovementioned damage effects of freeze-thaw cycles as well
as reinforcing fiber combination on flexural properties and
cracking procedure of DFRCC prismatic specimens. Liu
et al. [20] focused on the durability study on engineered
cementitious composite (ECC) under sulfate and chloride
environment. *e freeze-thaw durability of high-strength
concrete under deicer salt exposure was studied by Liu and
Hansen [21]. *e flexural impact performance, freeze-thaw,
and deicing salt resistance of steel fiber-reinforced concrete
were investigated by Zhang et al. [22]. Obviously, it is
necessary to study the frost resistance of ECC with high-
volume fly ash exposed to tap water and sodium chloride
solution under freezing-thawing cycles.

However, the frost resistance on ECC blended with high-
volume fly ash is not ideal. Özbay et al. [23] reported that an
increase up to 70 wt.% in the FA replacement content was
observed to exacerbate the deterioration of ECC mixtures
caused by freezing-thawing cycles. *e test results by
Mustafa et al. [24] also showed the reduction of residual,
physical, and mechanical properties with increasing number
of freeze-thaw cycles is relatively more for ECCmixture with
70 wt.% FA than for ECC mixture with 55 wt.% FA, by
weight of total cementitious material. And remarkably, only
single supplementary cementitious material (SCM) was tried
in their work.

GGBS is a replacement of cementitious material because
of its availability in producing concrete and multi-
performance concrete. GGBS provides advantages to con-
crete, lower permeability, higher sulfate and acid resistance,
long-term strength, and lower heat of hydration [25]. Silica
fume is an ultrafine amorphous powder of silicon dioxide
with pozzolanic effect which fills the space among the ce-
ment particles to form a dense concrete matrix and in-
terfacial transition zone (ITZ); this will increase the
compressive strength and decrease the permeability of
concrete [26–28]. *erefore, in view of the advantages of
GGBS and silica fume, it is expected that the frost resistance
and mechanical properties of ECC with high volume of fly
ash will be improved by a certain amount of GGBS or silica
fume replacing fly ash. And to the best of our knowledge, the
attempts on the frost resistance improvement of ECC with
high volume of fly ash by the binary supplementary ce-
mentitious materials (SCMs) have been lacking. Although
Zhang and Li [29] investigated the durability of the concrete
composite, with polypropylene fiber, containing fly ash and
silica fume, the replacement level of fly ash was merely 15%,
by weight of total cementitious material.

In this work, in order to present the ECC with good frost
resistance, the ECC with 50 wt.% FA, 70 wt.% FA, 30 wt.%

FA+ 40 wt.%GGBS, and 65 wt.% FA+ 5 wt.% SF is designed.
Experimental tests consisted of measuring the change in
mass and relative dynamic elastic modulus and residual
compressive as well as flexural properties of ECC specimens
exposed to the tap water and sodium chloride solution under
freezing-thawing cycles up to 200. In addition, the four-
point bending test after various freezing-thawing cycles was
examined as well.

2. Experimental Section

2.1. Materials and Mix Proportions. In this study, the in-
gredients used in the production of ECC mixtures include
P·O 42.5 Portland cement (PC), fly ash (FA), ground-
granulated blast-furnace slag (GGBS), silica fume (SF),
and microsilica sand with an average grain size and modulus
of 150 μm and 2.01, respectively, water, polyvinyl alcohol
(PVA) fibers, and superplasticizer. Physical properties and
chemical compositions of PC and FA are listed in Table 1.
*e PVA fibers are 8mm in length with the diameter of
39 μm. Tensile strength and density of PVA fiber are
1600MPa and 1300 kg/m3, respectively. *e mixture pro-
portions are presented in Table 2. ECC mixtures containing
50 wt.% and 70 wt.% FA, and 30 wt.% FA+ 40 wt.% GGBS
and 65 wt.% FA+ 5 wt.% SF (by weight of total cementitious
material) as a replacement of cement are prepared.*e water
to binder ratio (W/B) was fixed at 0.25.

2.2. Mixtures and Specimen Preparation. Before adding
water, all the solid ingredients, including PC, FA, GGBS, SF,
and sand, are firstly mixed for 2min. *en, water and
superplasticizer are added into dry mixture and mixed for
another 2min. PVA fibers are slowly added into mortar and
mixed until all fibers are uniformly distributed. ECC mix-
tures are cast into molds and demolded after 24 h. ECC
specimens are cured for 28 days in a standard curing room
where temperature and relative humidity (RH) are 20±
0.5°C and 95± 5%, respectively, and then, the freezing and
thawing tests are conducted on ECC specimens by water-
saturated treatment. For each ECC mix, plate-shaped
specimens of 12mm× 40mm× 320mm are used to con-
duct the four-point bending test. Prism specimens of
160mm× 40mm× 40mm are prepared for compressive
strength and flexural strength, respectively.

2.3. Frost Resistance Test Procedures. A freezing and thawing
testing apparatus satisfying the ASTM C666 Procedure A
requirements was used for testing. *e specimens of
100mm× 100mm× 400mm were prepared for the tests in
the loss of mass and relative dynamic elastic modulus, and
the specimens of 12mm× 40mm× 320mm were prepared
for the tests in the toughness of ECC. All of the specimens
were subjected to 200 freezing and thawing cycles, which
included 5∼6 freezing and thawing cycles in a 24 h period.
*e specimen was removed after 28 days of maintenance in
the standard curing room; then it was submerged in tap
water for 3 days; and finally it was tested under the freeze-
thaw treatment of tap water or 3% (by mass) sodium
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chloride solution. After a certain number of freeze-thaw
cycles, the loss of mass and relative dynamic elastic modulus
were checked, and both the sodium chloride solution and tap
water were renewed; the compressive strength, flexural
strength, and toughness of ECC were obtained as well.

*e flexural strength and compressive strength for each
mix were measured according to GB/T 17671-1999. *e size
of the specimen is 40mm× 40mm× 160mm for the flexural
strength test. Averages of the three specimens for each mix
were reported as the results of flexural strength after the
three-point flexural test was conducted at a loading rate of
50N/s. Six broken samples were used to measure com-
pressive strength with a loading rate of 1.5 kN/s after the
flexural test. *e average of six samples for each mixture was
reported as the tested compressive strength.

As shown in Figure 1, the four-point bending test is
performed under displacement control at a loading rate of
1.0mm/min. *e first cracking load, the load-deflection
behavior, and toughness can be obtained from this test.

3. Results and Discussion

3.1. Relative Dynamic Elastic Modulus and Mass Loss. *e
relative dynamic elastic modulus and mass loss after

freeze-thaw cycles are carried out to evaluate the frost
resistant performance of cementitious composite materials.
Figures 2(a) and 2(b) show the change of the dynamic
modulus and mass of the sample, respectively. In Figure 2,
the dynamic elastic modulus of the control mortar decreases
by 23.4% after 75 freeze-thaw (F-T) cycles in tap water, and
decreasing by 45.73% after 100 water freeze-thaw (F-T)
cycles, indicating the interior of the sample has been
greatly damaged by freeze-thaw cycles. By comparison, the
dynamic elastic moduli of all the ECC are basically un-
changed, and their masses have slightly increased. *is can
be explained as follows: the measuring results of air contents
show that the air contents of fresh control mortar, ECC (50%
FA), ECC (70% FA), ECC (30% FA+ 40% SL), and ECC
(65% FA+ 5% SF), are 3.0%, 7.3%, 7.7%, 8.0%, and 7.5%,
respectively. *at is, the incorporation of fiber will entrap
more air bubbles in the mortar matrix, the number of pores
of ECC is higher than that of control mortar, and the pores
can relieve the stress due to the freeze-thaw cycles, im-
proving the frost resistance of ECC. Moreover, it is more
favorable for the continuous hydration of ECC in the water,
leading to the slow growth in the mass of ECC.

After 200 water F-T cycles, the dynamic elastic modulus
of ECC (50% FA) decreases by 1.79%, and its mass increases

Table 1: Physical properties and chemical compositions of raw materials.

Chemical composition (%) PC FA SL SF Physical properties PC FA SL SF
CaO 62.28 2.93 26.6 0.33 Loss on ignition (%) 1.61 3.03 0.40 —
SiO2 21.08 65.7 34.18 90.54 Average particle size (μm) — 3.4 1.7 —
Al2O3 5.47 20.63 13.8 0.77 Density (g/cm3) 3.18 2.43 2.85 —
MgO 1.73 2.25 9.15 1.68 Specific surface area (m2/kg) — 655 476 23000
Fe2O3 3.96 4.65 15.32 1.77
SO3 2.63 0.28 0.50 0.40

Table 2: Mix proportion and properties of ECC (kg/m3).

Mix number Water Cement FA GGBS SF Sand Fiber Superplasticizer
Control mortar 318 636 636 (50%) — — 462 — 6
ECC (50% FA) 318 636 636 (50%) — — 462 26 18
ECC (70% FA) 318 382 890 (70%) — — 462 26 16
ECC (30% FA+ 40% SL) 318 382 381 (30%) 509 (40%) — 462 26 15
ECC (65% FA+ 5% SF) 318 382 826 (65%) — 64 (5%) 462 26 15

(a)

10 10100 100 100

P(b)

Figure 1: (a) Four-point bending test setup for ECC. (b) Loading device schematic.
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by 0.30%; the dynamic elastic modulus of ECC (70% FA)
decreases by 7.74%, and its mass decreases by 0.50%. Ap-
parently, with the increasing FA content, the frost resistance
of ECC gets worse, which is related to the decreased strength
because of the increased additive amount of FA. However,
the dynamic elastic modulus of ECC (30% FA+ 40% SL)
increases by 0.57%, and its mass increases by 0.80%; the
dynamic elastic modulus of ECC (65% FA+ 5% SF) de-
creases by 5.74%, and its mass increases by 0.66%. It is found
that ECC (30% FA+ 40% SL) and ECC (65% FA+ 5% SF)
show better frost resistance compared with ECC (70% FA).
*is is attributed to GGBS and SF contributing to the
strength improvement of ECC (70% FA). *e detailed

discussions for the strengths of ECC can be found in Sections
3.2 and 3.3.

Figures 3(a) and 3(b) show the changes of the dynamic
elastic modulus and mass of the specimen after freezing and
thawing in sodium chloride solution, respectively. *e mass
of control mortar decreases by 5.84% after 75 freeze-thaw
(F-T) cycles, and the dynamic elastic modulus decreases by
40%. *us, the control mortar is not available. For all the
ECC with F-T cycles in sodium chloride solution, their
dynamic elastic modulus and mass developments are similar
to those with F-Tcycles in tap water. However, the damaging
effects with sodium chloride solution on the dynamic elastic
modulus andmass are more serious than that with tap water.
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Figure 2: (a) Relative dynamic elastic modulus. (b) Relative mass change versus under freeze-thaw cycles in tap water.
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Figure 3: (a) Relative dynamic elastic modulus. (b) Relative mass change under freeze-thaw cycles in sodium chloride solution.
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*is is due to the fact that when in contact with sodium
chloride solution, the chemical reactions between chloride
ions and cement hydration products create expansion
component, leading to crack formation of ECC mixtures.
Cracks in ECC mixtures allow the chloride ions to penetrate
into the interior of the structure, further accelerating the
deterioration [30, 31].

3.2.CompressiveBehaviorofECC. Figures 4(a) and 4(b) show
the compressive strength subjected to freeze-thaw (F-T)
cycles in tap water and salt solution, respectively. *e

influence of freeze-thaw (F-T) cycles on ECC and the control
mortar is obvious from Figure 4. *e decrease of compressive
strength is obvious, especially the specimen subjected to F-T
cycles in salt solution, because the specimen is damaged
severely in salt solution. *e compressive strength of control
mortar decreases by 47.3% in tap water and 76.2% in salt
solution after 100 freeze-thaw (F-T) cycles; thus the control
mortar is not available because of the serious damage after 100
freeze-thaw cycles. Additionally, after 200 F-T cycles in tap
water, the compressive strength of ECC (50% FA) decreases
by 18.0%; the compressive strength of ECC (70% FA) de-
creases by 27.2%; the compressive strength of ECC (30% FA
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Figure 4: Compressive strength under freeze-thaw cycles: (a) in tap water and (b) in sodium chloride solution.
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Figure 5: Flexural strength under freeze-thaw cycles: (a) in tap water and (b) in sodium chloride (NaCl) solution.
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+40% SL) decreases by 21.4%; and the compressive strength
of ECC (65% FA+5% SF) decreases by 27.9%. For all the ECC
with F-T cycles in salt solution, their compressive strength
developments are similar to those with F-Tcycles in tap water.
Obviously, whether in tap water or salt solution, ECC samples
show less loss of compression strength than that of control
mortar after freeze-thaw cycles.

3.3. Flexural Behavior of ECC. Figures 5(a) and 5(b) show
the flexural strengths of samples by freeze-thaw cycles in tap
water and salt solution. respectively. *e influence of freeze-
thaw (F-T) cycles on the flexural strength of ECC and the
control mortar can be clearly seen from Figure 5. *e
flexural strength of control mortar decreases by 57.1% in tap

water and 70.0% in salt solution after 100 freeze-thaw (F-T)
cycles; thus the control mortar is not available because of the
serious damage after 100 freeze-thaw cycles. Being similar to
the compressive strength, it also shows the superior flexural
strength of ECC. *e reasons are presented as follows. (1)
*e frost resistance of the ECC is far better than control
because of the PVA fiber blending, and the freeze-thaw
cycles have not severe influence on the strength of ECC.
(2) *e addition of PVA fiber greatly enhances flexural
strength of ECC because of the bridging effect of PVA fiber.

Before freeze-thaw (F-T) cycles, it can be seen from
Figure 5(a) that as the FA content further increases from 50
wt.% to 70 wt.%, the flexural strength of ECC decreases from
19.2MPa to 17.1MPa. However, the flexural strengths of
ECC (30% FA+ 40% SL) and ECC (65% FA+ 5% SF) are
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Figure 6: *e load-deflection of ECC (50% FA) subjected to different freeze-thaw cycles: (a) in tap water, (b) in sodium chloride (NaCl)
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over than that of ECC (70% FA) because of the addition of
GGBS and SF. Although the flexural strength has decreased
with increasing the number of freeze-thaw cycles, especially
the specimens subjected to F-T cycles in salt solution, ECC
(30% FA+ 40% SL) and ECC (65% FA+ 5% SF) still show
a higher flexural strength compared with ECC (70% FA).
Moreover, the flexural strength of ECC (30% FA+ 40% SL) is
higher than that of ECC (65% FA+ 5% SF) after 200 freeze-
thaw cycles in tap water and salt solution.

Compared with other’s results [32], one reason of the
relative lower compressive strength and flexural strength of
ECC after F-T cycles may be attributed to the size effects of
the ECC specimen. Smaller specimen size results in more
serious damage effects [33]. However, as a comparison of
testing results among different ECCmix, the conclusions are
still trustworthy.

3.4. Toughness Behavior of ECC. Toughness is the ability of
a material to absorb energy and plastically deform without
fracturing. For ECC mixtures, the toughness can be defined
as a resistance to fracture when stressed. Toughness can be
determined by integrating the stress-strain curve. It is the
energy of mechanical deformation per unit volume prior to
fracture. And toughness requires a balance of strength and
ductility [34]. Figures 6(a) and 6(b) show the load-deflection
curve of ECC (50% FA) by freeze-thaw cycles in tap water
and sodium chloride solution, respectively. *e corre-
sponding toughnesses are displayed in Figure 6(c).

From Figures 6(a) and 6(b), the first cracking load de-
clines and the maximum deflection increases with increasing
number of F-T cycles in tap water and sodium chloride
solution. Figure 6(a) shows the load-deflection curve of ECC
(50% FA) with different F-T cycles in tap water. Before F-T
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Figure 7: *e load-deflection of ECC (70% FA) subjected to different times of freeze-thaw cycles: (a) in tap water, (b) in sodium chloride
(NaCl) solution, and (c) the corresponding toughness with different times of freeze-thaw cycles.
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cycles, the first cracking load and deflection are 284N and
7.59mm, respectively. And the first cracking load decreases
to 192N and the maximum deflection increases to 18.50mm
after 200 F-T cycles in tap water. Obviously, F-T cycles have
a damaging effect on the strength of ECC (50% FA) but
contribute to its ductility. In addition, the first cracking load
decreases to 137N and the maximum deflection increases to
16.51mm after 200 F-Tcycles in sodium chloride solution. It
is found that the first cracking load in sodium chloride is
much lower than that in tap water, indicating the freeze-
thaw action is more important to failure of ECC (50% FA)
compared with the action of deicing salt. However, there is
only little difference between the ductility of ECC (50% FA)
in sodium chloride and tap water. From Figure 6(c), the
toughness decreases slightly and then increases with the
number of F-T cycles in sodium chloride solution, and it

increases continuously with the number of F-T cycles in tap
water. After 200 F-T cycles, the toughness in tap water is
4823.5 J which is higher than 3656.6 J of toughness in sodium
chloride solution, indicating that the F-T cycles in tap water
is beneficial to the development of toughness compared with
that in sodium chloride solution.

Figures 7(a) and 7(b) show the load-deflection curve of
ECC (70% FA) by freeze-thaw cycles in tap water and so-
dium chloride solution, respectively. *e corresponding
toughnesses are displayed in Figure 7(c). From Figures 7(a)
and 7(b), the first cracking load of ECC (70% FA) reduces
significantly compared to that of ECC (50% FA) after 200
F-T cycles. For example, the first cracking load decreases to
71N after 200 F-T cycles in sodium chloride solution. *is
first cracking load value is too lower to be used in the
practical engineering. However, the maximum deflection of
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Figure 8: *e load-deflection of ECC (30% FA+ 40% SL) subjected to different times of freeze-thaw cycle: (a) in tap water, (b) in sodium
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ECC (70% FA) shows a further increase of 3∼4mm com-
pared with that of ECC (50% FA) in tap water and sodium
chloride solution, showing an excellent ductility which has
distinct advantages in application. FA has significant con-
tribution to improve ductility of ECC, which is attributed to
the reduction in the PVA fiber/matrix interface chemical
bond and matrix toughness and the increase in the interface
frictional bond [35]. From Figure 7(c), the toughness of ECC
(70% FA) decreases continuously with the number of F-T
cycles in sodium chloride solution, and the minimum
toughness is as low as 2034.5 J. Moreover, the increase of its
toughness has quite weak growth with the number of F-T
cycles in sodium chloride solution, indicating the poor
toughness property.

In order to improve the strength and durability of ECC
with high-volume fly ash, GGBS and SF were added into

ECC (70% FA), in which GGBS and SF were used as the
ingredient of ECC-FA mixture, and the replacement levels
are 30 wt.% and 5 wt.%, by weight of total cementitious
material, respectively. For the toughness behavior of ECC
(30% FA+ 40% SL) and ECC (65% FA+ 5% SF), the details
are discussed as follows.

Figures 8(a) and 8(b) show the load-deflection curve of
ECC (30% FA+ 40% SL) by freeze-thaw cycles in tap water
and sodium chloride solution, respectively. *e corre-
sponding toughnesses are displayed in Figure 8(c). From
Figures 8(a) and 8(b), the first cracking load of ECC (30%
FA+ 40% SL) is a little higher than that of ECC (50% FA)
after 200 F-T cycles. For example, the first cracking load
increases from 137N and 71N of ECC (50% FA) and ECC
(70% FA) to 150N of ECC (30% FA+ 40% SL) after 200 F-T
cycles in sodium chloride solution. However, the maximum
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Figure 9: *e load-deflection of ECC (65% FA+ 5% SF) subjected to different times of freeze-thaw cycle: (a) in tap water, (b) in sodium
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deflection of ECC (30% FA+ 40% SL) is lower than that of
ECC (50% FA). After 200 F-T cycles in sodium chloride
solution, the maximum deflection of ECC (30% FA+40% SL)
decreases by about 24% compared to that of ECC (50% FA)
and decreases by 40% compared to that of ECC (70% FA).
Obviously, the increase in the strength of ECC (30% FA+40%
SL) by addition of GGBS is based on the sacrifice of the
ductility. Furthermore, the toughness of ECC (30% FA+40%
SL) decreases but does not show the distinct change with the
number of F-T cycles in sodium chloride solution.

Figures 9(a) and 9(b) show the load-deflection curve of
ECC (65% FA+ 5% SF) by freeze-thaw cycles in tap water
and sodium chloride solution, respectively. *e corre-
sponding toughnesses are displayed in Figure 9(c). From
Figures 9(a) and 9(b), before F-T cycles, the first cracking
load and deflection are 220N and 8.86mm, respectively. *e
first cracking load decreases to 161N and the maximum
deflection increases to 25.75mm after 200 F-T cycles in tap
water. Moreover, the first cracking load decreases to 115N
and the maximum deflection increases to 28.19mm after 200
F-T cycles in sodium chloride solution. With the increase of
the number of F-Tcycles, the first cracking load is decreased,
but the deflection value and toughness keep increasing.
Additionally, the initial crack load is stable and fluctuates
within a certain range. *e maximum deflection of ECC
(65% FA+ 5% SF) after 200 F-T cycles is 3 times over that
before F-T cycles, showing an outstanding ductility.
Moreover, taking sodium chloride solution, for example, the
first cracking load increases from 71N of ECC (70% FA) to
115N of ECC (65% FA+ 5% SF) after 200 F-Tcycles, and the
growth rate increases to 38.3%. In addition, the toughness of
ECC (65% FA+ 5% SF) increases continuously with the
number of F-Tcycles in both tap water and sodium chloride
solution. *is is very beneficial to its application perfor-
mance. *erefore, it is not difficult to draw the conclusion
that ECC (65% FA+ 5% SF) has a good frost resistance with
better strength and durability, which is a promising ECC
mixture if the toughness of material is the most important
design parameter.

4. Conclusions

*e following conclusions have been highlighted from the
study:

(1) *emaximumdeflection increasesmarkedly when the
FA content increases from 50 wt.% to 70 wt.% in the
ECC mixtures, but the compressive strength and the
first cracking load have been a sharp decline. However,
GGBS and SF distinctly improve the mechanical
properties of ECC with fly ash. For instance, the
compressive strength, flexural strength, and first
cracking load of ECC (30% FA+40% SL) are higher
than those of ECC (50% FA). Remarkably, the
abovementioned mechanical properties of ECC (65%
FA+5% SF) are similar to those of ECC (70% FA).

(2) *e results for the losses of compressive strength,
flexural strength, relative dynamic elastic modulus,
and mass in the control mortar demonstrate that the

control mortar cannot withstand the actions of 100
freeze-thaw cycles. By contrast, the four ECC mixes
show a better frost resistance than control mortar.
During the process of freeze-thaw, the damaging ef-
fects of sodium chloride solution on ECC and control
mortar are more obvious than that of tap water.

(3) Based on the relative dynamic elastic modulus, mass
loss, and change of toughness under the freeze-thaw
cycles, ECC (30% FA+ 40% SL) shows better frost
resistance compared to ECC (50% FA) and ECC
(70% FA), whereas the frost resistance of ECC (65%
FA+ 5% SF) is stronger than that of ECC (70% FA).
After 200 F-T cycles, the maximum deflection of
ECC (70% FA) is 3 times over that before F-T cycles,
showing an excellent ductility.

Furthermore, how to improve the frost resistance of ECC
in a service environment with a deicing salt should be an
important research task in the near future.
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+e chloride diffusion coefficient is the most important parameter when predicting chloride ingress in concrete. +is paper
proposed a model for calculating the chloride diffusion coefficient of steel fiber reinforced concrete (SFRC). Considering the
concrete structures in service are usually subjected to external loads, the effect of bending load was discussed and expressed with
a stress factor ks in the model. +e chloride diffusion coefficient of cement paste was calculated with capillary porosity and then
used to predict the chloride diffusion coefficient of SFRC. Some factors in the model were determined with experimental results.
Chloride bulk diffusion tests were performed on SFRC and plain concrete (without fiber) specimens under bending load. SFRC
showed slightly better chloride resistance for unstressed specimens. +e compressive stress decreased the chloride diffusion
coefficient of SFRC, while it caused no change in plain concrete. For the tensile zone, the chloride resistance of concrete was
improved significantly by adding steel fibers. Overall, SFRC performed better chloride resistance, especially under bending load.
+e proposed model provides a simple approach for calculating the chloride diffusion coefficient of SFRC under bending load.

1. Introduction

Chloride-induced rebar corrosion is one of the major forms
of environmental attack to reinforced concrete, which may
lead to reduction in the strength, serviceability, and esthetics
of the concrete structures [1, 2]. Moreover, cracks caused by
mechanical loads reduce the chloride resistance of concrete
and speed up the initiation of steel corrosion in concrete,
which frequently occurs in field applications [3]. +e ad-
dition of steel fibers significantly improves the resistance of
concrete to crack initiation and propagation [4]. It is also
generally accepted that steel fiber reinforced concrete (SFRC)
has better durability than plain concrete [5]. However, the
effect of steel fibers on chloride transport has not been fully
understood yet.

Some work has been carried out over the past few de-
cades to investigate the chloride transport property of SFRC
[6, 7]. Mangat and Gurusamy [3] found that steel fibers had
an insignificant effect on chloride transport. Roque et al. [5]

observed that SFRC exhibited lower rates of chloride dif-
fusion compared with plain concrete, although the reduction
was generally small. On the contrary, El-Dieb [8] observed
that an increasing fibers’ volume fraction leads to a slightly
higher chloride diffusion coefficient. Considering the dis-
agreements in the observed results, the chloride transport
property of SFRC needs to be further studied and the effects
of steel fibers need to be discussed. Besides, limited work has
been performed on chloride transport property of SFRC
under bending load. +e study on prediction of chloride
ingress in SFRC under load is also scarce.

+e chloride diffusion coefficient is the most important
parameter when predicting the chloride ingress in concrete.
+e intention of this paper is to present amodel for predicting
the chloride diffusion coefficient of SFRC under bending load.
Besides, the effect of steel fibers on the chloride transport in
concrete was investigated with bulk diffusion tests. +e
chloride diffusion coefficients of SFRC under compression
and tension were determined and discussed.
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2. Chloride Diffusion Theory

2.1. Fick’s Second Law. +emechanism of chloride transport
into concrete structures is a rather complicated process [9].
For simplicity’s sake, all kinds of chloride transport
mechanisms in concrete are generally regarded as “apparent
diffusion.” By assuming that the chloride diffusion co-
efficient is constant, the well-known analytical solution of
Fick’s second law of diffusion is

C(x, t) � Cs 1− erf
x

2
���
Dt

√ , (1)

where C(x, t) is chloride concentration at depth x and
immersion time t, Cs is chloride concentration at the surface,
x is depth, t is immersion time, and D is chloride diffusion
coefficient.

2.2. Time-Dependent Chloride Diffusion Coefficient. +e
chloride diffusion coefficient of concrete is not constant but
decreases over time due to the continuous hydration [10–12].
Tang and Nilsson [13, 14] proposed the mathematical expres-
sion for a time-dependent chloride diffusion coefficient based
on Crank’s mathematics of diffusion [14]:

D(t) � a · t
−n

, (2)

where D(t) is the time-dependent diffusion coefficient, t is
the concrete age, and a and n are constants, with n normally
being referred to as the age factor. With a pair of known
diffusion coefficient and age, represented by D0 and t0, (2)
can be rewritten as

D(t) � D0 · t
n
0 · t
−n

� D0 ·
t

t0
 

−n

. (3)

+e analytical solution of Fick’s second law can only be
derived under the assumption that the chloride diffusion
coefficient is constant. +erefore, mathematical treatment
needs to be done to the time-dependent chloride diffusion
coefficient to get an average coefficient, which is defined as
apparent chloride diffusion coefficient Da as given in the
below equation:

Da �

 D(t) dt

t
�

D0

(1− n)
· 1 +

ts
td

 

1−n

−
ts
td

 

1−n
⎡⎣ ⎤⎦ ·

t0
td

 

n

,

(4)

where ts and td are the age when concrete starts to be ex-
posed to chlorides and exposure duration, respectively.

Strictly speaking, the apparent diffusion coefficient Da
instead of D(t) can be used in the analytical solution of
Fick’s second law and (1) can be rewritten as

C(x, t) � Cs 1− erf
x

2
���
Dat

 . (5)

If the age factor n is determined, the apparent chloride
diffusion coefficient can be calculated with a pair of D0 and
t0. Consequently, the chloride distribution in concrete after
certain immersion time can be predicted with (5).

2.3. Modeling Chloride Diffusion Coefficient D0. SFRC con-
sists of cement paste, aggregate, and steel fibers. Compared with
cement paste, the aggregate and steel fibers can be considered
as impermeable. +e chloride diffusion coefficient of SFRC at
time t0 can be expressed as

D0 � D
p
0 · 1− Va + Vf(   · km · ks, (6)

where D
p
0 is the chloride diffusion coefficient of cement paste

at time t0, Va and Vf are the volume fractions of aggregate
and steel fibers in SFRC, respectively. Va and Vf can easily be
obtained with the mix proportions of SFRC. km is a cor-
rection factor reflecting the effects of aggregate and steel
fibers on chloride transport in SFRC. ks is the stress factor (ks
is 1 for concrete under no stress).

+e presence of aggregate and steel fibers leads to for-
mation of interfacial transition zone (ITZ) between the paste
and the aggregate/fibers in SFRC. Due to its higher porosity
and bigger pore size, ITZ has much higher diffusivity than
paste. As a result, the presence of ITZ increases the rate of
chloride transport in concrete. On the other hand, the
presence of aggregate increases the tortuosity of chloride’s
transport path in concrete and consequently decreases the
chloride diffusivity. Moreover, steel fibers can restrain the
crack initiation and propagation, and the high relative
surface area of fibers can adsorb some chlorides and retard
the chloride ingress. It requires a lot of work to study these
effects of aggregate and fibers on chloride transport in SFRC.
For simplicity, in this study, the factor km was introduced to
describe the influences of aggregate and steel fibers on
chloride transport in SFRC.

Cracks caused by mechanical loads create easy path for
chloride transport and speed up the chloride ingress in
concrete, which frequently occurs in field applications
[15, 16]. +erefore, to consider the effects of stress on
chloride diffusion coefficient of SFRC, a stress factor ks was
introduced in (6). ks is dependent on the property of
concrete and the stress conditions. +e values of km and ks
were determined with the test results.

+ere are several models predicting the chloride diffu-
sion coefficient of cement paste [17–20]. +e model pro-
posed by Garboczi and Bentz [17] is adopted in this study
and shown in the below equation:

D
p
0

DCl
� 0.001 + 0.07ϕ2 + H(ϕ− 0.18) × 1.8 ×(ϕ− 0.18)

2
,

(7)

where DCl is the diffusion coefficient of chloride in bulk
water (DCl is 2.03×10−9m2/s at 25°C), ϕ is the capillary
porosity of cement paste at time t0; H is the Heaviside
function such that H(x) � 1 for x> 0 and H(x) � 0 for
x≤ 0. +e relationship is suitable for cement paste with
a capillary porosity range of 0<ϕ< 0.6.

Sun [21] performed mercury intrusion porosimetry
(MIP) test on the paste specimen with the same mix pro-
portions and the same materials as the paste of concrete in
this study. +e MIP test was performed at the age of 60 days.
+e capillary porosity ϕ was 17.45%. Substituting the value
of ϕ in (7), the chloride diffusion coefficient D

p
0 of cement
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paste at time t0 (t0 � 60d) was calculated to be 6.36×10−12m2/s.
If the factors km and ks are determined, the chloride diffusion
coefficient D0 at time t0 can be predicted with (6), and the
apparent chloride diffusion coefficient Da can be calculated
with (4), consequently.

3. Experimental Program

3.1.Materials andMixtureProportions. Mixture proportions
of the concrete used in this study are given in Table 1. C50
was plain concrete without fiber. C50-1 and C50-1.5 were
concrete with steel fibers of 1% and 1.5% in volume fraction,
respectively. +e materials used in this study were P.II52.5R
Portland cement; Class I fly ash (FA); natural sand with
a maximum grain size of 4.75mm and a density of
2650 kg/m3; gravel with size ranging from 5 to 20mm and
a density of 2700 kg/m3; water; and hooked steel fibers with
a diameter of 0.65mm and a length of 35mm.

+e mixture was cast into 500mm× 130mm× 100mm
molds. After 24 hours curing in molds, the specimens were
demolded and cured in standard condition (20°C,
RH> 95%) till the age of 90 days.

3.2. Bulk Diffusion Test. Chloride bulk diffusion tests were
performed on specimens according to NT Build 443 [22]. For
the specimens under load, bending stress was applied through
loading device (Figure 1) during the diffusion test. Due to the
varying flexural strengths of concretes, it is widely adopted that
the stress level (ratio of the applied stress to the ultimate
strength), instead of bending load, is set to be identical when
studying the effect of stress on chloride resistance of concrete.
Stress level is defined as the ratio of applied stress to the ultimate
strength.+e studied bending loadwas set at a stress level of 0.5,
and the detailed information about the bending load is given in
Table 2. +e specimens were submerged in a 3.5% sodium
chloride (NaCl) solution from the age of 90 days.

After 60 days, 90 days, and 150 days immersion, respec-
tively, specimens were taken out to determine the water-soluble

chloride contents, namely, free chloride in concrete according
to JTJ 270-98 [23]. By using the least squares nonlinear re-
gression, the measured chloride profiles were fitted to (5), and
the apparent chloride diffusion coefficients were determined.

4. Results and Discussion

4.1. Apparent Chloride Diffusion Coefficients Da. Based on
(5), the apparent chloride diffusion coefficient Da was found
by iteration. Results of Da for different immersion times are
shown in Figure 2. As discussed above, the apparent chloride
diffusion coefficients of both plain concrete and SFRC were
not constant but decreased over time, no matter what the
stress condition was.

For unstressed concrete, there was a slight decreasing
tendency in diffusion coefficients with the increase of steel
fiber fraction. Roque et al. [5] observed a similar phenomenon
in their study as well. +is maybe because the steel fiber could
restrain the shrinkage of concrete and hence reduced the
quantity and width of the microcracks. Moreover, the steel
fibers provided more surface area in concrete to absorb
chlorides and retarded the transport process of chloride.
However, the using of steel fibers induced more interfacial
transition zone which could promote the chloride transport to
a certain extent. +e apparent change in Da caused by adding
steel fibers is dependent on the composition, microstructure,
and properties of concrete. Overall, the adding of steel fibers
to C50 concrete in this study improved the chloride resistance
slightly. It should be pointed out that it is also possible that the
using of steel fibers would increase the chloride diffusion
coefficient for a different concrete.

Table 1: Mixture proportions.

Cement (kg/m3) FA (kg/m3) Sand (kg/m3) Gravel (kg/m3) Water (kg/m3) w/b∗ ratio Vf (%) Va + Vf

C50 315 135 663 1179 158 0.35 — 0.687
C50-1 370 158 779 917 185 0.35 1 0.644
C50-1.5 379 163 799 834 189 0.35 1.5 0.625
∗w/b: water/binder.

1/2F
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1/2F

1/2F

130185 185

39055
500
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55
100

130
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Figure 1: Loading device for the chloride bulk diffusion test.

Table 2: Flexural strength and bending load (at a stress level of 0.5)
at 90 days.

C50 C50-1 C50-1.5
Flexural strength (MPa) 5.87 8.69 9.16
Bending load in bulk diffusion tests (kN) 13.7 18.9 19.8
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+e effects of stress onDa varied with different concretes.
For plain concrete C50, the tensile stress had a remarkable
influence on chloride transport as expected. +e apparent
chloride diffusion coefficient of C50 under tension was about
50% higher than that under no stress. Interestingly, the
compressive stress seemed to almost have no effect on
chloride transport in C50.

On the other hand, due to the superior resistance of steel
fibers to crack initiation and propagation, the apparent
chloride diffusion coefficient Da of C50-1 and C50-1.5 under
tension was only a little higher compared with the unstressed
ones. And C50-1.5 presented better chloride resistance than
C50-1.Da of C50-1.5 under tension after 150-day immersion
was 62% of that for C50 concrete under the same condition.
+is means the use of steel fibers can enhance the durability
of concrete structures exposed to chloride environments and
prolong the service life of structures greatly.

When the SFRC specimens were under compression, Da
was a little lower than the unstressed ones, which was different
from the plain concrete C50. At low levels of compressive
stress (up to 30% of ultimate strength), cracks are restricted to
the aggregate-paste interface [24], and this results in very little
increase in permeability, if any. +ere is another opposite
effect caused by compressive stress, which is consolidation or
closing of pore and microcracks, resulting in a decrease in
chloride diffusion coefficient. Normally, the pore compaction
effect plays a dominant role at low stress levels and leads to a
reduction in chloride diffusion coefficient. When the com-
pressive stress increases, the cracks start to propagate and
getting wider. +e reduction in Da due to pore compaction
can be counteracted by the growing cracks. When the stress is
beyond some critical level, Da would increase rapidly with the
rising of stress level. +e sensitivities of concretes to com-
pressive stress level vary with different concretes. +is may
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Under tension
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Figure 2: Results of best-fit apparent chloride diffusion coefficients. Immersion time: (a) 60 d, (b) 90 d, and (c) 150 d.
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explain why the plain concrete and SFRC responded differ-
ently to the same compressive stress level.

4.2. Chloride Diffusion Coefficient D0 at Age of t0. +e age
factor n is an important parameter for determining the time
dependent chloride diffusion coefficient. Both water/cement
ratio and admixtures have important impacts on n [25].
Markeset and Skjølsvold [26] recommended that the age
factor of concrete with more than 20% FA was 0.60 in fib
Model Code for Service Life Design. DuraCrete [27] sug-
gested an age factor of 0.69 for concrete containing FA in
a submerged environment. Considering the concrete in this
study which contained 30% FA, a value of 0.69 recom-
mended by DuraCrete was adopted. Further research is still
needed for the determination of n in the future.

Given t0 � 60 d, the chloride diffusion coefficient D0 is
defined as the chloride diffusion coefficient of concrete at the
age of 60 days. With three pairs of Da and td (immersion
time), three values of D0 could be obtained with (4) and an
averaged value was determined as D0 (Table 3). +e ten-
dency of D0 was consistent with Da. In other words, D0 of
SFRC under no stress was slightly lower than plain concrete.
For stressed specimens, D0 of SFRC was much lower
compared with plain concrete, especially under tensile stress.

4.3. Factors km and ks. +e stress factor ks was determined as
the ratio of D0 under stress to D0 without stress. For concrete
under no stress, ks � 1 and (6) becomes

D0 � D
p
0 · 1− Va + Vf(   · km. (8)

+e total volume fraction of aggregate and steel fibers
was calculated with themix proportions and is given in Table 1.
With known D0 and D

p
0 for concrete under no stress, the

values of km were calculated with (8). +e results of km and
ks are shown in Table 4.

As seen in Table 4, km decreased as the volume fraction
of steel fibers increased. +is indicated that the addition of
steel fibers had positive effect on retarding the chloride
ingress in concrete. ks varies with the stress type and stress
level. Actually, both km and ks depend on the composi-
tion and properties of concrete. It requires more data to
establish a relationship between km (or ks) and some
information/properties (e.g., fiber dosage and porosity .) of
concrete.+erefore, the next step is to obtain more data about
the chloride transport property of SFRC and build equations
for determining km and ks. After that, the chloride diffusion
coefficient D0 at time t0 can be calculated with (6), and the

apparent chloride diffusion coefficient Da can be obtained
with (4), consequently. Finally, the chloride ingress in SFRC
can be evaluated with Fick’s second law and its solution (5).

5. Conclusions

+is paper proposed a model for calculating the chloride
diffusion coefficient of SFRC under bending load. +e
chloride bulk diffusion tests were performed on SFRC and
plain concrete specimens to investigate the chloride re-
sistance of SFRC under load and determine some factors in
the model. +e results obtained are summarized below.

(1) +e chloride resistance of unstressed SFRC was slightly
better compared with unstressed plain concrete. For
concrete under bending load at a stress level of 0.5, the
apparent chloride diffusion coefficient of SFRC in the
tensile zone was about 40% lower than that of plain
concrete. +e compressive stress seemed to have no
apparent effect on the chloride transport in plain con-
crete. On the other hand, the chloride transport in SFRC
was a little retarded by compressive stress. Overall, the
addition of steel fibers could improve the chloride re-
sistance of concrete and consequently prolong the ser-
vice life of reinforced concrete in chloride environment.

(2) +e chloride diffusion coefficient D
p
0 of cement paste

was calculated with capillary porosity. It was then
used to predict the chloride diffusion coefficient D0
of SFRC at time t0. +e effect of bending load was
investigated by introducing a stress factor ks.

(3) Considering the time dependence of chloride dif-
fusion coefficient, it is apparent that chloride dif-
fusion coefficient Da was used when predicting the
chloride ingress in concrete. Da can be calculated
with a pair of chloride diffusion coefficient D0 and
time t0. Consequently, the chloride distribution in
concrete at any time can be predicted with Da.
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Table 3: Results of chloride diffusion coefficient D0 (×10−12m2/s) (t0 � 60 d).

Immersion time
(days)

C50 C50-1 C50-1.5
No
stress

Under
tension

Under
compression

No
stress

Under
tension

Under
compression

No
stress

Under
tension

Under
compression

60 3.47 5.29 3.57 3.36 3.57 2.98 3.14 3.44 2.80
90 3.51 5.25 3.44 3.30 3.78 3.01 3.10 3.18 2.77
150 3.48 5.21 3.58 3.44 3.69 2.67 3.02 3.23 2.04
Average of D0 3.49 5.25 3.53 3.37 3.68 2.89 3.08 3.28 2.54

Table 4: Results of km and ks.

km
ks (bending load, stress level: 0.5)

No stress Under tension Under compression
C50 1.75 1 1.50 1.01
C50-1 1.49 1 1.09 0.86
C50-1.5 1.29 1 1.06 0.82
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steel bars embedded in fibre reinforced concrete under
chloride attack: state of the art,” Cement and Concrete Re-
search, vol. 80, pp. 69–85, 2015.

[7] C. P. Gu, G. Ye, and W. Sun, “A review of the chloride
transport properties of cracked concrete: experiments and
simulations,” Journal of Zhejiang University-SCIENCE A,
vol. 16, no. 2, pp. 81–92, 2015.

[8] A. S. El-Dieb, “Mechanical, durability and microstructural
characteristics of ultra-high-strength self-compacting con-
crete incorporating steel fibers,”Materials and Design, vol. 30,
no. 10, pp. 4286–4292, 2009.

[9] R. D. Hooton and P. F. McGrath, “Issues related to recent de-
velopments in service life specifications for concrete structures,”
in Proceedings of the 1st RILEM Workshop on Chloride Pene-
tration into Concrete, pp. 388–397, Saint Rémy-les Chevreuse,
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/is paper describes an experimental study on the mechanical properties of high-strength fiber-reinforced concrete (HSFRC)./e
experimental parameters included the content and length of the steel fiber as well as the use of either a single-type fiber or hybrid
steel fibers./e steel fiber contents were 1.0, 1.5, and 2.0% based on the volume of HSFRC, and the steel fiber lengths were 13, 16.5,
and 19.5mm. In addition, hybrid steel fibers incorporating steel fibers of different lengths were used. Compression tests and crack
mouth opening displacement tests were performed for each HSFRC mixture with different experimental parameters. /e
mechanical properties of the HSFRC, such as compressive strength, elastic modulus, and tensile strength, increased with the steel
fiber content. /e mechanical property results of the HSFRC mixture using a single fiber length of 13mm were greater than the
results of the other mixtures. /e compressive strength, elastic modulus, and tensile strength of the HSFRC mixture with hybrid
steel fibers were similar to those of the mixtures with a single length of steel fiber. Additionally, based on the test results of the
material properties, equations for predicting the elastic modulus and tensile strength of the HSFRC were suggested; the pre-
dictions using the proposed formula closely agreed with the experimental results.

1. Introduction

High-strength fiber-reinforced concrete (HSFRC) has an
improved particle size distribution due to the constituent
materials, and the microstructural porosity of HSFRC is
minimized by using fillers with fine aggregates. In addition,
steel fibers are contained within the HSFRC. /erefore, the
HSFRC characteristics, including compressive behavior,
tensile behavior, and durability, are superior to those of
conventional concrete [1, 2].

/e results of previous studies have shown that the
compressive strength of HSFRC is between 130 and 200MPa.
/e amount and type of steel fiber used in the HSFRC affect
its mechanical properties, with an elastic modulus between 45
and 55GPa and a tensile strength between 10 and 20MPa
[3, 4]. Hassan et al. [5] carried out experiments to investigate
the material properties of HSFRC by incorporating steel fiber

contents of 0, 1.0, and 2.0%; the compressive strength, elastic
modulus, and tensile strength increased as the steel fiber
content and fiber-reinforcing index increased. /us, HSFRC
has a high compressive strength and elastic modulus, and it
can compensate for the disadvantages of normal-strength
concrete by increasing the tensile strength and improving
the flexural toughness.

Most of the studies on HSFRC have been carried out
with a single type of fiber. However, in recent years, the
mechanical characteristics of steel fiber-reinforced concrete
with hybrid steel fibers, which incorporate two different
types of fiber or different lengths of steel fiber, were in-
vestigated [6–8]. Chan and Chu [9] studied the material
properties of hybrid fiber-reinforced concrete using carbon
fiber, polypropylene (PP) fiber, and steel fiber./ree types of
hybrid fibers were tested: 0.2% carbon fiber and 0.3% steel
fiber; 0.2% carbon fiber and 0.3% PP fiber; and 0.2% steel
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fiber and 0.3% PP fiber. Although low fiber contents were
used in these hybrid fibers, the use of hybrid fibers improved
the strength and toughness of the concrete. In the Chan
and Chu [9] study, the flexural strength and toughness of
the specimen with the hybrid fiber containing carbon
and steel fibers were greater than those of the other two
hybrid fibers. Banthia and Tasdemir [10] studied the char-
acteristics of concrete reinforced by steel fiber with
a crimp shape, diameters of 0.40, 0.45, and 0.80mm and
a length of 30mm. /ey evaluated the toughness of steel
fiber-reinforced concrete with a single steel fiber and with
two different types of hybrid steel fibers. /e flexural
toughness of the steel fiber-reinforced concrete fabricated
with a hybrid steel fiber was less than that of steel fiber-
reinforced concrete fabricated with a single small-diameter
steel fiber. As the diameter of the steel fiber increased, the
dispersion of the fiber in the concrete decreased, and the
flexural toughness of the macrocrack decreased.

In addition, Akcay and Tasdemir [11] analysed the
characteristics of steel fiber-reinforced concrete using dif-
ferent lengths of steel fiber. /ey conducted experimental
studies using 0.75 and 1.5% steel fiber contents by volume.
/e use of a long fiber resulted in an increase in the flexural
toughness of the steel fiber-reinforced concrete but did not
affect its flexural strength because the degree of dispersion of
the fibers decreased due to the geometric shape of the long
fibers, which affected the workability. /e results of the
previous studies on concrete with hybrid steel fibers did not
explicitly determine whether the use of hybrid steel fiber in
fiber-reinforced concrete effectively improves the mechan-
ical properties of HSFRC. /erefore, further studies on the
effect of steel fiber characteristics, such as the type and
length, on the mechanical properties of HSFRC concrete are
needed.

Here, an experimental study on the mechanical prop-
erties of HSFRC was carried out using steel fibers with
lengths of 13, 16.5, and 19.5mm. Additionally, the effects of
different fiber types including single and hybrid steel fibers
as well as the contents on the HSFRC were evaluated.

2. Mix Proportions

Table 1 shows the mix proportions of HSFRC used in this
study. /e cement used in the mixture was ordinary Port-
land cement (OPC). In addition to OPC, zirconium, silica

fume, and blast-furnace slag were used as binders. Unlike
conventional concrete, HSFRC does not contain coarse
aggregate but includes filler. /e fine aggregate has a di-
ameter of 0.5mm or less, and the average diameter of the
filler is 4 μm./e filler contains more than 96% SiO2, and the
density of the filler is 2.60 g/cm3. /e water-binder ratio
(w/b) is between 0.16 and 0.22. A polycarboxylic acid-based
high-performance water-reducing agent with a density of
1.01 g/cm3 was used to ensure the workability due to a low
water-binder ratio.

HSFRC also includes steel fiber. /e contents, type, and
lengths of the fiber are different in each mixture. /e steel
fibers were 1.0, 1.5, and 2.0% based on the volume of the
mixture; in Table 1, F10, F15, and F20 represent the per-
centages of steel fiber content, respectively. /e HSFRC in
this study is divided into two categories. One category of
HSFRC uses a single type of fiber, and the other category of
HSFRC uses a hybrid fiber. Hybrid fiber consists of steel
fibers of two lengths. /e density of the steel fiber is
7,500 kg/cm3, and the tensile strength is 2,500MPa. Straight
steel fibers with a diameter of 0.2mm and lengths of 13, 16.5,
and 19.5mm were used in this study, as shown in Figure 1.
In Table 1, S and H denote a single steel fiber and a hybrid
steel fiber, respectively. Additionally, L130 and L195 denote
steel fiber lengths of 13 and 19.5mm, respectively.

3. Compressive Strength and Elastic Modulus

A cylindrical specimen with a diameter of 100mm and
a height of 200mm was fabricated from each mixture. /e
specimens were wet cured for the first day after casting, and
then, steam curing was carried out at 90± 5°C for 72 hours.
After the samples were steam cured, wet curing was carried
out for 28 days after specimen fabrication.

/ree linear displacement transducers (LVDTs) were
installed around the cylindrical specimen, with a distance of
100mm between the attachment points. /e displacement
was measured during loading, as shown in Figure 2. /e
compressive stress-strain curves and elastic modulus of the
HSFRC were calculated by using the load-displacement
relation measured from the compressive strength test. /e
stress-strain relationship of the HSFRC was nearly linear
until the maximum strain stage was reached. Graybeal [12]
determined the elastic modulus by using the compressive
stress, corresponding to 10% and 30% of the ultimate

Table 1: Mix proportions of the HSFRC.

Mixture W/B W OPC Zr SF BFS FA F
Steel fiber

Fiber content by volume (Vf ) (%) Diameter (Df ) (mm)
F10-S-L130 0.16 157 770 — 193 — 848 231 1.0�1.0 (13.0mm) 0.2
F10-S-L195 0.22 209 770 58 — 135 847 231 1.0�1.0 (19.5mm) 0.2
F10-H 0.16 157 770 — 193 — 848 231 1.0� 0.5 (16.5mm)+ 0.5 (19.5mm) 0.2
F15-S-L130 0.16 157 770 — 193 — 848 231 1.5�1.5 (13mm) 0.2
F15-H(BFS) 0.18 180 788 99 — 99 867 236 1.5� 0.5 (16.5mm)+ 1.0 (19.5mm) 0.2
F15-H 0.18 178 783 196 — — 862 235 1.5� 0.5 (16.5mm)+ 1.0 (19.5mm) 0.2
F20-S-L130 0.16 157 770 — 193 — 848 232 2.0� 2.0 (13mm) 0.2
F20-H 0.16 157 770 — 193 — 848 232 2.0�1.0 (16.5mm)+ 1.0 (19.5mm) 0.2
Note. OPC: ordinary Portland cement; Zr: zirconium; SF: silica fume; BFS: blast-furnace slag; FA: fine aggregate; F: filler; and W: water.

2 Advances in Civil Engineering



compressive strength. In this study, the elastic modulus was
calculated by applying Graybeal’s method.

/e mean compressive strength and elastic modulus of
the F10-S-L130, F10-S-L195, and F10-H mixtures are shown
in Table 2. /e mean compressive strength of the 13
specimens of the F10-S-L130 mixture was 173.0MPa and
that of the 23 specimens of the F10-S-L195 mixture was
133.7MPa; the mean elastic modulus values of these
mixtures were 44,145, and 40,147MPa, respectively. /e
F10-S-L130 and F10-S-L195 mixtures contained the same
percentages of steel fibers (1.0%) but different water-binder
ratios and fiber lengths. /e lengths of the steel fibers of the
two mixtures were 13mm and 19.5mm, respectively, and
the water-binder ratios of the two mixtures were 0.16 and
0.22, respectively. /e compressive strength and elastic
modulus of the F10-S-L195 mixture were smaller than those
of the F10-S-L130 mixture. Because the high water-binder
ratio of the concrete can reduce the compressive strength
and elastic modulus, the different water-binder ratios may be
the reason for the reductions in the compressive strength
and elastic modulus. In addition, the dispersion of steel

fibers might affect the compressive strength and elastic
modulus of the HSFRC. /e decreases in the compressive
strength and elastic modulus could result from the decrease
in the dispersion of the steel fibers in the HSFRC due to the
use of longer steel fibers. /e results of Yoo et al. [13] in-
dicated that the use of longer fibers resulted in a decrease in
their dispersion, and the experimental results of this study
are similar. In addition, blast-furnace slag binders are rel-
atively disadvantageous for short-term strength develop-
ment but advantageous for long-term strength development
[14]. /e containment of blast-furnace slag in the F10-S-
L195 mixture adversely affected the compressive strength
and elastic modulus at 28 days.

In contrast, the mean compressive strength of the F10-S-
L130 and F10-H mixtures was 173.0 and 174.0MPa, re-
spectively, and the mean elastic modulus of each mixture
was 44,145 and 43,550MPa, respectively. /e compressive
strength and the elastic modulus of the two mixtures did not
show any significant differences. /e two mixtures had the
same water-binder ratio of 0.16, meaning that they had the
same concrete mixing proportions but different fiber lengths
with the same fiber content of 1.0%. /is indicates that the
use of hybrid steel fibers (16.5 and 19.5mm) and short fibers
(13mm) in the HSFRC had approximately the same effect on
the compressive strength and elastic modulus of the HSFRC.

/e mean compressive strength and elastic modulus of
the F15-S-L130, F15-H(BFS), and F15-H mixtures are
shown in Table 3. Compressive strength tests were con-
ducted on 16 specimens of the F15-S-L130 mixture, 9
specimens of the F15-H(BFS) mixture, and 18 specimens of
the F15-H mixture. /e mean compressive strength of each
mixture was 188.5, 148.8, and 181.2MPa, respectively. /e
elastic modulus values for the F15-SL130 and F15-H(BFS)
mixtures were 45,996 and 43,217MPa, respectively. /e
elastic modulus of the F15-H mixture was not measured due
to an equipment problem related to the LVDTs.

(a) (b) (c)

Figure 1: Steel fiber used in this study. (a) lf � 13mm. (b) lf � 16.5mm. (c) lf � 19.5mm.

Figure 2: Compressive strength test.
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/e F15-S-L130 mixture contained 1.5% of steel fibers
with a length of only 13mm, and the F15-H mixture con-
tained hybrid steel fibers with lengths of 16.5 and 19.5mm.
/e compressive strength of the F15-S-L130 mixture with
short fibers was not significantly different from that of the
F15-H mixture with hybrid steel fibers, indicating that the
compressive strength of the HSFRC including hybrid steel
fibers with lengths of 16.5 and 19.5mm and the HSFRC
containing a single type of steel fiber with a length of only
13mm was approximately equal. /ese characteristics are
also similar to the compressive strength characteristics of the
F10 series mixtures containing 1.0% of steel fibers, as pre-
viously explained.

/e F15-H(BFS) mixture contained 1.5% hybrid steel
fibers with lengths of 16.5 and 19.5mm and the blast-furnace
slag. /e compressive strength of the F15-H(BFS) mixture
was less than that of the F15-H mixture, indicating that the
incorporation of blast-furnace slag adversely affected the
strength of the HSFRC.

/e mean compressive strength and elastic modulus of
the F20-S-L130 and F20-H mixtures are shown in Table 4.

/e mean values of the compressive strength of the F20-S-
L130 (39 specimens) and F20-H (21 specimens) mixtures
was 180.7 and 181.9MPa, respectively, and the mean values
of the elastic modulus of each mixture were 47,016 and
44,267MPa, respectively. /e two mixtures had the same
water-binder ratio and the same steel fiber content based on
the volume of concrete but different steel fiber lengths. /e
F20-S-L130 mixture contained 2% steel fiber volume with
a length of only 13mm, and the F20-H mixture contained
1.0% steel fiber volume with a length of 16.5mm as well as
1.0% steel fiber volume with a length of 19.5mm. /e
compressive strength of the F20-S-L130 mixture with
a single type of short fiber was almost the same as that of the
F20-H mixture with hybrid steel fibers, indicating that the
use of hybrid steel fibers in theHSFRC did not adversely affect
the HSFRC compressive strength. /ese characteristics are
also similar to the compressive strength characteristics of the
F10 series mixtures containing 1.0% steel fibers, as previously
explained. In contrast, the mean of the elastic modulus of the
HSFRC with the hybrid steel fibers was reduced by 5.8%
compared with the mixture with a single type of steel fiber.

Table 3: Test results of the compressive strength and elastic modulus (Vf � 1.5%).

Mixture Batch Number of specimens Fiber content Vf (%) Compressive strength
(fc,mean) (MPa)

Elastic modulus
(Ec,mean) (MPa)

F15-S-L130

1 4 1.5 188.2 45,930
2 4 1.5 183.6 45,849
3 4 1.5 193.0 46,924
4 4 1.5 189.2 45,281

Mean 188.5 45,996

F15-H(BFS)
1 4 1.5 169.2 48,334
2 5 1.5 132.5 39,123

Mean 148.8 43,217

F15-H

1 3 1.5 182.9 —
2 3 1.5 179.9 —
3 3 1.5 181.9 —
4 3 1.5 177.8 —
5 3 1.5 178.6 —
6 3 1.5 186.1 —

Mean 181.2 —

Table 2: Test results of the compressive strength and elastic modulus (Vf � 1.0%).

Mixture Batch Number of
specimens

Fiber content
Vf (%)

Compressive strength
(fc,mean) (MPa)

Elastic modulus
(Ec,mean) (MPa)

F10-S-L130

1 4 1.0 174.6 43,551
2 3 1.0 181.3 45,561
3 2 1.0 168.9 43,396
4 4 1.0 167.2 44,051

Mean 173.0 44,145

F10-S-L195

1 5 1.0 121.6 41,469
2 5 1.0 138.5 39,936
3 4 1.0 137.1 39,192
4 4 1.0 134.6 39,081
5 5 1.0 137.4 40,652

Mean 133.7 40,147

F10-H 1 5 1.0 174.0 43,550
Mean 174.0 43,550
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/erefore, the mean compressive strength of the HSFRC
with the hybrid steel fibers with lengths of 16.5 and 19.5mm
was not overall significantly different from that of the HSFRC
with a single type of steel fiber with a length of 13mm.

/e results of the compressive strength tests on speci-
mens with various steel fiber contents indicated that the
incorporation of steel fiber content based on the concrete
volume of less than 1.5% had a significant influence on the
compressive strength of the HSFRC.

For the mixture with a single type of steel fiber, the F10-
S-L130, F15-S-L130, and F20-S-L130 mixtures contained
1.0, 1.5, and 2.0% steel fibers based on the volume of
concrete with a length of 13mm, respectively. /e com-
pressive strength of each mixture was 173.0, 188.5, and
180.7MPa, respectively. /e compressive strength of the
F15-S-L130 and F20-S-L130 specimens was 9.0 and 4.5%
greater, respectively, than that of the F10-SL130 specimen.
/e elastic modulus value of the F10-S-L130, F15-S-L130,
and F20-S-L130 specimens was 44,145, 45,996, and
47,016MPa, respectively. /e elastic modulus of the F15-S-
L130 and F20-S-L130 specimens was 4.2 and 6.5% greater,
respectively, than that of the F10-SL130 specimen.

For the mixture with hybrid steel fibers, the F10-H, F15-
H, and F20-H mixtures contained 1.0, 1.5, and 2.0% hybrid
steel fibers based on the concrete volume, respectively. /e
compressive strength of each mixture was 174.0, 181.2, and
181.9MPa, respectively. /e compressive strength of the F15-
H and F20-H specimens increased by 4.1% and 4.5%, re-
spectively, compared with the F10-H mixture. However, the
compressive strength of the F20-Hmixture was similar to that
of the F15-H mixture. /e elastic modulus of the F20-H
specimen was 1.6% greater than that of the F10-H specimen.

4. Prediction of the Elastic Modulus

/e elastic modulus was estimated by using a predictive
equation from a design code and other equations that were
suggested by researchers. /e American Concrete Institute

(ACI) 318-11 equation [15] for predicting the elastic
modulus is based on the experimental results of normal-
strength concrete. /e ACI 363 committee [16] also pro-
posed an equation for predicting the elastic modulus of
concrete with a compressive strength of less than 83MPa.
Graybeal [12] proposed a prediction equation for the elastic
modulus of HSFRC with a compressive strength of less than
200MPa. Kakizaki [17] also proposed a prediction equation
of the elastic modulus using the compressive strength of
high-strength concrete. In this study, an elastic modulus
prediction equation is proposed as follows:

Ec � 3, 360 ×

��

fc′


, (1)

where fc′ is the compressive strength of concrete (MPa).
/e experimental results were compared with the pre-

dicted results of the elastic modulus by using the equations
proposed in an earlier work and in this study. /e elastic
modulus predictions (Ec,cal) and experimental results
(Ec,test) are shown in Figure 3. Table 5 shows the statistical
data of the elastic modulus predicted values (Ec,cal/Ec,test)

over the elastic modulus test results.
/e mean Ec,cal/Ec,test ratios using the proposed equations

from ACI 318 and ACI 363 are 1.38 and 1.13, respectively,
which overestimate the measured elastic modulus of the
HSFRC because these proposed formulas are based on the
elastic modulus test results using specimens with compressive
strength of 100MPa or less./emean Ec,cal/Ec,test ratios using
Kakizaki’s equation, Graybeal’s equation, and the proposed
equation in this study are 1.07, 1.13, and 0.99, respectively.
/erefore, the equation proposed in this study more accu-
rately predicts the elastic modulus of the HSFRC compared
with the existing formulas.

5. Tensile Strength

5.1. Crack Mouth Opening Displacement Measurements. /e
tensile strength of concrete can be determined by either
a direct tensile test or a crack mouth opening displacement

Table 4: Test results of the compressive strength and elastic modulus (Vf � 2.0%).

Mixture Batch Number of
specimens

Fiber content
Vf (%)

Compressive strength
(fc,mean) (MPa)

Elastic modulus
(Ec,mean) (MPa)

F20-S-L130

1 3 2.0 158.2 46,880
2 3 2.0 188.4 45,894
3 6 2.0 177.9 47,650
4 6 2.0 175.5 49,212
5 5 2.0 180.1 46,883
6 4 2.0 185.5 47,781
7 4 2.0 189.8 45,509
8 4 2.0 188.5 46,294
9 4 2.0 182.3 45,348

Mean 180.7 47,016

F20-H

1 3 2.0 192.0 49,465
2 3 2.0 192.0 43,883
3 4 2.0 177.5 40,806
4 4 2.0 183.5 45,009
5 4 2.0 166.5 43,537
6 3 2.0 185.7 44,267

Mean 181.9 44,267
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(CMOD) measurement method for a notched specimen. In
the direct tensile test method, eccentricity at both ends of
a specimen can cause variability in the experimental tensile
strength results. Fracture mechanics factors such as
toughness, energy release rate, and tensile strength of a steel
fiber-reinforced concrete can be obtained by using CMOD
measurement results of notched specimens.

RILEM [18] proposed a three-point load test method for
measuring CMOD. In this study, a 100×100× 400mm
prismatic notched specimen was fabricated, and a three-
point load bearing test was performed. /e support distance
of the specimen was 300mm, and the load was applied at the
center of the span./e notch machined into the center of the
prismatic specimen had a depth of 10mm and a width of
3.4mm. A clip gauge with a capacity of 10mm was attached
to the end of the notch on the bottom, and the CMOD was
measured at each load step (Figure 4). /e load was applied
by the displacement control method, and the displacement
control speed was 0.2mm/min. /e tensile behavior of the
HSFRCwas analysed by using the CMODmeasurement results.

5.2. CMODTest Results. /e comparison of the load-CMOD
measurement of the F10-S-L130 and F10-Hmixtures is shown

in Figure 5, that of the load-CMODmeasurement of the F15-
S-L130 and F15-H mixtures in Figure 6, and that of the load-
CMOD measurement of the F20-S-L130 and F20-H mixtures
in Figure 7. /e load-CMOD relationship curve increased
linearly during the initial load step. After the initial cracking,
the load nonlinearly increased and then the maximum load
was reached. /e CMOD at the maximum load was between
0.5 and 1.0mm. /e cracking resistance of the HSFRC was

Table 5: Comparison of the test results and prediction of the elastic modulus.

Source Equation Range of compressive strengths
Ec,cal/Ec,test

Mean (m) S.D. (σ) C.O.V (σ/m)

ACI 318-11 Ec � 4, 700
��

fc′


— 1.38 1.16 0.84

ACI 363 Ec � 3, 320
��

fc′


+ 6, 900 fc′ ≤ 83MPa 1.13 0.82 0.73

Graybeal Ec � 3, 840
��

fc′


fc′ ≤ 200 MPa 1.13 0.95 0.84

Kakizaki Ec � 3, 650
��

fc′


83≤fc′ ≤ 138 MPa 1.07 0.90 0.84

/is study Ec � 3, 360
��

fc′


fck ≤ 200 MPa 0.99 0.83 0.84

Figure 4: Load-CMOD test setup.
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improved when the cracks occurred at the notch. Even after
the maximum load was reached, the HSFRC exhibited
a gradual tension-softening phenomenon without a sudden
decrease in load because the HSFRC had a sufficient resistance
to cracking due to the bridging effect of the steel fibers.

/e variation of the maximum loads in each load-
CMOD curve for the F10-S-L130, F15-S-L130, and F20-S-
L130 mixtures with a single type of steel fiber was small. /e
variation of the maximum loads in each load-CMOD curve
for the F10-H mixture with 1.0% hybrid steel fibers based on
volume was also small. However, the variation of the
maximum loads in each load-CMOD curve for the F15-H
and F20-H mixtures with 1.5 and 2.0% hybrid steel fibers
based on volume was greater than that of the maximum
loads in each load-CMOD curve for the F10-Hmixture./is

result indicates that the combination of two types of steel
fibers with more than 1.5% steel fiber content by volume
might cause variations in the maximum loads during the
CMOD test, which would accordingly influence the tensile
strength of the UHFRC.

After the maximum load was reached, the load tended to
decrease. /e curves of the F15-S-L130 specimens decreased
more sharply than those of the F15-H specimens, indicating
that the longer hybrid fibers in the F15-H specimens became
more active in crack bridging after the maximum load was
reached. /e short fibers in the F15-S-L130 specimens were
pulled out earlier as the crack width increased.

/e mean value of the maximum load in the CMOD test
for the F10-S-L130, F10-S-L195, and F10-H mixtures was
45.1, 34.0, and 47.8 kN, respectively, as shown in Table 6.
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Figure 5: Comparison of the load-CMOD curves of the F10 series mixtures. (a) F20-S-L130 mixture. (b) F20-H mixture.
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Figure 6: Comparison of the load-CMOD curves of the F15 series mixtures. (a) F10-S-L130 mixture. (b) F10-H mixture.
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Since the blast-furnace slag was used as a binder in the F10-
S-L195 mixture, the maximum load of the F10-S-L195
mixture was less than that of the other mixtures. /e
mean value of the maximum load in the CMOD test for the
F15-S-L130, F15-H(BFS), and F15-H mixtures was 64.8,
35.5, and 37.4 kN, respectively, as shown in Table 7. /e
mean values of the maximum loads of the F15-H(BFS) and
F15-H specimens were lower than that of the F15-S-L130
specimens, possibly due to an unfavourable orientation and
dispersion of steel fibers in the F15-H(BFS) and F15-H
mixtures. In addition, the mean value of the maximum
load in the CMOD test for the F20-S-L130 and F20-H
mixtures was 67.2 and 69.4 kN, respectively, as shown in
Table 8./e CMODmeasurement for each mixture group of
F20 series was similar.

5.3. Tensile Strength. In this study, an inverse analysis was
performed using the load-CMOD curve obtained in the

experiment to determine the tensile stress-CMOD re-
lationship. A virtual crack model from Hillerborg et al. [19]
was used to perform the inverse analysis. /e prismatic
notched specimens were symmetrical with respect to the
midspan of the specimen, so only half of the specimen was
modelled numerically. /e finite element mesh for the in-
verse analysis consisted of 1,076 triangular elements. /e
horizontal displacement of the midsection of the specimen
in the finite element mesh was constrained because of the
symmetric boundary condition, and the vertical displace-
ment of the support was constrained. /e detailed inverse
analysis procedure using the load-CMOD relationship fol-
lowed Yang et al. [20].

/e tensile strength of the HSFRC was evaluated from
the tensile stress-CMOD relationship./e tensile strength of
each mixture group is shown in Tables 6–8. An iterative
numerical procedure is required to evaluate the tensile stress
by inverse analysis. /e tensile stress could not be de-
termined when the solution did not converge during the
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Figure 7: Comparison of the load-CMOD curves of the F20 series mixtures. (a) F15-S-L130 mixture. (b) F15-H mixture.

Table 6: Comparison of the test results and estimation from the regression analysis of the tensile strength (Vf � 1.0%).

Mixture Batch Number of
specimens

Number of specimens
successfully evaluated in the

inverse analysis

Maximum load
(Pmax,mean) (kN)

Test result of the tensile
strength (ft,test) (MPa)

Prediction of the tensile
strength (ft,regression) (MPa)

F10-S-
L130

1 5 4 48.8 10.07 10.31
2 3 1 47.3 10.13 10.00
3 5 2 43.8 8.86 9.25
4 6 2 42.0 9.21 8.87

Mean 45.1 9.61 9.53

F10-S-
L195

1 4 3 46.6 9.65 9.84
2 4 3 31.7 6.12 6.69
3 4 2 30.2 6.22 6.39
4 4 2 28.7 6.31 6.05
5 3 2 32.6 7.07 6.88

Mean 34.0 7.21 7.18

F10-H 1 5 2 47.8 9.85 10.09
Mean 47.8 9.85 10.09
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iterative calculation. /e tensile stresses of the notched
specimens that could not be obtained from the inverse
analysis are omitted from Tables 6–8.

/e number of specimens that were successfully eval-
uated in the inverse analysis of the F10-S-L130, F10-S-L195,
and F10-H mixtures was 9, 12, and 2, respectively, and the
mean tensile strength was 9.61, 7.21, and 9.85MPa, re-
spectively. /e tensile strength of the F10-S-L195 mixture
containing steel fibers with a length of 19.5mmwas less than
that of the F10-S-L130 mixture containing steel fibers with
a length of 13.0mm. /e tensile strength of the F10-H
specimens was almost the same as that of the F10-S-L130
specimens but 36.6% greater than that of the F10-S-L195
specimens. /e experimental results showed that the use of
16.5 and 19.5mm hybrid steel fibers affected the tensile
strength of the HSFRC as much as the use of a single type
of steel fiber with a length of only 13mm. However, the

orientation and dispersion of using the 19.5mm single-type
steel fibers in the HSFRC were less advantageous than those
of using the 13.0mm single-type steel fiber, resulting in
a decrease in the tensile strength of the HSFRC.

/e numbers of specimens that were successfully
evaluated in the inverse analysis of the F15-S-L130, F15-H
(BFS), and F15-H mixtures with a steel fiber content of
1.5% were 14, 4, and 11, respectively, and these mixtures
had mean tensile strength of 14.18, 9.07, and 7.76MPa,
respectively. /e tensile strength of the F15-H specimens
was reduced by 45.3% compared to that of the F15-S-L130
specimens.

In addition, the numbers of specimens that were
successfully evaluated in the inverse analysis of the F20-S-
L130 and F20-H mixtures with a 2.0% steel fiber content
were 19 and 14, respectively, and these mixtures had mean
tensile strength of 14.92 and 14.90MPa, respectively. /e

Table 8: Comparison of the test results and estimation from the regression analysis of the tensile strength (Vf � 2.0%).

Mixture Batch Number of
specimens

Number of specimens
successfully evaluated in the

inverse analysis

Maximum load
(Pmax,mean) (kN)

Test result of the tensile
strength (ft,test) (MPa)

Prediction of the tensile
strength (ft,regression) (MPa)

F20-S-
L130

1 3 — 69.7 — 14.71
2 4 3 60.0 12.73 12.67
3 4 1 62.5 12.90 13.2
4 4 3 63.3 13.10 13.36
5 4 1 61.3 8.90 12.94
6 4 2 72.0 15.00 15.21
7 6 3 74.7 17.29 15.77
8 6 4 79.7 17.15 16.83
9 5 2 73.4 16.86 15.5

Mean 67.2 14.92 14.18

F20-H

1 6 2 89.0 18.80 18.8
2 3 1 70.1 14.69 14.8
3 5 4 71.9 15.36 15.18
4 6 2 62.6 13.38 13.21
5 6 1 61.5 13.79 12.98
6 6 4 62.3 13.58 13.16

Mean 69.4 14.90 14.66

Table 7: Comparison of the test results and estimation from the regression analysis of the tensile strength (Vf � 1.5%).

Mixture Batch Number of
specimens

Number of specimens
successfully evaluated in

the inverse analysis

Maximum load
(Pmax,mean) (kN)

Test result of the tensile
strength (ft,test) (MPa)

Prediction of the tensile
strength (ft,regression) (MPa)

F15-S-
L130

1 5 3 63.6 14.24 13.43
2 5 4 64.8 13.86 13.69
3 6 4 64.3 14.22 13.59
4 5 3 66.6 14.49 14.07

Mean 64.8 14.18 13.69

F15-H
(BFS)

1 4 2 36.3 8.65 7.66
2 4 2 34.7 9.48 7.32

Mean 35.5 9.07 7.49

F15-H

1 6 3 55.7 11.65 11.76
2 2 1 44.5 6.42 9.39
3 6 2 40.9 7.35 8.65
4 6 2 26.7 5.44 5.63
5 5 1 25.1 5.94 5.29
6 5 2 33.5 6.22 7.06

Mean 37.4 7.76 7.89
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experimental results showed that the tensile strength of the
HSFRCwith 16.5 and 19.5mmhybrid steel fibers was similar
to that of the HSFRC using only 13.0mm steel fibers. As
discussed in the comparison of the F10-S-L130 and F10-H
mixtures, the experimental results showed that in the case of
the HSFRC containing a 2% steel fiber content based on the
volume of concrete, the use of hybrid steel fibers with lengths
of 16.5 and 19.5mm affected the tensile strength of the
HSFRC as much as the use of a single type of steel fiber with
a length of only 13mm.

Overall, the tensile strength obtained from themaximum
load of the CMOD test and the inverse analysis of the
CMOD test results of the F10-S-L195 and F15-H(BFS)
mixtures was low because the blast-furnace slag binder
decreased the tensile strength of the concrete, as mentioned
previously.

/e tensile strength of HSFRC was affected by the steel
fiber content. /e tensile strength of the F10-S-L130, F15-S-
L130, and F20-S-L130 mixtures was 9.61, 14.18, and
14.92MPa, respectively. /e tensile strength of the F15-S-
L130 and F20-S-L130 specimens was 47.6% and 55.3%
greater, respectively, than that of the F10-SL130 specimen.
/e tensile strength of the specimens using the hybrid steel
fibers was also affected by the steel fiber content. /e tensile
strength of the F20-H specimen was 51.3% higher than that
of the F10-H specimen.

Since the tensile strength could not be obtained when the
iterative calculation did not converge to a solution during
the inverse analysis, determination of the tensile strength of
each specimen with the inverse analysis using the load-
CMOD relationship curve was limited. A regression analysis
was performed with the maximum load from the load-
CMOD test results, and the tensile strength obtained
through the inverse analysis. /e regression analysis was
used to predict the tensile strength of the HSFRC. /e
predicted tensile strength from the regression analysis is as
follows:

ft � 0.21 × Pt, (2)

where ft is the tensile strength of HSFRC (MPa) and Pt is
the maximum load in CMOD measurement experiment
(kN).

/e relationship between the maximum load in the load-
CMOD curve and the tensile strength of the specimens that
were successfully determined in the inverse analysis using
the CMOD experiment measurements is shown in Figure 8.
/e maximum load in the CMOD test has a nearly linear
relationship with the tensile strength.

/e tensile strength predicted using (2) for the CMOD
measurements of all the prismatic specimens is shown in
Tables 6–8./e mean values of the tensile strength predicted
by the regression analysis of the F10-S-L130, F10-S-L195,
and F10-H mixtures were 9.53, 7.18, and 10.09MPa, re-
spectively. /e predicted tensile strength of the F15-S-L130,
F15-H(BFS), and F15-H specimens was 13.69, 7.49, and
7.89MPa, respectively. In addition, the predicted tensile
strength of the F20-S-L130 and F20-H mixtures was 14.18
and 14.66MPa, respectively. As shown in Tables 6–8, the
tensile strength obtained from the inverse analysis and that

calculated using the analytical regression formula agreed
reasonably well. /erefore, the predictive equation from the
regression analysis can accurately predict the tensile strength
of HSFRC.

/e tensile strength could not be directly obtained from
the CMOD test results when the inverse analysis failed to
obtain a solution. When tensile strength cannot be directly
obtained through an inverse analysis, the tensile strength can
be accurately predicted by using the formula proposed in
this study without inverse analysis.

5.4. Relationship between Compressive Strength and Tensile
Strength. Several equations have been proposed for pre-
dicting the tensile strength using the compressive strength of
concrete [21–23]. However, most of these prediction
equations are based on the experimental results of con-
ventional concretes that do not include steel fibers or of
normal-strength concrete with compressive strength less
than 100MPa. In addition, as shown in (3), most of the
proposed equations are expressed as linear functions of the
square root of the compressive strength with a coefficient
related to the tensile strength:

fct � x

��

fc′


, (3)

where x is the linear coefficient and fc′ is the compressive
strength of concrete (MPa).

Graybeal [23] proposed a relationship between the
compressive strength and tensile strength of ultrahigh-
strength steel fiber-reinforced concrete based on the re-
sults of ultrahigh performance concrete with compressive
strength greater than 150MPa. In addition, curing methods
were classified into three types, that is, steam curing, wet
curing, and steam curing conditions with strengthening and
retarding, and a unique linear coefficient value was defined
for each curing method. Graybeal [23] suggested a co-
efficient of 0.65 for steam curing conditions, 0.56 for wet
curing conditions, and 0.69 for steam curing conditions with
strengthening and retarding.
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Figure 8: Comparison of the maximum loads in the load-CMOD
curve with the tensile strength.
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/e tensile strength of HSFRC is affected by the steel
fiber content. /erefore, in this study, a prediction equation
of the tensile strength is proposed by considering the
compressive strength of the concrete as well as the steel fiber
content as dependent variables. /e proposed equation is as
follows:

fct � 0.42 0.6 + Vf( 

��

fc′


, (4)

where Vf is the percent of steel fiber content based on the
volume of concrete (%) and fc′ is the compressive strength of
concrete (MPa).

/e tensile strength predicted from Graybeal’s equation
and the tensile strength predicted from the proposed
equation in this study are shown in Figure 9. For the pre-
diction of the tensile strength using Graybeal’s proposal
formula, the linear coefficient of the steam curing conditions
was 0.65. /e predicted result from Graybeal’s equation is
approximately the predicted value of the tensile strength of
HSFRC with a steel fiber content of 1.0%. Graybeal’s
equation also underestimates the tensile strength of HSFRC
with steel fiber contents of 1.5 and 2.0%.

A comparison of the test results of tensile strength and
the predicted tensile strength from the proposed equation in
this study is shown in Figure 10. /e tensile strength of steel
fiber-reinforced concrete with various steel fiber contents
could be more accurately predicted by using the equation
proposed in this study.

6. Prediction of Material Properties Using the
Steel Fiber Content

/e effect of steel fiber content on the compressive strength,
elastic modulus, and tensile strength of HSFRC was in-
vestigated, and a correlation equation was proposed. Figure 11
shows the compressive strength, elastic modulus, and tensile
strength of the HSFRC with various steel fiber contents. As
shown in Figure 11, although the steel fiber content is con-
stant, the differences in the compressive strength, elastic
modulus, and tensile strength values are considerable.

/e compressive strength of the F10-S-L130, F10-S-
L195, and F10-H mixtures with a steel fiber content of
1.0% is between 121.6 and 181.2MPa, the elastic moduli are
between 39,081 and 45,561MPa, and the tensile strength is
between 6.12 and 10.13MPa. /e compressive strength of
the F15-S-L130, F15-H(BFS), and F15-H mixtures con-
taining 1.5% steel fiber is between 132.5 and 188.5MPa, the
elastic moduli are between 39,123 and 48,334MPa, and the
tensile strength is between 5.44 and 14.49MPa. /e com-
pressive strength of the F20-S-L130 and F20-H mixtures
with a steel fiber content of 2.0% is between 158.2 and
192.5MPa, the elastic moduli are between 40,806 and
49,465MPa, and the tensile strength is between 12.67 and
18.80MPa.

In addition, the maximum values of the compressive
strength, elastic modulus, and tensile strength of the F20-S-
L130 and F20-H mixtures with a steel fiber content of 2.0%
are 192.0MPa, 49,465MPa, and 18.80MPa, respectively./e

minimum values of compressive strength, elastic modulus,
and tensile strength are 158.2MPa, 40,806MPa, and
12.67MPa, respectively.

/e compressive strength, elastic modulus, and tensile
strength of the F10-S-L195 and F15-H(BFS) mixtures that
include blast-furnace slag as the binder are smaller than
those of the other mixtures. Regression analysis was per-
formed to evaluate the compressive strength, elastic mod-
ulus, and tensile strength prediction formulas according to
the steel fiber content based on the volume of concrete as
follows:
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Figure 10: Comparison of the test results and prediction of the
tensile strength.
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fc′ � 28.86Vf + 125 (MPa),

Ec � 4,150Vf + 37,900 (MPa),

ft � 6.36Vf + 1.82 (MPa),

(5)

where fc′ is the compressive strength of the concrete
(MPa), Ec is the elastic modulus (MPa); ft is the ten-
sile strength of the concrete (MPa), and Vf is the percent
of steel fiber content based on the volume of concrete
(1.0≤Vf ≤ 2.0).

7. Conclusions

In this study, the compressive strength, elastic modulus,
CMOD, and tensile strength of the HSFRC fabricated with
a single type of steel fiber and the HSFRC fabricated with
hybrid steel fibers were investigated. /e main experimental
results are as follows:

(1) In this study, steel fiber contents of 1.0, 1.5, and 2.0%
were used to fabricate HSFRC. /e compressive
strength, tensile strength, and elastic modulus of the

HSFRC increased with the steel fiber content. /e
compressive strength of the F15-S-L130 and F20-S-
L130 specimens was 9.0 and 4.5% greater, re-
spectively, than that of the F10-SL130 specimen. /e
elastic modulus of the F15-S-L130 and F20-S-L130
specimens was 4.2 and 6.5% greater, respectively, than
that of the F10-SL130 specimen. /e tensile strength
of the F15-S-L130 and F20-S-L130 specimens was 47.6
and 55.3% greater, respectively, than that of the F10-
SL130 specimen. /e tensile strength of the HSFRC
was most affected by the steel fiber content.

(2) /e compressive strength, elastic modulus and
tensile strength of the HSFRC containing steel fibers
with a length of only 19mmweremeasured and were
found to be smaller than those of the mixtures
containing steel fibers with a length of only 13.5mm.
/e compressive strength of the F10-S-L130 and
F10-S-L195 mixtures was 173.0 and 133.7MPa, re-
spectively, and the elastic modulus of the two
mixtures was 44145 and 40147MPa, respectively. In
addition, the tensile strength of the two mixtures was
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Figure 11: Mechanical properties according to the fiber contents. (a) Compressive strength. (b) Elastic modulus. (c) Tensile strength.
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9.61 and 7.21MPa, respectively. /e different water-
binder ratios of the two mixtures might be an im-
portant influential factor in the reduction of the
compressive strength, elastic modulus, and tensile
strength. In addition, the dispersion of steel fibers
might affect these HSFRC mechanical properties.
/e decrease in compressive strength, elastic mod-
ulus, and tensile strength could result from the
decrease in the dispersion of the steel fibers in the
HSFRC due to the use of longer steel fibers.

(3) /e experimental results of the compressive and
tensile strengths of the HSFRC with hybrid steel
fibers with lengths of 16.5 and 19.5mm were similar
to those of the HSFRC containing a single type of
steel fiber with a length of only 13mm. /e mean
compressive strength of the F10-S-L130, F15-S-L130,
and F20-S-L130 mixtures containing a single type of
steel fiber with a length of only 13mm was 173.0,
188.5, and 180.7MPa, respectively, and that of the
F10-H, F15-H, and F20-H mixtures containing hy-
brid steel fibers was 174.0, 181.2, and 181.9MPa,
respectively. In addition, the mean tensile strength of
the F10-S-L130 and F20-S-L130 mixtures was 9.61
and 14.92MPa, respectively, and that of the F10-H
and F20-H mixtures was 9.85 and 14.90MPa, re-
spectively. /erefore, in this study, the use of hybrid
steel fibers was advantageous for ensuring the
strength of HSFRC.

(4) A prediction equation that considers the compres-
sive strength of HSFRC was proposed to predict the
HSFRC elastic modulus. /e equation suggested in
this study accurately predicted the experimental
results of the elastic modulus.

(5) An equation to predict the tensile strength of HSFRC
was suggested using the maximum load obtained
from the load-CMOD relationship./e prediction of
tensile strength by using the proposed equation and
the test results were approximately equal.

Additional Points

(i) An extensive experimental investigation of the
mechanical properties of high-strength fiber-
reinforced concrete (HSFRC) was carried out in
this study.

(ii) /e test parameters included a single type of steel
fiber and hybrid steel fibers with lengths of 13, 16.5,
and 19.5mm and steel fiber contents of 1.0, 1.5, and
2.0% based on the volume of HSFRC.

(iii) /e mechanical properties of the HSFRC with
hybrid steel fibers were similar to those of the
HSFRC with a single length of steel fiber.

(iv) Equations for predicting the elastic modulus and
tensile strength of HSFRC were proposed based on
the test results, and the predictions closely agreed
with the experimental results.
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.e paper introduces the development process of fiber-reinforced composite with increased resistance to elevated temperatures,
which could be additionally increased by the hydrothermal curing. However, production of these composites is extremely energy
intensive, and that is why the process of the design reflects environmental aspects by incorporation of waste material—fine
ceramic powder applied as cement replacement. Studied composite materials consisted of the basalt aggregate, ceramic fibers
applied up to 8% by volume, calcium-aluminous cement (CAC), ceramic powder up to 25% by mass (by 5%) as cement re-
placement, plasticizer, and water. All studiedmixtures were subjected to thermal loading on three thermal levels: 105°C, 600°C, and
1000°C. Experimental assessment was performed in terms of both initial and residual material properties; flow test of fresh
mixtures, bulk density, compressive strength, flexural strength, fracture energy, and dynamic modulus of elasticity were in-
vestigated to find out an optimal dosage of ceramic fibers. Resulting set of composites containing 4% of ceramic fibers with various
modifications by ceramic powder was cured under specific hydrothermal condition and again subjected to elevated temperatures.
One of the most valuable benefits of additional hydrothermal curing of the composites lies in the higher residual mechanical
properties, what allows successful utilization of cured composite as a thermal barrier in civil engineering. Mixtures containing
ceramic powder as cement substitute exhibited after hydrothermal curing increase of residual flexural strength about 35%; on the
other hand, pure mixture exhibited increase up to 10% even higher absolute values.

1. Introduction

Rapid progress on the field of concrete technology andmaterial
engineering enabled the formulation of modern types of high
utility cement-based composites far exceeding the properties
of ordinary structural concrete. .e purposes of the newly
developed composites can be found in special applications
characterized by certain conditions and environment. Crucial
structural parts are exposed to risk of extreme temperature
attack, what requires additional protection. .at is why the
refractory cement composite takes important role in the current
civil engineering.

Historically, the most successful and widespread solu-
tion for fire protection of structures was the application of
composite reinforced by asbestos fibers. Due to several re-
search works focused on health risks of asbestos [1], use of
this material has been strictly prohibited for several decades.

.e negative influence of asbestos describes, for example
[2–4], and contains parenchymal fibrosis (asbestosis), me-
sothelioma, lung cancer, and so on. .e inhalation of as-
bestos fibers causes enumerated diseases. .e asbestos has
been replaced by modern materials, usually used for high
strength and high utility application, namely, basalt, carbon,
glass, and ceramic [5].

.e reason of fibers application in the cement-based
refractory composites is multiple. .ey significantly con-
tribute to the flexural properties, ductility, and to the in-
creasing of volume stability during thermal exposure by the
elimination of microcrack propagation. .e suitable re-
sistance to elevated temperatures of cement-based com-
posite with fibers addition is involved by three intermediate
aspects: stability of the matrix and used filler, resistance of
fibers to elevated temperatures, and quality of interfacial
bond between matrix and the fibers, especially in terms of
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elevated temperatures to achieve transfer of stresses. Con-
temporary we can find the effective successor to asbestos in
using ceramic, carbon, glass, or basalt fibers [6, 7]. Appli-
cation of basalt fibers characterizes lower price and conse-
quent financial savings in comparison with carbon fibers [8].

.e use of polyethylene fibers in structural concrete
could contribute to the increase of its safety behavior during
fire exposure due to its combustibility by the surface spalling
reduction. Its phenomenon is based on the decrease of
internal pressure induced by the originating steam by the
creation of channel systems after the fibers are burned out,
which create the escape of the originating steam [9, 10].
However, the polypropylene fibers may lead to a small re-
duction of the compressive strength (in room temperature)
[11]. .is solution does not improve mechanical properties
after the action of high temperatures, what essentially limits
their application.

Steel fibers are used for the strengthening of thermal re-
sistance of the structural concrete as well [12]. However, steel
fibers are not suitable for the purpose of refractory composite,
due to the apparent decrease of mechanical properties at ap-
proximately 600°C and subsequent recrystallization [13].

An optimal amount of fibers, suitable for cement
composite production, depends on the type of composite,
used aggregate, cement, admixtures, and especially material
of used fibers and their surface treatment. Dosage of 1.0% by
volume of basalt fibers usually suffices to eliminate the crack
formation on the surface even after exposure to cyclic load at
1000°C [14]. Also the drying process could cause cracks;
therefore, the fibers limit the crack propagation [15]. .e
previous research confirmed that optimal dosage of basalt
fibers, in terms of residual mechanical and fracture prop-
erties, in fine-grained cement-based composite lies between
1.0 and 2.0% by volume [16] or 4% of ceramic fibers, re-
spectively [17].

Fracture energy is an important factor for the description
of the thermal damage of refractory materials [18]. However,
the test arrangement highly influences the final results and
their interpretation. .e fracture energy determination under
uniaxial load is considerably a more suitable test organization
in comparison with biaxial loading, which is noticeable es-
pecially in the softening part [19]. Fracture characteristics of
refractory composites were thoroughly studied byMiyaji et al.
[20], who found out that refractory castables characterized by
the highest value of fracture energy did not show the highest
resistance to thermal shock damage.

.e production of refractory composites is extremely
energy intensive, and that is why more environmentally
friendly industrial processes are under the research. Besides
advanced technologies, it is often solved by the in-
corporating of various secondary or waste materials [21, 22].
.e philosophy of utilization of waste materials in the
production of building materials denotes one of the current
issues of materials engineering. .e previous research [23]
was focused on the study of high-performance composites
additionally cured under hydrothermal conditions. In-
teresting increase of mechanical properties was confirmed.
.e main goal of performed experimental program lies in
the analysis of advanced refractory cement composite with

hydraulic bond. .e response to elevated temperatures of
composites of various composition and also incorporation of
waste material was studied, for to obtain those with the
optimal composition. Such selected set of samples was after
the repeated production additionally cured under specific
hydrothermal condition to exploit full material capacity of
used components.

2. Materials and Methods

2.1. Ceramic Fibers. Ceramic-based materials are commonly
used for the production of insulation elements, such as
blankets, paper, and boards [24]. Small diameter ceramic
fibers have undergone great changes since their early de-
velopment, due to the need for reinforcement in structural
ceramic matrix composite (CMC) materials applied at
temperatures above 1000°C [25].

Ceramic fibers are commonly used in ordinary structural
concrete to improve resistance to dynamic load; Su and Xu
[26] described the positive influence of 0.1% and 0.2% of
ceramic fibers (volume %) on resistance to dynamic and
impact load.

Ceramic fibers IZOWAT 12G (Figure 1) were used for
the purpose of this experimental program..eir bulk density
is 200 kg·m−3, with an average diameter of fibers of 6 μm and
an average length of approximately 5mm. Its chemical
composition, shown in Table 1, limits the maximum tem-
perature of use to 1260°C, which reflects the maximum
content of 55% (wt. %) of SiO2 guaranteed by the producer.

2.2. Calcium-Aluminous Cement (CAC). .e hydraulic bond
was produced by calcium-aluminous cement Secar 71, which
is produced by Lafarge. A detailed chemical composition of
CAC that was studied is shown in Table 1. .e crucial pa-
rameter of this type of cements is measured by the amount of
aluminium oxide, which determines the final thermal re-
sistance. Hardened CAC undergoes several processes during
its gradual thermal exposure. .e impact of high temperature
starts with dehydration of metastable hydration products
CAH10 (CaO·Al2O3·10H2O) and C3AH8 (3CaO·Al2O3·8H2O).
According to XRD performed by [27], these hydration
products (CAH10 and C3AH8) were not detected after ex-
posure to 200°C. However, until 150°C, the evaporation of free

Figure 1: Studied ceramic fibers IZOWAT 12G.
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and structural water of the AHx gel also takes place. For
temperatures between 200°C and 300°C, the remaining hy-
drates AH3 and C3AH6 are almost completely dehydrated, but
they can still be observed in the results at 400°C obtained by
XRD [27]. We can say that C12A7 is the first observable de-
hydration product, which is formed from amorphous dehy-
drated CA at the temperature 400°C. After reaching 900°C, the
CA is formed from the reaction between A (Al2O3) and C2A.
At a temperature of approximately 600°C, CA2 is detected from
the reaction with Al2O3 [28, 29]..e resultant aluminium oxide
is a product from thermal decomposition of AH3. Aluminous
cement composites achieve the lowest strength in the range
800°C–900°C, due the final decomposition of CAH.

2.3. Fine Ceramic Powder. Increasing requirements for
insulation properties of bricks resulted in the production of
accurate brick blocks by grinding. .e secondary waste
material originating from this process is fine ground ceramic
powder (FGCP). A portion of the volume returns to the
production process, while the rest ends at the landfill. .e
pozzolanic properties of FGCP have been confirmed in
ancient architecture, as well as various research works

[30–32]. .e utilization of FGCP as a filler for self-
compacting concrete has been confirmed in [33], espe-
cially when the fresh state properties were improved. .e
addition of FGCP only slightly affects final mechanical
properties (maximal dosage used in [33] was 25%). It must
be noted that FGCP had already gone through exposure to
elevated temperature during brick production, which could
be successfully exploited in the composition formulation of
refractory castables. .is approach was confirmed in pre-
vious research [16, 34]. In addition, Table 1 shows the
chemical composition of the studied FGCP, when the total
amount of Al2O3 is 13.98% and SiO2 is 64.45%. Particle size
distribution of FGCP is shown in Figure 2.

2.4. Basalt Aggregate. Aggregate, or filler utilized in general,
determines the temperature range of the composite appli-
cation, which forms up to 80% of the volume. Natural ag-
gregate commonly used for the refractory composites is
presented by the basalt; however, for specific application, it is
necessary to acknowledge its actual mineralogy and
chemical composition, which determines the stability under
thermal exposure [35, 36]. It has been recorded [37–39] that

Table 1: Chemical composition of studied materials.

Chemical components Secar® 71 FGCP IZOWAT 12G
% of weight % of weight % of weight

Al2O3 70.8 13.98 44.00
SiO2 0.58 64.45 53.70
K2O - 2.43 0.20
CaO 27.5 8.18 0.22
TiO2 0.37 0.77 0.60
Fe2O3 0.42 5.39 0.66
SrO2 — — 0.01
ZrO2 — — 0.57
MgO 0.21 — —
Specific surface 381m2·kg−1 336m2·kg−1 —
Note. Aluminous cement: Secar® 71; ceramic fibers: IZOWAT 12G; FGCP: fine ground ceramic powder.
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basalt has a low thermal conductivity and great resistance to
the action of elevated temperatures. For severe application,
exceeding 1000°C, artificial aggregates such as chamotte,
porcelain, and carborundum are used [40]. .e composite
that was investigated contains natural crushed basalt ag-
gregate from Czech quarry, Dobkovičky. .is supplier
provides several combinations of grain sizes. Based on
previous experiments [35, 36], the combination of two
fractions, 0/4mm and 2/5mm, was chosen. Figure 2 pro-
vides the results of the sieve test.

2.5. Mixture Design and Composition. .e fine-grained
composites used in this study were designed with an in-
creased portion of binder, which is typical for high tem-
perature resistant composites containing additional fibers.
.e usual binder/filler rate is approximately 1.3/1.0 by mass.
However, the cement content was decreased to 0.67/1.0
(binder/filler) to improve the economical parameters,
while also respecting the selected requirements of thermal
loading. Plasticizer SIKA 1035 (based on the polycarboxylate
ether) was used to ensure sufficient workability of fresh
mixtures, as well as reducing the water/cement ratio, which
was set at 0.25. A low water/cement ratio is also important
due to the hydration of CAC. Previous research did not
confirm a negative impact on the subject organic compound,
including its flammability [41]. Ceramic fibers were applied
in doses 0.25%, 4.0%, and 8.0% by volume. Detailed com-
position of studied mixtures is introduced in Table 2.

Measurement of workability was in accordance with the
Czech standard for mortars [42] on a flow table, which was
equipped by the larger plate, because very high values of flow
were expected. .e value of flow is the average from two
mutually perpendicular directions.

2.6. �ermal Loading. All produced specimens were stored
in a wet environment until the age of 28 days, when all
specimens were dried at 105°C for 72 hours to evaporate free
water. After the drying process, samples were divided into
three groups: one reference (dried at 105°C), and two groups
for different thermal loading (600°C and 1000°C) in an
automatic electric furnace. Each group consisted of three
specimens from all mixtures (in total, 9 specimens from each
mixture were tested). .e temperature gradient in the
electric furnace achieved a rate of 10°C/min, until the se-
lected temperature was reached. .e thermal loading,

schematically described in Figure 3, took 240 minutes. After
that, the electric furnace was cooled down naturally.

2.7. Hydrothermal Curing. Selected mixtures, which
achieved optimal mechanical and residual properties
resulting from the initial experimental program, were cured
under hydrothermal condition. Specimens were stored for
36 hours in molds after repeated production, under wet
conditions, which determines the age of hydrothermally
cured mixtures..e curing process, lasting 240 minutes, was
controlled by temperature; the pressure applied corre-
sponded with the properties of saturated steam. .e process
of curing chosen is illustrated in Figure 4 and reflects
previous experiences [23].

2.8. Mechanical Properties. Flexural and compressive
strength were measured using prismatic specimens with
dimensions of 40× 40×160mm, in accordance with CSN
EN 196-1 [43]. Flexural strength was determined using
results from a three-point bending test, with a support span
of 100mm. Testing was performed using a universal loading
machine MTS30, which allows test control by the de-
formation, with an automatic record of the test. Test speed
was set to 0.2mm/min up to crack initiation, and the test
which followed was automatically controlled by crack
opening, using a clip-engage extensometer fixed over the
notch with the depth 15mm. Fracture energy was calculated
on the basis of the test record according to RILEM rec-
ommendations (1) [44]. .e principle of fracture energy is
explained in Figure 5. Deflection was measured using the
couple extensometer, which eliminated pushing by supports.

Gf �

δmax

0 F(δ)dδ
A

, (1)

where cross section area A � a · (b− n) · [m2], Gf is the
fracture energy (J·m−2), a is the height of the prism (m), b is
the width of the prism (m), n is the depth of the notch (m), F
is the force (N), and δ is the deflection (mm).

Compressive strength was determined by using the EU
40 loading machine and measuring the fragments left after
the bending test. .e subjected area was demarked by
a testing pressure device measuring approximately
40× 40mm. Bulk density was measured on the basis of
actual dimensions and weight of the studied samples to

Table 2: Composition of studied mixtures.

Ceramic fibers (volume %) Basalt aggregate (kg·m−3) Fine components (kg·m−3) Liquids (kg·m−3)
0.25% 4.0% 8.0% 0/4mm 2/5mm Aluminous cement FGCP Water Plasticizer5 kg 80 kg 160 kg
I-0 II-0 III-0 880 220 900 0 224 22.75
I-5 II-5 III-5 880 220 855 45 224 22.75
I-10 II-10 III-10 880 220 810 90 224 22.75
I-15 II-15 III-15 880 220 765 135 224 22.75
I-20 II-20 III-20 880 220 720 180 224 22.75
I-25 II-25 III-25 880 220 675 225 224 22.75
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predominantly monitor the impact of gradual thermal
loading.

Possible damage can be described and quantified by
utilizing the nondestructive ultrasonic pulse method
[45, 46]..e pulse velocity of ultrasonic waves was measured
by the Proceq Pundit Lab+ testing device, and both the pulse
transducer (54 kHz) and receiver were used. .e test ar-
rangement corresponded to the requirements of standard
CSN EN 73 1371 [47], in accordance with (2). .is

nondestructive method is suitable for the monitoring of
material transformation induced by thermal loading [48].

Ecu � ρ · v
2
L ·

1
k2 · 10−3, (2)

where Ecu is the dynamic modulus of elasticity (GPa), ρ is
bulk density of measured material (kg·m−3), vL is pulse
velocity of ultrasonic waves (m·s−1), and k is the charac-
teristics of the environment (–) [47].
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3. Results and Discussion

.e initial part of the experimental program was performed to
determine the optimal combination of ceramic fibers and cement
replacement in terms of residual properties. .e dependence of
slump and flow on increasing amounts of FGCP can clearly be
observed inmixtures with, respectively, 0.25%, 4.0%, and 8.0% of
ceramic fibers. Values of flow show the decrease of workability
due to increasing amounts of ceramic fibers. .e evaluation of
flow tests, and the dependence ofworkability on the total amount
of fibers and FGCP, is described in Figure 6.

Detailed results are shown in Table 3. .e graphical
illustration of decay due to thermal loading in the selected
properties is obvious in Figures 7 and 8.

3.1. Bulk Density. Exposure to thermal loading up to 600°C
caused a decrease of approximately 5% in bulk density, in

comparison to the dried state. An approximate 6.7% de-
crease in bulk density characterized the effect of temperature
loading up to a level of 1000°C. .e highest decrease of bulk
density took place between drying and 600°C. It is caused by
the evaporation of both physically bound and chemically
bound water. .e total dosage of ceramic fibers and FGCP
had significant influence on the values of bulk density. .e
difference between 0.25% of ceramic fibers and 8.0% of
ceramic fibers was quantifiable as 2.7% (the bulk decrease
with increasing amount of ceramic fibers). .e effect of
FGCP dosages in the mixture of refractory composite
resulted in an average decrease of 4.6% (increasing amounts
of FGCP caused decreases in bulk density).

3.2. Flexural Strength. .e highest decrease of flexural
strength takes place after exposure to temperatures of 600°C
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Figure 5: Principle of calculation of fracture energy.
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Figure 6: Workability of studied mixtures.
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and above, resulting in an approximate level of 48%, which
represents a 52% decrease. .is phenomenon was not
surprising, based on general knowledge available from
several literature sources (e.g., [49]). .e temperature of

400°C, usually mentioned as the limit, is the point at which
the hydraulic bond begins to decompose. .e results ob-
tained at 600°C demonstrate an average decrease to 49% of
the original values (48.9% for 0.25% of fibers, 50.3% for 4.0%

Table 3: Detailed results of bulk density, flexural strength, and compressive strength.

Mixture 105°C 600°C 1000°C
ρ (kg·m−3) ftm (MPa) fcm (MPa) ρ (kg·m−3) ftm (MPa) fcm (MPa) ρ (kg·m−3) ftm (MPa) fcm (MPa)

I-0 2300 8.2 59.8 2260 5.0 55.2 2190 4.4 19.9
I-5 2375 10.8 68.3 2250 4.8 47.1 2180 3.3 27.0
I-10 2340 9.0 66.8 2240 3.4 47.0 2200 2.5 23.6
I-15 2320 8.6 63.5 2210 3.4 42.5 2150 2.5 21.9
I-20 2310 8.0 54.5 2200 4.5 41.0 2160 2.4 30.3
I-25 2290 7.3 64.2 2180 4.0 36.7 2110 2.3 28.8
II-0 2350 8.2 78.1 2220 3.1 57.3 2215 2.0 20.9
II-5 2350 9.6 73.8 2220 5.0 58.4 2195 2.3 22.3
II-10 2300 9.1 63.4 2195 4.0 54.6 2170 2.8 24.2
II-15 2280 10.0 58.6 2170 4.8 44.0 2090 2.7 27.9
II-20 2260 8.2 56.0 2105 4.4 39.8 2070 4.0 32.8
II-25 2235 6.6 55.3 2135 4.4 48.4 2120 3.9 32.8
III-0 2310 8.5 47.5 2240 3.7 30.6 2170 2.1 27.9
III-5 2220 9.7 64.4 2100 4.2 42.4 2090 2.4 22.5
III-10 2200 8.5 64.7 2120 4.2 39.7 2060 2.2 20.6
III-15 2195 8.4 59.0 2090 3.7 40.2 2075 2.8 25.1
III-20 2180 8.9 60.2 2040 4.8 41.3 2040 3.1 25.7
III-25 2180 10.4 60.7 2050 4.7 42.1 2030 3.3 28.2
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of fibers, and 47.0% for 8.0% of fibers). .e results shown at
1000°C demonstrate an average decrease to 30.3% of the
original values (33.9% for 0.25% of fibers, 35.7% for 4.0% of
fibers, and 21.2% for 8.0% of fibers). .e average values of
flexural strength in the reference specimens are approxi-
mately on the same level and are not dependent on the total
amount of fibers (from 8.6MPa to 9.1MPa).

3.3.CompressiveStrength. .ermal loading did not affect the
residual values of compressive strength to the same degree as
was shown in tests of flexural strength. However, a small
increase in residual values, with increasing replacement by
FGCP, could be observed. A set of mixtures containing 4% of
ceramic fibers by volume could be observed on the basis of
compressive strength as optimal, which corresponds with
the previous research [17].

3.4. Dynamic Modulus of Elasticity. .e values of dynamic
modulus of elasticity obtained are closely related to the
values of bulk density. .e highest decrease was observed
after exposure to thermal loading at 600°C, while the in-
fluence of 1000°C does not have a significant effect on dy-
namic modulus. However, appearance of microcracks
significantly worsened signal transmission during the
measurement process.

3.5. Fracture Energy. .e values of fracture energy are
summarized in Table 3. .e fracture energy corresponded
with the amount of ceramic fibers that were used, and it also
follows the trend of FGCP dosage. Generally, it can be
concluded that this property increased with rising amounts
of FGCP, especially in the reference specimens, which were
not thermally loaded. .e addition of elevated temperatures
led to decreasing values of fracture energy. .e maximal
tested dosage of ceramic fibers (8.0%) caused the lowest
values of fracture energy after exposure to a temperature of
1000°C.

.e primary objective main of the initial experimental
program was to obtain the most suitable material combi-
nation, which could be then be further improved in terms of
residual properties using hydrothermal curing. .e set of
samples containing 4% of ceramic was selected as the op-
timal option with respect to utilization of ceramic fiber
capacity. .e mixtures with various levels of cement re-
placement by FGCP were subjected to additional testing.

3.6. Evaluation of Hydrothermal Curing. Additional hy-
drothermal curing produced the expected increases in al-
most all the parameters that were evaluated. .e values of
bulk density, compressive strength, flexural strength, and
fracture energy of specimens cured in an autoclave device
are introduced in Table 4. .e higher values of bulk density
after drying characterize autoclaved composites, while the
bulk density slightly decreased after exposure, in comparison
with specimens cured in the laboratory. .e most significant
benefit of hydrothermal curing was evident in the values of
flexural strength. In some cases, this mechanical parameter
achieved values that were twice as high as the values in
reference specimens that were compared. Even after expo-
sure to a temperature of 1000°C, the flexural strength of the
autoclaved specimens achieved higher values in comparison
to the reference specimens. .is phenomenon corresponded
to different hydration products, with improved cohesion to
the surface of the fibers..e opposite phenomenon occurs in
the case of compressive strength. In some situations, es-
pecially inmixtures with a higher dosage of FGCP, the values
for specimens cured in an autoclave were lower than those
cured in the laboratory. .e fracture energy followed the
trend of flexural strength. An increase of fracture energy
values of hydrothermally cured specimens was observed.

4. Conclusion

Experimental development of fiber-reinforced composite
suitable for the production of thermal barriers was docu-
mented by this paper. Energy consumption related to its
production was partially reduced by incorporation of FGCP,
which was applied as CAC replacement. An optimal com-
position, especially regarding dosage of ceramic fibers and
CAC replacement, was determined. Suitable workability
levels were also obtained, relative to both residual me-
chanical and physical properties. .e experimental program
confirmed that 4% by volume is the optimal material so-
lution. Based on the results obtained from the experimental
program performed, the following conclusions can be
presented:

(1) .e positive influence of hydrothermal curing was
confirmed for the purpose of refractory cement
composites reinforced by ceramic fibers. Flexural
strength, both before and after being subjected to
elevated temperatures, achieved an especially ex-
cellent level.

Table 4: Basic and mechanical properties of hydrothermally cured specimens.

105°C 600°C 1000°C
ρ

(kg·m−3)
fcm

(MPa)
ftm

(MPa)
Gf

(J·m−2)
ρ

(kg·m−3)
fcm

(MPa)
ftm

(MPa)
Gf

(J·m−2)
ρ

(kg·m−3)
fcm

(MPa)
ftm

(MPa)
Gf

(J·m−2)
II-0HC 2400 91.3 20.4 294.5 2170 72.4 6.1 146.3 2130 53.0 4.6 137.4
II-5HC 2390 53.7 17.5 205.4 2145 46.5 4.1 178.8 2130 39.7 3.2 123.1
II-10HC 2380 64.9 16.8 184.6 2135 58.5 6.0 157.9 2110 42.6 3.9 143.6
II-15HC 2310 59.5 14.2 131.3 2105 40.8 5.0 160.6 2085 34.6 3.3 96.0
II-20HC 2305 46.8 15.9 142.3 2090 37.9 5.3 139.3 2085 26.0 4.4 118.2
II-25HC 2350 44.7 14.0 116.2 2155 35.6 5.7 116.6 2110 27.2 4.1 125.6
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(2) Neither visual marks nor damage were observed
following macroscopic observation of specimens
after thermal loading. .e applicability of the subject
composite for environments with elevated temper-
atures was also confirmed.

(3) .e dosage of ceramic fibers, along with the total
amount of FGCP, significantly affected the work-
ability of the fresh mixture. .e mixture with 0.25%
of fibers achieved the characteristics of self-flow;
however, the fibers did not contribute to fracture
properties. .e combination 4.0% of fibers and 15%
of FGCP resulted in the optimal combination in
terms of workability. .e maximum dosage of fibers
studied, 8.0%, resulted in a mixture that had to be
intensively compacted during casting.

(4) In terms of mechanical, especially residual, prop-
erties, the combination of 4.0% and 15% of FGCP
resulted in optimal values.

(5) In the context of the environmental impact of
cement-based composites, the utilization of waste
material (FGCP) as an integral part of both com-
posite and partial cement replacement had a positive
effect on total cement consumption and the resulting
production of CO2.
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[14] O. Holčapek, “Resistance of refractory cement composite to
cyclic temperature loading,” Key Engineering Materials,
vol. 677, pp. 23–28, 2015.

[15] R. Montgomery, Heat-Resisting and Refractory Concretes:
Advanced Concrete Technology Set, 2003.
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)is paper aims at investigating gravity load collapse behavior of extremely poor quality reinforced concrete columns under
cyclic loading. Such columns were usually constructed by local people and may not be designed to meet any of the standards. It
was found that their concrete strength may be as low as 5MPa and the amount of longitudinal reinforcement may be lower than
1%. )is type of column is deliberately defined as “nonengineered reinforced concrete column,” or NRCC. During earthquake,
the gravity load collapse of the NRCC columns caused a large number of death tolls around the world. In this study, four
columns as representative of existing NRCC were tested under cyclic loading. )e compressive strength of concrete in order of
5MPa was used to be representative of columns with poor quality concrete. Two axial load levels of 6 and 18 tons were used to
study the influence of axial load level on maximum drift at gravity load collapse. To investigate the effect of bar types on drift
capacity, 9mm round bars were used in two specimens and 12mm deformed bars were used for the rest of the specimens. )e
maximum drift before gravity load collapse was very dependent on the axial load level. )e maximum drift of the specimens
subjected to high axial load (18 tons) was extremely low at approximately 1.75% drifts. )e use of deformed bars (associated
with larger amount of longitudinal reinforcement) caused the damage to severely dissipate all over the height of the columns.
Such damage caused columns to collapse at a lower drift compared to those using round bars. Finally, the plastic hinge model
was used to predict the maximum drift of the low strength columns. It was found that the model overly underestimates the drift
at gravity load collapse.

1. Introduction

During several past decades, earthquake engineering research
has been undertaken to better understanding structural be-
havior under severe earthquake. To prevent structural damage
or collapse under strong seismic excitation, the structural
design using ductile detailing of RC structures has been in-
vestigated [1–5]. For existing or old building, many strength-
ening approaches such as wrapping structures using carbon
fiber reinforced polymer (CFRP) [6–11], steel jacketing, and
buckling restrained bracing (BRB) have been developed [12–15].
Most design methods and strengthening techniques developed

in the past decades were found to be very effective and ex-
perimentally proved to be able to prevent the building collapse
from strong earthquake [16]. If the findings from earthquake
research and development could be practically applied, the
number of death tolls from earthquake around the world
should be significantly reduced. However, during the recent
earthquake such as Sichuan earthquake in 2008 [17] and Haiti
earthquake in 2010, the total number of death toll was more
than 200,000 [18].)e collapse of buildings is shown in Figure 1.

A large number of death from earthquake implied that
the current earthquake engineering knowledge is not ef-
fectively applicable for the structures in these regions [19].
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)e structures in these regions were found to be poorly
constructed and not conformed to any design standard as
shown in Figure 2. )e structure constructed by local people
using material or reinforcement detailed below the design
standard may be classified as “nonengineered structures.” In
this study, the columns are of most interest. )is type of
column is defined as “nonengineered reinforced concrete

column,” or NRCC. )ese structures are very vulnerable to
the earthquake. Significantly, there are very limited numbers
of research on seismic behavior of such structures under the
earthquake. )e construction cost of these structures is
extremely low, and hence any available strengthening
methods are considered too expensive to be practically used
for retrofitting these structures.

(a) (b)

Figure 1: (a) Rescue workers searching for survivors after a major earthquake struck Sichuan [17]. (b) Complete destruction of concrete
building in Haiti (photo: R. DesRoches) [18].

(a) (b)

(c) (d)

Figure 2: (a) Poor reinforcement detailing in Sichuan [20]. (b) Poor quality concrete in Sichuan [21]. (c) Collapsed column with inadequate
lap splice length and widely spaced transverse bars in Gujarat, India [22]. (d) Poor reinforcement detailing in Chiang Rai [23].
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To economically and effectively retrofit these structures,
the behavior of the structures under earthquake should be
studied prior to develop a proper strengthening approach [24].
)erefore, in this study, the behavior of four column speci-
mens as representative of nonengineered columns, or NRCC,
was tested to investigate their seismic behavior. )e gravity
load-carrying mechanism and collapse behavior are of most
interest. )e test setup and test results will be discussed in the
next sections.

2. Experimental Program

2.1. Test Specimen. Four column specimens (12L-0.2, 12L-
0.6, 9L-0.2, and 9L-0.6) as representative of prototype col-
umns with low strength concrete in order of 5MPa were
tested under cyclic loading. It is noted that to control mix
proportion of low concrete strength to be exactly 5MPa is
very difficult. )erefore, concrete strength in the test date
may vary from 3.8 to 5.4MPa. )e summaries of mix
properties for concrete are shown in Table 1. All specimens
were 200 × 300mm in cross section with the height of
1250mm. To study the effect of bar size on their seismic
behavior, 4-DB12 was used as longitudinal reinforcement
of two columns whilst 4-RB9 was used for the rest. )e
transverse reinforcement ratio of all specimens is very low
around 0.1%.)e 90° hook as shown in Figure 3 was used in
all specimens. )e longitudinal bar yield strength is about
470MPa and 354MPa for DB12 and RB9, respectively. For
stirrup, the yield strength is 511MPa. )e properties of test
specimens including reinforcement detailing are shown in
Table 2.

2.2. Test Setup. )e axial load was applied and maintained
using a hydraulic jack, whilst the lateral load was applied
using an actuator with 50 kN loading capacity. )e dis-
placement controlled pattern as shown in Figure 4(b) was
used in this test.)e column will be pushed to the target drift
twice to assure that the hysteretic loop is stable before in-
creasing drift to subsequent cycle. )e test setup is shown in
Figure 4(a). )e drift ratio of low strength concrete columns
is made up of flexural, yield penetration, and shear com-
ponents which can be measured using strain gauges and
linear variable displacement transducer (LVDT). Twelve
strain gauges were installed on the reinforcement to measure
the longitudinal and transverse strains. )e discussion on all
sensors’ measurement is currently under preparation and
will be further reported in the future. )e highlighted topic
in this paper is the gravity load-carrying capacity of these
NRCC columns. )e axial collapse behavior of these col-
umns is of most interest since this will significantly affect loss
of life. )erefore, the test frame as shown in Figure 4(a) was
specially designed to be able to maintain the axial load during
the test.)e test was not terminated when the lateral resistance

dropped by 20% of the maximum lateral force as typical cyclic
load test. )e test was performed beyond this point and ter-
minated only when the axial load cannot bemaintained. In this
test, axial displacement at the tip of the columns was measured
using LVDT in order that axial shortening behavior before
gravity load collapse could be monitored.

3. Crack Pattern Results

3.1. $e Lateral Drifts at 1.5%. )e crack patterns at 1.5%
drift of all column specimens are shown in Figure 5. )e
pattern of crack in all columns was very similar and found to
be initiated by flexural crack. )e cracks propagated and
changed to shear crack pattern near the centerline of the
columns. It was evidently found that the cracks were widely
spread up to 500mm from the base of the columns using
DB12 longitudinal reinforcement (12L-0.2 and 12L-0.6).
However, for columns using RB9 (9L-0.2 and 9L-0.6), the
cracks were limited near the base area. )erefore, it can be
concluded that the crack locations are related to the types of
longitudinal reinforcement. )e use of deformed bars as
longitudinal reinforcement in NRCC may cause widespread
of crack along the column height. In contrast, the cracks
seem to be limited in the plastic hinge location when round
bars were used. )e axial load levels also have significant
influence on the crack pattern. From Figure 5, the cover
spalling was observed in the high axial load columns (9L-0.6
and 12L-0.6). )e concrete cover spalling in the first few
cycles may cause the longitudinal bar buckle leading to
column collapse at a very low drift.

Table 1: Summaries of mix properties for concrete.

Mix type Design strength (MPa) Cement (kg/m3) Water (kg/m3) Sand (kg/m3) Aggregate (kg/m3)
All column 5.0 160 200 1000 937

1-RB6 @300 mm

1-RB6 @300 mm

4-DB12 or 4-RB9

4-DB12 or 4-RB9
300 mm

Axial load

Lateral load

A A

Section A-A
200 mm

Figure 3: Reinforcement details of column specimens.
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3.2. $e Lateral Drifts at Collapse. After 1.5% drift, the test
has been carried on, and the lateral drift of all columns in-
creased to the next target drifts until the collapse stage. In this
study, the collapse is defined as the drift at which the column

could not sustain its gravity load. When the drift increased, the
existing cracks were propagated to the center, and the cracks
have increased size and length. Figure 6 shows the crack pattern
at collapse and failure mode of all the tested columns.

Table 2: Properties of column specimens.

Group Specimen
designation

Ultimate
strength

concrete (MPa)

Axial
load (kN)

Longitudinal
reinforcing
ratio (%)

Main rebar Dimensions
(mm)

Transverse
reinforcement

ratio (%)
Ties (@mm)

Group 1 12L-0.2 4.8 58.86 0.75 4-DB12 200 x 300 0.07 RB6@300
12L-0.6 3.8 176.58 0.75 4-DB12 200 x 300 0.07 RB6@300

Group 2 9L-0.2 5.4 58.86 0.31 4-RB9 200 x 300 0.07 RB6@300
9L-0.6 5.0 176.58 0.31 4-RB9 200 x 300 0.07 RB6@300

Test frame

Lateral load
Actuator

Base concrete

R.
C.

 co
lu

m
n

(a)

Loading scheme

Number of cycles
0

–8
–7
–6
–5
–4
–3
–2
–1

0
1
2
3
4
5
6
7
8

5 10 15 20 25 30 35 40 45 50 55 60 65

D
ri�

 (%
)

(b)

Figure 4: (a) Test setup. (b) Cyclic loading history.
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)e failure patterns of the four column specimens were
significantly different. However, there are twomain patterns.
)e first pattern is concrete splitting along the column
height as observed in the failure mode of the columns 12L-
0.2 and 12L-0.6, as illustrated in Figures 6(a) and 6(b). In
these columns, the inclined shear cracks were initiated due
to the larger applied maximum shear force (compared to
those in 9L-0.2 and 9L-0.6) associated with larger amount of
longitudinal bars. After shear cracking, the longitudinal bars
buckling was observed. Eventually, the column lost its in-
tegrity and collapse under gravity load at the drift of 4% and
1.75% for column 12L-0.2 and 12L-0.6, respectively. )e
second pattern is concrete crushing within the plastic hinge
region as observed in the failure mode of the column 9L-0.2
and 9L-0.6, as illustrated in Figures 6(c) and 6(d). In these
columns, the flexural cracks were initiated near the column
base. )e cracks did not propagate through the height of the
column but were confined to the plastic hinge area. Even-
tually, concrete splitting and bar buckling were limited only
in the plastic hinge area. )e gravity load collapse at the drift
of 3.5% and 1.75% for column 9L-0.2 and 9L-0.6, re-
spectively. It was found that the crack pattern and location
mainly depend on the type of longitudinal reinforcement.

When DB12 bars were used as a longitudinal re-
inforcement, the crack size was very large and dissipated all
over the columns. In contrast, when the round bars were
used, the cracks were limited to only in the plastic hinge
location. Although the crack patterns of the columns using
the same bar type are similar, the maximum drifts at failure
of the columns are significantly different. )e high axial
load columns (9L-0.6 and 12L-0.6) collapsed under gravity
load only at a drift of 1.75%. For columns subjected to lower
axial load, the drift at collapse of the columns using round
bars (9L-0.2) was 4% but 3.5% drift for the column using
deformed bars (12L-0.2). When the deformed bars were
used, the column could tolerate lateral displacement
slightly less than that using round bar providing that the
axial load level was low. It is evident that the drift at axial
load collapse of NRCC columns is significantly dependent
on axial load level but slightly dependent on type of lon-
gitudinal reinforcement. )e type of longitudinal re-
inforcements plays more important role on drift level only
when the axial load level is low. )e use of round bars in
NRCC is recommended since it could lead to columns
collapse under gravity load at larger drift compared to those
using deformed bar.

(a) (b)

(c)

16
@

50
 m

m
=

80
0 

m
m

 

(d)

Figure 5: )e levels of damage at the rate of lateral movement (at 1.5% drift). (a) 12L-0.2, (b) 12L-0.6, (c) 9L-0.2, and (d) 9L-0.6.
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4. Lateral Load-Drift Ratio Responses

Figure 7 shows the relationship between lateral load and drift
ratio (including displacement) of all the test specimens. )e
lateral force was measured using load cell attached to the
actuator arm. )e displacement of the columns was mea-
sured using LVDT to monitor movement at the column tip.
)e measured displacement was used to calculate drift ratio
by dividing column shear span (1.25m). )e lateral load was
then plotted against drift ratio as shown in Figure 7.

During the low drift cycle (less than 0.5%), the hysteresis
loop of all columns was very stable, and the linear re-
lationship between force and displacement was observed in
the ascending curve in the first and second cycle. )is can be
implied that the column behavior under cyclic loading in
a very low drift is in the elastic range. When the drift cycle
increases, the second hysteretic loop shows peak loop strength
degradation. Furthermore, it was observed that when the
deformed bars were used (12L-0.6 and 12L-0.2), there was
a significant lateral peak strength drop in the second cycle.
Much less second cycle strength drop was observed in the
columns using round bars (9L-0.2 and 9L-0.6). )e effect of

axial load level on cyclic behavior of NRCC is also very im-
portant. )e columns 12L-0.2 and 9L-0.2 that were subjected to
low axial load could tolerate larger number of cycles compared to
those subjected to high axial load (12L-0.6 and 9L-0.6).)erefore,
the energy dissipation of these low axial load columnswas higher
than the counterparts as shown in Figure 7. )e use of different
bar types also influenced the shape of hysteretic loop. )e loop
was narrow when the deformed bars were used compared to
those using round bars. Consequently, the energy dissipation of
the columns using deformed bars was lower than those using
round bars providing that the axial load ratios were equal.

5. The Envelope Curves of All Specimens

To compare the overall force and drift behavior under cyclic
loading of all specimens, the envelop curves of lateral load-
drift relationship of all specimens were plotted as shown in
Figure 8. All specimens showed the elastic behavior under low
level of lateral force. In term of lateral resistance, the maxi-
mum resistance was obtained when 12mm deformed bars
were used (12L-0.2) under low axial load level. However, with
the same deformed bars, higher axial load level (12L-0.6)

(a) (b)

(c)

16
@

50
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80
0 

m
m

 

(d)

Figure 6: Failure pattern of column specimens. (a) 12L-0.2 (3.5% drift); (b) 12L-0.6 (1.75% drift); (c) 9L-0.2 (4.0% drift); (d) 9L-0.6 (1.75%
drift).
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decreased the column lateral resistance. )is is due to the
compression failure of low strength concrete associated with
concrete crushing before longitudinal reinforcement de-
veloping their full tensile strength.When concrete crushing in
the column subjected to high axial load level, the axial collapse
occurred at a very low drift of 1.75%.)e use of round bars in
the low axial load column (9L-0.2) significantly influenced on
lateral load resistance capacity. )e lateral resistance of the
low axial load columns was significantly dependent on and
proportional to amount of longitudinal reinforcement. )e
lateral resistance of columns under low axial load level was
evidently controlled by tensile resistance of steel since tension
failure mode is controlled overall behavior of such columns.
However, the use of round bars seems to slightly benefit the
column drift capacity. For example, the column 9L-0.2 has
a larger drift at collapse than the column 12L-0.2. For columns
under high axial load ratio, the envelop curves of both col-
umns (12L-0.6 and 9L-0.2) including drift capacity at collapse

were not significantly different as shown in Figure 8. )is is
due to the fact that the overall behavior is controlled by
compression failure as previously discussed.

)e column test results are summarized in Table 3. In the
case of axial load level at 6 ton, the maximum lateral load of
specimens 12L-0.2 was 23.25 kN. )is lateral load was signif-
icantly higher than that of specimen 9L-0.2 (13.8 kN). On the
other hand, the drift at failure of specimens 12L-0.2 is 3.5%.)is
lateral load was lower than that of specimen 9L-0.2 (4% drift).
In this case, the maximum lateral resistant of the columns with
longitudinal reinforcement ratio 0.75 was higher than that of
0.31. In contrast, the drift at failure of the column with lon-
gitudinal reinforcement ratio 0.75 was lower than that of 0.31.

When the axial load level increased to 18 ton, the
maximum lateral load and drift at failure for both specimens
12L-0.6 and 9L-0.6 were rather similar, as shown in Table 3.
)e test results indicated that the axial load ratio affects
maximum lateral load and drift capacity of all columns.
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Figure 7: Lateral load-drift ratio responses. (a) 12L-0.2; (b) 12L-0.6; (c) 9L-0.2; (d) 9L-0.6.
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6. Axial Displacement and Drift
Ratio Relationship

Figure 9 shows the relationship between axial deformation
and lateral displacement of the NRCC columns under cyclic
loading. During the cyclic load test, the axial load level was
kept constant throughout the test, and the axial displace-
ment was carefully monitored using a displacement trans-
ducer mounted at the top of the columns. From Figure 9,
during the first few cycles, there was no significant axial
shorting of all test columns. When the lateral drift was
increased and the column cracking and concrete cover
spalling were evidently observed, the axial shortening had
started to increase. It was observed that before the peak
resistance (as marked by (1) in Figure 9), there was almost no
axial shortening. However, after peak load or postpeak regions,
the axial shortening had initiated and sharply increased after
point (2) as shown in Figure 9. When the second cyclic loop
was applied, the axial shortening has continuously increased,
and hence, this point was deemed the gravity load collapse.)e
drifts at this stage of all test columns were recorded and are
summarized in Table 3. )is drift at axial load collapse is the
most realistic collapse point that can be used to justify the
maximum drift of NRCC columns.

)e influence of various parameters on gravity load
collapse mechanism of NRCC columns has also been studied.
For the column 12L-0.2, the largest amount of longitudinal
reinforcement and lowest axial force were used. It was found
that that axial shortening occurred at a very high drift (almost
3%). However, once the axial shortening has been initiated,
gravity load collapse occurred soon after this point (3.5%
drift).)e initiation of axial shortening at high drift compared
to other columns because the longitudinal reinforcements
have a significant contribution to carrying the axial load (at
low level). However, when the concrete cover was spalling at
high drift, the bars were not effectively confined by concrete
cover. Eventually, load-carrying capacity of the bars has been

lost due to compression buckling followed by sharply axial
shortening, leading to gravity load collapse of the column.

For the column 12L-0.6, the axial load level was increased
and consequently, higher axial stress has imposed on both
concrete and longitudinal bars. )e axial shortening has
initiated soon after the peak lateral load. )e sharp increase
in axial displacement occurred when the number of cycle
increased. Concrete crushing following by bars buckle at
a very low drift caused the rapid column shortening fol-
lowing gravity load collapse of the column. When longi-
tudinal reinforcement ratio was reduced approximately 50%
(columns 9L-0.2 and 9L-0.6), axial load-carrying capacity
contributed by longitudinal reinforcement was therefore
reduced approximately 50%. In this case, the more pro-
portion of axial load will be transferred to concrete com-
pared to the columns using 4 db (12 bars). Hence, the
shortening behavior was likely to be controlled by behavior
of concrete under compression. )e axial shortening has
initiated soon after the peak lateral resistance and contin-
uously increased until gravity load collapse was imminent. It
was also found that when the level of axial load was high such
as in the column 9L-0.6, the axial deformation increased
rapidly when the number of cycle and drift increased.

7. Theoretical Model for Column Collapse

In this section, the numerical framework is proposed to predict
the behavior of low strength concrete columns by plastic hinge
concept such as thewell-knownPaulaymodel in 1923.)emodel
could provide a conservative estimate when used for evaluating
seismic resistance of reinforced concrete structures [25]. )e
modelwas used to predict themaximum lateral load andultimate
drift ratio, as shown in Table 4. Comparison has been made
between prediction results and test result for all specimens.

Ductility of reinforced concrete column (μΔ) can be
calculated from the Paulay model in 1923 [26]:

μΔ �
Δm
Δy

, (1)

where Δm � Δy + Δp, Δm is the maximum displacement
(mm), Δy is the yield displacement (mm), and Δp is the
plastic displacement (mm).

)e yield displacement (Δy) of cantilever may be esti-
mated as follows:
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Figure 8: )e envelope curve of all specimens.

Table 3: Summaries of the column specimens test results.

Specimen 12L-0.2 12L-0.6 9L-0.2 9L-0.6
Ultimate strength concrete
(MPa) 4.80 3.80 4.00 5.40

Longitudinal reinforcing ratio 0.75 0.75 0.31 0.31
Maximum lateral load (kN) 23.25 16.32 13.80 15.65
Drift at maximum load (%) 1.50 1.26 1.50 0.76
Lateral load at 80% of peak
load (kN) 18.60 13.06 11.40 12.52

Drift at 80% of peak load (%) 3.00 1.76 3.08 1.26
Lateral load at axial
failure (kN) 0.89 1.20 0.67 0.85

Drift at axial failure (%2) 3.49 1.76 4.06 1.79
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Δy �
ϕyl2

3
, (2)

where ϕy is the yield curvature (rad/mm) and l is the length
of column (mm).

From Figure 10, the yield curvature (ϕy) is given by ϕy �

Mi/Mi′ϕi′ an acceptable approximation for beam sections to
calculate the steel and concrete extreme fiber strain, and
hence curvature ϕy′, based on conventional elastic section
analysis at a moment of Mi′ � 0.75Mi thus providing an
equivalent yield curvature of ϕy � 1.33ϕy′, when

ϕy′ �
εy

(d− c)
(3)

where εy is the yield strain of longitudinal reinforcements, c is
the distance between the top of the compressive section and
the neutral axis NA (mm), and d is the effective depth (mm).

From Figure 11, assuming that the plastic rotation to be
concentrated at the mid-height of the plastic hinge, thus, the
plastic displacement at cantilever tip is

Δp � θp l−
lp

2
  � ϕm −ϕy lp l−

lp

2
 , (4)

where ϕm is the maximum curvature (rad/mm), ϕp is the
plastic hinge curvature (rad/mm), and lp is plastic hinge
length of the column (mm).)emaximum curvature (ϕm) is
given by
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Figure 9: Axial displacement-drift ratio response. (a) 12L-0.2; (b) 12L-0.6; (c) 9L-0.2; (d) 9L-0.6.
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ϕm �
εm
Cu

, (5)

where Cu is the distance between the top of the com-
pressive section and the neutral axis NA at the maximum
curvature (mm).

)e plastic hinge length of column (lp) can be estimated as

lp � 0.5 h, (6)

where h is the section depth (mm).

8. Numerical Simulation

)eprediction of the maximum lateral strength and ultimate
drift of all test columns are shown in Table 4 along with the
results from the experiment. )e prediction of maximum
lateral strength was calculated by simply applying the
concept of plane stress remaining plain after bending. )e
material models used in this calculation (concrete and
longitudinal reinforcement) were calibrated against material
testing results. It was found that the predictions provide
slightly lower values compared to test result except those in
column 12L-0.6. For column 12L-0.6, the predicted lateral
strength (19.76 kN) is higher than the test result (16.32 kN).
)is might be a result of the concrete cover splitting along
the column height at the early stage (as shown in Figure 5). It
partially prevented the longitudinal bars to be able to fully
develop their yield stresses.

To calculate lateral drift, the well-known Paulay model as
explained in previous section was adopted. )e plastic hinge
length used in this study was equal to 0.5 h, and the limiting
strain at ultimate drift is 0.003. From Table 4, it was evidently
found that the model was overly conservative in predicting
the lateral drift at gravity load collapse. )e model under
predicted the lateral drift varying from 65% to 77%

compared to the test results. It was found that the use of
limiting plastic hinge length of only 0.5 h or 17.5 cm from the
base might not be suitable for low strength columns. Since
the damage and cracking were not limited to only that
region, the crack locations were significantly dependent on
the type of longitudinal reinforcement, axial load level, and
also strength of concrete. In addition, the use of limiting
concrete crushing strain of 0.003 may be too low for such
low strength concrete. )e model to more precisely predict
the lateral drift at gravity load collapse is still under de-
velopment. )e developing of constitutive model of such low
strength concrete will be further developed and calibrated
against the compressive load test of the low strength cylinder.
)e recommendation of plastic hinge length model and new
calculation approach will be presented in future.

9. Conclusions

)is paper presents an experimental and numerical study on
the cyclic performance of nonengineered reinforced con-
crete columns with distinct longitudinal bars and increased
axial ratio. Based on the study, the test result revealed the
following conclusions:

(1) From the crack pattern and damage observation,
it can be concluded that the longitudinal reinforce-
ment ratio was a significant factor on the crack pattern
of the column under cyclic loading. Vertical crack
along longitudinal reinforcing with deformed bars
was found. However, the crack pattern of longi-
tudinal reinforcing round is limited near the base
area.

(2) From the hysteretic loop pattern observation, it can
be concluded that the longitudinal reinforcement
bars was a significant factor on the shape of hys-
teretic loop. )e use of different bars types also
influences energy dissipation. )e energy dissipation
is low when the deformed bars are used when
compared to those using round bars.

(3) From the envelop curves of lateral load-drift re-
lationship observation, it can be concluded that the
lateral resistance of the low axial load columns was
significantly dependent on and proportional to
amount of longitudinal reinforcement. )e lateral
resistance of columns subject to low axial load level
was evidently controlled by tensile resistance of steel
since tension failure mode controlled the overall

Table 4: Maximum lateral strength and ultimate drift ratio.

Group Specimen
designation

Ultimate strength
concrete (MPa)

Experiment )eoretical prediction
Maximum lateral
strength (kN)

Ultimate drift
ratio (%)

Maximum lateral
strength (kN)

Ultimate drift
ratio (%)

Group 1 12L-0.2 4.8 23.25 3.496 21.62 1.033
12L-0.6 3.8 16.32 1.760 19.76 0.411

Group 2 9L-0.2 5.4 13.80 4.056 12.59 1.400
9L-0.6 5.0 15.65 1.785 14.32 0.560
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Figure 10: Lateral displacement-moment curvature.
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behavior of such columns. )e test results indicated
that the axial load ratio affects maximum lateral load
and drift capacity of all columns.

(4) From axial displacement and drift ratio relationship
observation, it can be concluded that the initiation of
axial shortening occurred at high drift compared to
other columns.)is is due to the fact the longitudinal
reinforcements have a significant contribution in
carrying the axial load (at low level). However, when
the concrete cover was spalling at high drift, the bars
were not effectively confined by concrete cover.
Eventually, load-carrying capacity of the bars was
lost due to compression buckling following by
sharply axial shortening. Gravity load collapse of the
column occurred as a consequence. In addition, the
shortening behavior was likely to be controlled by
behavior of concrete under compression. )e axial
shortening has initiated soon after the peak lateral
resistance and continuously increased until gravity
load collapse was imminent.

(5) )e well-known Paulay model was used to predict
the drift capacity of the NRCC columns in this study.
It was found that the model was under predict lateral
drift varying from 65% to 77% compared to the test
results.
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An experimental research was carried out to investigate the seismic performance and shear strength of reactive powder concrete
interior beam-column joints subjected to reverse cyclic loads. Four beam-column joint specimens were cast and tested in the
investigation. -e failure characteristics, deformational properties, ductility, and energy dissipation of reinforced reactive powder
concrete interior beam-column joints were analyzed in this paper. -e shear strength of joints was calculated according to the
GB5001-2010 and ACI 318-14. -e results shows that reactive powder concrete beam-column joints have a higher shear-cracking
strength and shear carrying capacity and strength degradation and rigidity degradation are not notable. Additionally, the use of
RPC for beam-column joints can reduce the congestion of stirrups in joints core.-e shear force in the RPC joint is mainly carried
by the diagonal strut mechanism; the design expression of ACI 318-14 can be used for calculating the shear strength of RPC joints,
which has a safety margin of 22%∼38% in this test.

1. Introduction

Since the 1960s, the performance of reinforced concrete beam-
column joints has been an active subject in the earthquake
resistance of engineering structures, and the field has seen
numerous achievements [1–4]. Normal concrete and high-
strength concrete have low tension strength and poor
toughness, so the ductility of the concrete joints primarily
depends on the stirrups; this causes congestion of reinforcing
bars in joint and poses difficulty in the placement of concrete
[5, 6]. Besides, due to the brittleness of concrete and the
uncoordinated deformation between concrete and bars, the
bonding properties of steel and concrete in the joint region will
deteriorate under seismic loading. Furthermore, splitting
tensile failure and concrete cover spalling failure occur at the
interface between concrete and bars. For these reasons, some
new design approaches were developed. Ibrahim [6] pro-
posed studs with a head at each end in lieu of conventional
closed stirrups in reinforced concrete beam-column joints.

Kotsovou and Harris [7] proposed a method for the seismic
design of beam-column joints and proved its validity. Re-
searches have demonstrated that the spacing of stirrups in
the joint area can be decreased by using steel fiber-reinforced
concrete instead of normal concrete [8–10]. In other words,
using fiber concrete or new design approaches can reduce
the amount of stirrups, which is convenient for construction.
On the other hand, the durability of reinforced concrete
structures has become increasingly important. Concrete
carbonation and the corrosion of steel bars in reinforced
concrete structures can cause premature failure. Reactive
powder concrete can be a feasible solution to overcome these
problems in reinforced concrete frame joint.

Reactive powder concrete (RPC) is a new cement-based
composite with ultrahigh strength and performance. -e
compressive strength can be as high as 200∼800MPa; the
flexural strength can reach 30∼60MPa [11, 12]. -e frost-
resistance level of RPC can exceed 690 cycles of freezing
and thawing with a low mass-loss rate below 3%. RPC’s
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resistance to carbonation and chloride ion permeability is
much higher than other concrete [13, 14]. -erefore, the
mechanical properties and durability of frame structures can
be improved by using reactive powder concrete with high
strength and durability. Additionally, the section size of the
member and the number of stirrups can be reduced.

In recent years, there has been extensive research
conducted on RPC in terms of the mix preparation and
mechanical properties, and the results indicate that the
mechanical properties of RPC are better than NC and HSC
[15, 16]; in addition, studies on the mechanical behavior of
the beams and columns has been carried out by Hung and
Chueh [17], Malik and Foster [18], and Deng et al. [19].
Wang et al. [20] presented the reported study on the
seismic behavior of RPC exterior joints with high-strength
bars. Studies have demonstrated that RPC structures differ
significantly from normal and high-strength concrete
structures because of the difference of performances of
RPC materials [21, 22]. -is paper, based on the RPC
beam-column joints quasistatic test, studies the seismic
performance of RPC beam-column joints, investigates the
influence of the stirrup ratio and axial compression ratio
on the seismic performance of RPC beam-column joints,
studies the RPC joint forced destruction mechanism, and
provides reference for the seismic design of RPC frame
structure.

2. Experimental Programs

2.1. Test Specimens. In order to obtain the performance and
the shear strength of RPC joint under cyclic loads, the test
specimens need to ensure that shear failure in the joint core
occurs before beam and column flexural failure. According
to the concept “weak connection-strong member, weak
beam-strong column,” four joint specimens were designed.
-e specimen design parameters are shown in Table 1. -e
specimen number consists of the initial letter of joint, the
number of stirrups in the core area, and the axial com-
pression ratio. For example, “J-1-0.3” indicates that the joint
specimen has one stirrup in the core and an axial com-
pression ratio of 0.3. -e column section size of the spec-
imens is 200mm× 200mm, and the beam cross-section size
is 150mm× 250mm. Specimen size and reinforcement
details are shown in Figure 1.

2.2. Material Properties. Table 2 summarizes mixture
proportions of RPC produced. -e RPC were made using
Grade 42.5 ordinary Portland cement; Table 3 shows the
chemical compositions and physical properties of the
cement. Silica fume has a particle size of less than 2 μm,
a density of 2.214 kg/m3, and an SiO2 content of 82.2%.-e
aggregate is quartz sand with diameter range of 0–2.5mm.

Table 1: Specimen parameters.

Specimens number Compressive strength of RPC (MPa) Stirrups in joint core Axial compression ratio
J-0-0.3 112.3 0 0.3
J-0-0.5 104.1 0 0.5
J-1-0.3 105.8 One 2-leg loop, 6mmφ 0.3
J-1-0.5 98.5 One 2-leg loop, 6mmφ 0.5
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Figure 2 shows the particle size distribution curve of quartz
sand. -e steel fiber volume content is 1.3%. -e compressive
strength of RPC is shown in Table 1. -e longitudinal re-
inforcement bars of the specimens are HRB400 hot rolled
ribbed steel bars (diameter of 14mm). -e stirrups are
HPB300 reinforced (diameter of 6mm). Table 4 shows the
measured mechanical properties of the reinforcing bars.

2.3. Test Apparatus and Loading Procedure. Figure 3 shows
the test setup and instrumentation. For all specimens, an
axial load was applied to the column and was maintained
constant throughout the test. An antisymmetric concen-
trated force (or displacement) was applied to the free end of
the beam. -e column end axial force was applied by
a hydraulic jack, and a 2000 kN load sensor was used to
measure the value. -e beam tip cyclic load was applied by
MTS electrohydraulic servo actuator. -e force and dis-
placement of beam tips were recorded by MTS actuator.

-e shear deformation of the joints was measured by two
displacement sensors placed in themain diagonal directions, as
shown in Figure 3(b). -e shear deformation of the joints was
obtained by converting the displacement measured by dis-
placement sensors. -e rotating plastic hinge region is rep-
resented by the average cross-sectional curvature. -e
apparatus used for measuring the curvature of the beams is
shown in Figure 3(b).-e strains in longitudinal reinforcement

bar and stirrups in joint core were monitored by electrical
resistance strain gauges.

To eliminate unevenness of axial load, 30% of the axial
force is applied initially, then, it is unloaded to 0, and finally,
the load is applied to the design value and is maintained
constant throughout the test. -e axial loading history is
shown in Figure 4(a). -e cyclic loading procedure of the
beam tip for all specimens consists of two phases. It begins
with a load-controlled phase followed by a displacement-
controlled one. During the force-controlled phase, a load of
5 kN is applied with differential loading step by step, and
every load cycle occurs once. When the specimen reaches
cracking or at steel bar yield, the process is switched to
displacement control, and at this time, the displacement is
denoted as Δy. -e displacement is incremented by Δy, and
each displacement level cycle occurs three times. -e test
stops when the load reduces to 85% of the peak load. -e
loading history of the beam tip is shown in Figure 4(b), and
the left and right tips of the beam simultaneously load in
reverse.

3. Test Results and Discussion

3.1. Failure Characteristics of RPC Beam-Column Joints. -e
failure model of all four of the specimens was shear failure, and
all of the specimens had a similar failure process, which can be
divided into three stages: the initial crack, penetrating crack,
and failure. In the initial-crack stage, when the load reached
about 55% of the peak load, the first diagonal crack was
observed in a diagonal direction of the joint area. At this time,
the stirrup strain was small (about 600×10−6∼800×10−6). In
the reverse loading phase, the first diagonal crack was observed
in another diagonal direction. For the moment, the shear in
the joint was mainly afforded by the RPC. For the specimens,
the crack load of the joint core area was very close; the crack
load of specimen J-0-0.3 and J-0-0.5 were 25 kN, whereas the
other two specimens had crack loads of 30 kN. -e shear
deformation of four specimens at crack load was less than
0.001 rad.

With an increased load and number of cycles, the
initial crack along the diagonal direction continued to
extend, and the specimens gradually entered into the
penetrating crack stage. At the first 2Δy cycle, the original
diagonal cracks along the diagonal direction extended to
the corner, forming the main perforation cracks. In the
vicinity of the diagonal, there were three or four small

Table 2: Mixture proportions of RPC.

Material Cement Silica fume Quartz sand Steel fiber Superplasticizer Water from SP Water
Quantity (kg/m3) 756.7 227.0 1278.1 105.8 20.4 47.5 168.9

Table 3: -e chemical compositions and physical properties and of the cement.

Chemical compositions (%) Physical properties
SiO2 Fe2O3 Al2O3 CaO MgO SO3 R2O LOI Density (g/cm3) fct,f,3 (MPa) fct,f,28 (MPa) fct,f,3 (MPa) fct,f,28 (MPa)
21.04 2.93 4.66 65.97 1.82 2.52 0.90 2.11 3.18 5.17 9.62 29.2 61.5
LOI, loss on ignition.
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Figure 2: -e particle size distribution curve of quartz sand.
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diagonal cracks that paralleled the diagonal direction. At
this time, the maximum crack width of the joint area was
approximately 0.3mm, and the joint core still had good
shear resistance; the average shear deformation of the joint
was 2.64 ×10−3 rad. When the 2Δy cycle continued for the
second and third cycles, the widening of the main crack
accelerated, and a larger number of diagonal cracks with
small widths appeared around the main crack. When the
first 3Δy cycle ended, the width of the main diagonal crack
in the joint core area significantly increased, and themaximum
width was about 1.5mm.

At the failure stage, the width of the main diagonal
crack in the joint continued to increase, the stirrup strain
in joint core rapidly increased and eventually reached
yield, and the average shear deformation of the joint

multiplied. Parts of steel fibers were pulled out from the
matrix, and part of the RPC near the main crack started to
peel. At the loading ends, large cracks might appear, but
specimens remained as an integral. -e specimen failure
mode is shown in Figure 5. RPC has a high tensile strength
and tension strain, which can delay joint core cracking as
well as delay the tensile yield of stirrups in the joint core. In
addition, the high tensile strength of RPC can reduce the
speed at which cracks develop; thus, the compressive
strength can be sufficient to play and improve the carrying
capacity of joints.

3.2. Load-Deformation Hysteresis Curve. -e load-displacement
(P-Δ) curve of beam tip is a comprehensive reflection of
joint specimens under cyclic loading, which can reflect

Table 4: Mechanical properties of reinforcing bars.

Type of reinforcement Application Diameter (mm) Yield strength (MPa) Ultimate strength (MPa) Modulus of elastic (GPa)
HRB400 Longitudinal bars 14 423.40 632.40 200
HPB300 Transverse stirrup 6 353.56 398.30 210
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joints’ seismic performance indicators such as bearing
capacity, ductility, energy dissipation, the strength re-
duction, rigidity degradation, and so on. Figure 6 shows the
load-displacement hysteretic loop of four test specimens,
where L represents the left beam and R represents the right
beam. -e hysteresis curve of reinforced RPC beam-
column joint has the following characteristics:

(1) In the early stage, the hysteresis loops were narrow
strips, and the area surrounded by hysteresis loops
was smaller.-e slope decline of hysteresis curve was
not obvious.

(2) In the stage of displacement control, during 1Δy
displacement stage, strength of joints almost did not
reduce. When the loading displacement increased to
2Δy, the load of beam end continued to increase, and
specimens J-0-0.3, J-1-0.3, and J-1-0.5 reached their
maximum carrying capacity, respectively, at the first
cycle of 2Δy. During the second and third cycles of
2Δy, the strength declined slightly, the decline were
no more than 5%. During the first cycle of 3Δy, the
strength of specimen J-0-0.5 reached its maximum
while the strength of other specimens were close to
the strength at 2Δy first cycle. With the increase of
the cycles, the capacity of specimens began to decline
significantly. In this case, the load-displacement
hysteresis curve became “S” shape, and the area
surrounded by the hysteresis loop also increased
rapidly; it indicated that the energy dissipation of
specimen increased.

3.3. Shear Force-Deformation Angle Hysteresis Loops. -e
joint shear deformation angle of joint can be calculated by

c �

������
a2 + b2

√

2ab
Δ1 + Δ2 + Δ3 + Δ4( , (1)

where c represents the average value of joint shear
deformation angle; a and b represent the horizontal and
vertical distances between the end points of the diagonal;
and (Δ1 + Δ2) and (Δ3 + Δ4) are the changes in length of
diagonals (Figure 7).

According to the China code, the shear strength (Vj) of
reinforced RPC joints can be calculated by the equation
[23]

Vj �
∑Mb

hb0 − as
′

1−
hb0 − as

′

Hc − hb

 , (2)

where ∑Mb represents the total bending moment of beam
adjoining joint core, ∑Mb � P1L1 + P2L2; Hc is total depth
of column; hb0 is effective depth of beam, hb0 � hb − as; hb is
depth of beam; and as and as

′ are the distance from the
resultant force center of tensile and compressive re-
inforcement to corresponding edge.

Figure 8 shows the shear force-deformation angle (Vj-c)
hysteretic curves of the four specimens. It can be observed
from Figure 8 that the slope rates of the loading curve were
basically consistent with unloading curve during load
control stage; this indicates that the joint is about in elastic
state before cracking in joint core. During the 1Δy

(a) (b)

(c) (d)

Figure 5: Failure mode of joints. (a) Specimen J-0-0.3. (b) Specimen J-0-0.5. (c) Specimen J-1-0.3. (d) Specimen J-1-0.5.
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Figure 6: Continued.
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displacement stage, the shear deformation value of joints
was very small. During the 2Δy displacement stage, four joint
specimens all reached the maximum shear carrying ca-
pacities at the first 2Δy cycle; then the strength reduction and
stiffness degradation began to appear at the second and third
cycles of 2Δy displacement. At the first 3Δy cycle, the shear
deformation angles significantly increase, but the shear load
of specimens is close to the value at the first 2Δy cycle. -is
indicates that RPC beam-column joint has a good ability of
deformation and toughness. At the second and third cycles
of 3Δy displacement, the shear deformation angles of
specimens continue to increase, and strengths drop till
failure.

3.4. Strength Degradation. -e strength of the joint speci-
mens decreased at the same displacement level with an

increasing number of cycles. -e strength degradation co-
efficient (λj) presented in the Chinese code [24] is used to
illustrate the degradation. λj can be calculated by

λj �
Pj

i

P1
j

, (3)

where P1
j is the peak force of the first cycle at the dis-

placement level of j (j�∆/∆y), and Pj
i is the peak force of the

second or third cycle (i� 2 or 3) at the same displacement
level of j (j�∆/∆y).

-e λj versus ∆/∆y curve for the reinforced RPC beam-
column joints is shown in Figure 9. It can be seen that, the
coefficient λj of the specimens decreases as the level of
displacement increases; λj decreases as cycles increases at the
same displacement level. λj increases as the axial com-
pression ratio increases.

3.5. Rigidity Degradation. -e rigidity coefficient Kj is de-
fined as the slope of the line joining the upward and
downward peak loads of one loop of the load-displacement
hysteresis loops. Figure 10 shows the looped rigidity co-
efficient (Kj) versus displacement (∆/∆y) relationship of RPC
concrete beam-column joints. For each displacement level,
the rigidity coefficient was calculated using the peak load
values of the first cycle.

According to Figure 10, rigidity degradation can be
found in all specimens, and the rigidity coefficient of
specimen changes marginally from 1Δy to 2Δy, but rigidity
coefficient decreased significantly when the displacement of
beam tip exceeds 2Δy.-is can be contributed to the fact that
cracks were developing quickly and failures started to occur
at 3Δy.

3.6. Ductility of Joints. Ductility is an important index for the
seismic design of structures and is characterized by a ductility
factor. According to different deformation types, the ductility
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Figure 6: Hysteresis curve of joints. (a) Specimen J-0-0.3. (b) Specimen J-0-0.5. (c) Specimen J-1-0.3. (d) Specimen J-1-0.5.
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factor can be divided into three types: a curvature ductility
factor, displacement ductility factor, and rotation ductility factor.
In this paper, the displacement ductility factor μ is used to
measure the ductility of the specimens. It is defined as
μ�Δu/Δye, where Δu is the ultimate displacement when the
specimen destructs, which is the beam tip corresponding to
the displacement when the load reaches 85% of the maxi-
mum load.-e corresponding load to Δu is the ultimate load
Pu. Yield displacement Δye can be calculated by the Park
method [25], and the corresponding load to Δye is the yield
load Pye.

Table 5 shows the main feature points’ test results and
displacement ductility factors of each specimen. -e first
crack load increased with increase of stirrup in joint and
axial load of column, which may be due to the increase in
confined effect from stirrup and compression from column.
-e ductility factors of four specimens are small, ranging
from about 1.63 to 2.29. -is is because the failure mode of
all four specimens is shear failure in joint core. Specimen J-1-
0.3 and specimen J-1-0.5, which configure only a stirrup in
the joint core, do not manifest a higher ductility than
specimens without stirrup in the joint core. -is phenom-
enon can contribute to fewer stirrups being configured by

specimens. -e stirrups yielded before the specimens
reached their maximum carrying capacity, so fewer stirrups
in the joint area have no effect on the ductility of the
specimens. Furthermore, this also indicates that RPC has
a good shear ductility, which shows an excellent ductility
characteristic under shear load, and the feature has less
dependence upon the restraint of the stirrups. It can reduce
the consumption of stirrup to use RPC instead of normal
concrete in the joint area, and it is easy for construction.

3.7. Energy Dissipation. Energy dissipation is an important
indicator of seismic performance. -e enclosed area formed
by the load-displacement hysteresis loops can be used to
characterize the size of the energy dissipation.

Figure 11 shows the hysteretic energy dissipation curve
of different RPC beam-column joints under different loading
grades. As can be seen from the figure, specimens in the
small deformation stage have less energy dissipation.When the
load displacement was 1Δy (about 2.1% drift), the energy
dissipation capacities of the four specimens were 516.2 kN·mm,
554.6 kN·mm, 551.6 kN·mm, and 528.9 kN·mm. When the
load displacement was 2Δy (about 4.3% drift), the energy
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Figure 8: Shear force versus shear deformation angle of joints core. (a) Specimen J-0-0.3. (b) Specimen J-0-0.5. (c) Specimen J-1-0.3.
(d) Specimen J-1-0.5.
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dissipation capacities of the four specimens were 2374.5kN·mm,
2837.1kN·mm, 2640.1kN·mm, and 2790.5 kN·mm. When the
load displacement was 3Δy (about 6.4% drift), the energy

dissipation capacities of the four specimens were 5058.2kN·mm,
5956.6 kN·mm, 5071.6kN·mm, and 5413.5kN·mm.

-e energy dissipation of joints increases with increasing
axial compression. Under the same axial compression ratio,
the stirrup of the joint core can improve the energy con-
sumption slightly. An increase in RPC shear strength can
improve the energy dissipation capacity to a certain degree.
After stirrups yield, energy dissipations of the four speci-
mens are close. -e reason could be the axial compression,
and the existence of stirrups can suppress diagonal crack of
joint core developing. In addition, the axial compression also
improves the friction resistance between longitudinal re-
inforcements and RPC in the joint core.

4. Shear Strength of RPC Beam-Column Joints

Based on test results, the shear strength of reinforced RPC
joints can be calculated by (2). Table 6 shows the shear
strength of four specimens, in order to study the influence
of axial compression ratio and stirrup ratio in joints core
on shear strength. Considering the differences in RPC
strength of different specimens, shear-compression ratio
(Vj/fcbjhj) was defined to analyze shear strength of unit
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Figure 9: λj versus Δ/Δy relationship. (a) Specimen J-0-0.3. (b) Specimen J-0-0.5. (c) Specimen J-1-0.3. (d) Specimen J-1-0.5.
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area of RPC. Vj is the shear carrying capacity of RPC
joint, which can be calculated by (2); fc is the compressive
strength of RPC; bj is the width of joint; and hj is the
height of joint.

-e influence of axial compression ratio and stirrup ratio to
shear-compression ratio is shown in Figure 12. -e shear-
compression ratio of specimen J-1-0.3 increased by 7.9% as
compared to J-0-0.3, and the shear-compression ratio of
specimen J-1-0.5 decreased by 2.3% as compared to J-0-0.5.
-is could be explained by the fact that yield of stirrup in joint
core was found before peak load. For specimens J-1-0.3 and

J-1-0.5, there was only a double-leg loop with a 6mm diameter
in the joints, so the restriction effect on RPC was weaker and
the enhance effect of the shear strength was not obvious. Under
the same axial compression ratio,-e stirrups in the joints play
a role in constraining the concrete of joint core, which can
improve the compressive and shear strength of concrete; be-
sides, stirrups in the joint core can bear directly part of the
shear force of joint; thus, it can effectively improve the
shear strength of the joint by configuring a number of
stirrups [5]. It is necessary to use a certain amount stirrups
in RPC joint core even though RPC joint has high strength
and ductility. Under the same reinforcement condition, the
shear-compression ratio of specimen J-0-0.5 increased by
18.1% as compared to J-0-0.3, and the shear-compression
ratio of J-1-0.5 increased by 6.9% as compared to J-1-0.3.
-e cracking resistance of concrete can be improved by in-
creasing the axial compression ratio. -e microcracks in
concrete can reclose under the axial compressive force, and it
is beneficial for improving the shear strength of concrete by
properly increasing the axial compressive force within
a certain range. A similar behavior was reported by other
researchers [8, 26, 27] in which the joint shear strength
moderately increases as the axial load level increases within
a certain range. On the other hand, the increase in the axial
compressive force can reduce ductility of beam-column joint.
Li and Leong [27] reported that any increase in the column
axial compressive load beyond 0.3f′c Ag did not improve the
shear strength, and the application of column axial com-
pression ratios above 0.3 causes a decrease in shear strength
and a degradation of rigidity. Kim and Lafave [28] reported

Table 5: Main feature points’ test results and displacement ductility factor.

Specimen
numbers Direction

First
crack
load
(kN)

Displacement
Δye at yield load

(mm)

Yield
load, Pye
(kN)

Displacement
Δmax at peak
load (mm)

Peak
load,
Pmax
(kN)

Displacement Δu
at ultimate load

(mm)

Ultimate
load, Pu
(kN)

Displacement
ductility
factor μ

J-0-0.3-L
Downward 25 34.73 44.69 40.46 50.5 64.75 42.93 1.86
Upward 30 35.76 48.43 40.46 53.3 69.07 45.31 1.93
Average 27.5 35.245 46.56 40.46 51.9 66.91 44.12 1.90

J-0-0.3-R
Downward 30 28.38 41.16 40.46 45.4 63.26 38.59 2.23
Upward 25 33.93 60.64 60.69 66.7 79.51 56.7 2.34
Average 27.5 31.155 50.9 50.575 56.05 71.385 47.645 2.29

J-0-0.5-L
Downward 25 38.98 49.02 60 54.7 66.49 46.5 1.71
Upward 30 35.9 61.92 40 66 71.3 56.1 1.99
Average 27.5 37.44 55.47 50 60.35 68.895 51.3 1.85

J-0-0.5-R
Downward 30 29.77 48.74 40 49.5 63.25 42.08 2.12
Upward 25 33.69 62.96 60 70.2 72.84 59.67 2.16
Average 27.5 31.73 55.85 50 59.85 68.045 50.875 2.14

J-1-0.3-L
Downward 30 36.96 44.48 41.1 48.7 61.65 45.9 1.67
Upward 30 38.57 55.43 41.1 57.4 61.65 48.8 1.60
Average 30 37.765 49.955 41.1 53.05 61.65 47.35 1.63

J-1-0.3-R
Downward 30 30.54 41.69 41.1 48.4 61.65 44.59 2.02
Upward 30 34.27 59.16 41.1 63 61.65 53.55 1.80
Average 30 32.405 50.425 41.1 55.7 61.65 49.07 1.91

J-1-0.5-L
Downward 30 26.3 34.84 41 49.9 61.5 49.16 2.34
Upward 35 34.13 59.05 41 57.5 61.5 56.5 1.80
Average 32.5 30.215 46.945 41 53.7 61.5 52.83 2.07

J-1-0.5-R
Downward 35 35.56 45.75 41 46 61.5 43.72 1.73
Upward 30 38.52 58.95 41 63.1 61.5 49.2 1.60
Average 32.5 37.04 52.35 41 54.55 61.5 46.46 1.66
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Figure 11: Energy dissipation of joint specimens.
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that the column axial compression ratio had little influence on
the joint shear behavior.

Based on the test results of the mechanical properties of
reinforced bars and RPC, the shear strength of joint spec-
imens were calculated according to the China code for
seismic design of buildings (GB50011-2010) [23]and ACI
318-14 (in accordance with ACI R352-02 committee report)
[29], respectively.-e calculated results of the shear strength
were lower than those of the test result. -e calculated value
using GB50011-2010 was lower than that using ACI 318-14,
and the test value was about 1.51 times larger than the value
calculated by GB50011-2010 and was about 1.30 times larger
than the value calculated by ACI 318-14. -e comparison is
not satisfactory; this may be due to the following reasons.
RPC has higher compressive strength; however, the tension-
compression ratio of the RPC is smaller than that of ordinary
concrete. -e tensile strength ft of concrete is used as
representative value of shear strength in the China code, and
the compressive strength’s square root 

��

f′c


 of concrete is

used as the representative value of shear strength in ACI
318-14. -us, the value calculated by the China code is
smaller than the value calculated by ACI 318-14. -e test
result indicates that the shear force in the RPC joint is mainly
carried by the diagonal strut mechanism, which is consistent
with design expression of ACI 318-14; the shear strength test
results were found to be 22%∼38% more than the
value calculated by ACI 318-14. So the design expressions
Vj � αaci,jλaci,j

��

f′c



Aj can be used for calculating the shear
strength of RPC joints.

5. Conclusions

(1) Reinforced RPC beam-column joints have a higher
shear-cracking strength and shear bearing capacity
and strength reduction and rigidity degradation are
slow. -e use of RPC for beam-column joints can
reduce the congestion of stirrups in joints core.

(2) Within the range of the axial compression ratio in
this test, the energy dissipation capacities of the
beam-column joints increase with the axial com-
pression ratio increases.

(3) -e shear force in the RPC joint is mainly carried by
the diagonal strut mechanism. -e stirrup in the
joint core can improve strength of diagonal strut and
the energy dissipation of joints.
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Table 6: Test results and analysis.

Specimen number Stirrup Axial compression ratio Test value (Exp/kN)
Calculation value of shear strength (kN)

GB 50010-2010 Exp/GB ACI 318-14 Exp/ACI
J-0-0.3 0 0.3 374.82 250.116 1.50 308.192 1.22
J-0-0.5 0 0.5 410.21 251.841 1.63 296.727 1.38
J-1-0.3 1 0.3 380.91 259.118 1.47 299.14 1.27
J-1-0.5 1 0.5 379.21 261.665 1.45 288.636 1.31
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Figure 12: Influence of axial compression ratio and stirrup ratio to shear-compression ratio. (a) Stirrup ratio of joint core. (b) Axial
compression ratio.
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Rebar corrosion-induced durability issue is a major concern for bridges. )e ECC cover was employed to prevent the intrusion of
the corrosive agent. )is paper studied the 1exural behavior of ECC-concrete composite beam. )e e3ects of bonding at the
interface and 4ber mesh reinforcement on the 1exural properties and cracking pattern were investigated. )e strain distribution
and midspan de1ection were evaluated. Test results show that the bonded composite beam had a higher loading capacity. But the
unbonded composite beam showed better postcrack energy absorption capacity with higher midspan de1ection. )e 4ber mesh
reinforcement could further improve the 1exural properties regardless of the bonding condition. )e strain at the bottom of the
unbonded beam was much smaller than that of the bonded beam. )e penetrated cracks were observed at the ECC layer of the
bonded composited beam.

1. Introduction

)e long-term durability of bridges has become a major
concern, especially for bridges exposed to aggressive envi-
ronmental conditions. In 2015, about 79.6 thousand bridges,
which is 10.2% of the total bridges, were classi4ed as dan-
gerous in China [1]. )e main cause of bridge deterioration
is the corrosion of reinforcing steel, which results in reduced
service life [2] or even collapse. To prevent steel corrosion,
a certain thickness of concrete cover is designed for rein-
forced concrete structures. However, in practice, concrete
cover will de4nitely crack due to mechanical and environ-
mental loading, low tensile strength of concrete, and so on,
thereby creating a fast entry path for corrosive agents and
causing corrosion [3]. )erefore, one of the key points of
prolonging bridge service life is to prevent cracking and
reduce the permeability of the concrete cover.

Engineered cementations composite (ECC) developed
based on micromechanics has a high ductility and crack
control capacity (crack widths less than 100 μm) even at large
deformation [4, 5]. Besides the excellent mechanical prop-
erties, a large amount of researches show that ECC has much
higher durability than that of normal concrete [6–8]. Re-
searches indicate that even strained in tension up to 3%, the
permeability and chloride ion di3usivity of ECCwere similar

to that of uncracked concrete [9, 10]. )ese unique prop-
erties make ECC very suitable as concrete cover for bridges
under aggressive environments [11]. Researches have been
carried out to investigate the mechanical properties of the
reinforced ECC-concrete composite beam [12–19]. Com-
pared to normal reinforced concrete, properties, including
load-carrying capacity, deformability, crack controlling ability,
and fatigue, of beam with ECC layer were improved signi4-
cantly. )e ultimate strength and de1ection improvement in
composite beams are mainly dependent on the tensile and
compressive ductility of the matrix [20].

In most of the current studies, the ECC layer was fully
bonded with the normal concrete. )erefore, these two
layers could deform together and increase the load-carrying
capacity. However, large cracks developed at the concrete
could cause localized cracking in the ECC layer [15, 19].
Some cracks could still penetrate through the ECC layer,
resulting in an entry path for corrosive agents. In this sit-
uation, the high ductility and durability of the ECC could not
be fully utilized. In order to prevent the penetrated crack in
the ECC cover, the unbound composite beam is proposed in
this paper. A plastic sheet was placed at the interface of
normal concrete and ECC to break the bond. Large strain
caused by the cracking in the normal concrete will be dis-
tributed across the entire ECC layer, avoiding the strain
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concentration. A 4ber mesh reinforcement was also placed
in the middle of the ECC layer to further increase its strength
and ductility. In this paper, the e3ects of bonding and re-
inforcement of ECC on the 1exural properties of the
composite beam were investigated.

2. Materials and Methods

2.1.Materials. )e cement used was ordinary 42.5# Portland
cement with a 28-day compressive strength of 42.5N/mm2.
)e main chemical components of cement are provided in
Table 1.)e class F 1y ash containing 3.88% CaO from Jinan,
Shandong province, was adopted.)e characteristics of used
PVA 4ber are listed in Table 2.)e high-range water reducer
(HRWRA) and viscosity-modifying agent (VMA) were
employed simultaneously to obtain the proper workability.
Based on the previous study, the water to cement ratio of
0.32, 1y ash to cement ratio of 1.2, silica sand to cement ratio
of 0.8, and 2% (by volume) of 4ber were adopted for ECC
mix. )e concrete with the compressive strength of 40MPa
(C40) was used for the composite beam.

2.2. Experiment Design. )e 100×100× 400mm composite
beam with a 20mm ECC layer at the bottom was casted for
the study. Two types of the ECC layer were considered. One
is the pure ECC layer and the other is the reinforced ECC
layer with 4ber mesh reinforcement in the middle. Two
interface bonding conditions, fully bonded and unbonded,
between normal concrete and ECC layer were designed.
)erefore, four di3erent types of ECC-concrete composite
beams were studied. During the four-point bending testing,

the strain at di3erent locations and midspan de1ection was
monitored. )e con4gurations of the strain gauges are
shown in Figure 1.

2.3. SpecimenPreparation. )eC40 concrete was 4rst mixed
according to GB/T 50081-2002 [21] and casted in the mold.
)e reinforcing steel was then embedded into the concrete.
After cured for 24 hours, the ECC was mixed and casted on
top of the normal concrete. )e beam was then cured in the
standard curing room with 20± 2°C temperature and 95%
humidity for 28 days. For the unbonded composite beam,
a plastic sheet was place on top of the normal concrete before
placing ECC to prevent the bonding between ECC and
normal concrete. )e ECC layer was anchored at both ends.
For the reinforced ECC layer, the 4ber mesh was placed at
the middle of the ECC layer before casting ECC.

2.4. Testing Methods. )e uniaxial tensile and four-point
bending tests were conducted to evaluate the properties of
ECC. )e 15mm× 50mm× 350mm specimen was used for
both tests. )e LVDT displacement sensors were employed
to measure displacement. )e universal testing machine
(WDW-100E) was used for loading. )e loading rates were
0.1mm/min and 0.5mm/min for direct tensile and four-point
bending tests, respectively. )e testing setups are shown in
Figure 2. For the composite beam, the four-point bending
test was carried out by using the microcomputer-controlled
electronic universal testing machine under displacement
control at the rate of 0.5mm/min until its failure.)e strain at
di3erent locations was collected by DH3818-4 strain acquisi-
tion box. )e midspan de1ection was measured by LVDT.

Table 1: )e main chemical components of cement.

Components CaO SiO2 Al2O3 MgO P2O5 K2O SO3 Na2O
Content (%) 75.4 21.9 1.3 1.3 0.03 2.7 2.0 0.07

Table 2: Characteristics of PVA 4ber.

Diameter (μm) Length (mm) Nominal strength (MPa) Young’s modulus (GPa) Elongation (%) Density (kg/m3)
39 12 1620 42.8 7.0 1300

01 02 0403 05

Fiber mesh

C40 Concrete

ECC
80

20

400

06

07

Figure 1: Con4gurations of strain-testing points of the composite beam.
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3. Results and Discussion

3.1. Properties of ECC Material. Figures 3 and 4 show that,
under both uniaxial tensile and 1exural loading, ECC ex-
hibits strain hardening behavior. )e 4rst cracking strength
was 2.9MPa. After the 4rst cracking, the load continued to
increase without fracture localization. Sequentially, more
cracks developed, resulting in the inelastic strain at increasing
stress. )e ultimate tensile strength and tensile strain capacity
were 4.4MPa and 4.5%, respectively.

)e 1exural behavior was similar to that under uniaxial
tensile loading (Figure 4). )e four-point bending test could
be used as an indirect evaluation method for the strain-
hardening properties of ECC [22]. )e midspan de1ection
reached 20.5mm at failure. )e 4rst cracking strength and
1exural strength were 7.7 and 14.7MPa, respectively, which
were much higher than those of normal concrete.

)e typical microcracking patterns of specimen under
uniaxial tensile and 1exural loading are shown in Figure 5.
As observed in the 4gures, microcracks with very tight crack
width were uniformly distributed with an average spacing
less than 1mm. )e cracking pattern also indicated that the
ECC had a very good strain-hardening property.

3.2. Flexural Behavior of Composite Beam. As shown in
Figure 6, both composite beams show elastic and plastic
behavior under the 1exural loading. At the beginning, the
midspan de1ection increased linearly with the 1exural
loading. At the end of the linear portion there was a force
drop, it could be caused by the cracking of ECC and yielding
of reinforcement steel. After that, more de1ection occurs.
Figure 6 also indicates that, regardless of whether the 4ber
mesh was embedded in the ECC layer, the type of bonding
between the concrete and ECC layer had signi4cant e3ect on
both the 1exural loading capacity and midspan de1ection.
Since the ECC had high tensile strength and ductility, it will
carry the tensile strength together with the steel reinforcement
after concrete cracks, resulting in higher strength. )is trend
is consistent with other research works [15, 18, 19]. Dif-
ferently, the unbonded composite beam showed a great
postcrack energy absorption capacity due to the deformation
of the ECC layer. )e unbonded ECC cover could be treated
as an external strengthening reinforcement. Since slip at the
interface was allowed, the longitudinal strain was distributed
across the ECC cover, thereby, allowing higher de1ection.

)is 4nding is similar to Kamada and Li’s research.)ey also
found that the interface property could a3ect the 1exural
behavior of the composite beam. )e smooth surface
specimen was able to redistribute the load and utilize more
materials than rough surface specimens. )erefore, the
de1ection of the smooth beam was larger than that of the
rough beam [23].

Placing a 4ber mesh in the middle of the ECC layer could
further increase its tensile strength and ductility, which in
turn increased the loading capacity and midspan de1ection

(a) (b)

Figure 2: Test setups for direct tensile and four-point bending tests of ECC. (a) Uniaxial tensile test. (b) Four-point bending test.
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Figure 3: Uniaxial tensile stress-strain curve of ECC.

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25

St
re

ss
 (M

Pa
)

Midspan de�ection (mm)

Figure 4: Midspan de1ection under 1exural loading.
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at failure (Figure 7). )is e3ect is more prominent for the
bonded composite beam.)e increments were 50% and 70%
for the loading capacity and midspan de1ection at failure,
respectively. )e midspan de1ections were 2.1 and 3.0mm
for the unbonded beam with and without 4ber mesh re-
inforcement, respectively.

3.3. Load-Strain Pattern of Composite Beams. )e load
versus strain at di3erent locations of the bottom is plotted in
Figure 8. )ese two types of beam possessed totally di3erent
patterns. For the unbonded composite beam, the tensile
strains at points 1 and 2 were negligible due to very small
stress and bendingmoment.)emajor strain occurred at the

1 
cm

(a)

1 cm

(b)

Figure 5: Multiple microcracking patterns under di3erent loading. (a) Crack under uniaxial tensile loading. (b) Crack under 1exural
loading.
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Figure 6: E3ect of bonding conditions on composite beam behavior. (a) Without 4ber mesh. (b) With 4ber mesh.
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Figure 7: E3ect of 4ber mesh on composite beam behavior. (a) Fully bonded. (b) Unbonded.
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middle of the span. Di3erently, the strain at point 1 of the
unbonded composite beam was close to that of point 3.
Because of the slip at the interface, there was limited shear
resistance.)e load carried by the ECC layer would pass to the
anchors at both ends. In this case, all ECC layers were under
tension and had similar tensile strain at the longitudinal
direction.)ismeans that under the same de1ection, the ECC
layer of the unbonded composite beam had smaller strain and
lower risk of cracking than that of the bonded beam.

Figure 9 shows the strain distribution at the midspan
section of the composite beam. Figure 9(a) indicates that the
bonding between the ECC and normal concrete was strong and
no slip occurred. )e trend is similar to the current research
work [16]. But for the unbonded composite beam, the strain of
the ECC layer increased slowly with the load. When loaded at
15 kN, the strain was 1328με at point 7. But the bottom strain
at point 3 was only 227με. )e high-strain value at point 7 was
caused by the cracking of normal concrete. Figure 9 also in-
dicates that under the same loading the strain at the bottom of
the unbonded beamwas much smaller than that of the bonded
beam.)is further proves that the ECC layer of the unbonded
composite beam had lower risks of cracking, making the ECC
suitable as concrete cover for corrosion resistance.

3.4. Cracking Pattern of the Beams. Figures 10 and 11 show
the cracking pattern of di3erent beams. Even though ECC
had very high ductility, localized cracks still occurred at the
ECC cover of the bonded composite beam (Figure 10) due to
the concentrated strain. A major crack right beneath the
crack of the normal concrete penetrated through the
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Figure 8: Strain at di3erent locations of beam bottom. (a) Fully bonded. (b) Unbonded.
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ECC cover. Although the ECC cover improved the beam’s
mechanical performance, there were still risks of corrosion of the
rebar inside the beam and reduction of service life of the bonded
composite beam. Di3erently, there were no cracks penetrating
through the ECC cover for the unbonded composite beam.Also,
the crack’s width at the ECC cover was limited due to the high
crack control capacity.)e average crack widths at failure were
115 and 98μm for the unbonded composite beam without and
with 4ber reinforcements, respectively. )erefore, even though
there were cracks at the ECC cover, the permeability would be
limited due to very small crack width, resulting in high du-
rability. Figure 11 also shows cracking at the left end of the ECC
layer. Since the ECC layer could be treated as the external
reinforcement of the unbonded composite beam, the force
provided by the ECC layer is transferred to the normal
concrete in the compression mode through end anchors,
resulting in tensile stresses in the end anchors. If the stress is
large enough, it will lead to cracking and failure of the anchor.

4. Conclusions

)is paper studied the e3ects of bonding and 4ber mesh
reinforcement on the 1exural properties and cracking pat-
tern of the composite beams. )e following 4ndings and
conclusions can be drawn:

(1) ECC exhibits strain-hardening behavior. )e 4rst
cracking strength, ultimate tensile strength, and tensile
strain capacity were 2.9MPa, 4.4MPa, and 4.5%,
respectively

(2) )e bonded composite beam had a higher loading
capacity. But the unbonded composite beam showed
a better postcrack energy absorption capacity.)e 4ber
mesh reinforcement could further improve the 1exural
properties, regardless of the bonding condition

(3) )e unbonded ECC layer had the ability to distribute
the strain across the beam. Under the same loading,
the strain at the bottom of the unbonded beam was
much smaller than that of the bonded beam

(4) Localized cracking could penetrate through the ECC
cover of the bonded composite beam. )e average
cracking widths were controlled at 115 and 98 μm for
unbonded composite beam without and with 4ber
reinforcements.

)e results of this study indicate that the unbonded ECC
cover is more e3ective in terms of controlling the cracking

and preventing the corrosion-induced damage. )erefore,
the unbonded composite beam could be used for bridges
under aggressive environments to enhancing its service life.
However, further study is needed to quantify the e3ect of the
bonding on the beam behavior and to explore the durability
of the composite beam.
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-is paper presented an experimental study on the 2exural properties of engineered cementitious composites (ECCs). -e
bending fatigue damage, residual deformation, and damage characteristics were investigated after a certain number of low stress
levels in fatigue load. -e composite fracture energy and 6ber-bridging fracture energy were calculated by the J integral. It is
observed that the number of cracks increased with the increment of stress levels, and most of the cracks were formed during the
earlier stage of the dynamic test.-e deformation capability decreased with the increment of stress levels while the reduction of the
ultimate load was minor after the dynamic load. Furthermore, the strain-hardening phenomenon of the specimen enhanced
initially and then weakened with the increment of stress levels. -e residual equivalent yield strength became smaller with the
increase of stress levels. Meanwhile, the trend was mild at low stress levels and then became steep at high stress levels.

1. Introduction

-e engineered cementitious composites (ECCs), as a com-
mon composite, have been used for many important parts of
the structure. -ere are lots of methods to model the
fracture failure behavior in the ECC since its service life
time and function depend on the stress levels to a large
extent. By virtue of the three-point bending tests, Elices
et al. [1] calculated the fracture energy (GF), which is used
as a parameter to present the performance of many
composite materials. Li and Hashida [2] obtained the total
fracture energy which is 34 kJ/m2 of the ECC with 4% of
the 6ber volume fraction by making a 6nite element
analysis about the fracture through the J integral. Zhang
et al. [3, 4] established the bending model and found the
relationship of the 2exural resistance and the specimen
thickness. Zhang and Stang [5] investigated the re-
lationship of the crack length and fatigue cycles in the
ECC fatigue fracture test. -e strain and crack width
brought about by the increase of the fatigue cycles cause
the interfacial degradation in 6ber composite materials,

but the crack width is no more 100 μm before the main
crack localizes. -us, the eDect of crack width on fracture
properties of specimens is ignored in this paper [1, 6–9].

-e fatigue test under the high stress level is done, and
the relationship between the stress level and the fatigue life
has been proven to be linear in logarithm [8–10]. -rough
the linear logarithmic equation, we can estimate the fatigue
life under low stress levels, but the fatigue test under low
stress levels has been seldom attempted [10]. -e common
ECC specimens are normally diFcult to achieve fatigue
damage when they are under low stress levels, let alone the
ECC specimens with the characteristics of metal fatigue.

Owing to the diFculty of achieving fatigue damage, the
crack length, crack mouth opening displacement (CMOD),
and ultimate load were measured during static damage after
the certain cycles of fatigue under the stress levels of 0.23,
0.26, 0.34, 0.55, 0.59, and 0.65. In this paper, a series of
experiments regarding the three-point bending fatigue
fracture under low stress were conducted to investigate the
residual fracture energy and the residual equivalent yield
strength.
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2. Determination of Fracture Parameters of
the Three-Point Bending Test of ECC

2.1. Specimen Dimensions and Materials. -e three-point
bending test specimens were cast in wood former with di-
mensions of 700mm× 150mm× 80mm (Figure 1). -e
prefabricated crack was embedded with a 3mm thick steel
plate, and the height of the crack was 60mm [11]. After the
casting was completed, the specimens were remolded until
they had been sealed for curing for 24 hours.-en, they were
maintained for 100 days at the laboratory temperature (at
about 20°C).

Each specimen had the same mix proportion. -e mix
proportion was as follows: cement : 2y ash : sand : water� 1 :
3.5 : 2.3 : 1.28. -e cement adopted was P.O42.5 silicate
cement. As quartz sand, it was hard and good arti6cial sand,
in which the 6neness modulus was less than 2.65 and the
percent of mud was not more than 1.5%.With the increment
of 6ber volume fraction, the compressive strength, the
tensile strength, and the fracture toughness of the ECC
increase. In contrast, its mechanical performance enhances
slightly when the 6ber volume fraction increases to 2%
[12–15]. Under this situation, the ECC with 2% of the 6ber
volume fraction shows good performance. Hence, the same
6ber volume fraction was applied in the test. Table 1 shows
the corresponding properties of the polyvinyl alcohol (PVA)
6ber. Grade I composite 2y ash was used. -e compressive
strength of the specimen was 36.6MPa at 28 days [16].

2.2. Test Equipment and Test Procedure. -e whole loading
procedure was completed by means of the servohydraulic
system made in Beijing Foli System Company, China. A
dynamic sampling system produced by Donghua Testing
Technology Co. Ltd. was adopted to collect data.

2.2.1. Static Test. Figure 1 illustrates the setup for the static
test, where a vertical, linear load was applied onto the middle
of the beam’s top surface, using a compression test device.

With the specimens resting on two line supports with a span
length of 600mm, the load (P) was continuously recorded by
the sampling system, and the middle displacement was
measured by the displacement gauge.-e opening of the crack
mouth opening displacement (CMOD) was measured by the
clip gauge. -e loading method was controlled by the middle
displacement with the loading rate of 0.05mm/min [3–5, 17].

2.2.2. Dynamic Test. -e dynamic tests were conducted by
the load control mode with the frequency of 1Hz. -e load
shape was a sine wave shown in Figure 2 [2, 12, 18, 19]. In the
test process, the maximum load (Pmax) based on the ultimate
load of specimens in the static test, the average load (Pm), the
load range, the load amplitude (Pa), and the minimum load
(Pmin) can be calculated by (1)–(4). -e length and width of
the crack with corresponding time and fatigue cycles were
recorded by observation every ten minutes [8, 9, 13, 20, 21].

Pm �
Pmax + Pmin

2
, (1)

Pa �
Pmax −Pmin

2
, (2)

ΔP � 2Pa, (3)

R �
Pmin

Pmax
, (4)

where Pmax, Pmin, Pm, Pa, and ΔP are shown in Figure 2. R is
the characteristic value of the load.

2.2.3. Calculation Methods. -e J integral value for the
three-point bending specimens is calculated by the curve of
load-displacement according to the provisions of the ASTM
E-24 [22]. J represents the fracture energy dissipation during
the cracking process. -e fracture energy, the J integral value
[23], is then calculated according to the following equation:

J �
2A

t h− a0( 
, (5)

where t and h represent the specimen width and height,
respectively. -e initial crack depth is denoted by a0,
while A denotes the area of the curve of load-displacement
[24–27]. As the midspan de2ection has a good linear re-
lationship with the CMOD for the tested specimens, in this
paper, A is calculated by the P-CMOD curves [13].
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Figure 1: -ree-point bending specimen’s geometry and di-
mensions (mm).

Table 1: Properties of the PVA 6ber.

Length
(mm)

Diameter
(μm)

Nominal
strength
(MPa)

Fiber
elongation

(%)

Young’s
modulus
(GPa)

Density
(kg/m3)

12 18 1600 7 42 1300

N

P

Pmax

Pm

Pa

Pmin

ΔP

Figure 2: Relation among load parameters for the fatigue test.
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Following the double-K fracture criterion of concrete
[28], Liu et al. [13] proposed the JIC, the starting point of the
ductile stage, and the JIF, the starting point of the failure
stage. -e 6rst crack appeared when J> JIC, the localized
failure crack developed when J> JIF, and the material was in
a safe state when J≤ JIF [13]. So, the threshold of fracture and
failure can be applied to estimate the fracture toughness of
the ECC material. Furthermore, JC, the total fracture energy,
which includes all the loading processes can also be cal-
culated by (5).

3. Results and Discussions

3.1. Static Test Results

3.1.1. P-CMOD Curves. -e P-CMOD curves of static load
specimens, the average curves for the ECC and matrix ac-
quired by calculating the mean force at 6xed CMOD values,
are displayed in Figures 3 and 4.-e fracture surfacemagni6ed
200 times is shown in Figure 5. A summary of the initial
cracking load (Pini), peak load (Pmax), and the corresponding
CMOD values is also provided in Table 2. It can be seen that
the initial cracking load increased with adding PVA 6bers in
the specimens [14]. -e 6bers increased the initial cracking
load and delayed the cracking time compared to the matrix.
-e corresponding CMOD values of the initial cracking load
of the ECC increased much greater than those of the matrix,
which demonstrated that the load was transmitted across the
PVA 6bers as well [29].

3.1.2. Fracture Parameters. Table 2 shows the results of the
fracture parameters calculated by (5). Pini is measured by strain
gauges pasted on the surface of specimens, that is, the cracking
load of the ECC [13]. Pmax is the maximum load during the
loading process; meanwhile, the CMODC value happens. It is
clear that the beams made from the matrix had small cracking
resistance since they generated the lowest values for JIC and JIF
(Table 2) [13]. Figure 5(a) shows that some 6bers were pulled

out or cut frommortar, meaning that the 6bers were pulled out
when the specimens could absorb energy. According to the
frictional resistance between the 6bers and mortar, some
other 6bers (Figure 5(b)), however, are ruptured when they
consume more energy [6, 30, 31]. -e average initial cracking
energy of the ECC is 3 times that of the matrix. -e average
failure fracture energy of the ECC is 7.77 kJ/m2, which is
approximately 740 times that of the matrix. -e ultimate load
can be determined as 7 kN according to the average value of
ultimate load of three specimens [16].
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Figure 3: Matrix of P-CMOD curves under static load.
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Figure 5: Typical cracking surface under the optical investigation
of ECC specimen (V-2-1).
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3.2. Dynamic Test Results. As shown in Table 3, specimens
under diDerent stress levels with the same number of cycles
are tested in dynamic load. TPB is used as an abbreviation to
the three-point bending specimen.

3.2.1. P-CMOD Curves. As shown in Figure 6, the maximum
CMODvalues of each fatigue cycle increase with the increment
of the fatigue cycles. -e CMOD values increase directly until
the fatigue cycles reach approximately 1000, and the growth
rate reduces under the stress levels of 0.55, 0.59, and 0.65.

Nevertheless, the CMOD values increase directly under the
stress levels of 0.23, 0.26, and 0.34 during the dynamic test.

Figure 7 shows the P-CMOD curves under static load after
the fatigue cycles of 10,000. -e diDerence of the ultimate load
between the minimum stress level S� 0.23 and the maximum
stress level S� 0.65 is just 0.42 kN, which is only 5.96% of the
ultimate load under the static load. -is illustrates that the
ultimate load of specimens under 6 types of stress levels re-
duced smaller compared to the average load of failure speci-
mens under the static load. Meanwhile, with the increment of

Table 2: Fracture parameters from three-point bending beams.

Specimen number a0 (mm) Pini (kN) Pmax (kN) CMODC (mm) JIC (kJ/m2) JIF (kJ/m2)
V-0-1 60 0.74 0.902 0.049 0.011 0.012
V-0-2 60 0. 8 0.962 0.053 0.0081 0.0085
V-0-3 60 0.82 1.052 0.051 0.008 0.011
Average — 0.79 0.972 0.051 0.009 0.0105
V-2-1 60 2.75 7.02 2.12 0.035 8.1
V-2-2 60 2.55 6.9 2.33 0.032 7.9
V-2-3 60 3 7.1 1.91 0.038 7.3
Average — 2.77 7 2.12 0.035 7.77
Note. V-0 and V-2 represent the 6ber volume fraction of 0 and 2% in the ECC, respectively.

Table 3: Fatigue loads and corresponding stress levels.

Specimen
number

Average load,
Pm (kN)

Amplitude,
Pa (kN)

Maximum load,
Pmax (kN)

Minimum load,
Pmin (kN)

Stress
level, S

Load eigen
value, R

Fatigue
cycles, N

TPB-1 0.89 0.75 1.7 0.113 0.23 0.081 10,000
TPB-2 0.92 0.75 1.7 0.132 0.26 0.08 10,000
TPB-3 1.335 1.04 2.372 0.298 0.34 0.11 10,000
TPB-4 2.418 1.7 3.881 0.414 0.55 0.107 10,000
TPB-5 2.487 1.7 4.107 0.867 0.59 0.21 10,000
TPB-6 3 1.5 4.55 1.5 0.65 0.33 10,000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

M
ax

im
um

 C
M

O
D

 (m
m

)

Number of fatigue cycles, lgN

S = 0.23
S = 0.26
S = 0.34

S = 0.55
S = 0.59
S = 0.65

Figure 6: Evolution of CMOD during the dynamic test.
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stress levels, the strain-hardening capacity increased at 6rst and
then decreased. -is demonstrates that more and more 6bers
participated in the 6ber bridging during the dynamic test.
Simultaneously, they were pulled out or broken in fatigue load
with the decrease of the 2exural capacity [10, 32, 33].

3.2.2. CrackingMode andTransformation. As seen in Figure 8(a),
the matrix specimen just has one tiny crack when it loses
its bearing capacity. With adding PVA 6bers into the matrix
(Figure 8(b)), a large number of microcracks distribute around
the initial crack edge in addition to the main crack, that is,
multiple cracks under static load [31, 34, 35]. Figures 8(c)–8(h)
illustrate the diDerence in cracking mode and length under
diDerent stress levels. -e number of cracks of the specimens
reduced with the decrease of the stress level. Meanwhile, the
direction of propagation of the cracks was horizontal which
reduced the stress concentration at the main crack edge [36].
Table 4 veri6ed that the crack number reduces with the

decreasing fatigue stress levels [14]. From the crack number
and smooth degree in the either side of the main crack among
Figures 8(b)–8(h), it can be observed that the specimens have
the tendency of developing into brittle failure, still keeping the
ductile failure.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8: Side surfaces of ECC failure specimens under diDerent stress levels. (a) Matrix. (b) S� 1. (c) S� 0.655. (d) S� 0.59. (e) S� 0.55.
(f) S� 0.34. (g) S� 0.26. (h) S� 0.23.

Table 4: -e test results during the dynamic test.

Stress level, S 1 0.65 0.59 0.55 0.34 0.26 0.23
Fatigue cycles 1 10,000 10,000 10,000 10,000 10,000 10,000
Number of
cracks 27 17 13 11 7 6 4
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3.2.3. Fracture Toughness. -e values of JIF and JC calculated
by (5) with the experimental curves of P-CMOD are shown
in Figure 9 [13]. From this diagram, it is clearly seen that
the JIF, the J integral value at the failure crack localizing
point, and the total energy JC decrease with the increase of

stress levels. When S� 0.817 was calculated from the 6tting
formula, the JIF value decreased to 0. -is implies that the
localized failure crack immediately developed under this
stress level. -e variation coeFcients of 0.84 and 0.794 show
that the formulas are still reliable.-e contribution from this

0 2 4 6 8 10 12 14
0

2

4

6

8

10

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)

Fatigue cracks

�e main crack localization

TPB-1
S = 0.23

JIF

(a)

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)
0 2 4 6 8 10 12 14 16

0

2

4

6

8

10

12
TPB-2
S = 0.26

�e main crack localization 

Fatigue cracks

JIF

(b)

0 2 4 6 8 10 12 14

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)

JIF

0

2

4

6

8

10

12 TPB-3
S = 0.34

�e main crack localization

Fatigue cracks

(c)

0 2 4 6 8 10 12

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)

JIF

0

2

4

6

8

10
TPB-4
S = 0.55

�e main crack localization

Fatigue cracks

(d)

0 2 4 6 8 10 12

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)

JIF

0

1

2

3

4

5

6

7

8

�e main crack localization

TPB-5
S = 0.59

Fatigue cracks

(e)

0 2 4 6 8 10 12

J i
nt

eg
ra

l v
al

ue
 (k

J/m
2 )

∆a (cm)

JIF

0

1

2

3

4

5

6

7

8
TPB-6
S = 0.65

�e main crack localization

Fatigue cracks

(f)

Figure 10: Relations between J integral and increment of the total crack length.

6 Advances in Civil Engineering



formula might identify the ECC structures safe or not
according to the stress levels.

3.2.4. JR Resistance Curve. -e JR resistance curve stands for
the relation between the crack extension and J integral value.
During the test, it is observed that multicracks generate in
the shapes of irregular curves. Hence, the single crack ex-
tension is not appropriate for ECC specimens. In this paper,
the total crack length, a, is used to describe the crack ex-
tension of ECC specimens. During the experiment, the crack
width observed is less than 60 μm before the main crack
appears. -is means that the ECC specimen starts to lose its
bearing capacity when the crack width exceeds 60 μm.
-erefore, the crack width can be neglected before the main
crack appears, and only the total crack length is considered
as the parameter.

-e J integral values calculated by (5) with the experi-
mental curves of P-CMOD are shown in Figure 7. Figure 10
shows the relationship between the increment of the total
crack length Δa and the J integral values. Only one specimen
is selected for each stress level. -ere were three linear re-
lationships with two cutoD points of the crack development.
In the 6rst stage, very few cracks had been formed during the
dynamic test, and the crack length Δa had appeared while
J integral was kept zero. In the second stage, lots of cracks
produced, and the crack length Δa increased with the in-
crement of J integral values. In the third stage, the cracks
developed quickly after localizing. JIF can be calculated by (5)
with P-CMOD curves shown in Figure 7. Moreover, the JIF
value can also be obtained by J-Δa curves. So, there are two
methods to calculate the JIF value. -e results shown in
Figure 11 illustrate that the two methods were almost equal.
-erefore, the JR curve can be applied to judge the fracture
state of the ECC under low stress levels of fatigue.

Figure 10 illustrates the three linear relationships of the
JR resistance curve. In the second stage, J integral values
increased with the increment of the crack length Δa.
Equation (6) shows the relationship of J and Δa when the
localized failure crack developed [13].

a � Δa + a′ �
J

2σy
+ a′,

Δa �
J

2σy
0< J< JIF( ,

(6)

where a′ represents the crack length generated in the
dynamic test. σy is the residual equivalent yield stress.
According to the JR curves and (6), the results of σy ob-
tained are shown in Figure 12. As seen, σy shows a de-
creasing trend, and the rates increase with higher stress
levels [37].

4. Conclusion

-is paper investigates the eDect of low stress levels
(0.23, 0.26, 0.34, 0.55, 0.59, and 0.65) on the mechanical and
fracture properties of the ECC with 2% volume fraction of
the PVA 6ber. -e following conclusions were drawn:

(1) -e fracture mode of the matrix was similar to that of
the ECC. -e diDerence between the initial cracking
load and the ultimate load in the ECC was greater
than that of the matrix.-is shows that the 6bers had
the eDect of bending resistance and of absorbing
energy. -e double J integral criterion testi6ed the
eDect of 6bers in the ECC.

(2) -e capacity of strain hardening of the ECC in-
creased at 6rst and then decreased with the in-
crement of stress levels. In contrast, the deformation
ability of the ECC always decreased.

(3) -e total crack length Δa was suitable to describe the
fracture state of the ECC. -e JR curve of the ECC
had three stages and two dividing points of fatigue
cracking and crack localizing. Furthermore, the
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linear relation of J integral and Δa in the stable stage
indicated that the crack length developed regularly
with the increase of fracture energy.

(4) -e residual equivalent yield strength σy was applied
to express the relationship between J integral and
Δa in the second stage of JR curves. -e residual
equivalent yield strength of the ECC decreased, and
the rates increased with the increment of stress levels.
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Under the condition of drying and wetting circulation, ordinary concrete, modi4ed concrete containing 5y ash, and double-
admixture concrete containing 5y ash and polypropylene 4ber were corroded in the solution of Na2SO4 and (NH4)2SO4. -e sulfate
concentration of the solution was designed to be 1000 g/L. -e compressive strength and splitting tensile strength of the concrete
were tested after di=erent number of drying and wetting cycles (0, 2, 4, 6, 8, and 10).-e results indicate that the strength of concrete
increases in the early stages of corrosion and decreases gradually later. -e admixture signi4cantly improves the resistance to sulfate
erosion of the modi4ed concrete, while polypropylene 4ber plays a less important role on anticorrosion properties. When su=ered
10 times of drying and wetting cycle, the compressive strength and splitting tensile strength of modi4ed concrete increase by 28% and
19%, respectively. Based on the test results, the service life of the modi4ed concrete corroded by sulfate was predicted.

1. Introduction

-ere are many saline soil areas containing a large amount of
strong corrosive medium, such as sulfate and chloride, in
Western China. For example, the sulfate concentration is
more than 4200mg/L in saline soil of Qinghai Province,
which belongs to the strong corrosion level and results in
severe corrosion of concrete structures [1]. -ere is also
a great deal of large soil areas containing sulfate in Canada
and the United States, in which concrete drainage pipes,
concrete culverts, and foundation were damaged due to
sulfate corrosion [2]. In recent years, most of the concrete
structures serving long time in seawater environment, such
as submarine tunnels, sea bridges, and harbors, were de-
graded because of sulfate corrosion in di=erent degree,
especially in areas where the water level changes as a result of
the tides. -e sulfate corrosion under dry-wet circulation
circumstance causes severe damage to concrete structures.
-erefore, the reliability of concrete structures is seriously
a=ected by sulfate erosion.

Concrete corrosion mechanism varies greatly with dif-
ferent sulfate conditions [3]. -e di=erent chemical reactions

are caused by di=erences of erosion solution concentrations,
temperatures, cation types, and drying and wetting condi-
tions. Santhanam et al. studied the e=ects of sulfate con-
centration of sodium sulfate and magnesium sulfate on
swelling rate of cement mortar [4]. Ma et al. investigated the
failure mechanism of concrete attacked by sulfate in marine
tide environment and measured the sulfate concentration at
di=erent mix ratio and erosion age [5]. Li researched the
degradation models of concrete a=ected by single-factor or
double-factor coupling such as carbonization, sulfate erosion,
and freeze-thaw cycle [6]. Yu et al. investigated the de-
terioration process under the e=ects of 5exure load, dry-wet
cycle, and sulfate attack and microstructure of eroded con-
crete, which indicated that the dry-wet cycle played the major
role in concrete damage [7]. At present, due to the di=erent
research objectives and the di=erent test environments, the
di=erent test schemes and the evaluation indexes are selected
to study the performance of concrete subjected to sulfate
attack [8]. -erefore, the research in this 4eld is still in
a chaotic state [9], and there is no uni4ed accepted knowledge
system. How to improve the corrosion resistance of concrete
structures is of great engineering signi4cance.
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-e purpose of researching mechanical properties of
concrete subjected to sulfate attack is to improve the anti-
corrosion capacity of the concrete. -erefore, it is of great
importance to explore new corrosion-resistant modi4ed
concrete materials. In engineering, most of concrete
structures work in service under drying and wetting con-
ditions instead of completely dry or wet sulfate environ-
ments, which makes the concrete corroded rapidly and
severely. In this study, the ordinary concrete, 5y ash con-
crete, and double-mixture concrete (including 5y ash and
polypropylene) corroded by Na2SO4 and (NH4)2SO4 were
tested in drying and wetting conditions with 1000 g/L SO4

2−

in solution. Mechanical properties of modi4ed concrete
su=ered from sulfate corrosion were researched, and the
variation trend of the compressive strength of 5y ash
concrete was analyzed. Based on the test results, the service
life of the modi4ed concrete was predicted.

2. Experimental Program

2.1. RawMaterials andMix Proportions. A Chinese standard
(GB175-2007) [10] Portland cement Class 32.5R (which has
standard compressive strength of 32.5MPa at the age of 28
days) was used. A Chinese standard (GB/T1596-2005) [11]
Grade I 5y ash was used as admixture to make the concrete.
A Chinese standard (GB/T21120-2007) [12] polypropylene
4ber was used to make the concrete, the length of which was
19mm. Coarse aggregate with a maximum size of 20mm
and 4ne aggregate with a 2.76 4neness modulus were used.
-e bulk density and apparent particle density of coarse
aggregates were 1450 kg/m3 and 2720 kg/m3, respectively.
-e slump of concrete was 35∼50mm.-e designed strength
grade of concrete was C25. -ree types of concrete speci-
mens were cast, including ordinary concrete, 5y ash con-
crete, and double-admixture concrete (containing 5y ash
and polypropylene). A Chinese standard (JGJ 55-2011) [13]
and the mix proportions used in this study are presented in
Table 1.

2.2. Experiment Method. A series of cubic concrete speci-
mens with the size of 100mm× 100mm× 100mm were cast
including ordinary concrete, 5y ash concrete, and double-
mixture concrete. Two solutions of Na2SO4 and (NH4)2SO4
were compounded in the experiment, and the sulfate con-
centration was designed to be 1000 g/L. Under the condition
of each corrosion solution, 12 groups of specimens were
casted for each type of concrete, which include 6 groups for
compressive strength test and 6 groups for splitting tensile
strength test. -e total numbers of specimens was 288. -e
specimens were cured for 28 days at ambient temperature

with straw mats and watered twice a day to ensure the
moisture of specimens. -e size of the solution box is
1000mm (l)× 600mm (w)× 600mm (h).

During the course of the experiment, the concentration
of SO4

2− in the solution was monitored on time to maintain
the concentration unchanged basically. -e corrosion so-
lution was recon4gured to replace the original solution when
the color of solution was changed or the content of other
impurities was excessive. -e bottom of the corrosion box
was dredged in time so that the corrosion precipitations were
not too thick.

-e concrete specimens cured for 28 d were immersed in
the solutions of Na2SO4 and (NH4)2SO4, respectively, and
separated by some wooden bars each other. -e drying and
wetting cycle system was designed as one week for im-
mersing in solution and one week for air drying. Two weeks
was one drying and wetting cycle. -e cubic compressive
strength fcu and splitting tensile strength fst of three types of
concrete specimens were tested after 0, 2, 4, 6, 8, and 10
cycles, respectively. -e strength tests were performed in
accordance with Chinese standard (SL 352-2006) [14].

-e electrohydraulic pressure testing machine (Type
YA-3000; SCHIAK Company, Shanghai, China) was used in
the experiment of compressive strength of concrete cubes.
According to the Chinese standard (SL 352-2006), loading
should be loaded uniformly and continuously at the speed of
0.3MPa/S to 0.5MPa/S.-e universal testing machine (Type
WE-X00; SCHIAK Company) was used in the experiment of
splitting tensile strength of concrete cubes. Loading speed
was 0.04MPa/S to 0.06MPa/S. -e picture of splitting
tensile experiment is shown in Figure 1.

3. Experiment Results and Discussion

3.1. Mechanical Properties of Ordinary Concrete and Modi,ed
Concrete in Di-erent Solutions. Due to di=erent cations, the

Table 1: Mix proportions of concrete composites.

Mix proportion (kg/m3)
Types of concrete Water/binder Cement Water Fine aggregate Coarse aggregate Fly ash PP 4ber
Ordinary 0.57 342.0 195 663 1180 0 0
Fly ash 0.52 273.6 195 600 1180 102.6 0
Double-mixture 0.52 273.6 195 600 1180 102.6 0.9

Figure 1: Splitting tensile strength experiment of concrete.
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degrees of concrete corrosion in sulfate solutions are various.
-e compressive strength and splitting tensile strength of
ordinary concrete and modi4ed concrete corroded by
Na2SO4 and (NH4)2SO4 varied to dry-wet cycles are pre-
sented in Figures 2–4, respectively.

In Figures 2–4, the strength development of ordinary
concrete and modi4ed concrete corroded by sulfate solu-
tions can be basically classi4ed into two stages which are
initial strengthening section and performance deteriora-
tion phase. At the beginning of corrosion, ions SO4

2− react

with hydration of cement to form gypsum and ettringite,
which is a volume expansion process [15]. Sulfate reactants
4ll in the holes inside the concrete and the interfacial spaces
between the aggregate and paste by means of corrosion
reactions, which improve structure compactness and early
strength of concrete. As the corrosion time is increasing,
more andmore expansive corrosion products are formed to
increase the internal stress and damage the pore structure
of concrete gradually. As a result, the internal microcracks
extend continuously so that the strength of the concrete
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Figure 2: Changes in the strengths of corroded ordinary concrete varied to dry-wet cycles. (a) Compressive strength. (b) Splitting tensile
strength.
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Figure 3: Changes in the strengths of corroded 5y ash concrete varied to dry-wet cycles. (a) Compressive strength. (b) Splitting tensile
strength.
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drops gradually in the later stage [16]. From the 4gures, the
splitting tensile strength of concrete decreases faster than
compressive strength in the later stage with the increasing
of dry-wet cycle number. With the accumulation of
microcracks caused by corrosion and the partial exfoliation
of surface concrete, the stressed area of the specimen in the
splitting test is decreased, and microcrack expansion is
accelerated resulting in the sharper declined rate. However,
in the compressive strength test, the upper and lower
pressure plates restrict the development of microcracks in
the surface layer of concrete to some degree, and the
downward trend of the compressive strength is slower.

-e experimental results show that two di=erent cor-
rosion solutions make little di=erence on the compressive
strength of modi4ed concrete undergoing the same drying
and wetting cycles. However, the splitting tensile strength
varies to the di=erent solution. At the initial strengthening
stage, the splitting tensile strength of modi4ed concrete
corroded by sodium sulfate is generally higher than that in
ammonium sulfate solution.-e splitting tensile strengths of
5y ash concrete and double-admixture concrete in sodium
sulfate solution increase 10.9% and 6.8%, respectively,
compared with those in the ammonium sulfate solution after
four dry-wet cycles. At performance deterioration stage, the
splitting tensile strength of the modi4ed concrete decreased
more rapidly in Na2SO4 to be lower than that in (NH4)2SO4.
For example, the splitting tensile strengths of 5y ash concrete
and double-mixture concrete in Na2SO4 are 93% and 94% of
that in (NH4)2SO4, respectively, after 8 dry-wet cycles.

At the beginning of corrosion, the interaction between
NH4

+ and Ca(OH)2 neutralizes the hardened cement paste,
which results in weakening of bond force of the cement gel
and aggravation of SO4

2− corrosion [17]. At the deterioration
stage, due to the e=ects of drying and wetting cycle,
Na2SO4·10H2O crystal will be precipitated in the internal

pores of concrete when the content of Na2SO4 exceeds its
solubility [18]. With the increase of the expansible corrosion
products, such as ettringite and gypsum, the developing of
the internal cracks in concrete is accelerated, and conse-
quently the corrosive e=ect of sulfate is exacerbated further.
So, the splitting tensile strength of concrete decreases
sharply in sodium sulfate solution.

3.2. E-ect of Admixtures on Corrosion Resistance Properties of
Concrete. In order to intuitively describe the in5uence of the
admixtures on properties of concrete attacked by sulfate
corrosion, the relative compressive strength ratio Rc and
relative splitting tensile strength ratio Rt are de4ned to
characterize the variation of the strength of the modi4ed
concrete:

Rc �
fmcu
f0
cu
,

Rt �
fmst
f0
st
,

(1)

where fmcu and fmst are compressive strength and splitting
tensile strength of modi4ed concrete, respectively, undergoing
the dry-wet cycles and f0

cu and f0
st are compressive strength

and splitting tensile strength of ordinary concrete with the
same dry-wet cycles, respectively. -e relative compressive
strength ratio Rc and relative splitting tensile strength ratio Rt
changes of modi4ed concrete corroded by Na2SO4 and
(NH4)2SO4 are presented in Figures 5–8, respectively.

Figures 5 and 6 show the variation trends of the relative
compressive strength ratio and relative splitting tensile
strength ratio of 5y ash concrete and 5y ash-polypropylene
4ber concrete eroded by Na2SO4. Figures 7 and 8 show the
variation trends of the relative compressive strength ratio and
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Figure 4: Changes in the strengths of corroded double-admixture concrete 5y ash and polypropylene concrete varied to dry-wet cycles.
(a) Compressive strength. (b) Splitting tensile strength.
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relative splitting tensile strength ratio of 5y ash concrete and
5y ash-polypropylene 4ber concrete eroded by (NH4)2SO4.

It is clear that the relative strength ratio curve of
modi4ed concrete always exceeds 1.00, which indicates
that the addition of admixture improves the ability of
sulfate resistance of concrete. Physically speaking, the
addition of 5y ash reduces the porosity ratio of the con-
crete and improves the porosity characteristic by replacing
a large quantity of cement and 4ne aggregate, so the
impermeability of concrete is increased [19]. Chemically,
5y ash reacts with calcium hydroxide to form some gel,
which blocks the porous channels and makes the porous
structure thinned and concrete structure compacted, to
decrease the 5ow speed of SO4

2− in pores. In addition, the

active e=ect of 5y ash can consume calcium hydroxide,
which reduces the amount of calcium hydroxide reacted
with sulfate, to slow down the process of sulfate attack and
reduce the degree of erosion. Addition of polypropylene
4bers e=ectively controls the development of microcracks
of concrete caused by solid plastic shrinkage, drying
shrinkage, and temperature change. -e performances of
seepage proo4ng and crack resistance of concrete are
improved [20].

As can be seen from Rc curve, the relative compressive
strength ratio of the modi4ed concrete roughly presents
growth trend. Due to the faster growth of concrete strength
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Figure 6: Relative splitting tensile strength ratio of modi4ed
concrete corroded by Na2SO4 solution.
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Figure 7: Relative compressive strength ratio of modi4ed concrete
corroded by (NH4)2SO4 solution.
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concrete corroded by (NH4)2SO4 solution.
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mixed with 5y ash, the growth rate of compressive strength
of the modi4ed concrete is higher than that of the ordinary
concrete in the early stage of corrosion. At the de-
terioration stage, the strength of the ordinary concrete
drops faster. -e value of Rc reaches its maximum after 10
dry-wet cycles. -e compressive strengths of 5y ash
concrete and double-mixture concrete increase 27.7% and
28% than those of ordinary concrete in Na2SO4, re-
spectively, and increase 28.9% and 29.3% than those in
(NH4)2SO4. -e results show that the admixture materials
signi4cantly improve the ability of concrete against sulfate
corrosion.

As can be seen from Rt curve, the relative splitting tensile
strength ratio of 5y ash concrete and double-mixture
concrete has the maximum value of 1.554 and 1.700, re-
spectively, at the beginning of corrosion. -e trends of Rt of
modi4ed concrete decline at 4rst and then increase later in
the two solutions. Compared with the modi4ed concrete, the
splitting tensile strength of the ordinary concrete grows
faster in the early stage of corrosion and decreases faster in
the later stage.

Comparing Rc and Rt curves of the modi4ed concrete,
the strength of double-mixture concrete is higher than that
of 5y ash concrete at initial corrosion period. -e com-
pressive strength and splitting tensile strength of double-
mixture concrete are 1.105 times and 1.091 times as that of 5y
ash concrete, respectively. However, the strength ratio
curves of two kinds of modi4ed concretes are almost co-
incided after the second cycle. According to the test data, the
strength di=erence between the two kinds of concrete is not
more than 10%.-erefore, polypropylene 4ber plays a role in
improving the performance of seepage and crack resistance
of concrete but has little e=ect on increasing the ability of
concrete against sulfate corrosion compared with 5y ash
concrete. Considering the economic eQciency and resource
conservation, it is suggested not to add polypropylene 4ber
into 5y ash concrete.

4. Life Prediction of Concrete Corroded by
Sulfate

As mentioned above, 5y ash concrete is used as an example
to predict the failure time of concrete corroded by sulfate
solution. -e relative compressive strength is adopted as an
index to evaluate the damage process of concrete under
sulfate attack.

Kc �
fcn

fc0
× 100%, (2)

where Kc is the relative compressive strength of concrete
specimen su=ering drying and wetting cycles, fcn is the
compressive strength of concrete specimen after N times of
drying and wetting cycles, and fc0 is the compressive strength
of concrete specimen without corrosion.

-e relationship between compressive strength of 5y ash
concrete and number of drying and wetting cycles can be
derived from the test results when the sulfate concentrate is
1000 g/L.

When concrete corroded by Na2SO4,

Kc � −4.234 × 10−3t2 + 6.019 × 10−2t + 1. (3)

When concrete corroded by (NH4)2SO4,

Kc � −5.406 × 10−3t2 + 7.059 × 10−2t + 1, (4)

where t is the number of drying and wetting cycles (t� 0, 2, 4,
6, 8, 10,. . .). In (3) and (4), the maximum relative errors
between test value and 4tted value are 2.56% and 2.46%,
respectively, under corrosion circumstances of Na2SO4 and
(NH4)2SO4. It is reliable to use the above two formulas to
predict reduction of strength and service life of concrete.

According to “Standard for Test Methods of Long-Term
Performance and Durability of Ordinary Concrete” in the
Chinese standard [21] and study of concrete attacked by
sulfate [22], the service life of corroded concrete is calculated
as follows: the relative compressive strength of concrete falling
to 75% is used as a failure criterion of concrete specimen. Fc is
adopted as an evaluation parameter, and the calculation for-
mula is as follows:

Fc �
Kc − 0.75

0.25
, (5)

where Fc is the failure coeQcient of compressive strength.
When the relative compressive strength is less than 75%,
concrete specimen is regarded as damaged.

Based on (3)–(5) and the designed sulfate concentration,
the relative compressive strengths of 5y ash concrete corroded
byNa2SO4 and (NH4)2SO4 reduce less than 75% after 18 and 16
circulations of drying and wetting; namely, the compressive
strength of 5y ash concrete reaches its failure bound.

5. Conclusions

(1) -e two di=erent corrosion solutions make little
di=erence on the compressive strength of modi4ed
concrete after the same drying and wetting cycles.
However, the splitting tensile strength su=ering from
Na2SO4 is generally higher than that in (NH4)2SO4 at
initial strengthening stage. At performance de-
terioration stage, the splitting tensile strength of
modi4ed concrete decreased more rapidly in Na2SO4
to be lower than that in (NH4)2SO4.

(2) -e addition of admixture signi4cantly improves the
ability of sulfate resistance of ordinary concrete.
When su=ered 10 times of drying and wetting cycle,
the compressive strength and splitting tensile
strength of modi4ed concrete increase by 28% and
19%, respectively.

(3) Polypropylene 4ber improves the sulfate resistance
ability of 5y ash concrete to a small degree. Considering
construction cost, it is not advised to add polypropylene
4ber in 5y ash concrete to resist sulfate attack.

(4) Life prediction formula for 5y ash concrete corroded
by sulfate under the designed sulfate concentration
was proposed. Based on the formula, 5y ash concrete
reaches its compressive strength failure bound and is
not suitable for continuous service after 18 and 16
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cycles of drying and wetting corroded by Na2SO4 and
(NH4)2SO4, respectively.
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A new cement-based mortar with high early strength and toughness was developed by adding micro steel 0bers (MSF) in
magnesium phosphate cement (MPC) mortar. *e compressive and 5exural tests were carried out to investigate the e7ect of
curing time, MSF volume fraction, sand-cement mass ratio, and water-cement mass ratio on the strength and 5exural toughness of
MSF-reinforced MPC mortar (MSFRMM). Also, the 5exural toughness and ductility of MSFRMM were evaluated according to
ASTM C1609. *e results of this study showed that the addition of MSF from 0% to 1.6% by volume signi0cantly improved the
compressive strength of MSFRMM. *e MSFRMM showed high early strength, especially during the 0rst 3 days. *e addition of
MSFs changed the 5exural failure mode of MPC-based mortar from brittleness to ductility, and the 5exural toughness
of MSFRMM remarkably increased with the increase of MSF volume fraction from 0% to 1.6%. *e toughness and ductility of
MSFRMM slightly increased with the increase of the dosage of cement. *e toughness and ductility of MSFRMM increased with
the decrease of the water-cement mass ratio due to the improved density of the mortar caused by the reduction of water.

1. Introduction

Magnesium phosphate cement (MPC) is the broad category
of acid-base cement, and the most cementing ingredients are
dead-burned magnesia and phosphate. MPC was 0rst dis-
covered and developed as dental cement in the late 19th
century [1–3]. Starting in 1970s, MPC has been mainly
investigated as a fast-setting repair material. Recently, MPC
was used to prepare light magnesium cement-foamed ma-
terials [4] and building materials which utilize recycled
materials for construction [5], also to stabilize and solidify
wastes [6, 7].

MPC has excellent mechanical properties in high early
strength, ability to set and harden at temperatures as low as
−20°C, high bond strength, small shrinkage, and good du-
rability including chemical attack resistance, deicer scaling
resistance, and permeation resistance [8, 9]. Phosphate salts,
such as ammonium dihydrogen phosphate (NH4H2PO4),
potassium dihydrogen phosphate (KH2PO4), and sodium
dihydrogen phosphate (NaH2PO4), were usually used to

prepare MPC [10, 11]. However, the main drawback of
magnesium ammonium phosphate cement was that the
reaction releases a large amount of ammonia which restricts
it to the outdoor applications. *e potassium dihydrogen
phosphate (KH2PO4) was a promising replacement of
ammonium dihydrogen phosphate (NH4H2PO4) because of
no ammonia volatilization [12–14]. *e borax as a retarder
was usually used to prolong the setting time. But the
excessive use of borax resulted in a decrease of com-
pressive strength [15]. Selecting the proper addition and
the optimal compound of MPC may be a more eco-
nomical way to control the setting time and improve the
mechanical properties at the same time. *e e7ect of other
phosphates on the properties of MPC was evaluated, that is,
sodium tripolyphosphate (Na5P3O10) and sodium dihydrogen
phosphate dodecahydrate (NaH2PO4·12H2O). Addition of
a small amount of Na5P3O10 or NaH2PO4·12H2O signi0-
cantly improved the mechanical properties of MPC, as well
increased the setting time and the 5uidity of the MPC paste
[16, 17]. Based on this positive e7ect, the setting time and
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later the strength of MPC could also be improved by adding
a certain amount of multicomposite retarder (CR) which
was prepared with borax, NaH2PO4·12H2O, and calcium
chloride [18].

Although a signi0cant number of studies were carried
out on the development of MPC, MPC-based composite is
typically brittle in nature. Moreover, due to the high volume
of cementitious compounds, their brittleness could be worse
than Portland cement-based matrix [19]. *e most e7ective
way of reducing the brittleness and improving the ductility is
to introduce 0bers in the matrix [20]. MPC can be used as
binders in 0ber-reinforced mortar. MPC could contribute
more chemical bond strength between steel 0ber and
cement-based matrix than accelerated calcium aluminate
cement. In addition, the bond durability after exposure to
a severe environment is outstanding. *e steel 0bers could
remarkably improve the strength of phosphate cement
mortar and reduce the shrinkage and enhance the abra-
siveness [21–23]. Also, the developed mechanical properties
at 3 hours of curing time for MPC mortar reinforced with
0bers are comparable to that at 28 days for ordinary Portland
cement (OPC) mortar. *e use of proper type and amount of
0bers in MPC matrix could produce the mortar with elastic-
plastic or strain hardening behavior in bending. *erefore,
the 0ber-reinforced MPC mortar is ideally suitable as fast
repair material, where not only fast setting and high early
strength are essential requirements but also high strain
capacity and environmental durability are needed to guar-
antee the long life of the repair [24].

While some researches only provided preliminary results
on the feasibility of 0ber-reinforced MPC mortar, a large
number of variables are yet to be investigated, including the
optimization of matrix, the type and the optimal volume
fraction of 0ber, and the development of durability. *is
paper will investigate the strength and toughness behavior of
micro steel 0ber-reinforced magnesium phosphate cement-
based mortar (MSFRMM). *e variables include the matrix
proportion (the mass ratio of water to cement and the mass
ratio of sand to cement), 0ber volume fraction, and curing
time.

2. Experimental Program

2.1. Materials. Magnesium phosphate cement (MPC) used
in this study was prepared by mixing dead-burned magnesia
(MgO) and monopotassium phosphate (KH2PO4) in a cer-
tain proportion. Borax (Na2B4O7·10H2O) was used as re-
tarder to control the setting time. *e dead-burned MgO
(labeled M), with the particle size of 325 mesh and purity of
92.53%, was achieved by burned magnesite in 1500°C. *e
industrial-grade KH2PO4 (labeled P) is white crystalline
powder with a purity of 98%, particle size of 80 mesh, relative
density of 2.338, and melting point of 252.6°C. KH2PO4 has

deliquescence acidity of its aqueous solution and is not
soluble in alcohol. Industrial-grade borax (Na2B4O7·10H2O,
labeled B) has a purity of 95% with a particle size of 80–100
mesh. Tap water, river sand with 0neness modulus of 2.06,
and micro steel 0bers (MSFs) with hooked ends were also
adopted in this study. *e properties of MSFs provided by
the manufacturer are detailed in Table 1 and Figure 1.

2.2. Test Parameters andMixtureProportions. *e mole ratio
of MgO to KH2PO4 in MPC was constant at 4 (M/P � 4) for
all mixtures. *e dosage of borax was 6.0% of MgO mass
(B/M � 0.06) for all mixtures. *is study aims to investigate
the e7ects of varying curing time, sand-cement mass ratios
(S/C), water-cement mass ratios (W/C), and 0ber volume
fractions (ρf ) on the mechanical properties of MPC mortar.
*erefore, the mixture proportions considering the above
factors are listed in Table 2. In Table 2, S/C represents the
mass ratio of sand to cement (MgO and KH2PO4), W/C
represents the mass ratio of water to cement (MgO and
KH2PO4), B/M represents the mass ratio of borax to MgO,
and ρf represents the MSF volume fraction.

2.3. SpecimenPreparation. Firstly, MgO, KH2PO4, and borax
were weighed in certain proportions and mixed by a mixer in
a low speed. *en, sand was added and mixed for another
minute. Afterward, the MSFs were slowly mixed into the
mixture. Finally, water was added to the mixer and mixed in
a low speed for 30 s, followed by a high speed mixing of 60 s.
*e mixed mixtures were transferred into the steel molds of
40mm× 40mm× 160mm and 100mm× 100mm× 400mm
and then compacted on a vibration table. *e specimens
were demolded after 30 min and cured in a room at ap-
proximately 50% relative humidity (RH) and 20°C tem-
perature. *e mix processing and prepared specimens are
shown in Figures 2 and 3.

Table 1: Properties of micro steel 0bers.

Type Length, L (mm) Diameter, D (mm) Aspect ratio, L/D Tensile strength (MPa) Number per kilogram
RS60/13-2850 13 0.22 59 2850 224862

Figure 1: Micro steel 0bers.
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2.4. Compressive Strength and Flexural Strength Tests. *e
compressive strength and 5exural strength tests were con-
ducted according to GB/T17671-1999 [25]. A universal
testing machine with a capacity of 300 kN was used for the
compressive strength and 5exural strength tests, as shown in
Figure 4. At 0rst, the 40 mm× 40 mm× 160 mm prism
specimens with the span length of 100 mm were loaded in
the middle to measure the 5exural strength. *e loading rate
was 50 N/s (Figure 4(a)). Afterward, the two parts of each
fractured prism specimen were placed on the test setup with
a compression area of 40× 40 mm to test the compressive
strength at a loading rate of 2.4 kN/s (Figure 4(b)). *e
5exural strength (ff ) was calculated using (1), and the
compressive strength (f′c) was calculated using (2):

ff �
1.5P × L
b3 , (1)

f′c �
P

A
, (2)

where P is the maximum load, A is the area under com-
pression (A � 1600 mm2 for this test), b is the side length of

the square cross section of the prism (b � 40 mm for this
test), and L is the span length (L � 100 mm for this test).

2.5.FlexuralToughnessTest. *e 100 mm× 100 mm× 400 mm
prism specimens were tested for 5exural toughness according
to JG/T472-2015 [26] and ASTM C1609 [27]. *e test was
conducted by using a universal testing machine with a ca-
pacity of 2000 kN. As shown in Figure 5, the third-point
loading was applied on the prism specimen with controlling
the increase rate of net de5ection at 0.1mm/min. Two linear
variable displacement transducers (LVDTs) on each side were
used to measure the midspan. *e average of the two mea-
surements represents the midspan de5ection. *e load was
recorded by a load transducer with a capacity of 100 kN. All
the readings (load and de5ection) were collected by a data
logger every two seconds.

3. Test Results and Analysis

*e specimens of di7erent mixture proportions in Table 2
were tested for compressive strength, 5exural strength,
and 5exural toughness. In Table 2, “strength and toughness”

Table 2: Mixture proportions and test items.

ID Mass ratio of sand
to cement, S/C

Mass ratio of water
to cement, W/C

MSF volume
fraction, ρf (%) Test

S/C-0.6 0.6

0.18 0.8

Strength and toughness
S/C-0.8 0.8 Strength and toughness
S/C-1.0 1.0 Strength and toughness
S/C-1.2 1.2 Strength
S/C-1.4 1.4 Strength
W/C-0.16

0.8

0.16

0.8

Strength and toughness
W/C-0.17 0.17 Strength
W/C-0.18 0.18 Strength and toughness
W/C-0.19 0.19 Strength
W/C-0.20 0.20 Strength and toughness
MSF-0.0%

0.8 0.18

0 Strength and toughness
MSF-0.4% 0.4 Strength and toughness
MSF-0.8% 0.8 Strength and toughness
MSF-1.2% 1.2 Strength and toughness
MSF-1.6% 1.6 Strength and toughness

Figure 2: MSFRMM mix processing.
Figure 3: MSFRMM specimens.

Advances in Civil Engineering 3



denotes that the specimens of this mixture were tested
for compressive strength, 5exural strength, and 5exural
toughness, and “strength” denotes that the specimens of
this mixture were only tested for compressive strength and
5exural strength. Each data presented here are the average
test results of three specimens.

3.1. Results of the Strength Test andDiscussion. Test results of
compressive strength and 5exural strength are shown in
Table 3.

3.1.1. E0ect of Sand-Cement Mass Ratio S/C on the
Strength. Figure 6 shows the compressive strength for
specimens with varying sand-cement mass ratios S/C at
various curing time. It can be observed that the com-
pressive strength signi0cantly increases with the increase of
curing time, especially during the 0rst 3 days. *e com-
pressive strength at 1 d developed 80% or more of that at
7 d, indeed, at 3 d developed 90% or more of that at 7 d. Due
to the inadequate sand of S/C-0.6 specimens, the sand was
unable to suNciently work as aggregates. In addition, the
water supply was more than demand, which led to the
lower strength than that of S/C-0.8 specimens. S/C-0.8
specimens have the maximum strength at every curing
time. However, when the amount of cement gradually

decreased with the increase of S/C, the sand and 0bers
would not be fully coated by cementitious materials.
Meanwhile, the excess sand would introduce more pores
with low compaction and resulted in poor workability of
mixtures, which are responsible for the low strength of
specimens with high S/C.

Flexural strength showed a similar trend with com-
pressive strength for specimens with varying S/C and curing
time, as illustrated in Figure 7. At every curing time, the
specimens of S/C-0.8 always performed the highest strength
of all specimens.

3.1.2. E0ect of Water-Cement Mass Ratio W/C on the
Strength. Figure 8 shows the compressive strength of
specimens with varying water-cement mass ratios W/C at
various curing time. Fast development of compressive
strength can also be observed within 7 d. *e compressive
strength at 1 d and 3 d, respectively, attained 70% and 80% of
that at 7 d. W/C-0.6 specimens showed the highest com-
pressive strength than others at all curing time. *e com-
pressive strength decreased with the increase ofW/C. Due to
the low water-demand of MPC (magnesium phosphate
cement), the excess water was only useful for moistening
sand and improving the workability of mixture but would
cause the possibilities of water segregation, high porosity,
and low strength.

(a) (b)

Figure 4: (a) Flexural strength test. (b) Compressive strength test.

Figure 5: Flexural toughness test.
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As shown in Figure 9, the 5exural strength increased
with the increase of curing time in general but decreased
with the increase of W/C for all specimens at the same age.

3.1.3. E0ect of MSFs on the Strength. Figure 10 shows the
compressive strength of specimens with varying MSF vol-
ume fractions (ρf ) at various curing time. It can be observed
that the compressive strength noticeably increased with the
increase of curing time. *e compressive strength of 1 d and

3 d, respectively, reached to 72.3%–75.5% and 83.4%–86.8%
of that at 7 d. With the increase of ρf up to 0.8%, the fast
development of compressive strength can be observed. *e
high eNciency of reinforcement of MSFs was bene0ted from
its larger number per unit mass and more developed bond
with hydration products of MPC. *is means higher rein-
forcing e7ect gained with fewer MSFs used. Compared to the
specimens without MSFs, the compressive strength for the
specimens with MSFs of 1.6% by volume was increased by

Table 3: Compressive strength and 5exural strength of MSFRMM.

ID
Curing time

6 h 12 h 1 d 3 d 7 d
Comp. Flex. Comp. Flex. Comp. Flex. Comp. Flex. Comp. Flex.

S/C-0.6 21.8 7.1 33.1 8.1 47.1 10.3 54.7 11.1 60.1 13.4
S/C-0.8 32.8 8.4 42 10.6 46.1 12.5 55.4 13.2 63.8 14.3
S/C-1.0 26 6.6 34.1 7.4 49.9 10.1 50.4 10.2 55.5 11.9
S/C-1.2 19.6 4.9 32.3 7.2 44.9 8.4 47.7 9.8 52.8 11.6
S/C-1.4 25.6 4.1 31.2 7.9 41.6 8.5 46.8 9.2 48.9 11.5
W/C-0.16 32.8 8.4 42 10.6 46.1 12.5 55.4 13.2 63.8 14.3
W/C-0.17 31.5 7.5 39.5 10.2 48.5 12 56.5 12.2 65.8 11.8
W/C-0.18 26.1 8.3 35.1 8.3 46.4 9.9 52.8 9.1 61.2 10.6
W/C-0.19 20.9 7.1 34.2 8.1 39.4 9.4 46.1 8.7 56.2 11.1
W/C-0.20 23.8 7.6 30.2 7.7 34.7 7.9 42.8 9.5 52.1 10.7
MSF-0.0% 18.5 3.0 22.9 3.8 27.6 6.3 36.2 6.1 44.4 7.4
MSF-0.4% 22.3 6.5 36.6 5.5 40.2 7.9 44.7 8.8 53.6 9.9
MSF-0.8% 32.8 8.4 42 10.6 46.1 12.5 55.4 13.2 63.8 14.3
MSF-1.2% 35.4 8.2 44.8 8.6 47.2 11.7 54.2 13.6 62.5 15
MSF-1.6% 36.2 9.5 47.4 11.4 50.1 15.6 58.4 16 68.2 17.4
Note. Comp. and 5ex. represent compressive strength and 5exural strength, respectively.
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Figure 6: E7ect of S/C on the compressive strength with various
curing time (ρf� 0.8%; W/C� 0.18).
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95.7%, 106.9%, 62.2%, 61.3%, and 53.6% at 6 h, 12 h, 1 d, 3 d,
and 7 d, respectively. High early strength is prominent.

Similar to compressive strength, the 5exural strength
dramatically increased with the increase of curing age and MSF
volume fractions (ρf ), as shown in Figure 11. *e addition of
MSFs of 1.6% by volume improved the 5exural strength of
216.7%, 200%, 162.3%, 147.6%, and 135% at 6h, 12h, 1 d, 3 d,
and 7d, respectively. It indicated a higher reinforcing e7ect on
5exural strength than that on compressive strength.

3.2. Results of the FlexuralToughnessTest andDiscussion. *e
5exural toughness test was conducted on the specimens with
various mixture proportions shown in Table 2. *e e7ects of
curing time, MSF volume fraction (ρf), water-cement ratio
(W/C), and sand-cement ratio (S/C) on 5exural properties
derived from 5exural load-midspan de5ection curves were
analyzed.
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Figure 8: E7ect of W/C on the compressive strength with various
curing time (ρf� 0.8%; S/C� 0.8).
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3.2.1. E0ect of MSFs on the Flexural Load-Midspan De4ection
Curve. Figures 12–15 show the 5exural load-midspan de-
5ection curve of specimens with varying MSF volume
fractions (ρf ) at various curing time. *e 5exural load-
midspan de5ection curve of specimens without MSFs
showed a sudden failure past peak load. However, the failure
mode of the specimens was changed from brittle failure to
ductile failure by the addition of MSFs. Furthermore, these
specimens with MSF performed a full curve. *e descending
branch displayed minor 5uctuations, as the MSFs were
pulled out one after another. With the increase of ρf , the
initial cracking load, peak load, and plump degree of the
curves were improved, as well the residual de5ection in-
creased. It should be noted that the curve of specimens with
0.4% MSF at the curing time of 3 d shows an unexpected
lowest peak load than that of 12 h and 1 d. *is is probably
ascribed to the uneven distribution of steel 0bers resulting in
the absent or inadequate steel 0bers in the bottom of
specimens.

At an early curing age of 12 h, when ρf increased from
0.8% to 1.6%, the peak load and plump degree were not
improved, as shown in Figure 14. *is indicates that MSF of

high volume fraction would not fully achieve its potential of
toughening e7ect due to the inadequate bond between MSFs
and matrix at early age. Developed bond was achieved at 1 d,
so the peak load and plump degree of the 5exural load-
midspan de5ection curve were signi0cantly improved with
the increase of ρf and showed the maximum for the spec-
imens with MSFs up to 1.6%.

3.2.2. E0ect of Curing Time on the Flexural Load-Midspan
De4ection Curve. *e typical 5exural load-midspan de-
5ection curves of MSF specimens (i.e., MSFs of 1.2% volume
fraction) are shown in Figure 16. When curing time in-
creased from 12 h to 7 d, the initial cracking load, peak load,
and plump degree were improved, especially during the 0rst
3 days. *is indicates a high early toughness of MSFRMM.

3.2.3. E0ect of Water-Cement Mass Ratio W/C on the
Flexural Load-Midspan De4ection Curve. Figure 17 shows
the 5exural load-midspan de5ection curves of specimens
with varying water-cement mass ratioW/C of 0.16, 0.18, and
0.20. *e increase of water content caused by increasing
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Figure 12: Flexural load-midspan de5ection curves of specimens
with varying ρf (12 h curing).
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Figure 13: Flexural load-midspan de5ection curves of specimens
with varying ρf (1 d curing).
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Figure 14: Flexural load-midspan de5ection curves of specimens
with varying ρf (3 d curing).
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W/C resulted in the decrease of the peak load, residual
de5ection after peak load, and plump degree.

3.2.4. E0ect of Sand-Cement Mass Ratio S/C on Flexural
Load-Midspan De4ection Curve. Figure 18 shows the 5ex-
ural load-midspan de5ection curves of specimens with
varying sand-cement mass ratio S/C of 0.6, 0.8, and 1.0. It
can be observed that the increase of S/C caused a reduction
in the peak load and plump degree of the 5exural load-
midspan de5ection curve. *is indicates a slight decrease in
toughness due to the reduced dosage of cement.

3.3.CalculationandAnalysis of FlexuralToughness. Based on
the 5exural load-midspan de5ection curves, the index of
5exural toughness can be calculated to analyze the e7ect of
curing time, MSF volume fraction (ρf), water-cement mass
ratio (W/C), and sand-cement mass ratio (S/C) on the
5exural toughness of MSFRMM. Four methods recom-
mended by ASTM C1018 [28], ASTM C1609 [27], JSCE
SF-4 [29], and JG/T 472-2015 [26] were used to evaluate
the 5exural toughness for steel 0ber-reinforced composite.

*e ASTM C1609 [27] was adopted herein to evaluate the
5exural properties.

ASTM C1609 [27] de0nes the total area under the
5exural load-de5ection curve up to L/150 (L is the beam
span, and L� 300 mm for this test) as 5exural toughness TD150
(N·mm). *e equivalent 5exural strength ratio RDT,150 can be
calculated by the following equation:

R
D
T,150 �

150TD150
f1bh

2 × 100%, (3)

where f1 is the 0rst peak strength (MPa), b is the width of
the specimen (b � 100 mm for this test), and h is the height
of the specimen (h � 100 mm for this test). *e 5exural
toughness TD150 and the equivalent 5exural strength ratio
RDT,150 calculated by (3) for this test are shown in Table 4 and
Figures 19–21. TD150 and RDT,150 can be used to manifest the
properties of toughness and ductility, respectively.

*e results of TD150 and RDT,150 of specimens with varying
ρf and curing time are presented in Figure 19. It can be
observed that the 5exural toughness TD150 increased with
increase of ρf at the same curing time. *e 5exural toughness
TD150 increased with increase of curing time for the specimens
with the same. *is results demonstrated that the increase of
ρf and curing time e7ectively contributed to the develop-
ment of 5exural toughness. However, RDT,150 slightly 5uc-
tuates and does not show a consistent trend with the increase
of ρf and curing time. Because of the increase of curing time,
the increased strength and brittle of matrix were not able to
be fully compensated by the developed bond between MSF
and matrix. *erefore, MSF has distinctive contributions to
the increase of toughness other than ductility for the
specimens in general. Due to the signi0cant decrease in the
total area under the 5exural load-de5ection curve, the
specimens with 0.4% MSF at the curing time of 3 d show an
unexpected low toughness, as discussed in Section 3.2.1.

*e results ofTD150 andRDT,150 of specimens with varying S/C
are presented in Figure 20. When the S/C increased from 0.6 to
1.0, TD150 and RDT,150 moderately decreased due to the reduced
dosage of cement. *e decreased TD150 and RDT,150 indicated
a moderate reduction in toughness and ductility of MSFRMM.
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Figure 16: Flexural load-midspan de5ection curves of specimens
with varying curing time (MSF-1.2%).
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with varying W/C (7 d curing; ρf� 0.8%; S/C� 0.8).
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*e results of TD150 and RDT,150 of specimens with varying
W/C are presented in Figure 21. *is 0gure shows a sig-
ni0cant increase of TD150 and slight increase of RDT,150 as the
W/C decrease from 0.20 to 0.16. *e increase of TD150 and
RDT,150 is bene0ted from the high density of matrix caused by
the reduced water, which indicates the increase of toughness
and ductility of MSFRMM as W/C decreases.

4. Conclusions

An experimental investigation was performed to study the
e7ects of curing time, sand-cement mass ratio, water-cement
mass ratio, and MSF volume fraction on the compressive
strength, 5exural strength, 5exural toughness, and 5exural
ductility of MSFRMM. *e experimental results led to the
following conclusions.
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Figure 19: Flexural toughness and ductility of specimens with
varying ρf .

Table 4: Index of 5exural toughness and ductility of MSFRMM.

ID Curing
time

ASTM C1609
Flexural

toughness,
TD150 (kN·mm)

Equivalent 5exural
strength ratio,
RDT,150 (%)

S/C-0.6
7 d

28.69 76.5
S/C-0.8 24.82 69.9
S/C-1.0 24.47 70.0
W/C-0.16

7 d
20.70 70.7

W/C-0.18 24.82 69.9
W/C-0.20 27.27 77.8
MSF-0.4%

12 h

15.16 63.8
MSF-0.8% 21.24 74.5
MSF-1.2% 21.92 72.6
MSF-1.6% 21.62 70.3
MSF-0.4%

1 d

18.71 75.5
MSF-0.8% 21.45 73.2
MSF-1.2% 24.29 76.3
MSF-1.6% 23.96 66.1
MSF-0.4%

3 d

13.01 62.6
MSF-0.8% 24.30 70.9
MSF-1.2% 24.51 70.8
MSF-1.6% 25.52 68.9
MSF-0.4%

7 d

18.08 73.6
MSF-0.8% 24.82 69.9
MSF-1.2% 26.02 72.2
MSF-1.6% 30.71 65.7
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Figure 20: Flexural toughness of specimens with varying S/C.
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Figure 21: Flexural toughness of specimens with varying W/C.
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(1) Compared to the specimens without MSF, the
compressive strength and 5exural strength for the
specimens with 1.6% MSF were signi0cantly im-
proved by 95.7% and 216.7%, respectively.

(2) *e MPC-based mortar with MSFs of 1.6% by vol-
ume showed high early strength. *e compressive
strength of the specimens at 6 h, 12 h, 1 d, 3 d, and 7 d
curing time are 36.2 MPa, 47.4MPa, 50.1MPa,
58.4MPa, and 68.2MPa, respectively. *e 5exural
strength of the specimens at 6 h, 12 h, 1 d, 3 d, and 7 d
curing time are 9.5 MPa, 11.4 MPa, 15.6 MPa,
16.0 MPa, and 17.4 MPa, respectively.

(3) *e addition of MSFs changed the 5exural failure of
MPC-based mortar from brittleness to ductility.
With increasing MSF volume fraction from 0.0% to
1.6%, the 5exural toughness of MSFRMM increased
signi0cantly.

(4) *e toughness and ductility of MSFRMM moder-
ately increase with the decrease of sand-cement mass
ratio caused by the increased hydration product of
MPC in the mortar. *e toughness and ductility of
MSFRMM increase with the decrease of water-
cement mass ratio due to the improved density of
MPC mortar caused by the reduced water.
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.is paper describes the e1ects of expansive admixture on the mechanical properties of strain-hardening cement-based composite
(SHCC) mixtures. Also, this study investigates structural performance of reinforced concrete (RC) beam specimens repaired with
SHCC and Ex-SHCC (SHCC with expansive admixture). In this study, SHCC and Ex-SHCC mixtures with two speci7ed
compressive strength values of 30MPa and 60MPa and the 7ber volume fraction of 1.5% were investigated. .e expansive
admixture replacement ratio of 10% by cement weight was used in this study..e test results indicate that the compressive, tensile,
and <exural strength values of the SHCC mixtures increased when expansive admixture was included in the mix; however, their
toughness and ductility decreased..e study results also show that the application of both SHCC and Ex-SHCCmixtures to repair
damaged RC beam specimens can lead to signi7cant structural performance improvement by mitigating crack damage and
increasing ductility.

1. Introduction

Wide surface cracks are known to accelerate the corrosion
and further the degradation of steel reinforcing bar
(rebar) by allowing moisture, oxygen, and carbon dioxide
into the cement composite. Over the past several decades,
researchers have investigated numerous applications of
strain-hardening cement-based composite (SHCC) ma-
terials to try to improve the ductility and durability of
reinforced concrete (RC) structures [1, 2]. .e addition of
synthetic 7ber to cementitious composites that exhibit
multiple cracking and strain-hardening behavior under
uniaxial tensile loading can improve the toughness
and ductility of these materials [3], which are referred
to not only as SHCC materials, but also include engi-
neered cementitious composite (ECC) materials and
high-performance 7ber-reinforced cement composite
(HPFRCC) materials. To ensure good structural performance

of 7ber-reinforced cementitious composite (FRCC)materials,
especially when they are applied to help repair damaged RC
structures, a rich binder composite without coarse aggregate
is required to reduce the fracture energy at the 7rst-crack
stage. However, mixtures with rich binders can lead to high
levels of shrinkage and cracks.

In order to address this potential problem, some re-
searchers have attempted to reduce the shrinkage of FRCC
materials by incorporating shrinkage-reducing admixture
(SRA) and expansive materials in the mix. For example,
Maltese et al. [4] investigated the e1ects of both expansive
and shrinkage-reducing admixtures to improve the di-
mensional stability of cement-based mortar and con-
cluded that such admixtures are e1ective in reducing
shrinkage. Cheung and Leung [5] examined the shrinkage
properties of high-strength FRCC with various water-to-
binder ratios. .ey found that the use of sulfoaluminate
cement (SAC) to replace Portland cement can lead to
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shrinkage reduction and that the combined use of SAC
and SRA is even more e1ective in reducing shrinkage.
Choi and Yun [6] investigated the e1ects of expansive
admixture on the shrinkage and mechanical properties of
HPFRCC materials. .eir test results indicate that
replacing cement with calcium sulfoaluminate- (CSA-)
based expansive admixture is an e1ective method to
mitigate shrinkage. Moreover, Choi and Yun [6] found
that replacements of 10% CSA-K can considerably en-
hance the mechanical properties and reduce shrinkage of
HPFRCC materials.

Yun et al. [7] tested the ability of one-way slabs with an
SHCC layer to mitigate crack damage and improve the
durability of RC slabs. .eir test results showed that
conventional RC slabs failed with only a few wide cracks.
However, the RC slabs with an SHCC material layer at the
bottom of the slabs signi7cantly mitigated cracking and
exhibited multiple 7ne cracks instead of wide cracks.
Kobayashi and Rokugo [8] proposed the use of a HPFRCC
layer to repair RC members damaged by chloride. .ey
reported that rebar corrosion could be recovered for
specimens that exhibited less than 10% corrosion by in-
cluding a HPFRCC layer. Li et al. [9] investigated the
structural performance of HPFRCC when used to repair
damaged RC columns under 85% load capacity. .eir test
results showed that the RC columns that were repaired
using HPFRCC improved the columns’ load-carrying ca-
pacity and ductility better than conventional RC columns.
.e di1erence in shrinkage between the concrete and the
SHCC can lead to bond failure. .us, including expansive
admixture in the SHCC material is e1ective because the
shrinkage of SHCC is greater than that of conventional
concrete.

Building on previous work found in the literature, this
study investigated the e1ects of replacing cement with
10% CSA-based expansive admixture on the mechanical
properties of SHCC materials with two di1erent com-
pressive strength values of 30MPa and 60MPa. Speci7-
cally, this study investigated RC beams that were repaired

using SHCC material with and without CSA-based ex-
pansive admixture to evaluate the e1ects of expansive
admixture on the structural performance of repaired
RC beams.

2. Experimental Design

2.1. Materials. Table 1 shows the composition of the SHCC
and Ex-SHCC mixtures used in this study. Both mixture
types were tested with speci7ed compressive strength values
of 30MPa and 60MPa. Polyethylene (PE) 7ber of 1.5%
volume fraction was added and mixed for each SHCC and
Ex-SHCC mixtures. CSA-based expansive admixture with
10% replacement of the cement weight was used for the Ex-
SHCC mixtures.

.e cement used in this study was Type I Portland
cement made in South Korea; this cement was made in
a similar manner as recommended in American Society of
Testing and Materials (ASTM) C150 [10] (i.e., speci7c
gravity of 3.15 and 7neness of 3300 cm2/g). .e CSA-based
expansive admixture that was used in this study had
a speci7c gravity of 2.9 and 7neness of 3350 cm2/g. Table 2
presents the chemical compositions and physical prop-
erties of the cement and CSA expansive admixture used in
this study. Silica sand with a speci7c gravity of 2.61 and
grain sizes ranging from 105 μm to 120 μm were used for the
mixtures. .e PE 7bers were manufactured with an aspect
ratio (length/diameter) of 12.0, elastic modulus of 75GPa, and
tensile strength of 2500MPa, as shown in Table 3.

All mixtures were fabricated in the laboratory using
a fan-type mixer. First, silica sand and cement were mixed
for one minute. .en, water was added and the mixture was
stirred for a few minutes to form the mortar mixture. Next,
the PE 7ber was added to the mixed mortar and mixed in for
three minutes.

2.2. Test Methods for Mechanical Properties. To evaluate the
actual mechanical properties of the SHCC and Ex-SHCC
mixtures, cylindrical, dumbbell-shaped, and prismatic

Table 1: Mix proportions of SHCC and Ex-SHCC mixtures.

Mixture ID W/B (%) Ex-Rep. ratio1 (%) Fiber volume (%)
Unit weight (kg/m3)

Cement Water Sand Ex2 PE3 MC4 SP5

SHCC30 45 0 1.5 1075 484 430 0 14 0.5 9.6
SHCC60 30 0 1.5 1281 384 513 0 14 0.5 13.3
Ex-SHCC30 45 10 1.5 968 484 430 107 14 0.5 9.6
Ex-SHCC60 30 10 1.5 1149 384 513 128 14 0.5 13.3
1Replacment ratio of expansive admixture; 2expansive admixture; 3polyethylene 7ber; 4methyl cellulose; 5superplasticizer.

Table 2: Chemical components of cement and expansive admixture.

Speci7c gravity Blaine 7neness (cm2/g)
Chemical composition (%)

SiO Al2O Fe2O3 CaO MgO SO3 Loss of ignition
Cement 45 0 21.15 5.10 3.48 63.29 2.65 2.48 1.68
CSA-Ex 30 10 1.48 13.10 0.60 47.80 0.50 32.27 —
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specimens were prepared and tested for each mixture.
Figure 1(a) shows the compression test setup that was
used to evaluate the specimens’ compressive behavior
in accordance with ASTM C39 [11]. .ree cylinders
(ϕ100mm × 200mm) were tested on each day of curing
using a universal testing machine with 2000 kN load
capacity. .e compressive strain was obtained from two
linear variable displacement transducers (LVDTs) sur-
rounding the cylindrical specimen.

Direct tensile tests were conducted as per Japan
Society of Civil Engineers (JSCE) E-51 [12]; Figure 1(b)
shows the test setup. Dumbbell-shaped specimens
were fabricated, each with a cross section of 30mm× 30mm
and length of 100mm. Two LVDTs were installed to measure
the tensile strain in the middle of each specimen.

Figure 1(c) shows the <exural test setup as perASTMC1609
[13]. Prismatic specimens (100mm× 100mm× 400mm) were
fabricated to evaluate the <exural properties of the SHCC
and Ex-SHCCMixtures. .e <exural tests were conducted
under third-point loading, and a yoke with two LVDTs
was used to measure the entire vertical de<ection at the
mid-span.

2.3. Con+guration of Beam Specimens Repaired with SHCC
andEx-SHCCMixtures. To evaluate the e1ects of SHCC/Ex-
SHCC mixtures as repair material on RC beam specimens,
small-scale RC beam specimens (1460 mm in length and
rectangular cross section of 130 mm × 170 mm) were
fabricated. Figure 2(a) illustrates the con7guration and

(a) (b)

PE70-3

(c)

Figure 1: Test setups for mechanical properties. (a) Compression test. (b) Direct tensile test. (c) Flexural test.

Table 3: Mechanical properties of polyethylene 7ber.

Fiber Speci7c gravity
(kg/m3) Length (mm) Diameter (µm) Aspect ratio

(length/diameter) Tensile strength (MPa) Elastic modulus
(MPa)

Polyethylene 0.97 15 12 1,250 2500 75
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reinforcement details of the beam repair system employed
for a layered RC beam section for structural performance
testing.

For the conventional RC beam specimen (used as the
control specimen), 7rst the sand and coarse aggregate were
mixed for one minute. Next, the cement was added and
mixing was continued for another minute. .en, water was
added to hydrate the cement for two to three minutes. .is
conventional concrete had an averaged compressive strength
value of 33.7 (±2.1)MPa at 28 days. .e yield strength and
ultimate strength values of the steel rebar were 404.08
(±8.41)MPa and 624.44 (±22.15)MPa, respectively, with the
nominal diameter of 22mm (D22). To prevent the undesired
shear failure of the RC beam, transverse reinforcement was
included that consisted of 10mm nominal diameter (D10)
rebar at 100mm spacing. SHCC30 and Ex-SHCC30 mix-
tures were layered with a total thickness of 40mm at the

bottom of two additional RC beam specimens. .ese SHCC
and Ex-SHCC mixtures were cast onto the section after one
day. Table 4 presents a summary of the RC beam specimens
with the SHCC and Ex-SHCC mixtures added to the con-
crete for structural repair (designated as “R” for “repaired” in
the specimen ID).

2.4. Test Setup for Repaired RC Beam Specimens. All of the
repaired RC beam specimens (“RC-R”) were tested using
a 500 kN load capacity hydraulic actuator that was 7xed to
a reaction steel frame. Each beam was simply supported on
rollers while the load-transfer frame was used to apply two-
point loads. .e specimens each had a net span of 1300mm
and shear span of 450mm. Tomeasure the vertical de<ection
of the beams, an LVDT was installed at the center of the
bottom of the slab, as shown in Figure 2(b)..e tensile crack

45080 400 450 80

Conventional concrete

SHCC layered section

2-D22 SD400

10

130

170
2-D22 SD400
D10 SD400@100

(a)

LVDT

(b)

Figure 2: Details of specimen and test setup for structural performance tests. (a) Con7guration and reinforcement details (mm). (b) Test
setup for four-point bending.

Table 4: Summary of reinforced concrete beam specimens.

Specimens Composite type Width× depth× span length (mm×mm×mm) Layer thickness (mm)
RC Concrete

130×170×1300
0

RC-R (SHCC30) Concrete + SHCC30
40

RC-R (Ex-SHCC30) Concrete + Ex-SHCC30
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formation in terms of number and width of the cracks was
observed using a 60x microscope over the 800mm length at
the center of the specimen.

3. Test Results and Discussion

3.1. Compressive Strength of Cement Composite. Figure 3(a)
presents the e1ects of curing duration on the compressive
strength of the SHCC and Ex-SHCC mixtures. .e
compressive strength progression for all the mixtures
indicates a rapid increase up to seven days of curing and
then a steady moderate increase up to 28 days of cur-
ing. .e Ex-SHCC mixtures show greater compressive

strength than those without expansive admixture at all curing
times. Figure 3(b) shows the e1ects of the inclusion (and ex-
clusion) of expansive admixture on typical strain-stress re-
lationships (curves) of the mixtures under compressive loading.
.e inclusion of the expansive admixture does not have
a signi7cant e1ect on the initial behavior and modulus of
elasticity for both the normal- and high-strength SHCC
mixtures. On the other hand, both Figures 3(a) and 3(b) show
that the compressive strength and strain values increase at
the peak stress with the inclusion of expansive admixture.

3.2. Direct Tensile Behavior of SHCC and Ex-SHCC
Mixtures. Figure 4 shows the direct tensile responses of
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Figure 3: E1ects of expansive admixture on compressive properties of SHCC and Ex-SHCC mixtures. (a) E1ects of curing age on
compressive strength. (b) Compressive response of SHCC and Ex-SHCC mixtures.
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the SHCC and Ex-SHCC mixtures as obtained from 7ve
or four dumbbell-shaped specimens, respectively. .e
SHCC30 specimens show the 7rst-crack strength and
tensile strength averaged values of 1.22 (±0.18)MPa and
4.49 (±0.42)MPa, respectively. .e average tensile strain
at peak stress is 1.86% (±0.20%). .e Ex-SHCC30 spec-
imens (SHCC30 with 10% replacement of CSA-based
expansive admixture), however, show the 7rst-crack
strength, tensile strength, and strain values at averaged
tensile strength values of 1.20 (±0.10)MPa, 4.54 (±0.51)
MPa, and 0.58% (±0.18%)MPa, respectively. .us, including
CSA-based expansive admixture in SHCC mixtures can
lead to an increase in the 7rst-crack and tensile strength
values.

Similar results also can be observed for the tensile
responses of the SHCC and Ex-SHCC mixtures with the
speci7ed compressive strength of 60MPa. .e 7rst-crack

strength values of the SHCC60 and Ex-SHCC60 mixtures
are 1.77 (±0.46)MPa and 2.57 (±0.35)MPa, respectively.
.e tensile strength values are 6.27 (±0.38)MPa and 6.60
(±0.36)MPa, respectively. However, the SHCC mixtures
with expansive admixture tend to have less tensile strain
capacity compared to those without expansive admixture.
.e strain capacity values at the tensile strength of the
SHCC60 and Ex-SHCC60 mixtures are 3.49% (±0.89%)
and 2.29% (±0.44%), respectively.

Figure 5 shows typical crack patterns on the dumbbell-
shaped specimens after the direct tensile tests. All of the
specimens exhibit multiple cracking characteristics and 7ber
bridge action. .e strain capacity of the mixtures correlates
with the number of 7ne cracks in the specimens. Figures 4
and 5 both indicate that the inclusion of expansive ad-
mixture in SHCC mixtures leads to less strain capacity and
dispersed cracking.
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Figure 4: E1ects of expansive admixture on tensile responses of SHCC and Ex-SHCCmixtures. (a) SHCCmixtures. (b) Ex-SHCCmixtures.
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3.3. Flexural Behavior of SHCC Mixtures. In Figure 6, the
dark lines (red and black) show the test results for each
specimen and the light lines show the averaged test results at
each de<ection. Figure 6(a) presents the <exural stress-
de<ection curves for the SHCC mixtures without expan-
sive admixture. .e averaged de<ections at peak stress for
the SHCC30 and SHCC60mixtures are 2.32 (±0.25)mm and
3.44 (±0.35)mm, respectively. .e higher compressive
strength values led to higher <exural strength values and
de<ections at the peak stress. Similar properties can be
observed from the test results and <exural responses of the
Ex-SHCC mixtures, as shown in Figure 6(b). .e Ex-
SHCC30 and Ex-SHCC60 mixtures have average <exural
strength values of 11.13 (±1.17)MPa and 14.38 (±0.54)MPa,
respectively. .e average modulus of rupture values and the
de<ection at peak stress of the Ex-SHCC60 mixture are
about 1.3 and 1.5 times more, respectively, than those of the
Ex-SHCC30 mixture.

Figures 6(a) and 6(b) clearly show that the <exural
strength of the mixtures increases when expansive admix-
ture is included in the mix. However, the toughness and

ductility of the Ex-SHCC mixtures are shown to decrease
after the peak stress. Table 5 presents the tensile and <exural
properties of the SHCC and Ex-SHCC mixtures.

3.4. Failure Mode and Responses of RC Beams Repaired with
SHCCand Ex-SHCCMixtures. Figure 7 shows the cracking
patterns of the beam specimens at each yield load. All of
the RC beam specimens exhibited similar failure modes
during testing. First, <exural cracks developed at the
bottom of the beam and then shear cracks developed with
increasing applied loads. Flexural shear cracks were ob-
served for all the specimens. Also, shear bond face cracks
occurred for the repaired beam specimens that contained
the SHCC30 and Ex-SHCC30 mixtures, as shown in
Figures 7(b) and 7(c).

Figure 8 shows the e1ects of the SHCC and Ex-SHCC
layer on the structural performance of the repaired RC
beam specimens. As expected, the RC beams with the
SHCC and Ex-SHCC layers improved the ductility better
than the conventional (control) RC beam. For example,

(a) (b)

(c) (d)

Figure 5: Typical crack patterns after direct tensile tests for each mixture type. (a) SHCC30 mixture. (b) SHCC60 mixture. (c) Ex-SHCC30
mixture. (d) Ex-SHCC60 mixture.
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the sti1ness value of the RC-R(SHCC30) beam specimen
decreased more than that of the conventional RC beam
specimen. .e measured maximum loads of the RC, RC-R
(SHCC30), and RC-R(Ex-SHCC30) beam specimens were
170, 165, and 185 kN, respectively. .e results obtained
for the three beam specimens indicate that the specimens

that were repaired using the SHCC and Ex-SHCC mix-
tures exhibited small di1erences in <exural strength.
However, the ductility of the beams signi7cantly im-
proved by including SHCC and Ex-SHCC layer, as evi-
denced by the mitigation of critical crack damage shown
in Figure 8(a).
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Figure 6: E1ects of expansive admixture on <exural responses of SHCC and Ex-SHCC mixtures. (a) SHCC mixtures. (b) Ex-SHCC
mixtures.

Table 5: Tensile and <exural properties of SHCC and Ex-SHCC mixtures.

Mixture ID First-crack
strength (MPa) Tensile strength (MPa) Strain at tensile

strength (%) Flexural strength (MPa) De<ection at <exural
strength (mm)

SHCC30 1.22 (±0.18) 4.49 (±0.42) 1.86 (±0.20) 11.13 (±1.17) 2.32 (±0.25)
SHCC60 1.77 (±0.46) 6.27 (±0.38) 3.49 (±0.89) 12.71 (±1.27) 1.16 (±0.02)
Ex-SHCC30 1.20 (±0.10) 4.54 (±0.51) 0.52 (±0.18) 14.38 (±0.54) 3.44 (±0.35)
Ex-SHCC60 2.57 (±0.35) 6.60 (±0.36) 2.29 (±0.44) 16.21 (±1.77) 1.78 (±0.36)
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3.5. Cracking Behavior of Beam Specimens Repaired with
SHCC and Ex-SHCC Mixtures. .e crack growth of the
conventional RC beam and the RC beams that were
repaired using SHCC and Ex-SHCC mixtures was ob-
served using a microscope over the central 800 mm of the
specimens. .e crack growth was measured up to the
yield load for each 20 kN load increment. .e initial
cracks developed before 20 kN loading for all the beam
specimens. Figure 9(a) shows the e1ects of the SHCC and
Ex-SHCC mixture layer on the crack widths of the
specimens. As aforementioned, the SHCC and Ex-SHCC
mixture specimens exhibited multiple 7ne cracks. .e
control RC beam specimen maintained the same number
of cracks after 40 kN. In the case of the beam specimens
that were repaired using the SHCC and Ex-SHCC mixtures,
however, the number of cracks increased up to failure of the
specimen. .e beam specimen repaired with SHCC mixture
had a wider distribution of more cracks than the specimen
that was repaired using Ex-SHCC mixture.

Figure 9(b) shows the crack width according to each
load increment from 20 kN to 140 kN. .e crack width of
the RC-B (control) specimen steadily increased with an
increase in vertical loading. Such wide cracks can lead to
decreased durability and increased corrosion of steel rebar.

On the other hand, the RC beams that were repaired with the
SHCC and Ex-SHCCmixtures maintained their crack widths.
.erefore, these results indicate that the application of SHCC
and Ex-SHCC mixtures to the tensile zone of RC <exural
members may prevent the intrusion of aggressive substances
into the steel reinforcement.

4. Conclusions

.e e1ects of CSA-based expansive admixture on the me-
chanical properties of SHCCmixtures were investigated in this
study through experimental research. .is study exam-
ined the application of SHCC and Ex-SHCC mixtures in
the tensile zone of RC beams as a repair mechanism to
mitigate crack damage and increase ductility. Based on the
test results, the conclusions can be summarized as follows:

(1) .e compressive, tensile, and <exural strength levels
of SHCCmixtures tend to increase when using CSA-
based expansive admixture as the cementitious
composite with 10% replacement of the cement
weight. However, the strain capacity, ductility, and
toughness of Ex-SHCC mixtures tend to decrease
compared to SHCC mixtures.

(a)

(b)

(c)

Figure 7: Failure modes and cracking patterns of RC beam specimens. (a) RC beam specimen. (b) RC-R (SHCC30) beam specimen. (c) RC-
R (Ex-SHCC30) beam specimen.
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(2) .e beam specimens that were repaired using both
the SHCC and Ex-SHCC mixtures exhibited sig-
ni7cant improvement in crack damage mitigation
and ductility compared to the conventional RC beam
control specimen. .e application of SHCC and Ex-
SHCC mixtures in a layered system thus should be
used to prevent the corrosion of the steel rebar in RC
<exural members.

(3) .e sti1ness of the beams that were repaired using
the SHCC mixtures decreased due to the slippage at
the interface between the concrete and the SHCC
layer. On the other hand, the sti1ness of the beam

that was repaired using the Ex-SHCC mixture
showed similar performance as the control RC beam
specimen. It is concluded that the shrinkage of
SHCC mixtures that contain rich cementitious
material can lead to bond-face slippage. .e use of
expansive admixture in SHCC mixtures can help
reduce shrinkage and improve the integrity of
a layered beam repair system.
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*e applications of steel slag powder and steel slag aggregate in ultra-high performance concrete (UHPC) were investigated by
determining the 4uidity, nonevaporable water content, and pore structure of paste and the compressive strength of concrete and
by observing the morphologies of hardened paste and the concrete fracture surface. *e results show that the 4uidity of the paste
containing steel slag is higher.*e nonevaporable water content of the hardened paste containing steel slag powder is close to that
of the control sample at late ages. Both steel slag powder and steel slag aggregate react and connect tightly to gels and hardened
paste, respectively. When the cement replacement ratio is no more than 10%, the proportion of pores larger than 50 nm in the
hardened paste containing steel slag powder is close to that of the control sample, and the UHPC containing steel slag powder can
display satisfactory compressive strengths. *e UHPC containing steel slag aggregate demonstrates higher compressive strengths.

1. Introduction

Steel slag is a by-product of steel manufacturing [1]. Ap-
proximately 160 kg of steel slag is generated per ton of steel
produced [2]. *e common chemical compounds in steel
slag are SiO2, CaO, Fe2O3, Al2O3, andMnO [3, 4].*emajor
mineral components of steel slag are C3S, C2S, C4AF, RO
phase, and free-CaO [5, 6]. Many studies have shown that
steel slag can be applied in ceramics, road pavement ma-
terials, and other materials [7–9]. However, in some coun-
tries, a large amount of steel slag is still stockpiled without full
utilization [10, 11].
*e application of steel slag powder as a mineral ad-

mixture in concrete has been investigated in many studies
[12–14]. Steel slag powder has hydraulic properties, and its
hydration process is similar to that of cement [15, 16]. Studies
have shown that concrete that contains steel slag powder
performs better in terms of workability than plain cement
concrete does [17]. *e early autogenous shrinkage and
adiabatic temperature rise of the concrete containing steel
slag powder are also lower than those of concrete without
steel slag powder [18, 19]. Additionally, the nonevaporable
water content of the hardened paste containing Ene steel slag

powder is close to that of hardened plain cement paste at late
ages [20, 21]. Due to the negative in4uence of steel slag
powder on the compressive strength, the chloride-ion
penetration resistance, carbonation resistance, and sulfate-
attack resistance of concrete, the cement replacement ratio
should not be very high [21–23].
Research has also shown that steel slag could be used as

either a coarse or Ene aggregate for concrete [24–26]. *e
physical properties of steel slag aggregate are better than
those of crushed limestone aggregate [27]. Due to the high
density of steel slag, concrete containing steel slag aggregate
has a higher density than plain cement concrete does [28]. In
addition, concrete containing steel slag aggregate displays
satisfactory compressive strengths and 4exural strengths
[28–30].
Ultra-high performance concrete (UHPC) is a new type

of cement-based material. In general, UHPC consists of
cement, silica fume, quartz sand, Eber, superplasticizer, and
other constituents and exhibits very high compressive
strength, high ductility, and outstanding durability [31–35].
High-temperature curing is usually used for UHPC, which is
beneEcial for the early hydration of cement and mineral
admixtures [36–38]. *e applications of many kinds of

Hindawi
Advances in Civil Engineering
Volume 2018, Article ID 1426037, 8 pages
https://doi.org/10.1155/2018/1426037

mailto:guorh@tsinghua.edu.cn
http://orcid.org/0000-0002-2934-9527
https://doi.org/10.1155/2018/1426037


industrial by-products, such as ground-granulated blast
furnace slag, phosphorus slag, 4y ash, and copper slag, in
UHPC have been reported [39–42]. However, few studies
have investigated the application of steel slag in UHPC. In
this paper, the applications of steel slag as mineral admixture
and aggregate in UHPC were discussed.

2. Raw Materials and Test Methods

2.1. RawMaterials. *e cement used was ordinary Portland
cement, which complies with the Chinese National Standard
GB175-2007. *e speciEc surface area and strength grade of
the cement were 350m2kg−1 and 42.5, respectively. *e steel
slag used was the converter steel slag with 1.5% f-CaO (by
mass). Figure 1 shows the particle size distributions of the
cement and steel slag powder. *e X-ray diJraction (XRD)
patterns of the steel slag are shown in Figure 2. *e major
chemical components of the cement and steel slag are shown
in Table 1. Table 2 provides the major chemical components
of the silica fume.
*e Ene aggregate used was quartz sand with 98.2% SiO2

(by mass). *e quartz sands were classiEed into three levels:
coarse quartz sand, medium quartz sand, and Ene quartz
sand. *e diameters of coarse quartz sand, medium quartz
sand, and Ene quartz sand ranged from 0.63 to 1.25mm,
0.315 to 0.63mm, and 0.16 to 0.315mm, respectively. *e
steel slag aggregate diameter range was the same as that of
coarse quartz sand. Figure 3 shows the photo of the steel slag
aggregate and coarse quartz sand.
*e diameter and length of the steel Eber used ranged

from 0.18 to 0.23mm and 12 to 14mm, respectively. *e
tensile strength of the steel Eber was more than 2850MPa.
Polycarboxylate superplasticizer (SP) with a solid content of
35% (by mass) was used to regulate the 4uidity of the
concrete.

2.2. Test Methods. Tables 3 and 4 list the mix proportions of
the concretes and pastes, respectively. *e water-to-binder
ratio of the concretes and pastes is 0.16.*e rawmaterials for
the concretes were prepared in the following order. First, the
aggregate (quartz sand and steel slag aggregate) and steel
Eber were mixed and stirred for 4 minutes. *en, cement
and silica fume were added and stirred for 2minutes. Finally,
water and superplasticizer were added, and the mixture was
stirred until it was cast.
In order to accelerate the hydration degree of cement

and mineral admixtures at early ages, a high-temperature
curing method was used in this study. After casting, the
concretes were kept at environmental temperature for 6 h.
*en, they were cured at 40± 5°C with a relative humidity of
more than 85% for 24 h. Subsequently, the concretes were
released from molds and cured at 70± 5°C with a relative
humidity of more than 95% for 48 h. After high-temperature
curing, the concretes were cooled to room temperature. *e
heating and cooling rates were less than 15°C/h and 20°C/h,
respectively. Finally, the concretes were watered and cured
under a plastic Elm cover until 28 d.

Concretes of 100×100×100mm were cast. A study of
compressive strength was conducted according to Chinese
National Standard GB/T50081-2002 with a loading rate of
1.2MPa/s. Fluidity testing of the paste was conducted
according to Chinese National Standard GB/T8077-2012.
Pastes were cast in plastic sealed tubes to prevent both water
loss and carbonation, and they were cured under the same
conditions used with concretes. At testing ages, hardened
pastes were extracted and then immersed in absolute alcohol
to prevent further hydration. An electric vacuum-drying
oven was used to dry the samples before testing. At the age of
28 d, a mercury intrusion porosimeter (MIP) was used to
determine the pore characteristics of the hardened pastes. At
the age of 28 d, the morphologies of the hardened paste and
the concrete fracture surface were observed using scanning

6

5

4

3

2

1

0
0.1 1 10 100

Partical size (μm)

Vo
lu

m
e f

ra
ct

io
n 

(%
)

Cement
Steel slag powder

Figure 1:*e particle size distributions of the cement and steel slag
powder.

10 20 30 40 50 60 70
2θ/(°)

2

10

2
1 2

1
2

1
2

1
5

2
7

8
2 2

6

2
8

7
6

5

9

4

1 1,2,6
(1) C3S (2) C2S (3) C2F (4) C12A7

(5) RO phase (6) Ca2Al2Si3O12

(7) Fe3O4 (8) f-CaO (9) MgO

(10) Ca(OH)2

Figure 2: XRD patterns of the steel slag.

2 Advances in Civil Engineering



electron microscopy (SEM). Energy-dispersive X-ray (EDX)
was used to detect the elemental distributions of the
hardened pastes and aggregates. *e nonevaporable water
(wn) content of hardened paste was obtained from the mass
diJerence between the sample dried at 105°C and heated at
1000°C normalized by the mass after only being dried at
105°C and correcting for the loss from the ignition of the
unhydrated sample.

3. Results and Discussion

3.1. Fluidity. Figure 4 shows the 4uidity of the pastes. Due to
the very low water-to-binder ratio and the high water ab-
sorption of silica fume, the 4uidity of the paste without steel
slag powder is relatively low. However, the 4uidity of the
paste increases with the cement replacement ratio. When the
cement replacement ratio is 20%, the 4uidity of paste
containing steel slag powder is approximately 25mm higher
than that of paste without steel slag powder. *ese results
indicate that using steel slag powder as a mineral admixture
could improve the 4uidity of paste, which is beneEcial for the
workability of concrete.*is may be because that the activity
of steel slag powder is lower than that of cement, and the
water requirement of composite binder containing steel slag
powder is less than that of the equal mass cement in the same
plastic state. *ese results are consistent with a previous
study [17].

3.2. Nonevaporable Water Content. *e nonevaporable
water content re4ects the amount of hydration products
of cement and mineral admixture. Figure 5 shows the

nonevaporable water content of hardened pastes at 3 d
(the end of high-temperature curing) and 28 d. At 3 d, the
nonevaporable water content of the hardened paste con-
taining steel slag powder is obviously lower than that of the
hardened paste PC. Additionally, the nonevaporable water
content of the hardened paste containing steel slag powder
decreases with the cement replacement ratio. *ese results
indicate that the hydration activity of steel slag powder is
lower than that of cement, which is consistent with previous
researches [15, 16]. Due to the elevated hydration degree
during the initial high-temperature curing process, the
nonevaporable water content of the hardened paste PC does
not increase dramatically from 3 d to 28 d. However, at 28 d,
the nonevaporable water content of the hardened paste
containing steel slag powder is close to that of the hardened
paste PC, which means that the nonevaporable water con-
tent growth rate of the hardened paste containing steel slag
powder is higher than that of hardened paste PC. *ese
results indicate that steel slag powder has more continuous
hydration activity than cement does at late ages.

3.3. SEM and EDX Results. Figures 6(a) and 6(b) show the
SEM morphologies of hardened pastes PS3 and PS4 at 28 d,
respectively. Figures 6(c) and 6(d) show the EDX spectrums
of positions 1 and 2, respectively. As shown in Figures 6(a)
and 6(b), some particles have not reacted completely in the
microstructures of the hardened pastes PS3 and PS4.
According to the EDX results, these particles are steel slag. A
layer of hydration products has wrapped the steel slag
particles. In addition, the steel slag particles connect tightly
to the gel around them. *e outlines of steel slag particles
also cannot be distinguished clearly because C-S-H gels are
produced during the hydration of steel slag powder [15-16].
Meanwhile, the hydration activity of steel slag powder is
enhanced by early high-temperature curing, and the hy-
dration degree of steel slag powder is already high at 28 d.
Figures 7(a) and 7(b) show the SEMmorphologies of the

fracture surfaces of concretes AS1 and AS2, respectively.
Figures 7(c)–7(f) show the EDX spectra of positions 3, 4, 5,
and 6, respectively. According to the EDX results and the
morphology, the bulging parts in the upper left sections of
Figures 7(a) and 7(b) are steel slag aggregates. *e relatively
low-lying zones on the lower right sections of Figures 7(a)
and 7(b) are hardened pastes. As shown in Figures 7(a) and
7(b), some hydration products were produced at the surface
of the steel slag aggregates, and the steel slag aggregates
connect tightly with the hardened paste. In addition, the
boundaries between steel slag aggregates and hardened
pastes cannot be distinguished clearly. *ese results indicate
that, similar to steel slag powder, steel slag aggregate has
reacted to some extent and produced some hydration

Table 1: Chemical compositions of the cement and steel slag (%).

Sample SiO2 Al2O3 Fe2O3 CaO MgO MnO P2O5 SO3 Na2Oeq Loss
Cement 22.36 7.73 3.66 57.21 3.10 — — 3.54 0.73 2.31
Steel slag 19.11 7.46 18.01 43.37 5.17 2.66 1.76 — 0.41 1.36
Na2Oeq�Na2O+ 0.685K2O.

Table 2: Chemical compositions of the silica fumes (%).

Sample SiO2 K Na H2O Loss
Silica fume 92.30 0.06 0.02 1.1 2.5

Coarse quartz sand Steel slag aggregate

Figure 3: Photo of steel slag aggregate and coarse quartz sand.
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products at 28 d, which is conducive to the connection of
steel slag aggregate with the hardened paste. *is may be
attributed to the activating eJect on the steel slag aggregate
produced during the initial high-temperature curing.

3.4. Pore Structures. Figure 8 shows the pore structures of
the hardened pastes at 28 d. Owing to the very low water-to-
binder ratio, the pore structure of hardened paste PC is very
Ene. *e cumulative pore volume of the hardened paste
containing steel slag powder increases dramatically with the
cement replacement ratio. *is result is consistent with
previous studies [21, 23]. It is noteworthy that although the
cumulative pore volumes of hardened pastes PS1 and PS2
are higher than that of hardened paste PC, the proportions of
pores larger than 50 nm in hardened pastes PS1 and PS2 are

close to that of hardened paste PC, which may be attributed
to the high hydration degree of steel slag powder. However,
when the cement replacement ratio is more than 10%, both
the cumulative pore volume and the proportion of pores
larger than 50 nm in the hardened paste containing steel
slag powder are signiEcantly higher than those in hardened
paste PC.

3.5. Compressive Strength. Figure 9 shows the compressive
strengths of the concretes at 28 d. *e compressive strengths
of concretes S2 and S3 are higher than 150MPa and are very
close to that of concrete C. *is occurs because the pro-
portions of pores larger than 50 nm in hardened pastes PS1
and PS2 are close to that in hardened paste PC; this pro-
portion plays an important role in the compressive strength
of concretes. However, the compressive strengths of con-
cretes S3 and S4 are signiEcantly lower than that of concrete
C. *is is because both the cumulative pore volumes and the
proportions of pores larger than 50 nm in the hardened
pastes PS3 and PS4 are signiEcantly higher than those in
hardened paste PC. Overall, when the cement replacement
ratio is no more than 10%, the UHPC containing steel slag
powder can display satisfactory compressive strength.

Table 3: Mix proportions of concretes (kg/m3).

Samples Cement Steel slag powder Silica fume Steel slag aggregate
Quartz sand

Steel Eber Water SP
Coarse Medium Fine

C 810 0 150 0 300 750 150 130 120 52
S1 769.5 40.5 150 0 300 750 150 130 120 52
S2 729 81 150 0 300 750 150 130 120 52
S3 688.5 121.5 150 0 300 750 150 130 120 52
S4 648 162 150 0 300 750 150 130 120 52
AS1 810 0 150 150 150 750 150 130 120 52
AS2 810 0 150 300 0 750 150 130 120 52

Table 4: Mix proportions of pastes (g).

Samples Cement Steel slag powder Silica fume Water SP
PC 100 0 18.5 15.8 4.9
PS1 95 5 18.5 15.8 4.9
PS2 90 10 18.5 15.8 4.9
PS3 85 15 18.5 15.8 4.9
PS4 80 20 18.5 15.8 4.9
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*e compressive strengths of concretes AS1 and AS2
are higher than that of concrete C. Meanwhile, the
compressive strength of the concrete containing steel slag
aggregate increases with the coarse quartz sand re-
placement ratio. *is is because when the compressive
strength of concrete is very high, the bonding condition
between the aggregate and hardened paste plays a very
important role in the compressive strength of concrete. In
addition, according to the SEM and EDX results, steel slag
aggregates react and connect with hardened paste tightly.
Overall, the UHPC containing steel slag aggregate shows
higher compressive strength.

4. Conclusions

(1) Steel slag powder used as a mineral admixture could
improve the 4uidity of paste, which is beneEcial for
the workability of concrete.

(2) When both are subjected to high-temperature curing
conditions at early ages, steel slag powder has more
continuous reaction activity than cement does at late

ages. *e nonevaporable water content of the hard-
ened paste containing steel slag powder is close to that
of the control sample at late ages.

(3) Under high-temperature curing conditions at early
curing sages, hydraulic steel slag particles connect
with the gel around them tightly. When the cement
replacement ratio is no more than 10%, the proportion
of pores larger than 50nm in the hardened paste
containing steel slag powder is close to that in the
control sample, and the UHPC containing steel slag
powder can display satisfactory compressive strength.

(4) Under high-temperature curing conditions at early
ages, the steel slag aggregate reacts and connects
tightly with hardened paste. *e UHPC contain-
ing steel slag aggregate shows higher compressive
strengths.
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Figure 6: (a) SEM morphology of hardened paste PS3 at 28 d. (b) SEM morphology of hardened paste PS4 at 28 d. (c) EDX spectrum of
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*e repair and strengthening of reinforced concrete members are very important due to several factors, including unexpected
increases in load levels and/or the damaging impact of aggressive environmental conditions on structural concrete members.
Many researchers have turned to using materials for the repair and strengthening of damaged structures or the construction of
new concrete structural members. Ultrahigh-performance 1bre-reinforced concrete (UHPFRC), characterized by superior
structural and durability performance in aggressive environmental conditions, is one of the materials that have been considered
for the repair and strengthening of concrete structural members. *e repair or strengthening of concrete structures using
UHPFRC needs a thorough knowledge of the behaviour of both the strengthening material and the strengthened concrete
structure at service load conditions, in addition to an understanding of the design guidelines governing the use of such materials
for e7ective repair and strengthening. In this study, the recent issues and 1ndings regarding the use of UHPFRC as a repair or
strengthening material for concrete structural members are reviewed, analysed, and discussed. In addition, recommendations
were made concerning areas where future attention and research on the use of UHPFRC as a strengthening material needs to be
focused if the material is to be applied in practice.

1. Introduction

Reinforced concrete (RC) structural members are made to
e9ciently support loads over the expected service life of the
structural members. Nevertheless, due to many faults in
design, change of usage, poor quality of the materials used,
or change in the natural conditions, some of these structural
members should be repaired or strengthened. Repair of RC
elements is imperative, not only for weakened elements but
also for strengthening new structural concrete elements;
thereby, strengthened structural elements could safely
support the design load under di7erent aggressive envi-
ronmental conditions without excessive damage.

Over the last two decades, researchers have created
di7erent materials and methods for the repair of de-
teriorated RC members besides strengthening new concrete
structural members. Among the most common of the uti-
lized materials is carbon 1bre-reinforced polymer (CFRP).

Investigations were directed into strengthening structural
members with CFRP and came up with many helpful
outcomes. El-Enein et al. [1] investigated the =exural be-
haviour of an RC slab column joint strengthened with CFRP
at the tension side. *e results indicated that there is an
increment in the =exural capacity and sti7ness of the RC slab
column joint. Monti and Liotta [2] conducted experimental
and analytical works on the shear behaviour of strengthened
RC beams with CFRP. *e results demonstrated the
promising shear enhancement of strengthened RC beams as
compared to the control beam. Moreover, design equations
have been developed for repairing beams with CFRP. Many
research works have been, and are also currently being,
directed at the viability of utilizing CFRP as a repair material.
In any case, making repairs with CFRP involves de1ciencies,
which prevent the implementation of CFRP in compression
under cyclic loading.*is behaviour relies upon the strength
of the parent concrete, the CFRP concrete bonds, and their
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durability [3]. *erefore, a newer material was created and
utilized for both the repair and strengthening of damaged or
new RC structural members, which is known as ultrahigh-
performance 1bre-reinforced concrete (UHPFRC). Most
research works highlight the two signi1cant features of
UHPFRC (durability and strength), which show promising
recent outcomes, as reported by many researchers [4–8].
Studies on the mechanical properties of UHPFRC have
shown that the compressive strength could be up to
163MPa. *e results have also demonstrated that increasing
the percentage of steel 1bres will result in increasing the
=exural strength of UHPFRC [9]. Lubbers [10] investigated
the behaviour of UHPFRC under compression and =exure,
and it was found that the compressive and =exural strengths
of UHPFRC could be 2–3 or even 6 times more than high-
performance concrete (HPC), respectively.

2. Ultrahigh-Performance Fibre-Reinforced
Concrete

UHPFRC is a highly dense, steel 1bre-reinforced cementi-
tious composite material having compressive strength in
excess of 170MPa; a tensile strength of over 8MPa; and
a =exural strength of more than 30MPa [11]. *e high
strength of UHPFRC is achieved by improving concreting
techniques and materials (the addition of ultra1ne pozzo-
lans) and by having a very low water-cement ratio, high
quality and higher dosages of superplasticizers, high ce-
mentitious material content, and optimum volume of high-
strength ductile steel 1bres. *e use of steel 1bres is to
prevent the growth and interconnectivity of microcracks by
absorbing the tensile stresses. *e microcracks join together
forming macrocracks [12]. A typical mix design of UHPFRC

and reactive powder concrete (RPC) (patented name
Ductal®) is shown in Tables 1 and 2, respectively. In ad-
dition, the range of the mix of the UHPFRC used is illus-
trated in Table 3.

2.1. Concept behind High Strength and Performance of
UHPFRC

(1) Low water-cement ratio: As a rule of thumb in
concrete technology, the lower the water-cement
ratio, the higher will be the strength. A low water-
cement ratio helps in reducing pore spaces and
further increasing the binding between hydration
products and aggregates. In order to achieve the
allowable spread =ow and the maximum relative
density, the optimum water-binder ratio of 0.13–0.25
was suggested in the literature. Wille et al. [16]
achieved a compressive strength of 150MPa with
a water-cement ratio, w/c, equal to 0.25. In addition
to the w/c ratio, other strength-governing parameters
are properties of the constituents, mixing procedure,
mixer type, curing regime, and curing type.

(2) Ductility: *e higher =exural and tensile strengths of
UHPFRC are due to the addition of steel 1bres. *e
steel 1bres in the vicinity of the =exural and tensile
cracks o7er more e9cient transfer of stresses.
*ereby, reducing the crack propagation rate en-
hances the ductility of the material.

(3) Homogeneity: despite the low water-cement ratio, the
addition of a high quantity of quality superplasticizer
helps to achieve a homogenous mixture that is easy to
mix and work on.

(4) Increased binder: *e amount of calcium silicate
(C–S–H) gel (the main product of hydration) in-
creased due to the addition of pozzolans (such as
micro silica and =y ash), which react with the inert
calcium hydroxide product to produce more C–S–H
gel. *ereby, the density and strength of the material
increased signi1cantly. As compared to conventional
concrete and HPC, relatively high fractions of ce-
ment are used in UHPFRC [17]. *e compressive
strength of UHPFRC increases with increasing cement
content, up to a certain limit known as the optimum
content. Beyond this limit, the strength has a tendency
to decrease as a result of the limited contribution of the

Table 1: UHPFRC mix design used to strengthen RC beams in
torsion [13].

Material Mix proportion (kg/m3)
Cement 657
Silica fume 119
Silica sand 1051
Superplasticizer (S.P.) 59
Water 185
3% steel 1bres 236

Table 2: Mix design of reactive powder concrete (RPC) or the
patented name Ductal (RPC) [14].

Material Mix proportion (kg/m3)
Portland cement, type V 955
Silica fume (18m2/g) 229
Fine sand (150–400 microns) 1051
Precipitated silica 10
Superplasticizer (polyacrylate) 13
Steel 1bres 191
Water 153
Water/binder ratio 0.13

Table 3: UHPFRC mix design components [15].

Material Typical range by weight of
mix proportion (kg/m3)

Cement 610–1080
Silica fume 50–334
Crushed quartz 0–410
Sand 490–1390
S.P. 9–71
Water 126–261
Steel 1bres 40–250
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aggregates [18]. Amixture of less than 6%of the cement
combined with the calcium aluminates is preferred due
to its lower water demand. Cement content does not
hydrate completely due to the lower water-binder ratio,
so part of the unhydrated cement content can be
replaced with silica fume, crushed quartz, or blast
furnace slag without compromising the strength. Be-
cause of the much 1ner particle size of 0.1–10µm,
optimal spherical shape, and pozzolanic reactions, the
gap is 1lled between the relatively coarser particles, and
hence, the workability and compressive strength is
improved [16].

(5) Aggregate: Cracking in the concrete typically begins
in the proximity of the aggregates. *e cement-
aggregate interfacial zone (ITZ) is the weakest link
in normal concrete (NC). *e major portion of the
fracture paths in NC present along the interface
between the coarse aggregate particles and the ce-
mentitious matrix is called ITZ. *is may be due to
the inherent weakness of ITZ or due to the stress
concentration induced by the rigid aggregates em-
bedded in the cementitious matrix. ITZ has a high
w/b ratio as compared with the surrounding matrix
due to internal bleeding around the elongated and
=at coarse aggregate particles which is characterized
by the highly porous region that a7ects the durability
of concrete. *erefore, the abovementioned weak-
nesses induced by ITZ can be reduced by eliminating
the coarse aggregates from the mixture of UHPFRC
[19]. Fine aggregates like quartz sand are used in
the UHPFRC mixture and play a key role in re-
ducing the maximum plate thickness (MPT). MPT
is an important factor in the mixture design of
UHPFRC. Wille et al. reported an optimum sand-
to-cement ratio of 1.4 for a quartz particle size of
0.8mm [16].

(6) Fibres: UHPFRC exhibits ductility, and as the speci-
men begins to crack, the small-scale 1bres reinforced
the cementitious matrix causing smaller and less
damaging cracks. Fibres are metallic, polymeric, or
natural. Generally, metallic (steel) 1bres are used for
structural and nonstructural purposes. *e steel 1bres
bridge the crack due to the strain-hardening behaviour
under tensile loading of UHPFRC.*e size, shape, and
type of steel 1bres a7ect the workability and energy
dissipation capacity during crack bridging. For an
economical and workable UHPFRC mixture, Richard
and Cheyrezy recommended a 2% by mixture volume
of steel 1bres [20].

2.2. Properties of UHPFRC for E/ective Performance as
a Repairing or Strengthening Material

2.2.1. Tensile Strength. UHPFRC under a direct tension test
has an increment in tensile strength and shows a higher strain-
hardening response similar to that of steel. An idealized stress-
strain response of UHPFRC under direct tensile is shown in
Figure 1, which shows the ductile property of UHPFRC.

2.2.2. Fatigue Resistance. Tensile fatigue tests conducted by
[21] on steel-reinforced UHPFRC showed that it possesses
a signi1cant amount of fatigue resistance. *erefore,
UHPFRCwas considered as a fatigue-strengtheningmaterial
for RC structures. At the initial stage of the test, the
UHPFRC material was the most active material in de-
termining the fatigue behaviour. However, in the later
stages, reinforcing bars determined the fatigue behaviour of
the UHPFRC. *erefore, for high fatigue deformations, it is
recommended to add reinforcing bars to the UHPFRC layer.

2.2.3. Durability Performance. *e very dense microstruc-
ture of UHPFRC makes it di9cult for foreign substances to
penetrate it.*ismakes UHPFRC highly resistive to chloride
penetration, sulfate attack, carbonation, etc. Experimental
test results showed that UHPFRC has a high scaling,
abrasion, freeze-thaw, and alkali-aggregate reaction re-
sistance, as shown in Figure 2.

2.2.4. Coe1cient of 2ermal Expansion. *e coe9cient of
thermal expansion of UHPFRC was found to be slightly
higher than that of NC [7]. *is is because of the co-
e9cient of the thermal expansion of concrete which is
controlled by the coe9cient of its constituents, aggregate.
Since the coe9cient of the thermal expansion of UHPFRC
and that of NC is very close, it can be suitably used as
a repairing material where the di7erential thermal ex-
pansion between UHPFRC and the host concrete will be
avoided.

2.2.5. Fire Resistance. Fire resistance tests showed that
explosive spalling of UHPFRC occurs at a temperature of
790°C, which is 100°C and 190°C more than for HPC and
ordinary concrete (OC), respectively [22]. *e compressive
strength of UHPFRC increases at temperatures between
200 and 300°C but starts to fall above this temperature
range [8]. *e residual strength of UHPFRC after 60min of
1re test at temperatures between 450 and 550°C is 62.2%,
while for HPC and OC it is 46.7% and 58.5%, respectively.
Further, the loss of mass in HPC and OC was considerably
more than that of UHPFRC for the same 1re testing
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Figure 1: Tensile behaviour of UHPFRC under direct tensile
test [6].
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conditions [22]. As such, the high 1re resistance of
UHPFRC will make it a suitable repair and rehabilitation
material for RC structural members.

2.3. Bond between NC and UHPFRC. Richard and Cheyrezy
[20] studied the bond characteristics of UHPFRC and NC
substrate surface (NCSS) by conducting di7erent bond tests
such as a slant-shear test with the bond interface inclined at
55°, 60°, and 70°, pull o7, and splitting prism tests. It was
reported that the bond performance between NCSS and
UHPFRC is successful. *e results showed that the saturated
conditions of NCSS resulted in an excellent bond perfor-
mance. *e roughness degree of NCSS became irrelevant to
achieve a good strength of bond if the appropriate wetting
conditions take place [20].

Al-Osta et al. [23] evaluated the bond strength between
UHPFRC and NC by conducting bond tests such as the split
cylinder tensile strength test and the slant-shear test. Epoxy-
bonded (EP), plane surface, and sandblasted (SB) hybrid
cylinder specimens were tested in the current research work.
It was concluded that specimens whose NC substrate sur-
faces were made rough through sandblasting had a higher
slant-shear strength than epoxy-bonded or plane surface
specimens. In addition, failure was observed at the interface
plus partial concrete substrate. *e values of the split tensile
strength test for both techniques (EP and SB) showed that
the bond between UHPFRC and NC could be placed under
excellent bond quality regardless of the surface preparation.

3. Literature Review of Existing Studies

Over the last decade, a large number of research studies on
the repair and strengthening of concrete members using
various types of high-strength and high-performance con-
cretes have been reported. Although most of these studies
were carried out for the sake of research, the outcomes of
some of these studies have been put into practice and have
shown promising performance.

Most of the research works were conducted to ascertain
the e7ectiveness of these types of concrete in the repair of
damaged RC members, while others were conducted on the
strengthening of undamaged RC members in =exure, shear,
or torsion. Others investigated the performance of normal
RC-high-strength concrete composite members in which
high-strength/high-performance concrete represents a large
percentage of the total volume of the member.

Alaee and Karihaloo [24] studied the behaviour of ret-
ro1tted damaged RC beams with a high-performance 1bre-
reinforced concrete known as CARDIFRC. *e results in-
dicated that the load carrying capacity of retro1tted RC
beams increased for all strengthening con1gurations. Farhat
et al. [25] studied the application and behaviour of the high-
performance 1bre-reinforced cementitious composite
(CARDIFRC) to repair damaged beams. *e experimental
results indicated an increase of the failure load up to 86%
with the application of CARDIFRC strips on the tension and
side faces. Habel [26] studied the structural behaviour of
full-scale RC beams made of UHPFRC under =exure. *e
tested beams were strengthened with a layer of UHPFRC on
the tension side. It was noted that using a layer of UHPFRC
would result in signi1cant improvements in the structural
strength of the strengthened beams. Martinola et al. [27]
reported an experimental and numerical study of the e7ect
of the 1bre-reinforced concrete repair or strengthening of
full-scale RC beams. *e results indicated the viability of the
recommended technique in both the ultimate and service-
ability stages. Mostosi et al. [28] evaluated the increment in
the bearing capacity of the RC members under shear action,
which is one of the challenging issues in the 1les of structural
concrete repair. Concrete beams containing only longitu-
dinal reinforcement bars were strengthened with high-
performance 1bre-reinforced concrete (HPFRC) jackets
incorporating U-bent wire mesh. Experimental results
showed that the thickness of the jacket has an impact on the
maximum load capacity, while the HPFRC jacket e7ectively
played the role of lacking shear reinforcement. A new
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UHPFRC-NC hybrid =oor system without steel-reinforcing
bars was developed by Hakeem [9]. *e idea is to utilise the
tensile strength of steel 1bres in UHPFRC instead of using
reinforcing bars. *e techniques applied to three di7erent
systems: (i) the UHPFRC layer at the top and bottom, (ii) the
UHPFRC layer at the top and bottom of hollow core slabs,
and (iii) slabs reinforced with precast with UHPFRC-
deformed bars. Test results showed promising outcomes
and potential that the technique could be suitably utilized in
designing precast =oors for light-to-medium loaded build-
ings. Moreover, the technique will have more applications in
corrosive environments where the RC members face high
risks of corrosion. A combined system of UHPFRC-CFRP
was used by Garner [29] to strengthen RC slabs. *e CFRP
was applied after scraping the slab top surface to a certain
depth, and the UHPFRC was cast over the CFRP.*e idea of
using UHPFRC was to shift the neutral axis position of the
slab and place the CFRP laminate under tension. Test results
indicated signi1cant increases in the load carrying capacity
and sti7ness of the strengthened RC slabs. *e same tech-
nique was used by Genedy [30] to strengthen RC T-beams.
*e UHPFRC-CFRP system was applied to the top of the
T-beams using the same technique by Garner [29]. Test
results showed a much lower increase in the load bearing
capacity and sti7ness compared to what was obtained in the
RC slabs by Garner [29]. Hassanean et al. [31] investigated
the =exural behaviour of 2.3 m long beams strengthened and
retro1tted using the mixed steel 1bre concrete jacket
(MSFCJ) under a short-time repeated load in a three-point
load con1guration. *e experimental results indicated
a signi1cant increase in sti7ness and a reduction in the
number of cracks, which were concentrated in the middle
third portion of the strengthened beams. *is indicated
prevention of the formation of shear cracks. Noshiravani
and Brühwiler [32] conducted an experimental study to
investigate the e7ect of UHPFRC as an additional tensile
reinforcement on a cantilever-reinforced concrete beam. It
was observed that most of the beams fail in =exure at a force
2– 2.8 times higher than the reference (control) RC beam. It
was noticed that there was an improvement in the de-
formation capacity of the member. Iskhakov et al. [33]
studied experimentally the behaviour of a composite con-
crete beammade up of NC on the compression side and steel
1bre-reinforced concrete on the tension side. *e results
showed that the failure load and ductility of the strengthened
beam with the abovementioned con1guration increased
more as compared to other strengthening techniques using
the same material. Mahmud et al. [34] investigated the size
e7ects of UHPFRC on the =exural strength of the beams. A
total of 1fteen beams with di7erent depths were tested.
Mahmud et al. also developed a numerical model using the
ABAQUS software. Both the experimental and numerical
results showed that the size e7ect in the =exural strength of
the beams is almost negligible. Ruano et al. [35] evaluated
the structural performance of using steel 1bre-reinforced
concrete (SFRC) in the shear retro1tting of the RC beams. In
order to evaluate the contribution of the 1bre content,
di7erent dosages of 1bre were used (30 kg/m3 and 60 kg/m3).
*e experimental results proved that the presence of 1bres

prevents debonding and generally enhances the overall in-
tegrity of the beams. In addition, the e9ciency of the SFRC for
shear strengthening is directly related to the use of steel stir-
rups. Chalioris et al. [36] investigated the use of thin reinforced
self-compacting concrete (SCC) for strengthening of con-
ventional shear-critical RC beams through experimental and
analytical studies. *e strengthened beams exhibited increased
strength and ductility in addition to favourable failure be-
haviours. It was concluded that the reinforced SCC may be
considered as a quick option for strengthening the existing RC
beams. Bastien Masse and Brühwiler [37] investigated a ret-
ro1tting technique of a bridge deck slab using ultrahigh-
performance 1bre-reinforced concrete (UHPFRC). It was
concluded that a layer of UHPFRC over an RC section sig-
ni1cantly increases the load bearing capacity. Ombres [38]
studied that the behaviour of RC beams strengthened in shear
with fabric-reinforced cementitious matrix (FRCM) with
varying con1gurations of FRCM strips (U-wrapped continu-
ous and discontinuous). *e results showed that the FRCM
strengthening method increased the shear capacity of the RC
beam when an adequate strengthening con1guration was
adopted. Hussein and Amleh [39] investigated the shear
strength of the composite beams made up of normal strength
concrete andUHPFRC.*e tested beams had a high-grade NC
layer in the compression zone and an UHPFRC layer on the
tension side. *e experimental results indicated good en-
hancements in the =exural and shear capacities of the de-
veloped composite beams. Ruano et al. [40] carried out an
experimental work and a numerical modelling of the behaviour
of RCbeams strengthened in shearwith high-performance self-
compacting concrete. *e experimental program involved 14
RC beams where some of them were damaged and repaired,
while the rest were initially strengthened. Both the experi-
mental and numerical results demonstrated that the 1bre
content not only prevents debonding from the concrete sub-
strate but also increases the load bearing capacity of the
strengthened RC beams. Prem et al. [41] studied experimentally
the performance of retro1tted or repaired predamaged RC
beams with a layer of UHPFRC at the tension side. *e results
indicated that using UHPFRC, as repaired materials for the
predamaged RC beams, would result in a signi1cant increase in
the failure load. Lampropoulos et al. [13] demonstrated that
using a layer of UHPFRC at di7erent locations, as strengthened
materials of RC beams, could increase the ultimate =exural
strength of all of the strengthened beams. Mohammed et al. [3]
tested many RC beam specimens strengthened with UHPFRC
under torsional loading.*e beams had no stirrups.*e results
indicated that strengthening the beams on all four sides in-
creased the torsional strength. Iqbal et al. [42] examined the use
of steel 1bre-reinforced high-strength lightweight self-
compacting concrete (SHLSCC) for the strengthening of RC
beams. An analytical model was developed to predict the
bending moment capacities of such strengthening techniques.
It was stated that the SHLSCCmethod is an e7ective technique
to strengthen the =exural members. *e experimental results
showed that the improvement in strength is dependent on the
thickness of the strengthening layer (SHLSCC layer) in the
tension zone. Al-Osta et al. [23] investigated the =exural be-
haviour of RC beams retro1tted with UHPFRC. Two di7erent
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techniques for the strengthening of RC beams using UHPFRC
with di7erent con1gurations were assessed in this research.*e
two techniques are as follows: (i) the NC surface was made
rough by sandblasting and in situ casting of UHPFRC around
beams with di7erent con1gurations, and (ii) an epoxy primer
was used to attach the precast UHPFRC plates with conven-
tional RC beams. It was found that there was no considerable
di7erence in the results of the two strengthening techniques.
However, the sandblasting interface preparation technique was
more promising. It was reported that the sti7ness and cracking
load of the strengthened beams were increased, crack propa-
gationwas delayed, and cracks were concentrated in themiddle
third portion of the beam, which re=ected the increment in the
shear strength of the beam.

4. Analysis and Discussion of Results from the
Review

4.1. E/ect of Strengthening RC Beams with UHPFRC on Ul-
timate Load Capacity. Results have shown that strength-
ening with UHPFRC increases the ultimate load capacity of
both damaged and undamaged RC beams up to 1.99 and 2.77
times that of the control, respectively, depending on the
tensile strength of the UHPFRC used. Figure 3 shows the
available maximum increase in failure loads achieved by
strengthening with UHPFRC.

4.2. E/ect of Strengthening Con7guration. *e strengthening
con1guration was found to have a signi1cant e7ect on the
strengthened beam specimens. *e results showed that
beams strengthened at the three sides (bottom+ two lon-
gitudinal sides) depicted the highest increment in moment
capacity, as compared to strengthening at the top and
bottom on the longitudinal sides only (Figure 4). However,
strengthening at the bottom or top showed the lowest values
for moment capacity.

*e torsion strength test conducted by Mohammed et al.
[3] on RC beams, which were strengthened with UHPFRC
jacketing using di7erent strengthening con1gurations,
showed varying cracking and ultimate torque enhancement.
Furthermore, beams were strengthened at all four sides
showing the highest level of enhancement, as clearly illus-
trated in Figure 5.

4.3. E/ect of UHPFRC Layer 2ickness on Ultimate Load
Increase. Studies have shown that the failure load of the
strengthened RC beam specimen increases as the thickness
of the UHPFRC layers increases for the same con1guration
arrangement, as shown in Figure 6.

Figure 6(b) shows beams strengthened with UHPFRC at
the tension side with varying degrees of thickness in the
UHPFRC layer: 30mm (NR3), 50mm (NR5), and 100mm
(NR10) [26]. It can be observed that the ultimate load in-
creases as the UHPFRC layer increases. However, a change
of behaviour and sudden failure were observed as the layer
became thicker (NR10). *is indicates that the failure of the
UHPFRC jacket was followed by a softening behaviour up to
a load level equal to the yield load of the steel reinforcement

inside the concrete beam.*en, the steel is activated, and the
load stabilises with the behaviour becoming more ductile.
Also, Figure 7 shows that increasing the layer thickness of
UHPFRC increases the torsional load of the RC beams as
proved by Mohammed [3].

4.4. E/ect of Curing Type on Capacity Enhancement. *e type
of curing (for which UHPFRC-strengthened RC beams were
subjected) was found to a7ect the ultimate load of the
strengthened beams. Beam specimens were cured using hot
air curing, which shows the highest values in the failure load.
Damaged RC beams strengthened with UHPFRC and cured
using di7erent curing methods were studied by Prem et al.
[41], as shown in Figure 8.

4.5. E/ect of Fibre Content on Flexural Capacity, Sti/ness, and
Shear Capacity of RC Beams. From the reviewed studies, it
was observed that an increase in the steel 1bre content in the
UHPFRC jacket increases both the =exural capacity and the
sti7ness of the strengthened beams for the same strength-
ening con1guration (Figure 9). On the other hand, the
variation of steel 1bres in both the UHPFRC-normal
strength concrete (NSC) composite beam and the
UHPFRC-high-strength concrete (HSC) composite beams
[39] showed that the variation of steel 1bre content on the
shear capacity of the composite beams is insigni1cant.

4.6. E/ect of Addition of Reinforcing Bars inside UHPFRC
Layer. *e addition of a steel-reinforcing bar in the UHPFRC
jacket was found to be signi1cant to improve the ultimate load
and sti7ness of the strengthened member.*e reinforcing bars
in the UHPFRC layer serves as a macro 1bre contained in the
UHPFRC. In other words, the crack width becomes larger, and
the steel 1bres are pulled out.*e reinforcing bars take over the
tensile force over the macrocracks until the steel yielded and
failed, hence increasing both the capacity and ductility of the
member. A study on this e7ect was carried out byAhlborn et al.
[7] and Brühwiler [43], and the load-de=ection curves are
shown in Figure 10.

215

277

200

267

0

50

100

150

200

250

300

Flexure Flexure-shear Shear Torsion

In
cr

ea
se

 in
 fa

ilu
re

 lo
ad

 u
p 

to
 (%

)

Type of test

Figure 3: Percentage increase in failure load of strengthened RC
beams under di7erent tests [3, 13, 39].

6 Advances in Civil Engineering



*e strange/unusual behaviour shown by NR10 was due to
high thickness of theUHPFRC layer as discussed in Section 4.3.

4.7. E/ect of UHPFRC-CFRP Composite Strengthening. Using
UHPFRC and CFRP to strengthen RC members in a sys-
tematic manner similar to that conducted by Garner [29]
and Genedy [30] has proven e7ective, particularly for thin
members such as slabs. *e arrangement is such that the
CFRP laminate provides additional tensile strength to the
member, while the UHPFRC provides additional com-
pressive strength. A typical arrangement of the system is
shown in Figure 11.

Results show that this technique is not suitable for deep
members such as beams because of the problem of placing
the CFRP below the neutral axis. For this technique to be
e7ective, the buried CFRP laminate needs to be placed
completely in tension, which is easier to achieve in thinner
members such as slabs. *e results of tests conducted using
this technique on RC slabs and T-beams are presented and
compared in Table 4.

However, the e7ectiveness of this technique is a7ected by
the compressive strength, as well as the thickness of the
UHPFRC layer applied at the top of the member.

4.8. Cost Comparison with Other Strengthening Techniques. A
strengthening cost comparison between UHPFRC and
various other methods used to strengthen RC beams is
presented in Figure 12 and Table 5 based on the average
price of materials in Saudi Arabia. *e results showed that
UHPFRC has a higher cost to achieve an increase in the
capacity up to 88% compared to strengthening with rein-
forced concrete (RC) and reinforced self-compacting con-
crete (RSCC). However, due to the durability property of
UHPFRC compared to these two materials, the overall
service life cost of strengthening with UHPFRC will be lower
because UHPFRC will incur a lower maintenance cost [43].

5. Conclusions

From the study conducted, the following conclusions are
drawn:

(1) *e use of UHPFRC in the repairing and
strengthening of RC structural members increases
the ultimate load and sti7ness, as well as reducing
the crack width of the member.

(2) Hot air curing of the strengthened members
compared to other curing methods showed the
highest values in the failure load.

(3) *ere is a high bond strength between UHPFRC
and the host concrete member regardless of
the surface preparation. However, applying the
sandblasting technique on the parent concrete
surface before strengthening gives the highest
strength.

29 29

167

28 31

178

0

20

40

60

80

100

120

140

160

180

200

Top side Bottom side �ree sides
Strengthening con�guration

Yield moment
Ultimate moment

M
om

en
t i

nc
re

m
en

t u
p 

to
 (%

)

(a)

18
28

102

0

20

40

60

80

100

120

Bottom side �ree sides

In
cr

ea
se

 in
 fa

ilu
re

 lo
ad

 u
p 

to
 (%

)

Strengthening con�guration

�ree sides
(stepped shape)

(b)

Figure 4: E7ect of strengthening con1guration on (a) =exural capacity [13] and (b) shear capacity [24].

37

8280

195

95

267

0

50

100

150

200

250

300

Cracking torque Ultimate torque

In
cr

ea
se

 in
 to

rs
iio

na
l c

ap
ac

ity
 (%

)

2 sides
3 sides
4 sides

3377

88228800

195

95

267

Figure 5: E7ect of strengthening con1guration on torsional ca-
pacity of strengthened RC beams [3].

Advances in Civil Engineering 7



(4) *e behaviour of the strengthenedmember depends
on the strengthening con1guration. Members
strengthened on all sides show a monolithic be-
haviour while members strengthened on selected
sides might show debonding at high loads.

(5) RC members strengthened on all sides showed
the highest increase in load capacity and
sti7ness.

(6) *e thickness of the UHPFRC layer used to repair
or strengthen RCmembers has a direct in=uence on

the capacity enhancement of the member. An in-
crease in the thickness of the UHPFRC layer in-
creases both the load capacity and the sti7ness of the
strengthened member.

(7) *e behaviour of the RC beams strengthened with
thick layers of UHPFRC showed sudden failure after
reaching the ultimate load.

(8) *e addition of reinforcing bars at the UHPFRC
layer increases the hardening and the ultimate re-
sistance of the strengthened member.
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(9) Strengthening with UHPFRC gives lower overall
service life compared to strengthening with other
materials, that is, due to the high durability property
of UHPFRC.

(10) Increasing the steel 1bre content in UHPFRC in-
creases the =exural strength of the strengthened
member while the variation of steel 1bre content
does not signi1cantly a7ect the shear capacity of the
strengthened member.

(11) Analytical models based on the =exure theory of RC
beams can be suitably used to predict the behaviour
of RC beams strengthened with UHPFRC.

6. Recommendations for Future Studies

*e following recommendations are suggested for better
understanding of the potential of UHPFRC in repairing
and strengthening, as well as the behaviours of the
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strengthened members under various loading and envi-
ronmental conditions:

(1) Most of the studies were conducted on RC beam
elements. *ere is a need for investigations on other
structural elements, particularly columns and walls.

(2) In addition, most of the research works were con-
ducted on undamaged structural members. *ere is
a need for more research on strengthening damaged
members, which is the main purpose of repair and
strengthening.

(3) *ere is a need to develop closed form design
equations for =exural, shear, and torsional strength-
ening of the structural members with UHPFRC. In
addition, the development of design guidelines is
needed if the material is to be adopted in practice.

(4) *e performance of the strengthened concrete
members under various loading conditions such as
fatigue or cyclic loading, 1re load, and seismic and
impact loads should be investigated with more
emphasis given to the interface condition between
NC and UHPFRC.

127 mm 76.2 mm

184.2 mm Typ.88.9 mm Typ.

UHPFRC

CFRP

914.4 mm

38.1 mm

(a)

UHPFRC Layer 

152 mm

CFRP 
Laminate 
(51 mm 
width)

51 mm

51 mm

203 mm

457 mm 

(b)

Figure 11: Cross section of UHPFRC-CFRP composite strengthening of (a) RC slab [29] and (b) RC T-beam [30].

Table 4: Properties of RC T-beam and slab strengthened by UHPFRC-CFRP system [29, 30].

Specimen Increase sti7ness (%) Cause of failure Failure mode Increase in capacity (%)
Control beam — Crushing at top Flexure —
UHPFRC-CFRP beam 15 Debonding Shear 9.2
Control slab — Crushing at top Flexure —
UHPFRC-CFRP slab 197 Debonding Flexure 41
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Figure 12: Comparison of increase failure load of RC beam
strength using di7erent materials [13, 36, 44, 45].

Table 5: Cost comparison of di7erent strengthening materials to
achieve the given capacity enhancement.

Material Cost to achieve strengthening ($)
RC 3.9
UHPFRC 11.3
R SCC 4.6
CFRP 7.3
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(5) Most or all the works reviewed here have been
conducted under one environmental condition.
*ere is a need to check performance (particularly
the interface condition) under varying environ-
mental conditions such as freezing and thawing, and
wetting and drying.

(6) In addition, the durability performance of strength-
ened RC members against chemical attack such as
chloride and acid attacks should be investigated with
emphasis given to the density and thickness of the
UHPFRC layer to provide the required protection
against penetration by such substances.
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Masonry construction is themost widely used buildingmethod in the world. Concretemasonry is relatively low in cost due to the vast
availability of aggregates used within the production process.*ese aggregate materials are not always reliable for structural use. One
of the principal issues associated with masonry is the brittleness of the unit. When subject to seismic loads, the brittleness of the
masonry magni1es. In regions with high seismic activity and unspeci1ed building codes or standards, masonry housing has
developed into a death trap for countless individuals. A common approach concerning the issue associated with the brittle
characteristic of masonry is addition of steel reinforcement. However, this can be expensive, highly dependent on skillfulness of labor,
and particularly dependent on the quality of available steel. A proposed solution presented in this investigation consists of in-
troducing steel 1bers to the lightweight aggregate concrete masonry mix. Previous investigations in the 1eld of lightweight aggregate
1ber-reinforced concrete have shown an increase in 7exural strength, toughness, and ductility. *e outcome of this research project
provides invaluable data for the production of a ductile masonry unit capable of withstanding seismic loads for prolonged periods.

1. Introduction

*e earliest application of lightweight aggregate concrete
dates back to the Roman Empire. Lightweight aggregate
concrete was the primary manufactured material, using
Greek or Italian pumice aggregates mixed with limestone
paste. Today, modern lightweight aggregate concrete con-
sists of lightweight aggregate held together by a paste
consisting of Portland cement and water [1, 2]. Fiber has
been used as a reinforcing material throughout history in the
form of mudbricks containing straws, horsehairs, and
corresponding natural 1bers [3, 4]. Lightweight aggregate
1ber-reinforced concrete is a relatively new material [5].
Although lightweight concrete and 1bers have been pre-
viously employed in construction, their use in modern days
dates back to the second half of the nineteenth century.
However, it was not until later in the 20th century that the
usage and detailed study of properties associated with
lightweight aggregate concrete became more signi1cant.
*is new understanding of the behavior of 1ber-reinforced
concrete and crack propagation paved the way for the

development of new technology. Stronger and lighter
concrete sections permitted reductions in the cost of
manufacturing, transportation, and foundation design.
One of the latest 1elds a=ected by the development of
lightweight aggregate 1ber-reinforced concrete includes
the seismic strength of structures.

2. Literature Review

2.1. Lightweight Aggregate Fiber-Reinforced Concrete versus
Lightweight Aggregate Concrete. For countless years, light-
weight aggregate concrete (LWAC) was utilized for aes-
thetical or insulation purposes only. *is was because of one
of the main disadvantages found in both normal and high-
strength lightweight concretes: low tensile-to-compressive
strength ratio, low 7exural strength, low fracture toughness,
high brittleness, and large shrinkage [6]. Furthermore,
lightweight aggregate concrete is brittle in nature, and when
subjected to external loading, a sudden failure under stress
occurs. *e addition of 1bers, however, will allow over-
coming the issue associated with the brittleness of the
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material. *e incorporation of 1bers into a brittle cement
matrix serves to increase the fracture toughness of the
composite, through the crack-arresting process, and increase
the tensile and 7exural strengths. Lightweight aggregate
1ber-reinforced concrete would fail only if 1bers break or are
drawn out of the cement matrix due to tensile forces. *e
strength mechanics of 1ber-reinforced concrete and mortar,
extending from the elastic precrack state to the partially
plastic postcracked state, is a continuing research topic [7].

2.2. Lightweight Aggregates and Fiber Types

2.2.1. Lightweight Aggregate. Lightweight aggregates are the
most important components in the production of light-
weight aggregate concrete, with relatively low particle den-
sity due to their cellular pore system. Heating certain raw
materials, particularly clays, develops the cellular structure
within the particles by incipient fusion. At this temperature,
gasses are evolved within the pyroclastic mass causing ex-
pansion that retains a particular shape upon cooling. *is
fast cooling creates voids or pores that reduce the total
weight of the aggregate. Strong aggregates have pore sizes
ranging from 5 to 300 µm. *e American Concrete Institute
(ACI 213 Committee 2005) provides a detailed report on the
characteristics of lightweight aggregate concrete [8].

Two primary sources of lightweight aggregates exist:
natural and manufactured. Natural lightweight aggregates
like pumice, a froth-like volcanic rock, occur when lava
expelled to the air from a volcanic source cools at a relatively
fast rate [9]. *e most widely used synthetic lightweight
aggregate is called expanded clay. Manufacturing of ex-
panded clay consists of heating the clay particles in a rotatory
kiln.*e term “expanded clay” is commonly used to describe
the three main materials used for the fabrication of arti1cial
lightweight aggregates: shale, clay, and slate. Campione et al.
stated that the experimental results from the tests performed
on lightweight 1ber-reinforced concrete show improve-
ments within the application of expanded shale aggregate as
oppose to the use of pumice stone. Nonetheless, pumice
stone performance was also desirable due to its relatively low
cost and suitability in various regions, including seismic
areas [9].

One alternative to these expanded clay aggregates is the
utilization of lightweight waste materials. *is results in the
reduction of the overall cost of construction as well as solid
waste. One such material is the oil palm shells (OPSs) or palm
kernel shells (PKSs), a material available in vast quantities
within tropical regions. In the past, some experiments of OPS
lightweight aggregate concrete have produced concrete with
a grade of 20–50. *e compressive strength at 28 days of the
OPS concrete varies between 20 and 24MPa [10].

2.2.2. Fiber Reinforcement. Fiber reinforcement can sub-
stantially increase the energy absorption and impact strength
of concrete, resulting in improvements within ductility,
tensile-to-compression strength ratio, seismic behavior and
earthquake resistance, resistance to cracking, and fracture
toughness [11].

ACE Committee 544 de1nes steel 1bers as “a short, dis-
crete length of steel having an aspect ratio (length/diameter)
from about 20 to 100, with any cross section, and that is
suIciently small and randomly dispersed in an unhardened
concrete mixture using usual mixing procedures” [12].

ASTM 820 provides calci1cation of 1ber as follows [13]:

(i) Type I—Cold-drawn wire
(ii) Type II—Cut sheet
(iii) Type III—Melt-extracted
(iv) Type IV—other 1bers

Currently, there are many types of reinforcing 1bers that
can be used in the production of LWAFRC including

(i) steel,
(ii) glass,
(iii) polypropylene,
(iv) natural.

More information about other types of 1ber re-
inforcement can be found in ACI 544 Chapter 2 [12].

Natural 1bers exhibit many advantageous properties as
reinforcement for composites, especially signi1cant re-
ductions in costs and thermal conductivity. *e use of
natural 1bers could facilitate the reduction and conservation
of energy and thereby protect the environment. *e prin-
cipal sources for natural 1bers come from coconut husk,
sisal, sugarcane bagasse, bamboo, jute, wood, akwara, ele-
phant grass, water reed, plantain and musamba, and cel-
lulose 1bers [14]. *e disadvantage of adding natural 1bers
to the concrete mix is reductions in workability due to high
amount of 1bers leading to a high volume of entrapped air.
Similarly, the inclusion of palm 1ber results in obtaining
a higher density at 0.8% 1ber volume. *is increment in
1bers provided the optimum 1ber volume percentage for the
mix in which small amount of air bubbles are present. An
excessive quantity of the 1ber at 1% or more leads to a re-
duction in bonding strength and disintegration [14].

In summary, 1bers improve the ductility of concrete and
avoid congestion of secondary reinforcement [15]. *e in-
clusion of 1bers develops a more homogeneous and iso-
tropic mixture, transforming the concrete from brittle to
a more ductile material. In fact, previous investigations have
shown that the unit weight of concrete increases with in-
creasing 1ber ratios [16].

2.2.3. Applications. *e added 1bers can be used as a sub-
stitution for the required transverse reinforcement, where
large quantities of steel con1ning reinforcement are needed.
*e use of 1bers can reduce both the weight and cost of
structures. *is reduction in weight and increase in material
strength are useful where seismic codes require higher
ductility performance [17].

*e brittle nature of lightweight aggregate concrete
leads to sudden and precipitated failure. *erefore, adding
1ber reinforcement improves the ductility of the light-
weight concrete or normal-weight high-strength concrete.
Combining lightweight concrete with conventional steel

2 Advances in Civil Engineering



reinforcement and steel or polypropylene 1bers reduces the
brittleness in the lightweight concrete. Addition of 1bers to
lightweight aggregate concrete increases the peak and re-
sidual frictional stresses. Furthermore, 1ber reinforcement
may prevent congestion when additional steel reinforcement
is required to provide ductility. *e main purpose of using
lightweight aggregate 1ber-reinforced concrete in seismic
zones is to improve the seismic behavior of the structures
[9, 17, 18]. Moreover, its lightweight characteristic makes
this concrete useful in reducing the dead load on high-rise
buildings, slabs, and joists, permitting a direct reduction in
the foundation size, especially in soils with low bearing
capacity [17]. In fact, the lightweight and higher ductility of
lightweight aggregate 1ber-reinforced concrete make struc-
tural members such as marine structures, slabs, joists, bridge
girders, and bridge decks both desirable and cost eIcient
[19]. In addition, lightweight aggregate 1ber-reinforced
concrete is increasingly being used in precast concrete
structures, providing higher strength members and facili-
tating transportation. *e addition of 1bers to a concrete
mix improves the engineering characteristics of the concrete,
for example, ductility, impact strength, and toughness [18].
Properly designed nonstructural 1ber-reinforced ultra-
lightweight concrete can be easily cut, sawed, and nailed like
wood for decorative or insulation purposes [20].

*e applications of a lightweight aggregate 1ber-
reinforced concrete mix vary depending on the required
strength, workability, cost, and feasibility. *e primary use
of 1ber-reinforced concrete is to improve tensile strength,
the behavior of earthquake resistance, cracking resistance,
and fracture toughness [6]. *e main purpose of using
lightweight aggregate 1ber-reinforced concrete in seismic
zones is to improve the ductility behavior of the structures
under a seismic load. *e brittle nature of lightweight ag-
gregate concrete leads to sudden and precipitated failure,
and adding reinforcement increases the ductility of the
lightweight aggregate 1ber-reinforced concrete.

3. Lightweight Aggregate Fiber-Reinforced
Concrete (LWAFRC)

3.1. Introduction. *e lightweight aggregate 1ber-reinforced
concrete production consists of the combination of Portland
cement, lightweight aggregates such as pumice or expanded
manmade clays, steel 1bers, water, and other chemicals used
to enhance workability and other mechanical properties.*e
addition of 1bers to the concrete mix improves the engi-
neering characteristics of the concrete: ductility, impact
strength, and toughness [16, 18].

3.2. Physical Properties. *e physical properties of light-
weight aggregate 1ber-reinforced concrete mainly depend
on the characteristics of the aggregates, in particular, the
density, 1ber strength, and 1ber-cement bond. Any increase
in the mentioned components will a=ect the 1nal product
strength, workability, ductility, density, and physical ap-
pearance. In fact, lightweight concrete requires large
amounts of transverse reinforcement steel due to its brittle

nature [17]. *e strength of the material increases with the
use of expanded shale aggregates, while the natural pumice
aggregate showed no substantial increase in strength.
Nonetheless, pumice stone performance was acceptable in
some cases, making this material suitable for regions of
seismic activity due to its low cost [9].

3.2.1. Compressive Strength. *e failure mode for light-
weight aggregate 1ber-reinforced concrete matrices depends
mostly on the aggregate and not on the cement paste. *e
main parameters in the experimental compressive strength
test include volume percentage of 1bers, the type and the
volumetric ratio of transverse steel reinforcement, the shape
of the specimen (whether a prism, cube, or cylinder), and the
length of the specimen. Furthermore, the main parameters
a=ecting the test results include frictional restraints between
the load platens, the specimens, and the allowable rotations
of the loading platens prior to and during the test. *e
loading platens should be 1xed against rotation once a sig-
ni1cant load is applied. Often, capping of specimen ends is
used to ensure plane and parallel ends [17].

*e addition of 1bers increases the maximum com-
pressive strength of LWAFRC expanded clay by 30%.
Concrete made of pumice stones with the same dimension
and size showed no signi1cant increment in compressive
strength. *is low strength resulted from the 1ber-matrix
bond mechanism in concrete and the low strength of the
aggregate. *is bonding depends principally on the quality
of the cement mortar and the 1ber properties. Higher
strength concrete provides better 1ber-matrix interface
bonding. Moreover, hooked-end steel 1bers in7uence the
compressive strength of concrete [9].

For high-strength LWAFRC, the 1bers did not signi1-
cantly contribute to the compressive strength [21]. In ad-
dition, there was no signi1cant increase in the compressive
strength of the hardened lightweight self-compacting con-
crete due to the addition of polypropylene 1bers [22]. Steel
1bers have a signi1cant e=ect on energy absorption. As
a result, they have a signi1cant impact on the compressive
toughness in lightweight aggregate 1ber-reinforced concrete
since the descending part of the strain-stress curve depends
on the addition of 1bers [18].

3.2.2. Flexural Strength. Gao et al. indicated the following
improvement areas due to the addition of 1bers to light-
weight high-strength concrete [6]:

(i) Flexural strength: the fracture process of steel
1ber-reinforced concrete consists of progressive
debonding of 1ber, during which slow crack
propagation occurs. Final failure occurs due to
unstable crack propagation when the 1ber pulls out,
and the interfacial shear stress reaches the ultimate
bond strength. After mix cracks, 1ber will carry the
load that the concrete took before cracking by the
interfacial bond between 1ber and matrix.

(ii) Flexural Load: the de7ection corresponding to the
ultimate load increases with the increase of 1ber
volume fraction and aspect ratio, and descending
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branch of the �exural load-de�ection curves de-
creases gently after reaching the maximum load for
the �ber volume fraction and aspect ratio.

(iii) Flexural Toughness: cracks �rst occur in light-
weight aggregate concrete rather than in the cement
paste under load. In general, �bers serving as crack
arrest or barriers increase the tortuosity of an ad-
vancing crack. �erefore, the addition of steel �bers
to concrete e�ectively increases the postcracking
behavior of steel �ber-reinforced high-strength
lightweight concrete.

For concrete mixes with higher �ber steel ratio, 1–2%,
strain hardening was observed, and consequently, there is an
increase in maximum strain corresponding to failure. At
failure, �bers ensure high levels of deformation without
a signi�cant reduction in the bearing capacity. For �exural
strength, addition of �bers resulted in slow crack propa-
gation and progressive debonding of �bers at high levels of
postpeak stress [9].

�e increase in �exural strength due to the addition of
�bers in lightweight concrete is 91%, 182%, and 260% relative
to the increase in specimen size. As stated previously, �ber
reinforcement enhances compressive and tensile strength as
well as fracture energy absorption, largely improving �exural
strength for lightweight aggregate concrete [11].

3.2.3. Splitting Tensile Strength. Cylinder splitting tensile
strength increased for lightweight aggregate �ber-reinforced
concrete through the addition of steel �bers. Cylinder
splitting tensile strength of lightweight aggregate �ber-
reinforced concrete is about twice as high as that of plain
concrete and lightweight concrete. Specimens with diameter
sizes varying from 76, 100, 150, and 200mm increased in
splitting tensile strength of 134%, 33%, 12%, and 0%, re-
spectively, for normal concrete and 127%, 165%, 44%, and
29% for lightweight concrete, respectively [11]. Fiber re-
inforcement signi�cantly increases the tensile strength of
lightweight aggregate concrete [21].

3.2.4. Shear Strength. �e addition of steel �ber improves
the ductility and energy absorption that causes ductile shear
failure. �e presence of �bers reduces all deformations in-
cluding de�ection, slab rotation, concrete strain, and steel
strain at all stages of loading. However, the e�ects of �bers
are only apparent after the �rst cracking occurs. Most of the
research conducted in the area of shear strength of �ber-
reinforced concrete belongs to the slab-columnmechanisms.
Fibers delay the formation of inclined shear cracking in slab-
column connections. As a result, the service load on the
lightweight �ber-reinforced concrete slab is increased from
15 to 40%, depending on the serviceability criterion. One of
the signi�cant contributions of the �bers in slabs is the
elimination of the failing brittle nature of the slab. �is
process created a failure surface that was very irregular. �e
fracture surfaces in �ber-reinforced concrete were similar to
those in plain concrete slab-column connections. However,
the punching perimeter was much larger, resulting in a
decrease in the angle of the surface of a maximum of 3° [23].

�emajor increase in strength of a lightweight concretemix
is a result of a combination of �bers with conventional rein-
forcement. Fibers act as bridging agents between the inclined
cracks produced by the local tensile forces when the strength of
concrete around the stirrups surpasses the actual strength for
the concrete. �is phenomenon increases the shear strength of
concrete enclosed between two consecutive stirrups [15].

3.2.5. Modulus of Elasticity. Elastic properties of the ag-
gregate have a substantial in�uence on Young’s modulus.
�is e�ect occurs mainly because of the bond existing be-
tween the aggregate particles and the cementing material.
Young’s modulus of elasticity for composite materials such
as lightweight aggregate �ber-reinforced concrete can be
measured using eight models [24].

(i) Parallel phase model:

Ec � EmVm + EpVp. (1)

(ii) Series phase model:
1
Ec

� Vm

Em
+ Vp

Ep
. (2)

(iii) Dispersed phase (Maxwell) model:

Ec � Em
1 + 2Vp(α− 1)/(α + 2)
1−Vp(α− 1)/(α + 2)

 . (3)

(iv) Hirsch–Dougill model:
1
Ec

� 1
2

1
Ec,PARALLEL

+ 1
Ec,SERIES

[ ]. (4)

(v) Popovics model:

Ec �
1
2

Ec,PARALLEL + Ec,SERIES[ ]. (5)

(vi) Counto model:

1
Ec

�
1−

���
Vp

√
Ec

+
1−

���
Vp

√
���
Vp

√ Em + Ep
 . (6)

(vii) Hashin–Hansen model:

Ec � Em
Em + Ep( ) + Ep −Em( )Vp

Em + Ep( ) + Ep −Em( )Vp

 , (7)

(viii) Bache and Nepper-Christensen model:

Ec � EVm
m E

Vp
p . (8)

For lightweight aggregates made of air entered, the
equation for modulus of elasticity of �ber-aerated light-
weight concrete is

Efc � 1.259192 1− e−0.8134Ec( ), (9)
with r2 � 0.94 [25].
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For a composite material, Kurugol et al. stated that the
Hashin–Hansen model results are very similar to the ex-
perimental results. As a result, the model is better for
predicting the modulus of elasticity. Likewise, the Counto
and Maxwell models predict that Young’s modulus for
a composite material and give desired results. For the parallel
phase model, Kurugol et al. stated that this model predicts
acceptable results at low aggregate volume fractions, even
though for high aggregate volumes this model overestimates
the modulus of elasticity. However, this model is accepted
and useful since it provides a simple linear expression [24].

Balaguru and Foden reported that by increasing the 1ber
volume ratio in the mixture, the modulus of elasticity is
enhanced by approximately 30%. Furthermore, by replacing
the lightweight 1ne aggregate with sand, the modulus of
elasticity is also expected to increase. As a result, 1ber-
reinforced concrete exhibits ductility by the addition of
coarse lightweight aggregate and 1bers [26].

3.2.6. Density of Lightweight Aggregate Fiber-Reinforced
Concrete. Due to the brittle nature of the lightweight ag-
gregate concrete, the density of the lightweight concrete
depends on the amount and density of the aggregate used.
Utilizing aggregates with higher density has shown to im-
prove the strength of the concrete signi1cantly [9]. Struc-
tural lightweight aggregate 1ber-reinforced concrete is
20–30% lighter than conventional concrete. In this respect,
the term “lightweight” is relative. Lightweight aggregate
1ber-reinforced concrete bulk densities vary from 800 to
1400 kg/m3 (50 to 87 lb/ft3) [20]. *e unit weight of concrete
decreased with the addition of lightweight aggregates and
increased with the addition of 1bers [16].

3.2.7. Workability. Lightweight aggregates show two par-
ticular characteristics due to their lightness and inclusion of
inner voids that can retain water and cause the aggregate to
7oat during the mixing process. *ese phenomena result in
the decline in the workability of the concrete mix. Similarly,
1ber entangles together forming a network structure in the
concrete mixture that restrains segregation of lightweight
aggregates. In addition, the length of the 1bers requires more
cement paste to wrap around the 1ber, in7uencing the
viscosity of the concrete mix a=ecting the slump. Poly-
propylene 1bers reduced the slump by about 20%, whereas
steel 1bers reduced the slump by 54%. *is is due to the
holding e=ects of the 1bers [18, 27].

Workability characteristics of steel 1ber-reinforced
concrete are complex; shapes of 1bers, aspect ratio, and
volume fraction are the most important factors a=ecting the
workability. *e 1ber-reinforced concrete mixes were less
workable than mixtures without 1bers. *e V-funnel test
results for plain concrete ranged from 15 to 20 seconds and
35 to 120 seconds for the 1ber concrete. *e 1ber-reinforced
concrete mixes with plain 1bers show the best compati-
bility followed by mix with paddle 1bers. Mixes with
cramped and hooked 1bers show less compatibility than
those with straight 1bers. In fact, hooked 1bers require the
highest energy compaction.*erefore, the compact ability of

lightweight aggregate 1ber-reinforced concrete mixes de-
pends on the shape and surface area of the 1bers. *e
compact ability of 1ber-reinforced concrete decreases as the
design strength increases and decreases as their aspect ratio
increases [28].

*e presence of polypropylene 1bers signi1cantly re-
duces the slump 7ow of concrete and increases the time of
the V-funnel tests. In the same manner, increasing the
amount of the 1ber volume ratio reduces the 1lling height of
the U-box test [22].

3.2.8. Drying Shrinkage. It is important to take into con-
sideration the properties of the lightweight aggregate con-
crete if a prediction model for ultimate shrinkage is to
be applied. Lightweight aggregate concrete made with sin-
tered 7y ash aggregates displays a long-term drying
shrinkage that was nearly twice the value for normal con-
crete. *is drying shrinkage seems to be a result of the high
volumetric value of 7y ash paste content. As the modulus of
elasticity of concrete decreases, the shrinkage value is in-
creased. For normal-weight concrete, a modulus of elasticity
of 35GPa (5076.3 ksi) and ultimate shrinkage value of about
500 microstrains are expected. For lightweight aggregate
1ber-reinforced concrete, the expected shrinkage value was
around 1000 microstrains and a modulus of elasticity was of
21GPa (3045 ksi) [21].

*e addition of 1ber to the concrete mix did not reduce
shrinkage at an early state of setting. However, as the concrete
cures, the increase in age showed that 1bers restrained
shrinkage. A higher tensile strength alongside a low modulus
of elasticity is believed to be e=ective in reducing shrinkage
cracking. For lightweight aggregate 1ber-reinforced concrete,
mixes containing carbon 1ber combinations produce the
greatest reduction of shrinkage [27]. Also, the use of carbon
steel 1ber combination in lightweight concrete mixtures
showed lower brittleness of the concrete as well as a reduction
of shrinkage [22].

3.2.9. Fiber-Cement Bond. When the concrete reaches its
maximum load, and the 1rst cracks appear, the 1bers bridge
the inclined cracks that form when overcoming the local
concrete tensile strength. *e strength of the bridging
mechanism will depend on the strength of the 1ber or the
capacity of the bond between the 1ber and the concrete paste.
Fibers also increase the shear strength of the concrete
enclosed between two section heaves. *e results showed that
if the anchorage length increases, the extraction forces of
longitudinal 1bers will also increase. *e addition of 1bers
ensures steel yielding that guarantees a better behavior. For
cyclic loading, experimental results show that the highest
degradation occurs at the 1rst cycle. *is phenomenon is
caused in part because the concrete around the rebar is locally
crushed in compression reducing the bond strength [15].

A substantial amount of 1ber volume guarantees the
proper bridging connection between 1bers and the concrete
paste. *e required amount of 1bers needed is called critical
1ber volume. High frictional bond strength and frictional
surface depend on the amount and the physical properties of
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the �bers. �e relationship between �ber volume fraction
and composite energy absorption can be given by

Vcr
f � 12Gtip

gτ2Lf
Ef

df
df

( )2

(1 + η), (10)

where Gtip is the composite energy absorption at crack tip, τ
is the frictional bond strength, Lf is the �ber length, df is �ber
diameter, and

η � VfEf

1−Vf( )Em
, (11)

where Vf and Ef are the �ber volume fraction and elasticity
modulus of �ber, respectively [29].

3.2.10. Ductility. Ductility is de�ned as the characteristic of
amaterial to withstand plastic deformation while being loaded
beyond peak loads. In addition, ductility may be de�ned based
on bending and compressive resistance. As a primary char-
acteristic of a ductile material, large deformation occurs prior
to fracture. In the same way, energy absorption is de�ned as
the area under the load-de�ection curve.

Incorporating lightweight aggregates to the concrete mix
decreases the ductility of the concrete and at the same time
increases the brittleness of the material. �e shear and
�exural de�nition of ductility index μ consist of the ratio of
the area of the load-de�ection response. Shear ductility
should only be measured on shear deformation [19].

For lightweight aggregate �ber-reinforced concrete,
ductility results from enforced crack resistance due to the
�ber bridging concrete layers. Pseudostrain hardening, or
multiple cracking in �ber-reinforced composites, occurs
with the following sequence: �rst microcracks appear, and
then the concrete matrix transferred the load to the �bers.
Consequently, the �bers perform a bridge connection and
transfer the load back to the concrete through the interface
bond. �e load builds up again in the matrix forming an-
other parallel crack. �e �bers and the concrete matrix
repeat this process until multiple cracking takes place.
Eventually, the �bers pull out or break causing total failure of
the concrete specimen. �e �ber volume fraction of 1.5% or
higher achieved strain hardening faster than lower �ber
volume fractions. By the addition of 10–20% �y ash and
silica-fume cement substitutes, the ductility and �exural
strength of lightweight �ber-reinforced concrete are im-
proved. �is yields an increment of 50–150% �exural dis-
placement (ductility) at ultimate load [29].

Düzgün et al. concluded that the addition of �bers to the
concrete mixes increases the strain and peak stress of the
specimens. In the same way, the strain capacity and de-
formation capability increase greatly as the volume of �bers
were increased from 0% to 1.5%. �is increase in stress
de�nes the descending portion of the stress-strain curve [16].
�eodorakopoulos and Swamy stated that the addition
of �bers to a brittle lightweight concrete generates an in-
crease in ductility of 125%–158% and an increase in energy
absorption of 216%–237% [23]. Libre et al. provided a
complete work on the ductility of lightweight aggregate

�ber-reinforced concrete based on the �exural strength of
this material. Specimens tested for �exural strength con-
tained a combination of steel and polypropylene �bers at 0%,
0.5%, and 1% �ber volume. �e mix composed of 1% steel
�bers and 0.4% polypropylene �bers yield a �exural strength
of 7.3MPa (1058.8 psi), the prepeak energy of 11,920N mm,
and the total energy of 71,112N mm [18]. Gao et al. worked
with high-strength lightweight aggregate �ber-reinforced
concrete and observed that the de�ection curve is greatly
a�ected by the introduction of steel �bers; it increases with
the increase of �ber volume fraction and aspect ratio. In fact,
the result showed that plain concrete reached a peak load of
20 kN (4.5 kip) and a de�ection of approximately 0.2mm
(0.079 inch). �e de�ection for a lightweight aggregate �ber-
reinforced concrete with a �ber volume fraction of 2% and
aspect ratio of 70 reached a peak load of 40 kN (8.99 kip) and
a measure de�ection of 2.0mm (0.079 inch) [6].

Arisoy and Wu revised the e�ects that the lightweight
aggregate concrete has on ductility at a constant �ber volume
of 1.5%. Ductility increases when lightweight aggregate
content is between 40 and 60% of the specimen mix.
However, the concrete mix with less than 20% lightweight
aggregate showed good ductility. Meanwhile, high volumes
of lightweight aggregate concrete resulted in a weak matrix
and poor �ber distribution yielding premature failure of the
specimens [29].

3.2.11. Toughness Index. Toughness is an important char-
acteristic of �ber-reinforced concrete. Fibers increase their
energy-absorbing capability and are more suitable for use in
structures subjected to impact and earthquake loads [25, 27].
�e toughness de�nition consists of the ratio of the amount of
energy needed to cause a de�ection of a speci�c amount and is
expressed as a multiple of the �rst crack de�ection. �e
toughness is calculated based on the load-de�ection behavior
of a 100mm× 1000mm× 360mm prism tested under a four-
point load stated on ASTM C1018 procedure [30].

�e increase of �ber content will yield an increase in the
toughness index and postcrack resistance, and lightweight
aggregate �ber-reinforced concrete beams can sustain large
loads and greater de�ections, indicating strain hardening.
Fibers with a length of 50mm (2 inch) show the best im-
provement of toughness. Evaluation of toughness behavior
depends on the values I50 and I100.

I5 �
Area under load deflection curve up to 3δ
Area under load deflection curve up to δ

. (12)

�e calculation of these values depends on the load-
de�ection curve and properly measured small increments.
�e toughness index magnitude for lightweight aggregate
�ber-reinforced concrete is very similar to that magnitude
for normal weight concrete of the same strength [26].

Lightweight aggregate �ber-reinforced concrete tough-
ness indexes are not sensitive to specimen size. For high-
strength LWAFRC, postpeak loads drop at a faster rate than
normal-strength LWAFRC. �is change in toughness index
indicates that to achieve similar ductility for high strength
and low strength, lightweight concrete requires an increase
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in 1ber volume fraction or the addition of 1bers with higher
strength and hook end [11].

3.3. Preparation Technologies

3.3.1. Scope. *e main purpose of the utilization and pro-
duction of LWAFRC is to provide a lightweight material
capable of withstanding greater loads but reducing member
size. In order to achieve the required ductile capacity, a very
strict material proportion must be followed. *e most
common manner to design a LWAFRC mixture is to follow
ACI 213 in combination with ACI 554 and the experimental
research work previously approved by ACI [8, 12].

3.3.2. Mixture Proportion Criteria. Laboratory experimental
results show that 7uidity of concrete is reduced by the
addition of 1bers; this concludes that slump test does not
provide an accurate evaluation of workability of fresh
concrete. Polypropylene 1bers show lower e=ect on work-
ability of fresh concrete, while for steel 1bers the e=ect was
higher. *e traditional slump test fails to evaluate work-
ability of 1ber-reinforced concrete; therefore, it is recom-
mended to utilize the inverted slump cone test for the
evaluation of workability of FRC using standardized test
ASTM C995 [31].

3.3.3. Materials. *e materials utilized in the production of
lightweight aggregate 1ber-reinforced concrete consist of the
following:

(i) Portland cement type II or higher and/or 7y ash
(ii) Lightweight aggregates (expanded clay or natural)

and normal weight aggregates (sand and 1ne gravel)
(iii) Fibers (steel, polypropylene, glass, and natural)
(iv) Plasticizers

3.4. <eoretical Modeling. For lightweight aggregate 1ber-
reinforced concrete, the procedures followed in order to
measure and analyze its mechanical properties are very
similar to those utilized for normal-weight concrete. *e
main variation occurs in the workability and modulus of
elasticity calculations.

3.5. Design Considerations. In order to design a member
made of LWAFRC, the procedures in ACI 544.R [12] must
be followed, including the mix selection, placing, 1nishing,
and quality control procedures. While some training is
necessary, the equipment used for normal concrete can be
used in the production of LWAFRC.

3.6. Applications. *e brittle nature of lightweight aggregate
concrete leads to sudden and precipitated failure. *erefore,
adding 1ber reinforcement improves ductility of lightweight
concrete or normal-weight high-strength concrete when
combined with conventional steel reinforcement and re-
duces the characteristic brittleness of these materials. *e

addition of 1bers to lightweight aggregate concrete increases
the peak and residual frictional stresses. Furthermore, 1ber
reinforcement may prevent congestion when additional
reinforcement is required to provide ductility. *e main
purpose of using lightweight aggregate 1ber-reinforced
concrete in seismic zones is to improve the seismic be-
havior of the structures [9, 17, 18]. Moreover, the lightweight
reduced the dead load on buildings supported by low
bearing capacity soil [17]. Also, the low weight and higher
ductility of LWAFRC make structural members such as
marine structures, slabs, joist, bridge girders, and bridge
decks very desirable and cost eIcient [19]. In addition,
LWAFRC is increasingly being used in precast concrete
structures, providing higher strength members and facili-
tating its transportation. *erefore, the addition of 1bers is
important to improve the engineering characteristics of the
concrete, for example, ductility, impact strength, and
toughness [18].

Properly designed nonstructural 1ber-reinforced ultra-
lightweight concrete can be easily cut, sawed, and nailed like
wood for decorative or insulation purposes [20].

*e application of a LWAFRC mix varies depending on
the required strength and workability. *ey are mainly
viewed in improvements in the tensile/compression ratio,
behavior of earthquake resistance, resistance to cracking,
and fracture toughness [6]. *e main purpose of using
lightweight aggregate 1ber-reinforced concrete in seismic
zones is to improve the behavior of the structures.*e brittle
nature of the lightweight aggregate leads to sudden and
precipitated failure.

4. Research Needs

*e following items list important research needs in the area
of LWAFRCM:

(i) Further studies need to be conducted on the
bonding behavior of 1bers and cement paste.

(ii) More research is needed in order to optimize the
mixture proportions and examine the e=ects of
hybrid steel and polypropylene 1bers on other
properties of pumice lightweight aggregate concrete
such as shrinkage, creep, durability parameters, and
1re resistance.

(iii) Studies on the e=ect of hybrid 1ber mechanical
properties of LWAC are warranted based on recent
advancement in this area. *us, more research is
needed in order to optimize the mixture pro-
portions and examine the e=ects of hybrid steel and
polypropylene 1bers on other properties of pumice
lightweight aggregate concrete such as shrinkage,
creep, durability parameters, and 1re resistance.

(vi) More studies are required to investigate the e=ects
of shear forces on LWAFRCM.

5. ASTM Standards [31–44]

ASTM C39: Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens.
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ASTM C78: Standard Test Method for Flexural
Strength of Concrete (Using Simple Beam with *ird-
Point Loading).
ASTM C192: Standard Practice for Making and Curing
Concrete Test Specimens in the Laboratory.
ASTM C330: Speci1cation for Lightweight Aggregate
for Structural Concrete.
ASTMC331: Speci1cation for ConcreteMasonry Units.
ASTM C469: Test for Static Modulus of Elasticity and
Poison’s Ratio of Concrete in Compression.
ASTM C495: Test Method for Compressive Strength of
Lightweight Insulation Concrete.
ASTM C496: Standard Test Method for Splitting
Tensile Strength of Cylindrical Concrete Specimens.
ASTM C567: Test Method for Determining Density of
Lightweight Aggregate Concrete.
ASTMC995: Standard Test Method for Time of Flow of
Fiber-Reinforced Concrete through Inverted Slump
Cone.
ASTM C1116: Speci1cation for Fiber-Reinforced
Concrete.
ASTM C1399: Obtaining Average Residual Strength of
Fiber-Reinforced Concrete.
ASTM C1550: Test Method for Flexural Toughness of
Fiber-Reinforced Concrete.
ASTMC1609: Test Method for Flexural Performance of
Fiber-Reinforced Concrete.
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