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In order to overcome inherent brittleness of concrete, nu-
merous studies on the development of high ductility fiber-
reinforced cement composites have been performed thus far.
Several different types of fiber-reinforced cement composites
with metallic, polymer, carbon, glass, nylon, and waste tire
fibers have been successfully developed and effectively ap-
plied for building structures due to their benefits of limiting
crack propagation and widening from fiber bridging. High-
performance fiber-reinforced cement composites showing
strain- or deflection-hardening behavior with multiple
microcracks were recently developed, and various relevant
studies are actively underway.

$is special issue gives a comprehensive overview on
fiber-reinforced cement composites, including aspects re-
lated to material behavior, strengthening performance,
numerical simulation and modeling, and structural impli-
cation under various loading conditions (i.e., static, impact,
blast, fire, fatigue, etc.). $e selection of papers in this special
issue was very rigorous.

A number of studies developed a new type of fiber-
reinforced cement composites and evaluated their me-
chanical properties. K. Patel et al. studied to practically use
recycled glass fibers as a reinforcement for concrete re-
covered from industrial GFRP-acrylic waste. $e maximum
enhancement of 22% was achieved for 0.3% (by volume) of

recycled glass fibers compared to the control concrete
sample under the compressive loads, regardless of curing
regime, and also the tensile samples having 0.3 vol.%
recycled glass fibers exhibited the maximum tensile strength
of 3.46MPa, which is higher than that (2.48MPa) of control
sample. Z. Yao et al. evaluated several mechanical properties
of the macro polypropylene (PP) fiber-reinforced concrete,
including the flexural and tensile strengths, fracture
toughness, and fracture energy. $ey reported that the in-
clusion of macro PP fibers is effective in enhancing the
strength and energy absorption capacity of plain concrete.
At the fiber content of 1% or 1.5%, 29.3% and 21.4% higher
flexural and tensile strengths were obtained as compared to
those of plain concrete, and the fracture energy was also
improved with increasing the fiber content. S. Karthiyaini
et al. successfully predicted the mechanical strength of fiber-
reinforced cement composites using multiple regression
analysis (MRA) and artificial neural network (ANN). $ey
effectively predicted the compressive strength through ANN
model with a coefficient of determination (R2) of 0.93, while
the split tensile and flexural strengths were well simulated by
using the MRA model. L. Wang et al. studied the effec-
tiveness of calcium carbonate (CaCO3) whisker and fly ash
on the mechanical properties of cement mortar under high
temperatures and reported that the hybrid use of CaCO3
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whisker and fly ash possess preferable high-temperature
resistance capacity due to the filler and crack bridging effect
of the whisker and accelerated pozzolanic reaction of fly ash.
X.-Y. Wang suggested an integrated hydration-strength
model for cement-limestone-metakaolin ternary blends.
Based on parameter analysis, the synergetic effect on
strength development was examined and he suggested op-
timal combinations of cement-limestone-metakaolin ter-
nary blends. From the early age to later age, the optimum
combination of ternary blends shift from high limestone-low
metakaolin to low limestone-high metakaolin.

$e studies related to the electrical properties on the
fiber-reinforced cement composites have been conducted by
C. Liu et al. and J. Zheng et al. C. Liu et al. evaluated the self-
sensing capability of engineered cementitious composites
(ECCs) including multiwalled carbon nanotubes (CNTs)
and reported that the percolation threshold value is around
0.3% by weight and ECCs containing CNTs show good self-
sensing ability under flexural loading conditions. $e
amounts of CNTs significantly affected the self-sensing
capacity, and with the increased CNT contents, the ampli-
tude of fractional change in resistivity was reduced. J. Zheng
et al. presented a novel coupling electromechanical cell-
based smoothed finite element method to accurately sim-
ulate the dynamic response of piezoelectric composite
material (PCM) structures and noted that it is a robust tool
for analyzing the mechanical properties of PCM structures
due to its higher accuracy and reliability than the conven-
tional finite element method.

Several researchers have investigated the implications of
fiber-reinforced cement composites on the structural ele-
ments. I.-H. Yang et al. studied the flexural behavior of high-
performance fiber-reinforced concrete beams and predicted
their tensile strengths by fitting the moment-curvature
curves based on sectional analysis. $ey reported that
flexural strength increased with the steel fiber content and
the tensile strength obtained from the material test was
greatly different from that calculated from the structural
beam test results. $e calculated tensile strengths were
23.7–60.7% lower than those obtained from thematerial test.
In addition, the tensile strength increased with the com-
pressive strength. S.-H. Kim et al. experimentally evaluated
the long-term ring deflection of the GFRP mortar pipe and
noted that reduced stiffness leads to excessive deflections
under long-term pressure. Based on the field test results of
the buried GFRP pipes for 664 days, it was verified that the
long-term deflection was less than 5% pipe deflection,
suggested by the existing specifications, i.e., ASTM D5365
and AWWAM45. So, the safety of the buried GFRP pipe was
verified by the field tests. I. Iskhakov and Y. Ribakov studied
the effect of steel fibers to solve the brittle behavior of high-
strength concrete and to enhance its elastic-plastic de-
formation. $e applied steel fibers proved to be high effi-
ciency and led to ductile behavior of compressed high-
strength concrete elements along with the desired effect at
long-term loading. In addition, there was an obvious de-
pendence of transverse deformation on the longitudinal
behavior at the ultimate limit state. Lastly, H. Ju et al. es-
timated the minimum torsional reinforcement of reinforced

concrete (RC) and steel fiber-reinforced concrete (SFRC)
beams. $ey reported that the addition of steel fibers im-
proves the crack control of RC beams at the same re-
inforcement ratio and the higher amount of torsional
reinforcement is required to ensure the reserved strength
when the compressive strength of concrete becomes higher.
$eir proposed prediction model also well evaluated the
torsional failure mode of the RC and SFRC beams according
to the reserved strength ratio.

Guest editors hope that readers can obtain useful in-
formation and discover some recent research trends re-
garding the fiber-reinforced cement composites. $ey also
wish that their academic curiosities are able to be satisfied
from the valuable research results in this special issue. $is
publication considers a wide range of disciplines, including
civil, architectural, and construction engineering, and may
appeal to the engineers and scientists in the field.

Conflicts of Interest
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Fiber-reinforced concrete (FRC) and engineered cementitious composite materials have demonstrated promising requisite in
construction industry owing to its superior mechanical and durability properties. In this study, a sustainable approach was taken,
i.e., to use industry waste as a reinforcement with improved interfacial bonding leading to enhanced mechanical performance of
FRC. An efficient in situ recycling process allowed the authors to extract glass fibers from glass fiber-reinforced polymer acrylic
waste. Concrete mixes with low fiber dosages including 0.1%, 0.2%, and 0.3% (by volume) of recycled as well as virgin glass fibers
were prepared. 'e slump of concrete was maintained ∼150mm by using high water-reducing admixture (HWRA). Notably,
lower amount of HWRA was required for raw glass fibers vis-à-vis recycled ones due to its hydrophobic nature. Overall, FRC
enclosing 0.3% recycled glass fiber demonstrated >20% enhancement in compressive, split tensile, and flexural strength as
compared to control (after 28 days of curing), also supported by morphological analysis.

1. Introduction

Cement-based composite materials demonstrate better
performance under compression rather than in the tensile
mode. Usually, ancient structures such as arches and ma-
sonry are not reinforced with steel bars. 'e sole purpose of
steel bars in concrete is to act as the primary material that
can sustain enormous tensile stresses, thus increasing the
overall ductility of the structural member. With the ad-
vancement in technology, researchers started looking for
other alternatives to provide structural reinforcement. Since
corrosion of steel bars significantly affected the material
properties, which ultimately led to structural failure, one of
the possible solutions identified was to use either natural or
synthetic fibers. Randomly distributed fiber reinforcement
in matrices such as polymer/concrete has gained enormous
appreciation and acceptability in commercial applications
for more than two decades now, mostly in construction,
automobile, marine, and aeronautical sectors [1–8].

Glass fiber-reinforced polymer (GFRP) material has
properties such as high strength-to-weight ratio, high

corrosion resistance and low maintenance, and ease of
fabrication. As a result, GFRP-based materials can handle
high structural load, increase the durability, serve as an
excellent cost-effective repair material, and thus is a great
alternative to conventional materials [3–5, 8–12]. 'e
commercially viable products manufactured using GFRP
include mostly automotive parts, bathtubs, printed circuit
boards, boats, and aerospace components. Researchers have
also attempted to integrate fiber reinforcement in the
concrete material, referred to as fiber-reinforced concrete
(FRC) [1, 13–20]. FRC or GFRP fabricated sheets are ret-
rofitted on beams, columns, and slabs to prevent the
structure against corrosion as well as enhancing its longevity
[21]. Fibers that have been successfully used in improving
the strength and longevity of concrete infrastructures are
glass [1, 7, 10, 11, 18, 22, 23], steel [1, 10, 11, 14, 15, 17, 24],
carbon fibers [24–28], and polypropylene fibers
[13, 15, 17, 29]. In particular, flexural and shrinkage
properties have shown significant improvements with the
addition of fibers in cement [16, 18, 22, 30]. Specifically, the
work carried out by Banthia’s group [16, 22, 30] has
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demonstrated that the improved properties of FRC depend
on parameters such as fiber orientation, water/cement ratio,
fiber volume fraction, and intrinsic characteristics of the
fiber itself. It is due to these factors and anisotropic behavior
of monofilament fibers (in particular glass fibers) that re-
searchers have reported diverse results. As a result, there has
been a significant increase in synthesis of glass fiber and then
using it as reinforcement for diverse applications around the
globe.

For example, in the early 1900’s, sanitary industry
manufactured bathtubs with ceramic material, but with the
advancements of technology, it got replaced with GFRP
composites. GFRP composites are fabricated either using a
thermosetting polymer (such as epoxy) or thermoplastic
polymer (such as acrylic) along with glass fibers, and after
curing, it results in a lightweight, high strength, and durable
composite material. 'e 3D cross-linked structure of the
material improves its performance and durability vis-à-vis
ceramic one. Presently, most of the thermoset-based FRP
waste is either being incinerated or landfilled, leading to
negative environmental impacts and additional costs to FRP
producers and suppliers [9, 31–36]. Furthermore, it has been
observed by researchers that recycling of thermoset-based
GFRP waste is a challenging task [9, 23, 31, 37–39] and also
adds as a nonvalue cost to the owner for using it in the
manufacturing process. Hence, an increased use of GFRP for
commercial applications also results in an increase in the
production of GFRP waste.

'e sanitation industry took the benefit of this concept of
constructing composites like GFRP. 'e waste produced
from the sanitation industry (coming from discarded
products and trims that are cut out) is posing a major
challenge [40, 41]. In addition, this waste as compared to
traditional GFRP is evenmore challenging to recycle as it not
only constitutes resin reinforced with glass fibers but also a
thin coating of acrylic, poly(methyl methacrylate) (PMMA)
a thermoplastic resin as the finishing surface, from an en-
vironmental and economic perspective [41–43]. 'e authors
define this waste as glass fiber-reinforced polymer acrylic
(GFRPA) waste in this paper.'e advanced thermochemical
methods such as pyrolysis and fluidized bed techniques have
shown positive results in terms of recycling of GFRPA waste
and to reclaim glass fibers as well as resin [31, 41]. In
particular, Esmizadeh et al. [41] described the benefits as well
as disadvantages of different mechanisms to recycle PMMA
such as thermal cracking, catalytic cracking, high heat ap-
plication, and pyrolysis. An effort was made by the author to
develop nanocomposites by reusing recycled PMMA waste.
But on the contrary, the recycling process has resulted in a
detrimental effect in terms of tensile strength of recycled
glass fibers where the fiber strength was reduced to 50%–
90% as compared to virgin fibers [23]. In addition to this,
harmful gases such as CO and CO2 are also released during
this process, which leads to environmental contamination
[35, 44].'us, recyclability of both the production waste and
end-of-life (EOL) products has become an important and
vital issue globally. 'e studies on GFRPA waste recycling
and the reuse of sequent recyclates are limited [40, 45].
Cousins et al. [45] utilized the dissolution process to recover

the constituent materials from a thermoplastic composite
waste part and further used the reclaimed glass fibers to
fabricate the new material. It is interesting to note that the
new material with recycled glass fibers reported higher
stiffness and mechanical strength as compared to the virgin
fibers, thus suggesting reusability of recycled glass fibers and
possibility of selling the fibers and resin at a cheaper price to
different industries. However, Correia et al. [23] reported
worsened concrete performance (mechanical and durability
related) by using thermoset-based GFRP waste in concrete
mix and suggested to utilize low dosage of GFRP waste in
nonstructural applications as a means to support waste
management of FRP materials. However, with increased
awareness of environmental matters, researchers identified
and implemented fewmethods in the past to extract the glass
fibers from the acrylic waste [41, 45], but still the results were
not that promising. Also, the work reported so far in using
GFRPA waste is very limited in terms of environmentally
friendly extraction techniques and use as reinforcement in
concrete.

'erefore, in this paper, the authors present an eco-
nomical and ecofriendly technique to extract glass fibers as
well as acrylic powder from an industrial waste. Till date,
various chemical and mechanical processes have been re-
ported in literature; however, they all seem to have an en-
vironmental impact as well as higher cost associated with the
process [40, 41, 45].

Furthermore, the present study investigates the effect of
using that recycled glass fibers from acrylic waste for various
mechanical properties such as compressive and flexural
strength and split tensile strength, when used as a re-
inforcement in concrete. Lastly, cost-effectiveness is more
accurately assessed by comparing the mechanical test results
obtained for analogous concrete mixes reinforced with
virgin glass fibers and by observing the morphology of virgin
and recycled glass fibers under an electron microscope.

2. Materials and Methods

One of the interesting methodologies reported in this study
is the lab-scale separation of glass fibers and polymer resin
from the GFRPA waste. 'e authors developed an in situ
mechanical recycling process that is able to collect quanti-
tative recycled glass fibers from GFRPA waste, thus pro-
viding an ecofriendly solution for the industry. Additionally,
these recycled glass fibers also hold a strong potential in
developing the ecofriendly concrete repair material. As a
result, the recycled glass fibers were analysed for their
morphological structure, using a scanning electron micro-
scope (SEM), and for chemical composition, using EDX, and
then is compared with virgin (raw) fibers.

Concrete cylinders of diameter 100mm (4″) and height
200mm (8″) were cast for investigating both the compressive
and split tensile strength of concrete. On the contrary, prism
specimens of dimension 100mm× 100mm× 350mm were
cast to assess the flexural strength of the concrete mix. For
each of the tests mentioned above, three samples with and/or
without fiber reinforcement were cast. 'e parameters of the
study include control (no fiber) and 2 fiber types (recycled and
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raw glass fiber), each with a dosage of fibers of 0.1%, 0.2%, and
0.3%.'ese results in a total of 105 test specimens (84 cylinder
shaped and 21 prismatic shaped). 'e details on how to
prepare these specimens has been discussed in Section 2.2.

2.1. Materials. General use, Type 10, Ordinary Portland
cement (OPC) was used in the present study as it fulfils the
requirement of Type I and Type II cement as per ASTM
C150 standards [46]. Naturally, available aggregates found
in the Sechelt pit in British Columbia (Canada) were
used in the study as coarse aggregates. 'ese aggregates
had a maximum size of 25mm and 0.69% absorption
characteristics.

Furthermore, natural sand available in the same pit was
used as fine aggregates in this experimental work. 'e sand
collected from the pit was subjected to sieve shaker to
identify the different particle size. 'e results have been
summarized in Table 1. Notably, the fine aggregates had a
fineness modulus of 2.61 and an absorption of 0.79%.

In addition, the authors used high-range water-reducing
agent (HWRA) or superplasticizer, MasterGlenium® 3030.
'is superplasticizer has a polycarboxylate ether chemical,
which acts as a catalyst to enhance the workability or slump
value of concrete mix. A study by Asokan et al. [47] stated
that the addition of 2 vol% of superplasticizer increases the
compressive strength of concrete prepared with GFRP waste
by 11%. Furthermore, the author reported a positive effect by
including the waste from GFRP on drying shrinkage as well
as compactness of concrete for potential use in structural
and nonstructural applications.

As stated earlier, in the present study, two types of glass
fibers were chosen, i.e., raw glass fibers (pristine) and
recycled glass fibers. 'e properties of raw and recycled
fibers are mentioned in Table 2. It can be seen that recycled
glass fibers are about the same in diameter as virgin ones but
have shorter length. 'is would be expected as process of
manufacturing bathtubs does not change fiber diameter.
Furthermore, the diameters of virgin and recycled glass fi-
bers were supported by SEM analysis as well (for more
details, refer Section 3.1). In general, the virgin E-glass fibers
possess a tensile strength ranging from 3.1 to 3.8GPa. In this
paper, the innovative and cost-effective extraction and
preparation of recycled fibers as a reinforcement in concrete
has been discussed in detail in Section 2.4.

2.2. Mix Design. In the present study, ACI 211.1-91 [48]
guidelines were followed for determining the mix design of
normal concrete. 'e mix proportions for manufacturing of
concrete specimens are discussed below.

In order to maintain a 150mm slump, 25mm of
maximum aggregate size and non-air-entrained cement was
used. Furthermore, water: cement ratio of 0.45 was chosen
from Table A 1.5.3.4(a) of ACI 211.1 in order to prepare
concrete samples with reasonable compressive strength.
Additionally, according to the ACI standard, 0.67m3 of dry
rodded coarse aggregate was required for 1m3 of concrete.
Taking this into consideration the quantity of fine aggregates
required was calculated. Table 3 summarizes the mix design

used in the present study to develop FRC concrete with
GFRPA waste.

Moreover, according to ACI 211.1-91, it is advisable to
add 10% extra water for the lab trials to achieve the required
slump. However, in this study, the authors considered
adding 0.3% HWRA instead of adding extra water to
maintain slump value close to 150mm, compressive strength
around 50MPa for control concrete, and to aid in the
dispersion of fibers in the concrete mix.

In the present study, the several parameters considered
resulted in 7 different concrete mixes, where 6 of them were
based on reclaimed and raw glass fibers (Table 3). 'e glass
fibers were used as a partial substitute for fine aggregates at
varying volume concentrations of the cement to cast FRC
samples. As stated in Table 3, CV1, CV2, and CV3 acronyms
refer to concrete mixes that contain 0.1, 0.2, and 0.3 vol% of
virgin (raw or pristine) glass fibers, respectively. Similarly,
CR1, CR2, and CR3 concrete were prepared using 0.1, 0.2,
and 0.3 vol% of recycled glass fibers, respectively. 'e mix,
CCON as stated in Table 3, was prepared to carry out a
comparative analysis of the control mix with respect to FRC
samples. 'e mix proportions along with per cubic meter
weight (in kg/m3) of cement, sand, aggregates, water,
superplasticizer, and fibers has also been reported in Table 3.

2.3. Mixing and Curing Procedure. All the ingredients of
concrete such as cement, coarse and fine aggregates, water,
glass fibers, and HWRA were weighed using a digital scale.
During batching, first all coarse and fine aggregates along
with glass fibers were mixed at moderate speed via a drum
mixer for 1minute to obtain a uniform dry mix. Following
that cement was added into the dry mix through a con-
tinuous blending process while gradually pouring 70% of
required water to transform into a paste. 'e remaining
quantity of water was added into the cement paste to obtain a
concrete with a reasonable workability, cross-verified by
recording the slump value and then finally placing the paste
into the moulds. Notably, a synthetic chemical was sprayed
onto the sides of inner surface of moulds to prevent the
adhesion of concrete onto the mould for easier fabrication.
After the moulds were filled with concrete, they were sub-
jected to compaction on the vibrating table for 1minute to
avoid honey combing.

Lastly, the fresh mix was left to cure at room temperature
(15± 3°C) for 24 hrs to harden. After 24 hrs, specimens were

Table 1: Sieve analysis of fine aggregates.

Sieve size (mm) % retained % passing
10 0 100
5 0 100
2.5 10.3 89.7
1.25 17.7 72
0.63 21.9 50.2
0.315 28.6 21.5
0.16 16.2 5.3
0.08 4.1 1.2
PAN 1.2 0
Total 100
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removed from the mould and placed into a water bath at
23± 2°C for 7 and 28 days of curing.

'e next section details about the creative approach
attempted by the authors in order to extract glass fibers from
the industrial waste.

2.4. Extraction of Glass Fibers from Acrylic Waste. 'e
manufacturing process includes preparing the bathtub using
a blend of Aropol resin with a hardener as it wets the random
glass fiber strands within a mould until it solidifies.

'is process involved chopping a glass fiber tow using a
chopper and inclusion of heated liquid resin. It should also
be noted that this is donemanually using a spray gun and the
material received on the receivingmould is subject to human
judgement. Upon solidification, a thin sheet of acrylic,
PMMA, is thermomoulded onto the top surface of bathtubs
to promote high scratch and impact resistance of the finished
product. PMMA is considered an economical alternative to
polycarbonate (PC) owing to its moderate properties, easier
handling and processing, low cost, and transparency char-
acteristics. 'e waste received from the industry reports a
target fiber volume of about 10–15% in the polymer matrix,
which results in a fiber volume of 6–9% when the total
acrylic and resin is considered as the matrix. From here
onwards, the authors would use the word “matrix” as a term
to refer to combination of resin and PMMA in order to
elucidate the readers. Overall, during the manufacturing
process, leftovers (edges and small pieces) of acrylic are
collected primarily during cutting and assembly processes of
vacuum forming, referred to as GFRPA waste.

'e authors were able to collect a quantitative GFRPA
waste primarily from two areas in the industrial site: pro-
duction line and quality inspection. 'e workers cut the
extra edges hanging after bathtub manufacturing by using a
cutter, which resulted in a sample, as shown in Figure 1. 'e
authors identified that, at present, these acrylic wastes (from
the industry) are being landfilled by the industry. However,

they strongly believed from an engineering perspective that
recycling of this waste could have dual benefits, i.e., envi-
ronmental and economic.

2.4.1. Composition and Properties of GFRPA Waste.
Firstly, the authors identified the physical and chemical
properties of the waste, which are as follows:

(i) Size: varies between 150mm and 200mm
(ii) 'ickness of waste: 4.70mm to 5.00mm
(iii) Resin for glass fibers reinforcement: Aropol TMK

1866–18C resin (45% styrene)
(iv) Proportion of GFRPA waste (by volume): glass fi-

bers 6–9%, resin 65–70%, and PMMA∼25%

Aropol is categorized as an unsaturated polyester resin,
which has the property that once its cured, i.e., cross-linked
with styrene, liquid turns into a solid and maintains the
shape of the mould. 'is resin illustrates exceptionally high
strength and durability characteristics. Combination of the

Table 3: Mix proportion of aggregates and water-cement ratio in developing FRC concrete with GFRPA waste.

Specimen type
Units (kg/m3)

Cement Water Dry coarse
aggregates

Dry fine
aggregates

Virgin
fibers

Recycled glass
fibers Plasticizer

Control (CCON) 448.89 202 1072 643.45 0 0 1.18
Virgin glass fiber-reinforced concrete
(CV1), 0.1% 448.89 202 1072 643.45 2.5 0 2.37

CV2, 0.2% 448.89 202 1072 643.45 5 0 3.15
CV3, 0.3% 448.89 202 1072 643.45 7.5 0 3.95
Reclaimed glass fiber-reinforced concrete
(CR1), 0.1% 448.89 202 1072 643.45 0 2.5 1.58

CR2, 0.2% 448.89 202 1072 643.45 0 5 2.37
CR3, 0.3% 448.89 202 1072 643.45 0 7.5 3.15

Figure 1: Sample of GFRPA waste.

Table 2: Raw and recycled glass fiber information.

Length (mm) Tensile strength (GPa) Diameter of a single fiber, monofilament (μm)
Raw glass fiber 15 3.1–3.8 14
Recycled glass fiber ≤15 N/A 13.6
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resin with PMMA polymer and hardener results in a ma-
terial that is lightweight, has high strength, shows resistance
to chemicals, and provides excellent surface finish and water
repellency and hence an excellent source for bathtub
manufacturing.

As discussed earlier in Section 1, the recycling of GFRPA
waste is a challenging task and poses a concern for a
healthier community. 'e current practices tend to produce
harmful gases such as CO and CO2 during the process,
which eventually leads to environmental contamination.
Considering the above-stated facts and for developing a low-
cost recycling process (in situ), the authors preferred me-
chanical (ecofriendly) methodology to extract glass fibers
from the acrylic waste. In brief, mechanical recycling and
shredding process have benefits such as (i) no atmospheric
pollution by gas emission, (ii) much simpler equipment is
required as compared to ovens necessary for the thermal
process, and (iii) no need of chemical solvents with sub-
sequent environmental impacts [9, 23, 49, 50]. Hedlund-
åström [50] considered life cycle assessment (LCA) and end-
of-life (EOL) of polymer composite materials and proposed
a recycling model that could be utilized for existing high
volume of GFRP waste that is cost-effective and environ-
mentally friendly. Similarly, Ribeiro et al. [49] and Meira
Castro et al. [9] manufactured polyester polymer mortars
that contained GFRP waste obtained by means of the
shredding and milling process and reported improved
mechanical properties with recycled reinforcement as a filler.

Taking into account the findings from the literature, the
authors present in this paper the 3-stage ecofriendly me-
chanical recycling process carried out on a commercial
“Crushing and Milling System,” as illustrated in Figure 2,
with a power of 45 kW, procured from Zhangjiagang City
Yili Machinery Co. Ltd., China, to obtain recycled GFRPA
waste. 'e process is summarized below:

2.4.2. Mechanical Shredding. 'e equipment was operated
by a trained technician, who would feed large rectangular
pieces of leftover acrylic composite waste (either
150×150mm or 200× 200mm in dimension) for shredding.
'e shredder broke down those large GFRPA sheets into
small granular (10–50mm) size, as illustrated in Figure 3, in
approximately 3–5minutes (depending upon the volume).
'e simultaneous water-cooling system in the grinding
machine would allow it to run continuously and effectively
until all the required volume was shredded. At the end of this
process, small GFRPA waste was collected in a pan at the
bottom of the shredder, which was a mixture of glass fibers
with PMMA coating on the top. 'e next step was to
separate the GFRP reinforcement from the PMMA layer.

2.4.3. Reclamation of Glass Fibers. At Step 2, the shredded
GFRPA waste from Step 1 served as an input, which helped
in the separation of the PMMA sheet and some resin from
GFRP reinforcement with the help of a high speed, com-
mercially available fan. As the shredded waste freely fell in
front of the fan, due to the winnowing effect of a fan, the
lower density fibers landed farther away resulting in

separation of the main layer of PMMA (and some resin)
from GFRP samples. As shown in Figure 4, the reclaimed
glass fibers may contain some bonded resin. Likewise, the
separate acrylic chunks include resin and some fraction of
fibers that are embedded in the PMMA chunks.

'e authors observed this process to be repeatable,
having an efficiency of 80–90% to reclaim glass fibers.
Following that, a 600 µm sieve was used to separate the fine
dust from the glass fibers obtained.

2.4.4. Grinding of Polymer Waste. Lastly, in Step 3, the
objective was to prepare a fine powder of the polymer waste
by using a grinding machine. As a result, the authors passed
big chunks of acrylic waste and small granulates of acrylic
collected in the previous two steps through an industrial
crusher. At the end, the authors obtained a very fine powder,
as shown in Figure 5. 'is fine powder holds the potential to
be used as a reinforcing filler material in developing polymer
composite and cement composite materials. 'e integration
of the powder as a partial replacement for cement in con-
crete has been kept as a future scope of this study. On the
contrary, the recycled fibers collected illustrated strong
bonding with each other, probably due to the resin attached
to its surface. Hence, from these observations, the authors
hypothesize that this bonding may affect fiber dispersion in
cement.

2.5. Characterization

2.5.1. Workability. Workability of GFRC and normal con-
crete samples was measured using ASTM C143.

2.5.2. Compressive Strength of Concrete. Compressive
strength of GFRC and normal concrete samples was ob-
tained using ASTM C39 [51]. All the compression tests were

Cooling chamber

Grinder

Figure 2: Crushing and milling system.
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performed using a 650 kip capacity Forney test pilot. 'e
cylinder-shaped samples, 100mm (4″) diameter and
200mm (8″) in length, with control concrete and FRC were
tested after 7 and 28 days of curing to determine the
compressive strength. 'e sample preparation involved
concrete cylinders being ground to remove the rough

surface. Later, compressive axial load was applied gradually
to the cylinders until the failure occurred, and then the peak
load was noted. Subsequently, this information was used to
calculate the compressive strength of the material. For each
mix, 3 samples were tested, and an average value has been
reported in this paper.

GFRPA waste

Mechanical shredder

Shredder GFRPA waste

Figure 3: Step 1 for GFRPA waste—mechanical shredding.

Shredded GFRPA waste

Winnowing effect

Glass
fibers

Acrylic

Fan

Recycled acrylic

Recycled glass fibers

Figure 4: Step 2 for GFRPA waste—reclamation of glass fibers from acrylic waste.

Recycled acrylic pieces Recycled acrylic powderIndustrial grinder

Figure 5: Step 3 for GFRPA waste—grinding of polymer waste using a crusher.
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2.5.3. Split Tensile Strength. ASTM C496 was used to
measure the split tensile strength of concrete [52]. 'e split
tensile tests were carried out on all concrete mixes and three
samples of eachmix, and the average value has been reported
in this paper. Cylindrical concrete specimens of diameter
100mm (2″) and length of 200mm (4″) were tested using
65000 lb capacity Forney test pilot. Diametric compressive
force along the length of a cylinder was applied until the
failure occurred, and the peak load was recorded. As a result,
splitting tensile strength was calculated by using the fol-
lowing formula:

split tensile strength �
2 × P

π × l × d
, (1)

where P� peak load in Newton’s, l� length of cylinder in
mm, and d� diameter of the cylinder in mm.

2.5.4. Flexural Properties of Concrete Samples Using a Closed-
Loop System. To evaluate the flexural performance of GFRC,
ASTM C1609 [53] was used in the present study. Four-point
bending using the closed-loop and servo-controlled testing
system, MTS 250K, having a capacity of 250 kN was used in
order to obtain the load-deflection curve. 'e flexural
performance of the prism/beam samples (having di-
mensions: 100mm (4″)× 100mm (4″)× 350mm (14″)) was
then calculated using the parameters derived from the load-
deflection curves.

'e closed-loop system was used for loading; the de-
flection at centre of the prism was measured and used to
control the rate of the deflection. 'e span of the prism was
kept constant at 300mm (12″), and distance between the
loading roller was held at 100mm (4″). In order to achieve
the closed-loop mode, the authors ensured that the jig as-
sembly remained attached to the beam to hold the LVDT
(linear variable differential transformer) properly. Two
LVDTs, as shown in Figure 6, effectively maintained de-
flection at a rate of 0.025mm/min up to L/900 deflection and
0.05mm/min beyond L/900. 'e flexural performance of
GFRC up to the cracking stage was determined from the first
peak strength. However, for a particular deflection, the
residual strength characterized the residual capacity after the
cracking. 'e first peak strength was calculated using the
following formula. 'e same formula can be used to cal-
culate the modulus of rupture at a particular deflection:

strength, f �
P × L

b × d2,
(2)

where P� load in Newton’s, L� span length in mm,
b�width of specimen in mm, and d� depth of specimen in
mm.

2.5.5. Morphological and Chemical Analysis. HITACHI
S-4800 scanning electron microscope was used for analysing
the surface morphology of concrete samples, while EDX
provided the chemical composition of recycled glass fibers
and raw glass fibers. Also, the specimens were coated with a
10 nm carbon layer in order to make the sample surface

conductive and for higher production rate of secondary
electrons.

3. Results and Discussion

3.1. Properties of Glass Fibers

3.1.1. Raw Glass Fibers. Chopped virgin glass fibers from the
bathtub manufacturing industry were collected for this
study, as shown in Figure 7(a). A chopping gun was used to
shorten their length to 15mm from the roving. Furthermore,
SEM and EDX characterization of these raw glass fibers were
carried out to record the physical and chemical properties.
From the morphological analysis, it was observed that fibers
had a diameter of 14 μm (Figure 7(b)), while the EDX
analysis in Figure 7(c) reveals the absence of zirconium (Zr).
It is observed that glass fibers are sensitive to alkalis in
Portland cement paste, but fibers with Zr demonstrated
resistance to alkali degradation [54, 55].

3.1.2. Recycled Glass Fibers. Furthermore, to compare the
reclaimed glass fibers with raw ones, the authors conducted
the morphological and chemical analysis of the samples
collected after the extraction process was complete (Section
2.4). During the SEM analysis, the authors observed that the
diameter of an individual recycled glass fiber was similar to
the virgin glass fibers, i.e., ∼14 μm (Figure 8(a)). Addi-
tionally, thicker bundles of recycled fibers were observed
under the microscope owing to the polymer resin holding
several fiber strands together (Figure 8(b)). Lastly, the
chemical composition (Figure 8(c)) of resin-doped recycled
glass fiber demonstrates a maximum concentration of ions
such as Ca, S, and O, which highlights the abundant calcium
sulphate presence. 'e extra calcium sulphate would un-
dergo the hydration reaction and act as a catalyst in im-
proving the compressive strength of concrete.

3.2. Workability of Concrete. In preparing fiber-reinforced
concrete samples, it is important to maintain the workability
which is generally done by recording the slump value. It has
been observed that, with the addition of fibers in concrete, it
tends to affect its workability. As a result, researchers
overcame this challenge by mixing the high-water reducing
agent (HWRA), also known as superplasticizer, into the
cement. Researchers have recommended a maximum of 2%
concentration (of cement content) for FRC samples to
maintain the concrete slump value above 150mm. Taking
into consideration this phenomenon, the authors conducted
a series of experiments, and each time, the slump of concrete
was measured using the cone, as described earlier.'e slump
values obtained for various concrete mixes are mentioned in
Table 4.

'e values in Table 4 reveal that the concentration of
HWRA varied with the type of fiber as well as with the fiber
dosage in cement. Virgin glass fiber (CV) samples required
higher concentration vis-à-vis recycled glass fiber (CR)
samples. Interestingly, CV3 mix, having 0.3% raw glass fibers,
had the minimum slump, i.e., 130mm, but highest HWRA
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Figure 7: Virgin glass fibers: (a) sample; (b) SEM image; (c) EDX analysis.
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content of 1%. 'e use of 1% superplasticizer in FRC’s is
considered to be a higher dosage according to Aruntas et al.
[56]. Also, the experimental results demonstrate that as the
percentage of glass fiber increases, a higher dosage of
HWRA is required to maintain the slump close to
150mm and combat the stiffening effect of reinforcing
fibers. Also, higher quantity of HWRA in concrete acted
as a catalyst to overcome the hydrophilic behavior of glass
fibers. Notably, less amount of HWRA was required for
concrete prepared with recycled glass fibers as compared to
raw glass fibers. It is possibly due to the fact that recycled
glass fibers existed in bundle form and there was also a
coating of resin on its surface. 'e coating possibly reduced

the water adsorption by the fibers, and thus, less amount of
HWRA was required for that concrete mix. 'us, it can be
stated that the addition of fibers affects the workability of
concrete, and it is further dependent on the type and
quantity of fibers. In particular, the recycled glass fibers
have shown better performance than raw ones in concrete.
It is interesting to observe the consequences of workability
on different mechanical properties, which has been
discussed in the following sections of the paper.

3.3. Compressive Strength. Figure 9 illustrates the absolute
values of average compressive strength after 7 and 28 days of
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Figure 8: Recycled glass fibers: (a) SEM image; (b) fibers doped with resin; (c) EDX analysis.

Table 4: Workability of different concrete mixes.

Type of concrete mix Slump value (mm) Dosage of glass fiber (%) HWRA content (%)
CCON 165 0.0 0.3
CV1 152 0.1 0.6
CV2 143 0.2 0.8
CV3 130 0.3 1
CR1 162 0.1 0.4
CR2 160 0.2 0.6
CR3 155 0.3 0.8
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curing regime for both recycled and raw glass fibers with
varying fiber concentrations as compared to the control one.

'e FRC prepared using 0.3% recycled glass fibers
revealed the maximum increase, 21.46% (from 43.02 to
52.25MPa), as compared to the control samples. Notably, an
increasing trend in strength was witnessed for an increasing
dosage of recycled glass fibers. A possible reason to explain
this explicit behavior can be credited to an increase in
calcium sulphate content in the matrix, contributed by
recycled glass fibers present in the sample. On the contrary,
no significant change was observed when concrete samples
were reinforced with virgin glass fibers. Even by increasing
the fiber dosage to 0.2%, the strength increased only by
1.47%. 'e strength dropped significantly (to 40.11MPa),
when the fiber dosage was increased to 0.3%, as shown in
Figure 9. A possible explanation for the low strength of CV3
mix vis-à-vis control mix owes to its low workability, which
led to a less dense microstructure as compared to other
mixes.

Furthermore, 28 days curing of the samples and testing
thereafter demonstrated a similar behavior as can be seen in
Figure 9. 'e authors made an important observation that
the compressive strength of FRC samples, prepared with
recycled glass fibers increased by approximately 20%, spe-
cifically for 0.1 and 0.2% fiber dosage as compared to similar
samples when cured for 7 days. 'is illustrates that concrete
had gained 90% of its strength within the first 7 days, thus
demonstrating reliability of the experimental study. Fur-
thermore, the average compressive strength recorded for the
0.3% recycled glass fiber sample was still maximum, 59MPa,
as compared to 48MPa for the control. On the contrary,
concrete samples prepared using virgin glass fibers con-
tinued to demonstrate deterioration with curing time as well
as with increments of fiber dosage when tested at 28 days.

Hence, from this test, it can be inferred that the recycled
glass fibers have outperformed in terms of compressive

strength as compared to both control and virgin glass fiber
concrete samples.

3.4. Split Tensile Strength. 'e tensile strength is considered
as one of the basic and important properties of concrete. In
general, concrete is very weak in tension due to its brittle
behavior and is thus not expected to resist the tension forces
acting on it, resulting in crack formation. It is due to these
reasons that the authors were interested in identifying the
peak load at which the fiber-reinforced concrete members
may crack and also if there was any change in the failure
mechanism such as brittle to ductile.

Figure 10 illustrates the split tensile strength obtained for
two types of fiber along with 3 different dosages vis-à-vis
control sample after the 7 day curing regime. From Fig-
ure 10, it can be observed that the control sample had a split
tensile strength of 2.45MPa, and with the incorporation of
fibers, as a reinforcing material, there is an increase in
strength for different fiber dosages.

Interestingly, FRC prepared with 0.3% recycled glass
fiber dosage revealed a maximum increase of 22%, 2.45 to
2.99MPa, vis-à-vis control sample. 'e stronger bonding
between the fiber surface and cementitious matrix is possibly
resisting the external forces being applied during the testing
and thus resulting in enhanced compressive and tensile
strength. On the contrary, the tensile strength of FRC
prepared with raw glass fibers (CV1, CV2, and CV3) has also
shown improvement as compared to the control mix.
However, in this case, the strength of 2.86MPa was recorded
for 0.2% raw fiber dosage, while it slightly dropped to
2.83MPa for 0.3% dosage. 'is illustrates once again that
increasing the fiber dosage possibly resulted in poor
workability and agglomeration of fibers in the matrix which
tends to affect the properties of the concrete mix.

Further curing of the samples up to 28 days showed an
improvement in split tensile strength, as shown in Figure 11,
and as observed earlier for compressive strength results
(Figure 9). When compared to 7-day curing regime samples,
a similar pattern in tensile strength is visualized for the FRC
samples, i.e., a maximum of 3.46MPa is recorded for 0.3%
recycled glass fiber concrete sample. 'e split tensile
strength of the CR3 sample increased by 24% and 11% as
compared to control and CV3, respectively. Also, as the
percentage of recycled glass fiber increases, the split tensile
strength increases. A glimpse of Figure 11 shows that the
increase in split tensile strength at 28 days for CV1 and CV2
mix is higher as compared to CR1 and CR2 mix. Hence,
from this test, it can be stated that the reinforcement of raw
glass fibers with 0.1% content also has a significant positive
effect on the split tensile strength of concrete. Similar im-
provement in tensile strength was also reported by Gupta
and Banthia [16] upon reinforcing concrete with various
virgin fiber types.

'us, it can be stated that the recycled glass fibers have
shown better performance than raw glass fibers and control
concrete in terms of both compressive and split tensile
strength, in particular at 0.3% fiber dosage. 'e authors
believe that better performance with higher dosage of
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Figure 9: Effect of fiber reinforcement in concrete on compressive
strength after 7 and 28 days of curing.
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recycled glass fibers in FRC supports the waste management
of FRP materials.

3.5. Flexural Strength. After investigating the behavior of
FRC in both compressive and tensile loading conditions, it
became interesting to observe the effect of fibers under
flexural loading conditions too. For that purpose, the au-
thors carried out four-point bending test using a closed-loop
system as described earlier in the paper for all mixes. 'e
absolute values of average flexural strength obtained from
the experimental study after 28 days of curing have been
presented in Figure 12.

'e control concrete sample had an average flexural
strength of 4.70MPa. By analysing Figure 12, it is evident
that an increase in fiber dosage results in improving the
strength of the material. Interestingly, at 0.1% dosage, both
raw and recycled glass fiber concrete samples illustrate a
similar increase in strength, at about 7%. On the contrary,
the flexural strength of CV2 and CV3 mixes was compar-
atively higher than CR2 and CR3 mix, respectively. Fur-
thermore, net deflection at cracking was also found to be
higher for CV3 mix as compared to CV1 mix. A possible
reason for this behavior is credited to the higher compressive
strength obtained for CV1 mix vis-à-vis CV3 mix. Similar
behavior was also observed by the authors for CR1 than CR3
mix.'e analysis of this test reveals that the addition of 0.3%
of raw glass fibers increases flexural strength by 28.93%,
while the addition of recycled glass fibers with the same
concentration increased the strength by 22.16%. Similar
improvement in flexural strength with the incorporation of
GFRP waste [33] and proper orientation of fibers in the
cementitious matrix [22] have been reported previously.

Hence, it can be stated that raw glass fibers performed
better specifically for flexural strength, but overall, recycled
glass fibers have shown better improvement in other me-
chanical properties. 'erefore, the positive experimental
results obtained with utilizing recycled glass fibers still
support the authors belief about recycled glass fibers as it
holds the potential to provide a better sustainable, eco-
friendly, and cost-effective solution for the future structural
developments by the construction industry at large.

So far, the authors have reported the mechanical effect,
but it is also important to analyse the effect of the fibers and
different fiber concentrations on the fiber-matrix interface,
which has been carried out by analysing the morphology of
the fractured samples.

3.6. Morphological Analysis. 'e fractured surfaces of two
samples, i.e., concrete reinforced with raw and recycled glass
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strength after 28 days of curing.
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fibers with 0.3% dosage, were analysed to study the fiber-
matrix interface and chemical composition. In view of this,
the samples were mademoisture-free by placing in a vacuum
chamber for couple of hours prior to SEM analysis. Fol-
lowing that, the samples were coated with the 15 nm thick
carbon layer. 'e morphology of CV3 (raw fibers) and CR3
(recycled fibers) samples differed as illustrated in
Figures 13(a)–13(c) and 14(a)–14(c), respectively.

Figure 13(a) depicts the SEM image captured at mag-
nification of 300x, clearly illustrating that raw glass fibers
were randomly oriented in concrete in the form of ag-
glomerates while fiber pull-outs were also visible. 'e
presence of fiber pull-out highlights the poor interfacial
bonding of fibers with the concrete mixture, which in turn
justifies the lower compressive strength and split tensile
strength reported earlier in this paper. Additionally, at a
higher magnification (Figure 13(b)), chemical composition
of a particular section on the sample surface was in-
vestigated, and the results have been tabulated, as shown in
Figure 13(c). From the table (represented in Figure 13(c)), it
can be interpreted that, at 3 different locations, in particular
PA 60 which refers to raw glass fiber, the main concentration
is silicon, which is the basic constituent in a glass fiber.
However, PA 58 and 59 report the presence of silica, alu-
minium, and calcium ions, which is possibly due to some

covalent bonding between glass fibers and C-S-H as well as
C-A-H gel inside the interface.

On the contrary, the microscopic analysis of recycled
glass fiber-reinforced concrete (as shown in Figure 14) is
quite different than those prepared with raw glass fibers. In
Figure 14(a), the glass fibers seem to be oriented in the
longitudinal direction, surrounded by the thick matrix layer
and present in small bundles. It highlights the fact that there
was better interfacial bonding between the cementitious
materials and the glass fibers, due to which the samples
demonstrated significantly better performance during var-
ious mechanical tests. Carefully analysing Figures 14(c) and
13(c), it can be noted that there is higher combined con-
centration of calcium, silicon, sulfur, and aluminium in
recycled glass fiber concrete vis-à-vis raw glass fiber. 'e
slightly higher concentration of calcium silicate hydrate in
the interface explains the positive affect observed earlier on
the compressive strength of concrete. Hence, the mechanical
performance of FRC seems to be justified after analysing the
fractured surfaces.

'e authors believe that this research can be extended by
increasing the dosage of recycled glass fiber in cement to
investigate the effect on shrinkage properties. Also, the
residual fine powder collected by sieving of glass fibers can
act as one of the fillers in preparing the concrete material,
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Figure 13: CV3 (virgin glass fiber) sample: (a) SEM image; (b) location for EDX analysis; (c) EDX analysis.
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which can lead to an ecofriendly and cost-effective alter-
native to use of Portland cement. Following that, the me-
chanical properties of the concrete can be investigated.

4. Conclusions

Based on the results of this experimental investigation, the
following conclusions are drawn:

(1) In situ mechanical method of recycling demon-
strated quantitative reclamation of glass fibers and
PMMA powder from GFRPA waste. 'e winnowing
technique was efficient in separating the GFRPs from
the shredded waste. Following that, a fine sieve
assisted in removing the fine polymer powder from
the recycled glass fibers.

(2) 'e recycled glass fibers appeared to have a resin
coating which promoted their existence in bundles,
as visualized under SEM. Calcium silicate (gypsum)
ions were identified in the fiber-matrix interface
using EDX analysis, which assisted in improving the
mechanical performance in concrete. 'e sharp
fractured edges of glass fibers confirmed the brittle
failure of the concrete material during mechanical
tests.

(3) 'e compressive strength of concrete mix increased
as the percentage of recycled glass fibers increased
for both 7 and 28 days of curing schedule. In the case
of FRC mixes reinforced with virgin fibers, com-
pressive strength decreased for 0.2% (28 days of
curing) and 0.3% (7 and 28 days of curing) fiber
dosages, vis-à-vis the control mix. On the contrary,
maximum enhancement of 22% was achieved for
0.3% volume fraction of recycled glass fibers as
compared to control the concrete sample for both 7
and 28 days of curing regime.

(4) Incorporation of both types of glass fibers demon-
strated a positive impact on the split tensile strength
of concrete. Furthermore, an increase in dosage of
fibers in the mix showed an increase in strength for
both 7 and 28 days of curing cycle. Interestingly,
once again 0.3% recycled glass fibers had a maximum
tensile strength of 3.46MPa vs 2.48MPa (control).
Also, lower concentration of raw glass fiber concrete
samples showed slightly better strength than the
other fibers. 'e authors believe that the results of
split tensile strength were partially influenced by the
compressive strength of the concrete for that mix.

(5) Lastly, the reinforcement of virgin and recycled glass
fibers (with an increasing concentration) also
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Figure 14: CR3 (recycled glass fiber) sample: (a) SEM image; (b) location for EDX analysis; (c) EDX.
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enhanced the flexural strength of concrete. As
compared to the control sample, average flexural
strength was enhanced by 29% and 22% for virgin
and recycled glass fiber samples, respectively, after
28 days of curing at 0.3% volume fraction of the mix.
However, all concrete mixes had a brittle failure, and
no postcrack deflection was observed.
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+is paper investigates the effect of type and dosage of multiwalled carbon nanotubes (MWCNTs) on the mechanical and self-
sensing properties of engineered cementitious composites (ECCs). Two types of MWCNTs (MWCNTa and MWCNTb) were
employed. +e tensile and flexural strengths of CNT-reinforced ECCs were improved compared with normal ECCs, while the
ultimate tensile strain and midspan deflection were reduced. Compared with the dosage of MWCNTs, the type had less effect on
these properties. +e percolation threshold was around 0.3wt.%. ECCs containing MWCNTs had good self-sensing ability under
different loading conditions. When the midspan deflection increased from 0.1 to 0.6mm, the fractional change in resistivity
reached 9%. +e dosage of MWCNTs had a significant effect on the self-sensing ability. As the MWCNT content increased, the
amplitude of fractional change in resistivity decreased.

1. Introduction

Concrete structures deteriorate during their service life
because of continuous use, environment, difficulties in
proper inspection methods, lack of maintenance, etc.
+erefore, structural health monitoring (SHM) is critical
because of the huge loss of life and property caused by
structural failure. One of the key components of SHM is
data acquisition. Currently, sensors are used to collect
strain, temperature, stress, etc. However, these sensors
have disadvantages of high cost, loss of mechanical
properties in structure, and poor durability [1, 2]. Self-
sensing materials on the other hand could overcome the
drawbacks of traditional sensors and be used for data
collection because they are structural materials themselves
and able to sense their own strain and damage [3]. Cur-
rently, carbon nanofibres (CNFs), carbon nanotubes
(CNTs), and graphite nanoplatelets (GNPs) are in-
corporated into cementitious materials to produce in-
trinsic self-sensing cementitious materials to develop self-

sensing cement composites. Currently, most studies focus
on type and dosage of additives, mixing method, and self-
sensing ability of materials or structures [1–10]. Studies
show that the resistivity and piezoresistivity of the CNT-
cement composite depend on the conductivity network in
the composite. Different optimal dosages of CNTs for
better sensing abilities were reported. For example, Han
et al. [5] found that composites with 0.1 wt.% CNTs had
better performance. However, Luo et al. [6] concluded that
0.5 wt.% of CNTs showed better stability. Dispersion of
CNTs will also affect the properties of the CNT-cement
composite. In order to achieve improved mechanical and
electrical properties, the CNTs should be dispersed ef-
fectively in the cement paste. Al-Dahawi et al. [10] in-
vestigated the effect of different dispersion methods on the
electrical resistivity and found that mechanical mixing
with shear effect was very influential in dispersing CNTs.
Currently, most studies used cement. However, traditional
cement-based materials are typically quasi-brittle material
with low tensile strain capacity. In this case, it is impossible
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to monitor large deformation of the structure by these self-
sensing cement composites.

Engineered cementitious composites (ECCs) are fiber-
reinforced cementitious composites with excellent tensile
ductility and good durability under harsh environment [11–
19]. +e research found that incorporating conductive filler
into ECCs could make it self-sensing [18–23]. Lin et al. found
that adding a small dosage of carbon black (CB) into the ECC
system could enhance matrix tensile strength and achieve self-
sensing ability [20]. Al-Dahawi et al. [21] found the percolation
threshold of multiwalled carbon nanotubes, graphene nano-
platelets, carbon black, and carbon fiber in ECCs was around
0.55%, 2.00%, 2.00%, and 1.00%, respectively. +ese carbon-
based materials improved compressive strength and self-
sensing ability under both compressive and flexural tests
[22]. Current research shows that it is possible to use modified
ECCs for SHM. However, few research was conducted to
investigate the influence of types of CNTs on the mechanical
and self-sensing properties of CNT-reinforced ECCs at dif-
ferent midspan deflection ranges. In this study, the uniaxial
tensile test and four-point flexural test were employed to study
the mechanical and self-sensing ability of ECCs containing
different dosages and types of CNTs.

2. Experimental Work

2.1. Materials. +e P.O. 42.5 ordinary Portland cement and
Class F fly ash, produced in Jinan, China, were used. +e
main chemical compositions are presented in Table 1. +e
0.096–0.18mm sand was local silica sand. +e polyvinyl
alcohol (PVA) fiber had a length of 12mm, diameter of
39mm, nominal tensile strength of 1620MPa, specific
gravity of 1.3, and elastic modulus of 42.8GPa. Figure 1
shows the microstructure of PVA fiber. Two types of
multiwalled carbon nanotubes were adopted. +e main
properties are summarized in Table 2. +e surfactant for the
dispersion of MWCNTs was polyvinylpyrrolidone (PVP), a
white powder produced in Jinan. +e polycarboxylate-based
high-range water reducer (HRWR) was employed.+e water
used was distilled water produced in the laboratory.

2.2.PreparationofECCSpecimen. +euniform dispersion of
MWCNTs without agglomerations is critical for specimen’s
mechanical properties and electrical conductivity by
forming continuous conductive network [10, 24]. In this
study, PVP (PVP to MWCNT ratio of 0.8) was first added
into the distilled water and then stirred using a magnetism
stirrer until fully dissolved. Subsequently, MWCNTs were
added into the solution and sonicated with a probe sonicator
(Ningbo Scientz Biotechnology, Model JY92-IIN, 640W
ultrasonic power and 40% amplitude) for 15minutes.

To prepare the specimen, the cement, fly ash, and sand
were first mixed at low speed (140 rpm) for 2minutes. +e
HRWRwas added into the well-dispersed MWCNTsolution
and then poured into the mixer. All materials were mixed at
low speed for 1minute, followed by 2minutes at high speed
(285 rpm). After that, the PVA fibers were slowly added into
the mix and continuously mixed at high speed for three

more minutes to ensure uniform dispersion of the PVA
fibers. After mixing, the mix was poured into the mold. +e
specimens were demolded after 1 day and cured at a
standard curing room with a temperature of 22± 2°C and
relative humidity of 98% for 28 days.

2.3. Experimental Design. +is paper studied the effect of
MWCNT type and dosage on the mechanical and self-
sensing properties. Two types of MWCNTs (MWCNTa
and MWCNTb) and four dosage levels were adopted.
+erefore, total 9 mixes were designed. +e different mix
proportions are listed in Table 3. In all mixes, the PVP to
MWCNT ratio was 0.8. Different amount of HRWR was
used for different mixes to achieve similar workability of
ECC mortar (before adding fiber) because workability of the
matrix significantly influences fiber dispersion uniformity,
which results in different strain capacities [25].

2.4. Testing Methods. Uniaxial tensile and four-point
bending tests were conducted to evaluate the strain-
hardening property of ECCs. For each test, three
5mm× 50mm× 170mm specimens were used. +e average

Table 1: Main chemical compositions of cement and fly ash.

Composition
(%) CaO SiO2 Al2O3 MgO Fe2O3 SO3 Na2O

Cement 64.63 21.96 4.73 2.59 0.03 0.3 0.56
Fly ash 3.88 45.66 31.52 0.89 9.70 0.37 3.02

(a)

(b)

Figure 1: Microstructure of PVA fiber.
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value was presented. For direct tensile testing, the LVDT
displacement sensor was employed to measure displace-
ment. +e load was applied at 0.2mm/min by the WDW-
100E universal testing machine (Figure 2(a)).

+e bending test could be used as an indirect evalu-
ation method for the strain-hardening properties of ECCs.
+e 15mm × 50mm × 170mm specimen was loaded at
0.5mm/min using the WDW-100E universal testing ma-
chine (Figure 2(b)). +e midspan deflection was moni-
tored by the LVDT displacement sensor.

+e two-probe method was adopted to measure the
electrical resistivity of the ECC specimen (Figure 3). +e
voltage between two electrodes (70mm apart) was auto-
matically measured by using a Keithley 2100multimeter.+e
electrical resistance was calculated by Ohm’s law. +e
electrical resistivity (ρ) and the fractional change in re-
sistivity were calculated by using the following equations:

ρ � R
A

l
,

Δρ
ρ0

�
ρL − ρ0
ρ0

× 100%,

(1)

where R is the material’s electrical resistance (Ω), l is the
electrode interval (m), A is the electrode area (m2), and ρ0 is
the initial electrical resistivity (Ω·m), and ρL is the electrical
resistivity during flexural loading (Ω·m).

+e self-sensing ability of MWCNT-reinforced ECCs
was investigated under three loading scenarios: (1) con-
tinuous flexural loading: the specimen was continuously
loaded at a constant rate of 0.5mm/min until failure; (2)
multiple-stage loading: the specimen was loaded at five
stages. For each stage, the flexural load was applied at
0.5mm/min for 1minute and then kept the deflection
constant for one more minute; (3) cyclic flexural loading: the
flexural load was applied and released four times until
reaching the specified midspan deflection.+e specimen was
dried under 60°C in the oven for two days to eliminate the
effect of moisture.

3. Results and Discussion

3.1. Mechanical Properties. As shown in Figure 4, the ECC
exhibits strain hardening behavior under both loading
conditions. +e strain first increased almost linearly with
stress before the first cracking, which is the defined as the
first inflection point. After that, more cracks developed,
resulting in the plastic strain at increasing stress.+e effect of
MWCNTs on the first cracking strength, first cracking strain
or deflection, ultimate strength, and ultimate strain or de-
flection was discussed in the following section.

Figure 5 shows the effect of MWCNT type and dosage on
the uniaxial tensile properties. Figure 5(a) shows that the first
cracking strength increased with the increase of MWCNT
dosage. +e specimens with different MWCNTs had similar
strength. +e first cracking strength increased by 18.2%,
34.8%, 40.3%, and 45.9%, as the MWCNTa dosage increased
from 0 to 0.1%, 0.3%, 0.5%, and 0.7%, respectively. When
MWCNTb was added, the first cracking strength increased by
8.8%, 26.0%, 33.1%, and 43.1%, respectively. Figure 5(b) in-
dicates that when MWCNT content increased from 0% to
0.7%, the ultimate tensile strength for the ECC with
MWCNTa increased by 6.2%, 11.7%, 23.1%, and 31.7%, re-
spectively, and for the ECC with MWCNTb, the ultimate
tensile strength increased by 3.8%, 9.0%, 20.7%, and 33.1%,
respectively. +ese two types of MWCNTs had a similar effect
on ultimate tensile strength. +e increase of strength by
addingMWCNTs could be possibly caused by several reasons.
First, MWCNTs could act as the filler inside the skeleton of
hardened cement paste, resulting in denser structure. Second,
MWCNTs could accelerate early-age cement hydration.
+ird, MWCNTs are able to bridge the microcracks due to its
very high length to diameter ratio [20, 26].

Different from strength, the first cracking and ultimate
tensile strains decreased as MWCNTs were added. As shown
in Figure 5(c), when MWCNTcontent increased from 0% to
0.7%, the first cracking tensile strain reduced 6.3%, 25.0%,
34.4%, and 25.0% for the MWCNTa-ECC, and by 25.0%,
31.3%, 40.6%, and 12.5% for the MWCNTb-ECC,

Table 2: Main physical properties of MWCNTs.

Type OD (nm) Length (μm) Purity (wt.%) Ash (wt.%) −COOH (wt.%) Specific surface area (m2·g−1)
MWCNTa 8–15 ∼50 >95 <1.5 2.56 >130
MWCBTb 30–50 <10 >98 <1.5 0.73 >100

Table 3: Mix proportions of MWCNT-reinforced ECCs.

No.
Normal ECC mix proportions MWCNTs (wt.%)

Cement (kg/m3) Fly ash (kg/m3) Sand (kg/m3) Water (kg/m3) HRWR (kg/m3) Fiber (kg/m3) MWCNTa MWCNTb
1 570 684 455 331 5.5 27 0 0
2 570 684 455 331 7 26 0.1 0
3 570 684 455 331 8.5 26 0.3 0
4 570 684 455 331 10 26 0.5 0
5 570 684 455 331 12 26 0.7 0
6 570 684 455 331 6.5 26 0 0.1
7 570 684 455 331 7 26 0 0.3
8 570 684 455 331 7.5 26 0 0.5
9 570 684 455 331 8 26 0 0.7
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respectively. +e reduction could be caused by the increased
modulus and also the bridging effect of MWCNTs, which
limits the deformation of the ECC matrix when the ECC
starts to crack. +e reduction of ultimate tensile strain was
higher than that of the first cracking strain. +e ultimate

tensile strain was decreased by 13.7%, 25.1%, 30.0%, and
27.6% for the MWCNTa-ECC and by 4.5%, 15.9%, 21.5%,
and 20.1% for the MWCNTb-ECC, respectively. +e re-
duction of the ultimate tensile strain could be caused by the
improved fiber-to-matrix bond.
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Figure 4: Typical mechanical behavior of different ECCmixes. (a) Uniaxial tensile stress-strain curve. (b) Midspan deflection under flexural
loading.

(a) (b)

Figure 2: Testing setups for mechanical behavior: (a) uniaxial tensile test and (b) four-point bending test.

Figure 3: Testing setup for electrical resistivity of the ECC.
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Figure 6 shows the flexural behavior of ECCs with
different dosages and types of MWCNTs. As shown in
Figure 6(a), MWCNTs had significant effect on the first
cracking flexural strength, which increased as the dosage
of MWCNTs increased. When MWCNTcontent increases
from 0% to 0.7%, the strength increased by 78.2%, 94.0%,
130.9%, and 125.6% for the MWCNTa-ECC and by 77.7%,
81.4%, 97.2%, and 105.3% for the MWCNTb-ECC.
However, MWCNTs had less effect on ultimate flexural
strength (Figure 6(b)). When MWCNT content increases
from 0% to 0.7%, the ultimate flexural strength increased
17.2%, 22.1%, 27.3%, and 22.6%, respectively, for the
MWCNTa-ECC and 12.8%, 19.0%, 4.1%, and 28.4%, re-
spectively, for the MWCNTb-ECC. +is trend is consis-
tent with current research [28]. As observed by Sakulich
and Li [28], CNTs consolidated around the PVA fibers and
could increase mechanical properties by bridging
microcracks. +erefore, the first cracking strength in-
creased. Different from the first cracking strength, the
ultimate flexural strength depends more on fiber-to-
matrix bonding and the matrix’s elastic modulus

[29, 30]. MWCNTs may form a strong matrix-to-CNT
bond, but the effect could be reduced by the improved
matrix density and stiffness [27].

Similar to the tensile strain, MWCNTs reduced the
midspan first cracking and ultimate deflection. As shown in
Figure 6(c), the MWCNTa-ECC had higher midspan first
cracking deflection than the MWCNTb-ECC, except when
0.7% MWCNTs was added. +e MWCNTa-ECC, however,
had lower ultimate deflection than the MWCNTb-ECC.+e
highest reduction of ultimate deflection was 41.1% and
22.0% for the MWCNTa-ECC and MWCNTb-ECC,
respectively.

3.2. Self-Sensing Behavior. Figure 7 shows that the addition
of MWCNTs, regardless of the type of MWCNTs, reduced
the electrical resistivity. As the dosage of MWCNTs in-
creased from 0.1% to 0.3%, the resistivity was reduced
around 54% for both types of ECCs. After that, the re-
sistivity started to decrease slowly with the increase of
MWCNTs. +e resistivity of the ECC was determined by
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Figure 5: Characteristics of stress-strain curves of the uniaxial tensile test for MWCNT-reinforced ECCs. (a) First cracking tensile strength.
(b) Ultimate tensile strength. (c) First cracking tensile strain. (d) Ultimate tensile strain.
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two aspects: (1) the intrinsic resistance of the cement matrix
and MWCNTs and (2) the contact resistivity of MWCNTs,
including resistance between the connected MWCNTs and
the tunnelling resistance effect, which depends on the
thickness and the conductive properties of the matrix filling

the tunnelling gap [27]. As the dosage of MWCNTs in-
creased, more and more MWCNTs are connected, resulting
in lower contact resistance and smaller thickness of gaps
among unconnected MWCNTs, which in turn reduces
tunnelling resistance. +erefore, the resistivity of the ECC
reduces with the increase of MWCNT dosage. When the
connected MWCNT network is formed, the resistivity is
mainly determined by direct contact resistivity of
MWCNTs.+erefore, the further increase of MWCNTs will
not significantly decrease the resistivity [22]. +is phe-
nomenon is called electrical percolation [31]. Figure 7
indicates that MWCNT-reinforced ECCs had typical fea-
tures of electrical percolation phenomenon. +e percola-
tion threshold of ECCs containing MWCNTs was around
0.3% by weight, over which resistivity drops sharply. Since
the type ofMWCNTs had no significant effect on resistivity,
the ECC with MWCNTa was selected to investigate the self-
sensing behavior.

Figure 8 illustrates the self-sensing behavior of ECCs
with 0.3% MWCNTa subjected to continuous four-point
flexural loading. As shown in the figure, the fractional
change in resistivity (FCR) increased with time. +e FCR
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Figure 6: Stress-deflection curves of the flexural test for ECCs containing different MWCNTs. (a) First cracking flexural strength of
MWCNT-ECCs. (b) Ultimate flexural strength of MWCNT-ECCs. (c) Midspan first cracking deflection of MWCNT-ECCs. (d) Midspan
ultimate deflection of MWCNT-ECCs.
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curve could be divided into two stages: before and after the
first crack. Before the first crack, the FCR increased slowly.
At this stage, as the stress increased, the distance among
MWCNTs increased and some connected MWCNTs were
separated, resulting in higher resistivity [26, 27]. After the
first crack, multiple cracks developed and crack width
increased. +e cracks cut off some electric channels,
resulting in much higher resistivity. +erefore, FCR in-
creases quickly. Figure 9 shows the self-sensing behavior of
ECCs subjected to multiple-step loading. +e FCR changed
simultaneously with the deflection. +e FCR was constant
when the deflection was kept unchanged.+e FCR was over
80% when the deflection increased to 3.5mm. According to
Figures 8 and 9, ECCs with MWCNTs had good self-
sensing ability.

Figure 10 illustrates the self-sensing behavior of ECCs
containing 0.3% MWCNTa under cyclic loading at different
midspan deflection ranges. Generally, the resistivity in-
creased upon loading and decreased upon unloading in
every cycle. When the midspan deflection was between 0.1
and 0.6mm, the resistivity was also reversible, indicating
better self-sensing ability. When the midspan deflection was
less than 0.2mm, specimen was under elastic stage without
no apparent cracks. During this stage, the change of re-
sistivity was mainly caused by the separation of MWCNTs,
leading to higher contact resistivity. When the defection
reached 0.6mm, the specimen was in the plastic range and
cracks were formed. +e change of resistivity was mainly
caused by crack opening and closing. As shown in the figure,
FCR reached 9% when the deflection was from 0.1 to
0.6mm.

Figure 11 indicates that the dosage of MWCNTs had
significant effect on the self-sensing ability. For MWCNT
content up to 0.7%, the FCR had good relationship with the
midspan deflection. However, as the MWCNT content in-
creased, the amplitude of FCR decreased.+e FCR decreased
from 9% to 4.1% and 2.5% when the dosage of MWCNTs
increased from 0.3% to 0.5% and 0.7%, respectively. +is
could be caused by the MWCNT network inside ECCs. As
the MWCNTcontent increased, the tunnelling gap would be

shortened, and then the MWCNT network was getting
stabilized and hard to change under loading, resulting in
lower FCR.
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4. Conclusions

+is paper studied the mechanical and self-sensing prop-
erties of MWCNT-reinforced ECCs. +e conclusions are
listed as follows:

(1) MWCNTs improved first cracking tensile strength
and ultimate tensile strength under the uniaxial
tensile test while reducing first cracking tensile strain
and ultimate tensile strain. For the four-point flex-
ural testing, MWCNTs improved first cracking
flexural strength and ultimate flexural strength, while
reducing midspan first cracking deflection and
midspan ultimate deflection.

(2) +e percolation threshold of ECCs containing
MWCNTs was around 0.3% by weight.

(3) ECCs containing MWCNTs had good self-sensing
ability under both continuous flexural loading,
multiple-step loading, and cyclic loading conditions.
When the midspan deflection was between 0.1 and
0.6mm, the FCR reached 9%.

(4) +e dosage of MWCNTs had significant effect on the
self-sensing ability. As the MWCNT content in-
creased, the amplitude of FCR decreased.
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[10] A. Al-Dahawi, O. Öztürk, F. Emami, G. Yıldırım, and
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Coupling electromechanical cell-based smoothed finite element method (CSFEM) with the asymptotic homogenization method
(AHM) is presented to overcome the overstiffness of FEM. +is method could accurately simulate the dynamic responses and
electromechanical coupling effects of piezoelectric composite material (PCM) structures. Firstly, the efficient performances for
active compounds of round cross-section fibers are calculated based on AHM. Secondly, in the CSFEM, electromechanical multi-
physic-field FEM is coupled with gradient smoothing technique. CSFEM returns the nearly exact stiffness of continuum
structures, which auto discretes the elements in complex areas more readily and thus remarkably reduces the numerical errors.
Static and dynamic characteristics of four PCM structures are investigated using CSFEM with AHM. Results are compared with
analytical solution and those of FEM, which proves that CSFEM with AHM is more accurate and reliable than the standard FEM
when solving problems of complex structures. Additionally, CSFEM could provide results of higher accuracy even using distorted
meshes. +erefore, such method is a robust tool for analyzing mechanical properties of PCM structures.

1. Introduction

Piezoelectric composite materials (PCMs) could confirm
between mechanical energy and electrical energy [1]. PCMs
are made of piezoceramics and passive non-piezoelectric
polymers [2, 3]. +ese composites possess superior prop-
erties owing to the most promising characteristics of
components as well as various structures.

Because of the electromechanical effects, PCMs are more
often used as sensors or actuators into noise, vibration,
precision position control, energy harvesting, and structural
health monitoring [4–6]. +us, the electric-mechanical
properties of PCMs were investigated widely. +e hetero-
geneous media can be generally characterized by micro-
mechanical models. Under such scenario, numerical or
analytical ways were used to electromechanically charac-
terize PCMs.

Some analytical approaches were presented to in-
vestigate PCMs, but the methods were limited by boundary
conditions and loading cases [7, 8]. Moreover, single in-
clusion was applied into a piezoelectric material based on
the micromechanical theory with the electromechanical
solution [9–13]. Also, the asymptotic homogenization
method (AHM) was developed to solve the effective co-
efficients of PCMs with the square fibers distribution
[14, 15]. AHM can be used to calculate effective perfor-
mances of structures made of hexagonal symmetrical and
randomly distributed fibers [16, 17]. +e effective elastic
coefficients of periodic composites could be solved by an
asymptotic method [18]. Otero et al. expressed the effective
properties of reinforced PCMs in the closed form [19]. de
Medeiros et al. studied the effective coefficients of PCMs
made of circular or squared cross-sectional fibers based on
AHM [20]. Viaño et al. derived a high-order asymptotic
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expanding model of piezoelectric rods [21]. Le built an
exact 2D theory based on the variation asymptotic method
for functionally graded PCMs [22]. Fantoni et al. proposed
a multifield AHM to analyze the periodic microstructured
PCMs exposed to body force, charge density, and heat
sources [23]. However, closed-form solutions which are
very a valuable benchmark to issues concerning PCMs are
often inaccessible except for relatively simple boundary and
geometry conditions.

Among numerical approaches, researchers usually
use the finite element model (FEM) to develop a specific
representative volume element (RVE) for various
physical problems, including piezoelectricity. Kar-Gupta
and Venkatesh developed an FEM to evaluate how the
fiber form affected the general piezoelectric characteristic
of PCMs [24]. Jin et al. developed a micromechanical
model based on linear stress strain relations and the
stress amplification factor to determine the microstress
under various mechanical loadings [25]. de Medeiros
et al. compared the analytical model and FEM with RVEs
in calculating the effective coefficients of PCMs [20].
Würkner et al. established a numerical model to estimate
the effective indexes of unidirectional fiber-reinforced
PCMs with rhombic fiber arrangement [26]. Mishra et al.
extended FEM to evaluate the effective properties of
PCMs with SU8 photoresist as the matrix reinforced by
the vertically arrayed ZnO nanowires [27]. Bowen et al.
discussed the effective properties of new PCMs based on
ferroelectric PCR-7M ceramic [28]. +ough most of the
FEMs can interpolate displacement and electric potential
as kinematic field indicators with satisfactory compati-
bility equations, these methods are often limited by
overly stiffness, inaccuracy, and sensitivity to mesh
distortion. +ese limitations can be overcome by hybrid
and mixed finite elements [29–32]. Other contributions
include drilling degree-of-freedom piezoelectric ele-
ments [33–35]. For details and review on FEM estab-
lishment for PCM analysis and modeling, refer to
Reference [36]. So far, much research has been conducted
to develop new special elements [12, 37]. However, the
application of FEM is yet limited by the occurrence of
mesh distortion.

To solve the problem of mesh distortion in FEM, Liu
et al. presented a new smoothed FEM by incorporating the
gradient smoothing technique (GST) into FEM for solid
mechanics problems, based on the nodal integrated
meshless methods [38–42]. +e FEM employs standard
Galerkin formulation in which the stiffness matrix is
stiffened by the presumed displacement field [43]. In the
smoothed FEM, the smoothed Galerkin weak form is used
where GST softens the stiffness matrix through the soft-
ening effect. +eoretically, the smoothed FEM in the en-
ergy norm often creates a softer stiffness matrix than the
FEM with the same background meshes [44, 45]. +is
unique ability endows smoothed FEM with many critical
characteristics [46], such as the easier modeling, upper
bound solution property [47], and even nearly perfect
solutions in a norm [43, 48–52]. +e softening effects
enable smoothed FEM to process highly distorted meshes

and n-sided polygonal elements [45]. +e smoothed FEM
interpolates displacement according to the same lower
standard mesh and evaluates the weak form based on the
smoothing zones.

An ultraprecise hybrid smoothed FEM for the piezo-
electric problem was designed using with the simplest
three- and four-sided elements in 2D and 3D, respectively
[53]. An edge-based smoothed FEM was proposed for
static eigenvalue assessment of 2D piezoelectric structures
[54]. An effective numerical method was presented to
optimize and maximize the basic frequency of functionally
graded carbon-nanotube-strengthened four-sided sheets
[55]. On the commercial software ABAQUS, Bhowmick
and Liu established a phase-field model based on cell-
based smoothed FEM (CSFEM) to address the brittle
fracturing in solids [56]. Pramod et al. developed the
CSFEM with the Reissner’s mixed variational theorem to
analyze the static and free vibration of cross-ply sheet
plates [57].

In this work, the dynamic characteristics on PCM
structures were studied by using the technique based on
the effective CSFEM with AHM. Longitudinal/transversal
elastic, piezoelectric, and dielectric effective parameters of
a piezoceramic fiber with an O-shaped geometrical section
buried in a non-piezoelectric material were computed by
AHM based on micromechanics. +e CSFEM of PCM
structures was presented by applying GST into the exit
FEM for an electromechanical coupling field. +en, the
equations of the dynamic responses under the multifield
for PCM instruments were deduced. Finally, a bilayered
PCM actuator and a PCM energy harvester based on
micromechanics were calculated by CSFEM. Results of
CSFEM were compared with those of FEM, which vali-
dated that CSFEM possessed the advantages of accuracy,
convergence, and efficiency. Besides, CSFEM was in-
sensitive to mesh distortion, which was very useful to
analyze complex structures or large deformation prob-
lems. +erefore, CSFEM with AHM performed better than
FEM.

+is paper is organized as follows: Section 2 introduces
the basic formulations for PCMs. Sections 3 and 4 describe
the AHM based on micromechanics and CSFEM, re-
spectively. Section 5 puts forward the modified Wilson-θ
method. In Section 6, the bilayered PCM actuator and the
PCMs energy harvester were elaborated. Section 7 gives the
conclusions.

2. Basic Equations for PCMs

2.1. Geometry and Coordinate System. +e cross section of a
PCM beam was a rectangle with length L, breadth b, and
height h. Here, the continuum theory was used. +e PCMs,
cylindrical piezoceramic fibers, were buried in the epoxy
substrate. +e Cartesian coordinate system (x1, x2, x3) and
geometric parameters are illustrated in Figure 1.

2.2. Constitutive Equations. +e 3D linear constitutive
equations, which can very accurately model the
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electromechanical coupling behavior of PCMs, are polarized
along the global coordinates as follows:
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where σij and εkl are the stress and infinitesimal strain
tensors, respectively; Ei and Di are electric field and electric
displacement vector components, respectively; eik, ckl, and χij
are the piezoelectric, elastic, and dielectric material con-
stants, respectively.

In the PCM beam, equations (1) and (2) could be written
in the matrix form:

σ � Cε− eE,

D � eTε + χE,
(3)
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+e balance law and Gauss’ law underlie the description
of the coupled field responses, and in the case of no body
force and for quasistatic electromechanics, equations can be
expressed as

σji,j � 0,

σji � σij,

Di,i � 0.

(5)

+e boundary conditions are as follows:
For the mechanical fields,

ui(t) � ui(t) on Γu,

σijnj � βi(t) on Γβ,

Γ � Γu ∪ Γβ.

(6)

L

h

b

x3

x2

x1

Figure 1: A PCMs beam: geometric parameters and Cartesian coordinate system.
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For the electric fields,

Φ(t) � Φ(t) on Γp,

Dini � Q(t) on Γb,

Γ � Γa ∪Γb,

(7)

where Γ, ui(t), and Φ(t) are the global boundary, dis-
placement, and electrical potential, respectively; Γu, Γβ, Γp,
and Γq are the prescribed displacement, traction vector,
normal component of the electric displacement vector, and
electrical potential of Γ, respectively; βi(t) and Q(t) are the
surface load and surface density of free charge, respectively.

3. AHM

A fiber and matrix two-phase structure (Figure 2(a)) is
defined by a composite bodyΩ and the axis x3 parallel to the
fibers. Straight reinforcement is periodically arranged.
Hence, RVE could be illustrated in Figure 2(b). +e periodic
cell S has a squared transversal , which includes a circle of
radius R (Figure 2(c)).

+e phases are supposed to be homogeneous and
electroelastically linear. Between the fiber and the matrix is
the interface Γ, which is regarded as perfect. In the com-
posite, the dimensions l and L are the fiber diameter and the
center-to-center distance between two adjacent cylinders
(fibers), respectively. Since ε� l/L is far smaller than the
dimension of RVE, two space scales the slow variable x and
the fast variable y� x/ε, can be separated. +e stress and
strain tensors, electrical displacement vector, and electric
potential are continuous across Γ or namely between phases.
+us, Ckl, eik, and χij have piecewise constant roles in the
periodic cells.

+e first set of math issues has new physical relation-
ships over Ω with mechanical (C), piezoelectric (e), and
dielectric (χ) constant coefficients, which reflect the
characteristics of a uniform medium Ω and are called the
effective characteristics of PCMs (Figure 2).+e coefficients
cijpq, eipq, and χip could be computed using the equations in
Reference [14].

4. Electromechanical CSFEM

4.1. Weak Formulation. +e virtual work for a piezoelectric
material with volume Ω and regular boundary surface Γ can
be expressed as

δΠ � δU− δW � −
Ω
δεTσdΩ + 

Γ
δuTβdΓ

+ 
Ω
ρδuT €udΩ + 

Ω
δE

TDdΩ + 
Γ
QδΦdΓ � 0,

(8)

where ρ and δ are mass density and virtual quantity, re-
spectively. Ω is divided into np elements, which contains Nn
nodes, and the approximation displacement u and electrical
potential Φ for an FGPM problem can be expressed as

u � 

np

i�1
N

u
i ui � Nuu,

Φ � 

np

i�1
N
Φ
i Φi � NΦΦ,

(9)

where Nu and NΦ are the shape functions of electrome-
chanical CSFEM displacement and electrical potential,
respectively.

Fiber
Matrix

x1

x2

x3

RVE

y1

y2

d
S1

S2 ω1 = l/2

Γ 

(a) (b)

(c)

ω2 = m/2

Figure 2: +e geometric mode of PCMs: (a) structure, (b) representative volume element (RVE), and (c) transversal cross-section of the RVE.
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A 4-node element is separated into four smoothing
subdomains Ωk

i . +e nodes of field and edge/center
smoothing, the edge Gaussian points, outer normal vector
distribution, and the shape functions are shown in Figure 3.

At any point xk inΩk
i , the smoothed form of strain ε(xk)

and electric field E(xk) are

ε xk
  � 

Ωk
i

ε(x)r x − xk
 dΩ, (10)

E xk
  � 

Ωk
i

E(x)r x− xk
 dΩ, (11)

where r(x − xk) is the constant function:

r x − xk
  �

1/Ak
i , x ∈ Ωk

i ,

0, x ∉ Ωk
i ,

⎧⎨

⎩ (12)

where

A
k
i � 
Ωk

i

dΩ. (13)

Substituting equation (12) in equations (10) and (11), we
have

ε xk(  �
1

Ak
i


Γk

i

nk
uudΓ, (14)

E xk(  �
1

Ak
i


Γk

i

nk
ΦΦdΓ, (15)

where Γki is the boundary of Ω
k
i and nk

u and nk
Φ are the outer

normal vector matrices of the smoothing domain boundary:

nk
u �

nk
x1

0

0 nk
x3

nk
x3

nk
x1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

nk
Φ �

nk
x1

nk
x3

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦.

(16)

Equations (14) and (15) can be newly expressed as

ε xk
  � 

ne

i�1
B

i

u xk
 ui,

E xk
  � −

ne

i�1
B

i

Φ xk
 Φi,

(17)

where ne is the number of smoothing elements.

B
i

u xk
  �

1
Ak

i


Γk

Nu
i nk

x1
0

0 Nu
i nk

x3

Nu
i nk

x3
Nu

i nk
x1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

dΓ, (18)

B
i

Φ xk
  �

1
Ak

i


Γk

NΦi nk
x1

NΦi nk
x3

⎡⎢⎣ ⎤⎥⎦dΓ, (19)

At the Gaussian point xGb , equations (18) and (19)
become

B
i

u xk
  �

1
Ak

i



nb

b�1

Nu
i xGb( nk

x1
0

0 Nu
i xGb( nk

x3

Nu
i xGb( nk

x3
Nu

i xGb( nk
x1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

l
k
b,

B
i

Φ xk
  �

1
Ak

i



nb

b�1

NΦi xGb( nk
x1

NΦi xGb( nk
x3

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠ l
k
b,

(20)

where lkb is the length of the smoothing boundary and nb is
the total number of boundaries in a subdomain. As the shape
function varies linearly along each side of the subdomain,
one Gauss point is enough for precise boundary integration
[38].

+e essential distinction between CSFEM and FEM is
that FEM needs to construct the shape functionmatrix of the
element, while CSFEM only needs to use the function at the
Gaussian point of the smoothing element boundary and
avoids the function derivatives, which reduces the continuity
requirement of the shape function and improves the ac-
curacy and convergence.

+e dynamic model of the PCM electromechanical
system can be deduced from the Hamilton rule as follows:

M€q + Kq � F, (21)

where

M �
Muu 0

0 0
⎡⎢⎣ ⎤⎥⎦,

q
··

�
u
··

Φ
··

⎧⎨

⎩

⎫⎬

⎭,

K �
Kuu KuΦ

KT
uΦ KΦΦ

⎡⎢⎢⎣ ⎤⎥⎥⎦,

q �
u

Φ

⎧⎨

⎩

⎫⎬

⎭,

F �
F

Q

⎧⎨

⎩

⎫⎬

⎭,

Muu � 
e

Me
uu,

Me
uu � diag m1, m1, m2, m2, m3, m3, m4, m4 ,

(22)

where mi � piT, Ak
i (i� 1, 2, 3, 4) is the mass of the i-th

smoothing element related to node i, T is the smoothing
element thickness, and pi is the density of the Gaussian
integration point of the i-th smoothing subdomain.
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Kuu � 

nc

i�1
B

iT
u CB

i

uA
k
i ,

KuΦ � 

nc

i�1
B

iT
u eB

i

ΦA
k
i ,

KΦΦ � −

nc

i�1
B

iT
Φ χB

i

ΦA
k
i ,

F � 
Γq
NT

uβdΓ,

Q � 
Ω
NT
ΦQdΩ,

(23)

where nc � np × ne.

5. Modified Wilson-θ Method

+e modified Wilson-θ method is an important scheme
and an implicit integral way to solve the dynamic system
equations. If θ > 1.37, the solution is unconditionally
stable. +e detailed procedures are shown as follows.

5.1. Initial Calculation

(1) Formulate generalized stiffness matrix K, mass
matrix M

(2) Calculate initial values of u, _u, €u

(3) Select the time step Δt and the integral constant θ
(θ�1.4)

a0 �
6

(θΔt)2
,

a1 �
3

(θΔt)
,

a2 � 2a1,

a3 �
θΔt
2

,

a4 �
a0

θ
,

a5 � −
a2

θ
,

a6 � 1−
3
θ
,

a7 �
Δt
2

,

a7 �
Δt
2

,

a8 � −
Δt2

6
.

(24)

(4) Formulate an effective generalized stiffness matrix K:
K � K + a0M.

(0,0,1/2,1/2)

(0,1/2,1/2,0)

(1/2,1/2,0,0)

(1/2,0,0,1/2)

A2
k

A1
k

A4
k A3

k

Ω2
kΩ1

k

Ω4
k Ω3

k

Γc

(0,0,0,1)
(0,0,1,0)

(0,1,0,0)(1,0,0,0)

Smoothing cells

Element k

Gaussian points
Midside points

Centroidal points
Field nodes

Figure 3: Smoothing subcells and the values of shape functions.
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5.2. For Each Time Step

(1) Calculate the payload at time t+ θΔt:
Ft+θΔt � Ft + θ Ft+Δt −Ft(  + M a0qt + a2 _qt + 2€qt( .

(25)

(2) Calculate the generalized displacement at time
t+ θΔt:

Kut+θΔt � Ft+θΔt. (26)

(3) Calculate the generalized acceleration, generalized
speed, and generalized displacement at time t+Δt:

€ut+Δt � a4 ut+θΔt −ut(  + a5 _ut + a6 €ut,

_ut+Δt � _ut + a7 €ut+Δt + €ut( ,

ut+Δt � ut + Δt _ut + a8 €ut+Δt + 2€ut( .

(27)

6. Numerical Results

6.1. A Singer-Player PCMs Strip. In this example to test the
precision of CSFEM under mechanical and electrical
boundary conditions, we used the shear deformation of a
piezoelectric strip (1× 1mm2, thickness t� 10 μm) under
compressive stress σ0 � 5N·mm−2 and applied voltage V0 �

1000V (Figure 4). +e PCMs, piezoceramic fibers (PZT-5A),
were buried in the non-piezoelectric epoxy matrix. +e
material properties are shown in Table 1 [20]. A block of
10000 square cells (each cell 10×10×10 μm3) was used in the
composite z with the specific fiber volume fraction of 55.55%.
One part of the PCM structure (60×10× 40 μm3) is shown in
Figure 5. +e materials were polarized under the electric field
set to the left and right edges, which resulted in shear strain.
+e boundary conditions were applied to the strip edges:

Φ,z(x, z � ±h) � 0,

σzz(x, z � ±h) � σ0,

σxz(x � L, z) � 0,

σxz(x, z � ±h) � 0,

Φ(x � L, z) � −V0,

σxx(x � L, z) � 0,

Φ(x � 0, z) � V0,

u(x � 0, z) � 0,

v(x � 0, z � 0) � 0.

(28)

+e analytical solution to this problem is shown below
[58]:

u � s13σ0x,

v �
d15V0x

h
+ s33σ0z,

Φ � V0 1−
2x

L
 .

(29)

It should be noted that all 11 effective coefficients in
Table 2 were determined using AHM. CSFEM, FEM, and
analytical solution were all based on AHM. +ree meshes
(each 10×10, including one with uniform elements and two
with distorted elements) were analyzed by CSFEM (Fig-
ure 6). +e αir is the irregularity factor that is assigned
between 0.0 and 0.5 [38]. Meanwhile, 60× 60 uniform ele-
ments were used by FEM. Figure 7 illustrates the CSFEM,
FEM, and analytical horizontal displacement ux at the
central line (z� 0), while the vertical displacement uz at z� 0
of the single-layer PCM strip is shown in Figure 8. +e
distributions of the electric potential Φ at z� 0 with FEM
and the analytical solutions are demonstrated in Figure 9.
Clearly, the displacements and electric potential computed
by CSFEM match well with the analytical solutions and
outperform those estimated by FEM for all three meshes,
which suggested that CSFEM can recreate the linear be-
havior of the analytical solutions.

Moreover, the computation cost of CSFEM over PCMs
in a homogenized structure surpasses that of FEM with a
heterogeneous structure (Figure 10), but FEM costs more to
reach the same precision. +us, CSFEM clearly enhances the
calculation efficiency.

A comparison of costs (computation time for the same
accuracy) for the homogenized PCM structures indicates
CSFEM takes much lower cost than traditional FEM.

6.2. A Cantilever PCMs Beam. +e free vibrations on a
cantilever PCM beam were calculated by CSFEM under the
geometrical parameters of length L� 20mm, width
H� 2mm, and plane stress (Figure 11). +e PCMs, piezo-
ceramic fibers (PZT-5A), were buried in the non-
piezoelectric epoxy matrix. +e material properties are
shown in Table 3. A block of 16000 square cells was used in
the composite z with the specific fiber volume fraction of

z

x

σ

σ

l

h
h

+V0
−V0 

Figure 4: A singer-player PCMs strip under shear deformation.
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66.66%.+e relevant boundary condition was ux � uz �Φ� 0
at the clamped end.

+e 11 effective coefficients estimated by AHM are
shown in Table 3. +e first 10 natural frequencies of the
cantilever PCM beam with 100×10 uniform elements cal-
culated by CSFEM (Figure 12) agree well with the solutions
by FEM using 200× 20 uniform elements. +e CSFEM has
higher accuracy than FEM. Figure 13 plots the first sixth-
order modal shapes, which verify the correctness and val-
idity of CSFEM.

6.3. A Bilayered PCMs Actuator. In this example, the
transient responses of a clamp-free bilayered PCM

actuator (L � 20mm, b � 2mm, and layer width � 1mm)
exposed to triangular-wave load F (time period T � 8 s, and
F0 � 5N) at point A were investigated (Figures 14 and 15).
+e actuator consisted of a lower PCM layer and an upper
red copper layer, which were supposed to be well bonded.
+e PCMs (PZT-5A) were buried in the epoxy matrix. A
block of 8000 square cells was used in the composite z with
the specific fiber volume fraction of 44.44%. +e red
copper was featured by Young’s modulus (E) � 108 GPa,
Poisson ratio (])� 0.32, and volume density (ρ)� 8900 kg/m3

(Table 2). +e boundary condition of the actuator was
ux � uz �Φ� 0 (at the clamped end). +e dynamic system
equations were addressed by using the implicit integral
Newmark scheme.

Table 1: Material constants for constituents of the PZT-5A and epoxy matrix.

Material constants c11
(GPa)

c12
(GPa)

c13
(GPa)

c33
(GPa)

c44
(GPa)

c66
(GPa)

e13
(C/m2)

e15
(C/m2)

e33
(C/m2)

χ11
(F/m)

χ33
(F/m)

ρ
(kg/m3)

Epoxy matrix 3.86 2.57 2.57 3.86 0.64 0.64 — — — 0.0797 0.0797 7500
PZt-5A 121.0 75.4 75.2 111.0 21.1 2.28 −5.4 12.3 15.8 8.11 7.35 7500

A homogeneous structure

60μm

40μ
m

10
μm

Figure 5: A part homogeneous model of the singer-player PCMs strip by AHM.

Table 2: +e material properties of the singer-player PCMs strip were calculated by AHM.

Volume fraction c11
(GPa)

c12
(GPa)

c13
(GPa)

c33
(GPa)

c44
(GPa)

c66
(GPa)

e15
(C/m2)

e33
(C/m2)

e13
(C/m2)

χ11
(nF/m)

χ33
(nF/m)

0.5555 9.74292 5.54232 5.95557 35.11748 2.17285 2.1003 0.021904 10.879245 −0.251715 0.28018 4.27248

(a) (b)

Figure 6: Typical irregular elements with irregularity factor αir � (a) 0.3 (I1) and (b) 0.5 (I2).
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+e 12 effective coefficients calculated using AHM are
shown in Table 4 (Δt� 0.002 s). +e generalized displace-
ments at points A and B calculated by CSFEM and FEM are
shown in Figures 16–21. Clearly, the high agreement of the
simulation results confirms the accuracy of CSFEM. CSFEM
achieves higher precision by using fewer elements than FEM
(40× 4 VS 160×16meshes).+us, CSFEM is well feasible for
dynamic analysis of PCM structures.

6.4. A PCMs Energy Harvester. +e transient responses of a
typical PCM energy harvester were investigated at points A
and B (Figure 22). +e mild steel was featured by
E� 210GPa, ρ� 7800.0 kg·m−3, and ]� 0.3, while red copper
by E� 108GPa, ρ� 8900 kg·m−3, and ]� 0.32 (Table 2). +e
PCMs (PZT-5A) were embedded in the epoxy matrix. A

block of 8000 square cells was used in the composite z with
the specific fiber volume fraction of 55.55%. +e boundary
and initial conditions were the same as stated above. +e
sine-wave payload with 8 s and time step Δt� 0.02 s was
applied (Figure 23). +e background cells of quadrilateral
elements for this harvester were first discretized (Figure 24).
+e implicit integral Newmark scheme was used to address
dynamic system equations.

+e 12 effective coefficients calculated using AHM are
shown in Table 5. +e dynamic responses of the PCM
energy harvester were calculated by CSFEM in comparison
with FEM (700 VS 5600 quadrilateral elements). +e ux, uz,
and V at points A and B are shown in Figures 25–30.
Clearly, the CSFEM produced the generalized displace-
ments closer to real solutions and thereby was proved to

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x (mm)

CSFEM-R
CSFEM-I1
CSFEM-I2

FEM
Analyticalsolution
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m
)
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3.0 × 10–9

6.0 × 10–9

9.0 × 10–9

1.2 × 10–8

1.5 × 10–8

1.8 × 10–8

2.1 × 10–8

Figure 8: Variation of vertical displacement uz at the central line
(z� 0) of the singer-player PCMs strip.
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Figure 9: Variation of electric potentialΦ at the central line (z� 0)
of the singer-player PCMs strip.
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Figure 10: Computational cost by CSFEM and FEM.
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Figure 7: Variation of horizontal displacement ux at the central
line (z� 0) of the singer-player PCMs strip.
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20mm

2m
m

Active fiber piezoelectric composite structures

Figure 11: A cantilever PCMs beam.

Table 3: +e material properties of the cantilever PCMs beam were calculated by AHM.

Volume fraction c11
(GPa)

c12
(GPa)

c13
(GPa)

c33
(GPa)

c44
(GPa)

c66
(GPa)

e15
(C/m2)

e33
(C/m2)

e13
(C/m2)

χ11
(nF/m)

χ33
(nF/m)

ρ
(kg/m3)

0.6666 13.27801 7.01985 7.87201 42.31662 3.18867 3.12908 0.052676 12.984637 -0.39420 0.42031 5.1058 7500
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Figure 12: First 10 natural frequencies of the cantilever PCMs beam using CSFEM and FEM.

(a) (b) (c)

(d) (e) (f )

Figure 13: First 6 mode shapes of the cantilever PCMs beam by CSFEM and FEM. (a) Mode shape 1. (b) Mode shape 2. (c) Mode shape 3.
(d) Mode shape 4. (e) Mode shape 5. (f ) Mode shape 6.
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Figure 14: Geometry of the bilayered PCMs actuator.
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Figure 15: Sine-wave load at point A.

Table 4: +e material properties of the bilayered PCMs actuator were calculated by AHM.

Volume fraction c11
(GPa)

c12
(GPa)

c13
(GPa)

c33
(GPa)

c44
(GPa)

c66
(GPa)

e15
(C/m2)

e33
(C/m2)

e13
(C/m2)

χ11
(nF/m)

χ33
(nF/m)

ρ
(kg/m3)

0.4444 7.61822 4.56846 4.77091 28.4779 1.61506 1.52487 0.010859 8.73225 -0.16364 0.20584 3.43606 7500
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Figure 16: +e variation of the displacement ux at point A with
respect to time.

u z
 (m

)

FEM 160 × 16
CSFEM 40 × 4

0 1 2 3 4 5 6 7 8
–8.0 × 10–6
–6.0 × 10–6
–4.0 × 10–6
–2.0 × 10–6

0.0
2.0 × 10–6
4.0 × 10–6
6.0 × 10–6
8.0 × 10–6
1.0 × 10–5
1.2 × 10–5

Time (s)

Figure 17: +e variation of the displacement uz at point A with
respect to time.
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Figure 18: +e variation of the electrical potential V at point A
with respect to time.
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Figure 19: +e variation of the displacement ux at point B with
respect to time.
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reduce the number of meshes and return more-accurate
results.

7. Conclusions

+e dynamic responses of PCM structures were investigated.
Firstly, the effective properties of PCMs were calculated by
AHM. Secondly, the effective CSFEM was established by
applying gradient smoothing to calculate the electrome-
chanical coupling field of FEM. +en, the equations for
dynamic response computation over the multiphysics
coupling field of PCMs were derived. Finally, a bilayered

PCM actuator and a PCM energy harvester were calculated
by both CSFEM and FEM.

(i) CSFEM reduced the systematic stiffness of FEM and
thereby enhanced the accuracy under the same
element number. CSFEM took less computation
time than FEM under the same accuracy.

(ii) CSFEM avoided the derivation of shape func-
tions and reduced the requirement of form
function continuity by simply converting area
integral to boundary integral in the solution
domain.

(iii) +e practical bilayered PCM actuator and the
PCM energy harvester were modeled by CSFEM,

AB

(a)

AB

(b)

Figure 24: Discrete meshes of PCMs energy harvester. (a) Elements of CSFEM. (b) Elements of FEM.
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Figure 25: +e variation of the displacement ux of the PCMs
energy harvester at point A with respect to time.
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Figure 26:+e variation of the displacement uz of the PCMs energy
harvester at point A with respect to time.

Table 5: +e material properties of the PCMs energy harvester were calculated using AHM.

Volume fraction c11
(GPa)

c12
(GPa)

c13
(GPa)

c33
(GPa)

c44
(GPa)

c66
(GPa)

e15
(C/m2)

e33
(C/m2)

e13
(C/m2)

χ11
(nF/m)

χ33
(nF/m)

0.5555 9.74292 5.54232 5.95557 35.11748 2.17285 2.1003 0.021904 10.879245 −0.251715 0.28018 4.27248
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which outperformed FEM in calculating the
transient responses by reducing the number of
meshes.
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*e present study is to compare the multiple regression analysis (MRA) model and artificial neural network (ANN) model
designed to predict the mechanical strength of fiber-reinforced concrete on 28 days.*emodel uses the data from early literatures;
the data consist of tensile strength of fiber, percentage of fiber, water/cement ratio, cross-sectional area of test specimen, Young’s
modulus of fiber, and mechanical strength of control specimen, and these were used as the input parameters; the respective
strength attained was used as the target parameter. *e models are created and are used to predict compressive, split tensile, and
flexural strength of fiber admixed concrete. *ese models are evaluated through the statistical test such as coefficient of de-
termination (R2) and root mean squared error (RMSE). *e results show that these parameters produce a valid model through
both MRA and ANN, and this model gives more precise prediction for the fiber admixed concrete.

1. Introduction

Concrete is considered to be the fundamental and an im-
portant material in construction industry. Maintaining and
testing the quality and behavior of concrete is the challenge
faced by the industries in recent times. Also, the modeling of
materials through regression tools and AI tools is recently
increasing due to its accurate prediction and evaluation. *e
concrete as generally known for its good compressive be-
havior is made to behave well under tension and flexure
through addition of fiber additives. *e general tensile and
flexural strength enhancements are made through addition
of fibers made up of various materials with different physical
and chemical properties. *e addition of fibers made up of
various materials changes the behavior of cement-based
composites and enhances the toughness, tension re-
sistance, and flexural resistance [1–9]. *ese fibers act at
various levels in altering themechanical behavior of concrete
and thus defy the rules framed for its tensile and flexural

performance, making it hard to predict. *e major factors
that act in enhancing the tensile and flexural strength are
fiber distribution and its physical parameters. In recent
years, analyzing the concrete properties through prediction
modeling is gaining importance due to its accuracy and
effectiveness in real-time application.*ese concrete models
were presumed to predict the strength development through
certain factors which are used as input parameters. *is
prediction facilitates in making decision on concrete mix
and material selection [10–15]. But there is a challenge when
creating a model of concrete for predicting tensile strength
and flexural strength, as an effective prediction model is not
created through parameters which were used for predicting
the compressive strength [16–18]. *e challenge on accuracy
in prediction increases in fiber admixed concrete while
predicting tensile strength and flexural strength; this is due
to the fiber properties and its distribution.

In this study, the predictive model was created through
multiple regression analysis (MRA) and artificial neural
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network (ANN). *e fiber properties were used as param-
eters along with basic concrete and fiber parameters with
single target system, and the model is tested through sta-
tistical tools for its performance.

2. Prediction Modeling and Testing

*e model created here is for fiber-reinforced concrete; the
data set was collected for steel fiber, polypropylene fiber,
hybrid fiber, glass fiber, and basalt fiber from early studies.
*e actual compressive strength, split tensile strength, and
flexural strength are taken as the target values based on the
following parameters which are used as input parameters:

(1) Tensile strength of fiber (F)
(2) Percentage of fiber (P)
(3) Water/cement ratio (R)
(4) Cross-sectional area of test specimen (A)
(5) Young’s modulus of fiber (Y)
(6) Mechanical strength of control specimen (S)

Based on the input parameter and target values, the
output was generated through ANN and MRA, and these
output values were compared with target (actual) values. *e
types of fibers and its respective literature source are pre-
sented in Table 1.*e active compressive strength data set has
5 columns and 252 rows (5× 252) of input data and 1 column
and 252 rows (1× 252) of target data. *e active split tensile
strength data set has 5 columns and 119 rows (5×119) of
input data and 1 column and 119 rows (1× 119) of target data.
*e active flexural strength data set has 5 columns and 150
rows (5×150) of input data and 1 column and 150 rows
(1× 150) of target data. *e target data for compressive
strength, split tensile strength, and flexural strength were used
in both the MRA and ANN model as separate target in this
study. *is single target system was used due to the usage of
cross-sectional area of test specimens as one of the param-
eters, and it was known that the shape of the specimens varies
with different mechanical strengths.

2.1. Prediction Model and Its Statistical Test. Two prediction
models, artificial neural network (ANN) and multiple re-
gression analysis (MRA), are used in this study to predict the
compressive strength, split tensile strength, and flexural
strength of fiber-reinforced concrete (FRC).

2.2. Artificial Neural Network (ANN). *e ANN prediction
model is programmed through MATLAB with two hidden
layers, 15 neurons in each hidden layer and one output layer
with dependent variable as compressive strength, split ten-
sile strength, and flexural strength. Among all the data, ap-
proximately 70%, 15%, and 15% has been considered for
training, testing, and validation, respectively. *e Levenberg–
Marquardt (LM) algorithm is used for training due to its
robustness and speed. Layered feed-forward networks have
been used in this algorithm, in which the neurons are arranged
in layers. Here, signals are sent forward, and errors are
propagated backwards.

2.3. Multiple Regression Analysis (MRA). In this study, the
linear-type multiple regression analysis modeling is carried
out using MS excel. *e coefficients of regression are cal-
culated by considering 95% confidence level; hence, the error
tolerance level is limited to maximum of 5%. For a given
input variable, the calculated probability value (p value)
is considered to be significant, if and only if its value is less
than 0.05. *rough the regression analysis, the following
coefficients presented in Table 2 were found and substituted
in linear multiple regression equation (equation (1)):

output � I + C1F + C2P + C3R + C4A + C5Y + C6S. (1)

2.4. Statistical Test. *e performance of the ANN and MRA
prediction for the mechanical behavior was tested through
the statistical methods. *e tests involved are coefficient of
determination (R2) and root mean squared error (RMSE).
*e coefficient of determination is presented in equation (2).
*is can be obtained from the comparative chart of pre-
dicted compressive strength vs. experimental compressive
strength. *e accuracy of the predictions of a network was
quantified by the root of the mean squared error difference
(RMSE), between the experimented and the predicted
values, and the procedure of finding RMSE is presented in
equation (3):

R
2

� 1−
sum of squares of residuals

sum of sqaures of predicted values
, (2)

RMSE �

�������������������

1
n



n

i�1
(ACST− PCST)

2




. (3)

3. Results and Discussion

*e effectiveness and the acceptance of prediction models
are based upon the ability of the model to predict the output.
In this study, the models were designed to predict the
mechanical behavior (mechanical strength) of FRC based on
input parameters, and two methods of predictions, ANN
and MRA, are used. *e prediction models are validated
through coefficient of determination (R2) and root mean
squared error (RMSE) and are consolidated in Table 3.

*e MRA and ANN prediction of the compressive
strength value is plotted with respect to the actual compressive
strength and presented in Figures 1 and 2, respectively. *e
MRA prediction has the coefficient of determination R2 as
0.93 which is almost an acceptable value, whereas the ANN
has an R2 value of 1 which indicates that the ANN model is
accurate. *e RMSE of the MRA model is 7.23MPa, and the
ANNmodel is 0.14MPa which demonstrates that error in the
MRA model is large and cannot be relied upon for predicting
the compressive strength.

*e MRA and ANN prediction model plot for split
tensile strength with respect to its actual value is presented in
Figures 3 and 4, respectively. *e R2 value for the MRA
model is 0.87 and ANN model is 0.94. *e RMSE for the
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MRA model is 0.70MPa and ANN is 0.42MPA. *e sta-
tistical validation of the split tensile strength model shows
that both the MRA model and ANNmodel are in acceptable
limit; even though ANN shows more accuracy than MRA,
the mathematical model is also predicting the split tensile
strength in par with the ANN model. From Figure 3, it is
observed that the MRA model predicts to a high accuracy
until actual split tensile strength is 4MPa, after which the

scatter plots were deviating from the actual trend line. From
Figure 4, it is observed that the ANN prediction is accurate
until the actual strength is 7.5MPa, after which the scattered
plot almost does not fit the trend line.

*e MRA and ANN prediction model plot for flexural
strength with respect to its actual value is presented in
Figures 5 and 6, respectively. *e R2 value for MRA and
ANN was 0.92 and 0.94, respectively, which has similar
validation value. *e RMSE value of the MRA model is
0.99MPa and ANN model is 0.79MPa. Both the MRA and
ANN were having similar model behavior in terms of sta-
tistical validation and graphical representation through
Figures 5 and 6. *e prediction is accurate in both MRA and
ANN models until the actual flexural strength is 9MPa after
which the scattered plot is observed for both models. But
there were fitted plots for the MRA model at higher actual
flexural strength which lies between 13MPa and 14MPa.
*is higher-order flexural strength fitness towards the trend
line was not observed in the ANN model. *e observation
indicates that flexural strength prediction using MRA and
ANN model has effectiveness, and more accurate prediction
is rendered in both models. *rough the three strength
aspects, it was observed that the MRA gains its accurateness
in predicting split tensile and flexural strength. *e ANN
predicts compressive strength to the maximum possible
accuracy, and the prediction of split tensile strength and

Table 2: Multiple regression analysis coefficients.

MRA
coefficients

Coefficients for
compressive
strength

Coefficients for
split tensile
strength

Coefficients
for flexural
strength

I −2.083944795 2.864487059 7.214539466
C1 0.000669227 5.24726×10−05 −4.23499×10−05

C2 1.097340646 0.81644571 0.513456489
C3 −31.43416778 −6.912788644 −13.36882713
C4 −5.56151× 10−05 8.71841× 10−06 1.9284×10−05

C5 0.001154844 4.70901× 10−05 2.60556×10−05

C6 0.569536979 0.475257898 0.551752286

Table 3: Statistical test conducted on prediction models.

Predicted parameters
MRA ANN

R2 RMSE R2 RMSE
Compression strength 0.93 7.23 1.00 0.14
Split tensile strength 0.87 0.70 0.94 0.42
Flexural strength 0.92 0.99 0.94 0.79
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Figure 1: Actual vs. MRA predicted value for compressive
strength.
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Figure 3: Actual vs. MRA predicted value for split tensile strength.
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flexural strength was also of higher accuracy. *ough the
fibers have various factors on influencing the strength de-
velopment in concrete, the prediction models MRA and
ANN are accurate by its output values. *e ANN even
though has its advantage of higher accuracy over MRA
model; the performance of the MRA model is also efficient.
*e contribution of fiber properties in the prediction model
proved to be effective and also gives more preciseness to the
model. Earlier models that uses other parameters such as
quantity of cement, admixtures, coarse aggregate, fine ag-
gregate, and water were not able to perform well in pre-
diction of tensile and flexural properties [53]; this limitation
was overcome by the current model, where both the MRA
and ANN model performs well with the given factors. *us,
both current models can predict the complete mechanical
behavior of fiber admixed concrete with high precision.

4. Conclusion

*is study investigated the feasibility of modeling a pre-
dictive analysis through earlier study data, converting the
unstructured factors to possible structured parameters and
using those in creating the MRA model and ANN model.
Also, the effectiveness of these models is tested using sta-
tistical tools such as R2 and RMSE.*e compressive strength
model shows that ANN has efficient prediction model with
R2 value in unity. *e MRA model has R2 value of 0.93, but
the error difference is 7.23MPa which is very high for a
predictive model. *e MRA model of split tensile strength
and flexural strength shows high efficiency; even though the
R2 values are lesser than the compressive model, the per-
formance of models is relatively strong. *e ANN model for

split tensile and flexural strength has similar statistical
valuation. *e MRA model shows more robustness while
predicting the flexural strength, than the split tensile
strength. Also, it is noted that the MRAmodel performs well
in split tensile and flexural strength prediction and is vali-
dated through the R2 and RMSE values. *e MRA performs
well similar to that of ANN and achieves half its effective-
ness, except in compressive strength prediction. *e study
concludes that the fiber properties contribute high to the
prediction model, thus increasing the models’ performance.

Data Availability

*e data supporting this work are available from previously
reported studies and datasets, which have been cited. *e
processed data used to support the findings of this study are
available from the corresponding author upon request.
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Calcium carbonate (CaCO3) whisker, as a new type of microfibrous material, has been extensively used in the reinforcement of
cementitious materials. However, the combined effect of CaCO3 whisker and fly ash on mechanical properties of cementitious
materials under high temperatures was still unknown. In this study, the coupling effect of CaCO3 whisker, and fly ash on
mechanical properties of the cement was investigated. Two sets of cement mortars were fabricated, including CaCO3 whisker-
based mortar which contained 0wt.%, 5wt.%, 10wt.%, 15wt.%, and 20wt.% CaCO3 whisker as cement substitution and CaCO3
whisker-based fly ash mortar which contained 30wt.% fly ash in addition to 0wt.%, 5wt.%, 10wt.%, 15 wt.%, and 20wt.% CaCO3
whisker as cement substitution. Mass loss, compressive strength, and flexural strength of these two sets of specimens before and
after being subjected to high temperatures of 200°C, 400°C, 600°C, 800°C, and 1000°C were measured. Based on the results of the
aforementioned tests, load-deflection test was performed on the specimen which exhibited the superior performance to further
study its mechanical behavior after exposure to high temperatures. Moreover, microstructural analysis, such as mercury intrusion
porosimetry (MIP) and scanning electron microscopy (SEM), was conducted to reveal the damage mechanism of high tem-
perature and to illustrate the combined effect of CaCO3 whisker and fly ash on high-temperature resistance of the cement. Results
showed that fly ash could improve the high-temperature performance of CaCO3 whisker-based mortar before 600°C and limit the
loss of strength after 600°C.

1. Introduction

Fire is one of the fatal threats which seriously affect human
life, property security, and economic development in the
world. Concrete, as a widely used key material in the
construction of infrastructural facilities, is non-
combustible and performs well when exposed to high
temperatures because the components of it, such as ce-
ment and aggregates, are chemically inert. However, the
physical and chemical deteriorations of cementitious
materials due to moisture loss and decomposition of
hydrated products at high temperatures may result in the
generation of cracks and the loss to mechanical strengths
of concrete, finally lead to the structural damage [1].
,erefore, it is crucial to investigate the mechanical
performance of concrete at elevated temperatures and

enhance the mechanical properties of concrete, which can
also provide references for engineers to select concrete of
good fire resistance.

As is well known, concrete is a brittle material which
has low flexural strength, and in practice, a variety of fi-
brous materials, such as steel, carbon, polymer, and natural
fibers, are often employed to enhance its toughness [2–5].
,e whisker is a new type of microfibrous, single-crystal
material which has tiny diameter and large aspect ratio, and
therefore, it possesses both the characteristics of fillers and
fibers. In addition, the atomic arrangement of the whisker
is highly ordered, so theoretically its strength is close to that
of intact crystal. And above all, whiskers often have ex-
cellent thermostability with high decomposition temper-
ature around 800°C which makes them a suitable
reinforcement for composite materials not only to enhance
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mechanical properties but also to improve high-
temperature resistance performance. Whiskers can be
categorized as organic and inorganic whiskers, and organic
whisker such as cellulosic whisker is frequently used for
reinforcing the polymer materials [6, 7]. With respect to
inorganic whisker, calcium carbonate whisker [8–12],
calcium sulphate whisker [13], zinc oxide whisker [14],
silicon carbide whisker [15], and potassium titanate
whisker [16] are commonly used, and among which,
CaCO3 whisker has the most extensive application in the
reinforcement of cementitious materials. Previous studies
have shown that CaCO3 whisker has the capacity to im-
prove the mechanical strength and enhance the flexural
toughness of cementitious materials. Cao et al. conducted a
series of researches on the application of CaCO3 whisker in
cementitious materials, and they found that, with the in-
corporation of CaCO3 whisker, mechanical properties of
cement pastes were improved before the temperature was
up to 600°C while a deteriorated phenomenon was ob-
served at 600–1000°C [8, 9]. ,ey also discovered that, at
ambient temperature, CaCO3 whisker significantly im-
proved the flexural strength of cement mortar, and the
optimum dosage was 10% [10]. Moreover, they indicated
that the rheological properties of mortars containing
CaCO3 whisker complied with the Bingham model and
with the whisker content of 1.5%, andmortars exhibited the
uniform distribution [11]. Yang et al. reported that CaCO3
whisker with the addition of 10% could remarkably en-
hance the tensile strength of cement paste, and the con-
stitutive relationship of the stress-strain curve of CaCO3
whisker-reinforced cement pastes and toughening mech-
anism of CaCO3 whisker were illustrated as well [12]. On
the other hand, the microsize of CaCO3 whisker enables the
combined use of it with various large-sized fibers in order
to achieve the multiscale cracking resistance of cementi-
tious materials [17–21].

Moreover, as global warming continues, environmental
protection should be taken into consideration prior to the
construction of concrete structures. However, during the
manufacturing of cement, environmental problem associated
with huge emissions of greenhouse gases, mainly carbon
dioxide (CO2), has raised concern for sustainable develop-
ment, based on the fact that the production of every tonne of
ordinary Portland cement (OPC) releases an equivalent
amount of CO2 into the atmosphere [22]. In addition, with
the development of urbanization, the accompanying high
demand for cement will make the environmental problem
increasingly severe, and measures should be taken to reduce
the energy consumption and curb the emission of CO2 during
the fabrication of cement. In consideration of sustainability
and energy conservation, one of the effective measures to
reduce the consumption of cement is to replace part of the
cement with supplementary cementitious materials (SCMs),
such as fly ash, silica fume, and granulated blast furnace slag,
and other waste materials [23].

Fly ash, as one of the most important SCMs, is a by-
product of coal power stations and therefore using it as
cement substitution not only reduce the production of ce-
ment but also provide an efficient method for disposal of

waste material compared with other conventional disposal
methods. Silicon dioxide (SiO2) and aluminium oxide
(Al2O3), as main chemical compositions of fly ash, can react
with calcium hydroxide (CH) produced during cement
hydration to form calcium silicate hydrate (CSH) and cal-
cium aluminate hydrate (CAH), thereby densifying the paste
and achieving higher strength and better durability, which is
known as pozzolanic effect of fly ash. Generally, the cement
replacement by fly ash is limited to be around 15%–30% by
mass of the total binding material. Previous studies have
pointed out the superiority of fly ash when it is moderately
incorporated into cementitious materials as cement re-
placement. In particular, the mechanical strength of fly ash
concrete after exposure to high temperatures is still com-
paratively advantageous, although the overall strength of
concrete decreases with the increase in maximum temper-
ature. ,e study of Ibrahim et al. has demonstrated that,
after exposure to high temperatures of up to 700°C, me-
chanical properties of mortars were enhanced when 25% of
cement was replaced by fly ash [24]. Tanyildizi and Coskun
reported that, under high temperatures of up to 800°C,
mechanical strengths of concrete were improved through
substituting up to 30% of cement with fly ash [1]. Sol-
eimanzadeh and Othuman found that the flexural strength
of foamed concrete containing 30% FA was higher than the
ordinary concrete after exposure to high temperatures of up
to 600°C [25].

To the best of our knowledge, the combined effect of
CaCO3 whisker and fly ash on mechanical properties of
cementitious materials after exposure to elevated tempera-
tures has not been reported. Better understanding this
knowledge could extend the application of CaCO3 whisker
and facilitate the utilization of fly ash, thereby lowering the
amount of other expensive fibers, reducing the overall cost of
concrete projects, and promoting the sustainable develop-
ment. In the current study, systematic experiments, in-
cluding mass loss test, compressive strength test, flexural
strength test, and load-deflection curve test, were carried out
to study the influence of CaCO3 whisker and fly ash on
properties of cement mortars before and after exposure to
high temperatures of 200°C, 400°C, 600°C, 800°C, and
1000°C. Meanwhile, the effect of CaCO3 whisker on the
high-temperature performance of cement mortars was also
examined as a reference to see whether fly ash could have a
positive influence on the high-temperature performance of
CaCO3 whisker-based cement mortar and thus promoting
the sustainable development. Furthermore, the deterioration
mechanism of high temperatures and the interaction
mechanism of CaCO3 whisker and fly ash with the cement
were explored by MIP and SEM.

2. Materials and Experiments

2.1. RawMaterials. Raw materials used in this study include
cement, fly ash, CaCO3 whisker, and natural river sand.
Cement was OPC 42.5 that met the requirements of ASTM
C150 specification [26]. Fly ash was class F fly ash that met
the requirements of ASTM C618 specification [27]. CaCO3
whisker that has a high tensile strength of 3–6GPa and high
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elastic modulus of 410–710GPa was used in this study. ,e
diameter and aspect ratio of it was in the range of 5–10 μm
and 10–30, respectively, as shown in Figure 1. ,e chemical
compositions of the cement, the fly ash, and the whisker,
provided by suppliers, are presented in Table 1. ,e sand
used in this study was natural river sand with a fineness
modulus of 2.7. In order to maintain a favorable workability,
polycarboxylic-type water-reducing agent that met the re-
quirements of ASTMC494-type F specification [28] was also
used in this study.

2.2. Specimen Preparation. In order to investigate the me-
chanical properties and microstructural mechanism of ce-
ment mortars containing CaCO3 whisker and fly ash,
different types of specimens were prepared. Cement, natural
river sand, and water were used in all the mortar mixtures,
along with CaCO3 whisker and fly ash in specific mixtures.
To be exact, cement mortars were classified into two sets,
which were CaCO3 whisker-based mortar and CaCO3
whisker-based fly ash mortar. ,e first set was CaCO3
whisker-based mortar which contained OPC and different
contents of CaCO3 whisker (e.g., 0 wt.%, 5wt.%, 10wt.%,
15wt.%, and 20wt.%) as the binder, while the second set was
CaCO3 whisker-based fly ash mortar which was fabricated
with OPC and 30wt.% fly ash as a fixed substitution of
cement in addition to 0wt.%, 5 wt.%, 10wt.%, 15wt.%, and
20wt.% CaCO3 whisker. ,erefore, a total number of ten
mortar mixtures were designed in this study. It should be
noted that, for all the mixtures, a constant water-to-binder
ratio of 0.4, binder-to-sand ratio of 1 : 2.75, and a total
cementitious material content of 500 kg/m3 were used.
Details of the mix proportions are listed in Table 2.

With respect to specimen fabrication, raw materials,
such as cement, CaCO3 whisker, fly ash, and sand, according
to the corresponding mix proportions, were mixed together
for 3min by an electrically driven mixer before adding the
mixing water. ,en, 70% of the mixing water was added to
the mixture and mixed for another 3min. ,ereafter, the
water-reducing agent together with the rest of the mixing
water was added, and the mixture was mixed for 1min to
ensure the homogeneity and uniformity of it. ,e mixture
was subsequently placed into stainless steel molds and vi-
brated on a vibration machine for 2min to achieve a de-
sirable compactness. And after 24 h of curing, the molded
mortar specimens were removed from the molds and left to
continue curing for 27 d under a temperature of 20°C and a
relative humidity of 95% until the testing day. Cubic
specimens of 50× 50× 50mm were prepared for the test of
compressive strength and prismatic specimens of 40× 40×

160mm were prepared for the tests of flexural strength and
load-deflection curve.

2.3. Heating Regimes. High temperatures of 200°C, 400°C,
600°C, 800°C, and 1000°C were selected in this investigation,
and these high temperatures were achieved through using an
electrically heated furnace which covered a temperature
range of 20–1000°C and a constant heating rate of 10°C/min.
When the prescribed temperature was reached, the

temperature of the furnace was kept constantly for 1h so as
to ensure the thermal steady state [29]. ,ereafter, the
specimens were cooled down naturally to room temperature
and were subsequently subjected to the associated tests
including mass loss test and mechanical tests so as to
evaluate their high-temperature resistance capacity.

2.4. Mass Loss. ,e evaporation of moisture and de-
composition of hydration products of cement paste under
high temperature will lead to the mass change of cement
mortar, which is an important indicator to deteriorations of
cement mortar after exposure to high temperature. ,ere-
fore, the mass of mortar specimens before and after exposure
to various high temperatures was recorded prior to the
mechanical property test to calculate the mass loss during
the heating process. It should be noted that, before exposure
to high temperatures, specimens were put into a drying oven
for 24 h at 100°C.

2.5. Mechanical Properties. ,e compressive strength of
cubic specimens before and after exposure to different high
temperatures was obtained through operating a hydraulic
testing machine according to ASTM C109 [30]. ,e flexural
behavior of prismatic specimens before and after exposure to
different high temperatures was also evaluated in accordance
with ASTM C348 [31] and ASTM C1609 [32]. Triplicate
specimens were tested for each parameter, and the average
values were recorded.

In this investigation, the mortar specimen that exhibited
the optimal high-temperature resistance based on the results
of the mechanical experiments was selected as the optimal
specimen for further microstructural analysis, together with
the ordinary specimen C0 which contained only OPC as the
binder for comparison.

2.6. Pore Size Distribution. ,ere is a general agreement that
the mechanical properties of a material are closely related to
its microstructure [33].,erefore, it is an effective method to
evaluate the degradations of specimens after being subjected
to high temperatures through pore structure analysis. In
accordance with ISO 15901-1 [34], mercury intrusion
porosimetry (MIP) was employed to assess the porosity and
pore size distribution of the ordinary specimen and the
optimal specimen before and after exposure to varying high
temperatures (e.g., 200°C, 400°C, 600°C, 800°C, and 1000°C).

2.7. SEM Analysis. ,e microscopic images of the ordinary
specimen and the optimal specimen before and after ex-
posure to different high temperatures were also acquired by
scanning electron microscopy (SEM) analysis. ,e speci-
mens should be coated with gold to be conductive prior to
the test.

3. Results and Discussion

3.1.Mass Loss. When exposed to various high temperatures,
the mass of a substance will be altered due to different
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thermal stability of its components. As a result, the mass
variation is a direct index of the deterioration of the material
after exposure to high temperature. Previous investigations
have indicated that the mass loss of the cementitious ma-
terial after exposure to high temperatures is mainly due to
the evaporation of physically bounded water (80–150°C), the
dehydration of C-S-H, AFm, and AFt (≤350°C), the de-
composition of CH (400–550°C), and the decarbonation of
CaCO3 (≥600°C) [35]. ,e mass loss of CaCO3 whisker-
based specimens is presented in Figure 2, and it is discovered
that the mass loss for all the specimens regardless of without
or with fly ash exhibited an upward trend with the increase
in maximum temperature.

With respect to CaCO3 whisker-based mortar speci-
mens, as shown in Figure 2(a), the mass loss increased with
the increase in temperature, and for all the specimens, the
mass loss reached themaximum at 1000°C. It is interesting to
notice that, before 600°C, the mass loss between different

types of specimens after exposure to a specific temperature
was not obvious, while between 600 and 1000°C, the mass
loss increased with the increase in CaCO3 whisker content.
,is phenomenon is mainly attributed to the high thermal
stable temperature of CaCO3 whisker of about 800°C;
therefore, when the temperature is lower than 600°C, the
decomposition of CaCO3 whisker will not take place, while
when the temperature is in the range of 600–1000°C, the
mass loss is mainly due to the decomposition of CaCO3
whisker, and the more the CaCO3 whisker, the higher the
mass loss.

Regarding CaCO3 whisker-based fly ash specimens, as
shown in Figure 2(b), the mass loss of them was slightly
higher than that of corresponding specimens without fly ash,
regardless of the variation in high temperatures. One pos-
sible reason may be that the moderate incorporation of fly
ash into the cement mortar can improve the water-retaining
property of cement mortar [36]. However, the mass loss of

(a) (b)

Figure 1: (a) Macroscopic and (b) microscopic images of CaCO3 whisker.

Table 1: Chemical compositions of raw materials (wt.%).

Oxides CaO SiO2 Al2O3 Fe2O3 MgO SO3 CO2 Na2O K2O LOI
Cement 59.42 19.93 4.88 4.31 2.02 2.80 — 1.14 0.82 4.68
Fly ash 4.86 61.43 22.60 5.45 1.04 0.16 — 0.72 1.23 2.51
Whisker 54.93 0.29 0.11 0.07 2.14 0.31 42.07 — — —

Table 2: Mix proportions of mortars.

Set Mix
proportions W/b Cement (kg/m3) CaCO3

whisker (kg/m3) Fly ash (kg/m3) Sand (kg/m3) Water (kg/m3) Superplasticizer (L/m3)

1

C0 (control) 0.4 500 0 0 1375 200 0.37
C5 0.4 475 25 0 1375 200 0.43
C10 0.4 450 50 0 1375 200 0.47
C15 0.4 425 75 0 1375 200 0.54
C20 0.4 400 100 0 1375 200 0.59

2

C0F30 0.4 350 0 150 1375 200 0.23
C5F30 0.4 325 25 150 1375 200 0.25
C10F30 0.4 300 50 150 1375 200 0.28
C15F30 0.4 275 75 150 1375 200 0.31
C20F30 0.4 250 100 150 1375 200 0.39

Note: C and F represent CaCO3 whisker and fly ash, respectively.
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specimens after being subjected to high temperature is
mainly due to the evaporation of moisture; as a result, the
presence of fly ash could lead to an increase in mass loss.

In general, exposure to high temperature will lead to the
moisture loss of the mortar specimen which is mainly due to
the evaporation of bound water and the dehydration of
hydration products, and the mass loss increased with the
increase in temperature. In addition, a larger CaCO3 whisker
content could lead to a higher mass loss when the tem-
perature was between 600 and 1000°C.

3.2. Mechanical Properties. After measuring the mass of
CaCO3 whisker-based specimens before and after exposure
to high temperatures, the mechanical properties of those
specimens were immediately evaluated. ,e compressive
strength and flexural strength of CaCO3 whisker-based
specimens are displayed in Figures 3 and 4, respectively.
It is noticed that, although different temperatures had dif-
ferent effects on the mechanical strength of mortar speci-
mens, the maximum strength was achieved when the
temperature reached to 400°C for all the specimens.

Before exposure to high temperatures, both the com-
pressive strength and flexural strength of CaCO3 whisker-
based specimen were improved rapidly with the increase in
CaCO3 whisker content until this content was up to 10wt.%;
thereafter, the strength enhancement was negatively cor-
related with the increase in CaCO3 whisker content, as
shown in Figures 3(a) and 4(a). ,e reason why the strength
decreased when the CaCO3 whisker content was over
10wt.%may be related to the aggregation of CaCO3 whisker,
which leads to the generation of a heterogeneous micro-
structure, thereby lowering the overall strength of CaCO3
whisker-based specimen [13]. In addition, the increase in
CaCO3 whisker content may result in a relatively weak bond

between cement paste and CaCO3 whisker, and thus re-
ducing the strength of CaCO3 whisker-based specimen.
Numerous studies have demonstrated that there is a critical
fiber content for whisker-reinforced composites and a higher
content of whisker leads to a lower strength [14–16]. Similar
trend was observed in the strength of the CaCO3 whisker-
based fly ash specimen. However, a slight reduction was
found in the strength of CaCO3 whisker-based specimen
when 30wt.% fly ash was used as partial replacement of
cement, as shown in Figures 3(b) and 4(b). Take C0 and
C0F30 for example, with the incorporation of fly ash, the 28d
strength of C0 decreased by 3.9% and 4.6% for compressive
strength and flexural strength, respectively. ,is is because
that the reduction in cement content will result in less
production of hydration products, such as C-S-H which is
the most important contributor to the strength of cement
paste. Besides, the pozzolanic reaction of fly ash is a slow
process which is only beneficial to the long-term strength
development of cement paste; as a consequence, the 28 d
strength of CaCO3 whisker-based specimens exhibited a
slight decline with the incorporation of fly ash [37].

After exposure to 200°C, the compressive strength of
CaCO3 whisker-based specimen was approximately the
same with the strength at 20°C, while for CaCO3 whisker-
based fly ash specimen, the compressive strength showed a
slight increase. Furthermore, an evident improvement was
observed in the compressive strength of all the specimens
when exposed to 400°C, and C10F30 had the highest
compressive strength at 400°C, with the strength increased
by 23.8% compared with the unheated C10F30. Relatively
lower improvements were found in the compressive strength
of C0 and C10 at 400°C, which were 16.2% and 18.4%,
respectively, indicating that the presence of fly ash had a
positive effect on the compressive strength of CaCO3
whisker-based specimens. ,e improvement in strength is
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Figure 2: Mass loss of (a) CaCO3 whisker-based specimens and (b) CaCO3 whisker-based fly ash specimens after exposure to various
temperatures.
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likely due to the acceleration in cement hydration at high
temperatures. Cement hydration process will proceed at a
higher speed with the increase in temperature, and mean-
while, high temperature will promote more generation of
high-density C-S-H which has excellent high-temperature
resistance [38]. In addition, the pozzolanic reaction of fly ash
will be speeded up as well, leading to the rehydration of
dissociated CH and the formation of additional C-S-H [39].
With regards to the flexural strength, the enhancement was

not obvious, and the flexural strength of C10F30 at 400°C
increased by 15.9% compared with that of the unheated
C10F30. ,e reason may lie in the fact that the loss of
moisture increases the porosity of the mortar specimen and
then cause the generation of microcracks which has an
undesirable impact on the flexural strength of the specimen,
while the bridge connection effect of CaCO3 whisker be-
tween microcracks partially offsets the negative effect
brought about by high temperature exposure [8, 9].
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Figure 4: Flexural strength of (a) CaCO3 whisker-based specimens and (b) CaCO3 whisker-based fly ash specimens before and after
exposure to various temperatures.
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Figure 3: Compressive strength of (a) CaCO3 whisker-based specimens and (b) CaCO3 whisker-based fly ash specimens before and after
exposure to various temperatures.
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When the temperature further increased to 600°C, both
the compressive strength and flexural strength of CaCO3
whisker-based specimens showed a remarkable decrease,
and the reason may be that the combined effect of moisture
loss and decomposition of CH increases the porosity of the
specimen and makes the microstructure of the specimen
coarser and at the same time, weakens the bond between
whiskers and cement paste; therefore, the strength of CaCO3
whisker-based specimens declined accordingly. It is worth
noting that, although both the compressive strength and
flexural strength of all the CaCO3 whisker-based specimens
reduced significantly at 600°C, the strength of fly ash
specimens still had comparative advantage in high-
temperature resistance, which indicated that fly ash could
improve the high-temperature resistance of CaCO3 whisker-
based specimens.

Exposure to 800°C led to a sharp decrease in both
compressive strength and flexural strength of specimens,
which is mainly due to the decomposition of CaCO3 and
CSH at about 800°C [37]. ,erefore, the reduction in
strength was more severe when more CaCO3 whisker was
contained in the specimen, since the decomposition of
CaCO3 whisker results in an even looser microstructure of
the specimen. However, specimens with fly ash still had a
higher strength than those without fly ash. Similarly, the
strength of the specimen continued to degrade when the
temperature increased to 1000°C, leading to a further de-
terioration in strength.

To sum up, the incorporation of CaCO3 whisker could
improve both compressive strength and flexural strength of
mortar specimens when the temperature was less than
600°C, and the optimal dosage of it was 10wt.%. At 800°C
and 1000°C, the strength of specimens rapidly decreased
with the increase in CaCO3 whisker content; therefore, the
specimens with CaCO3 whisker exhibited lower strength
than C0. ,e presence of fly ash enhanced the high-
temperature performance of CaCO3 whisker-based speci-
mens before 600°C and limited the loss of strength after
600°C. According to the results, the ordinary mortar (C0)
and the mortar containing 10wt.% CaCO3 whisker and
30wt.% fly ash (C10F30) were selected to perform the load-
deflection test and the microscopic tests to explore the
mechanism behind.

3.3. Load-Deflection Curve. Load-deflection curves of the
ordinary mortar and the mortar containing 10wt.% CaCO3
whisker and 30wt.% fly ash before and after exposure to
different high temperatures were measured through the
three-point bending test, and the results are presented in
Figure 5. ,ere are three stages in the load-deflection curve,
including linear stage, nonlinear stage, and a softening stage.
In the linear stage, the load increases with the increase in the
deflection, representing that cracks do not extend, while in
the nonlinear stage, cracks begin to propagate, and in the
softening stage, the load decreases with the increase in the
deflection, representing that cracks expand rapidly [40].

It is examined that the maximum load of both C0 and
C10F30 increased with the increase in temperature until a

maximal value was reached at 400°C, while the maximum
load of the two specimens dropped rapidly after being
exposed to 600–1000°C. Although the maximum load of the
two specimens decreased at 600°C, the maximum load of
C10F30 was still higher than that of C0, which is mainly due
to the fact that CaCO3 whisker can not only reinforce the
specimen but also bridge microcracks in the specimen.
Besides, the slope of the load-deflection curve of C10F30 in
the linear stage before 600°C was a little bigger than that of
C0, indicating that the flexural stiffness of C10F30 was
higher than that of C0. Meanwhile, it is also worthy to note
that the maximum deflection of C10F30 was a little larger
than that of C0 before 600°C, demonstrating that the ad-
dition of CaCO3 whisker and fly ash could improve the
deformability and toughness of the specimen. ,is may be
attributed to the fact that CaCO3 whisker itself has high
tensile strength, and the incorporation of CaCO3 whisker
can improve the flexural behavior of the specimen. Nev-
ertheless, the improvement in flexural toughness was not
remarkable, which can be attributed to the tiny size of
whiskers, and this may be the reason to encourage the
combined use of CaCO3 whiskers with other large-sized
fibers, so as to improve the multiscale cracking resistance of
cementitious materials.

,e significant decline in the maximum load of
C10F30 and C0 at 800°C pointed out that the de-
composition of CaCO3 and CSH at this temperature range
had a negative effect on the strength of specimens, and
microstructural analysis will make an explanation about
the change in mechanical performance. With regards to
the slope of the load-deflection curve in the linear stage at
800°C, it can be examined that the slope of C10F30 was
almost the same with that of C0, suggesting that the two
specimens had the same flexural stiffness after exposure to
800°C. ,e reason may be that the addition of fly ash can
enable the generation of high-density CSH which is high-
temperature resistant since the decomposition of CaCO3
takes place at this temperature. Similarly, the flexural
stiffness of the two specimens at 1000°C experienced a
further decline.

3.4. Pore Size Distribution. ,e pore size distribution of the
ordinary mortar and the mortar containing 10wt.% CaCO3
whisker and 30wt.% fly ash before and after exposure to
different high temperatures were obtained through utilizing
MIP method, as presented in Figure 6. It is found from the
results that, before exposure to high temperatures, the po-
rosity of C10F30 showed a slight increase in comparison
with C0. ,is may be linked to the fact that the addition of
CaCO3 whisker may result in some additional pores in the
interface between mortar matrix and whiskers, thereby
leading to an increase in the porosity. In addition, the an-
hydrous fly ash may also cause an increase in porosity. It is
worthy to note that, compared with C0, the volume of
harmless pore (<20 nm) and few-harm pore (20–50 nm) in
C10F30 was higher, and meanwhile, the volume of harmful
pore (50–200 nm) was lower, which may be the reason why
C10F30 with a larger porosity had higher mechanical
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strength compared with C0, for the incorporation of CaCO3
whisker and fly ash refined pore distribution in the
specimen.

When exposed to 200°C, C0 kept approximately the
same porosity compared with the specimen unheated,
while the porosity of C10F30 experienced a slight re-
duction.,is phenomenon can be attributed to the fact that
the increase in temperature had a positive influence on the
rehydration of cement, and the pozzolanic reaction of fly
ash was also stimulated by the high temperature, which

enables CH to react with the main components of fly ash,
such as SiO2 and Al2O3, to form C-S-H and C-A-H.
,erefore, the overall porosity of the specimens showed
a decrease.

Similarly, the porosity of both C0 and C10F30 showed a
further reduction after exposure to 400°C. High temperature
may induce the generation of a large number of microcracks
due to different thermal expansion coefficients of hydration
products, while the presence of microfibrous CaCO3 whisker
may bridge these cracks, thus refining the pore size

20°C
200°C
400°C

600°C
800°C
1000°C

0.0

0.1

0.2

0.3

0.4

Cu
m

ul
at

iv
e v

ol
um

e, 
V 

(m
l/g

)

101 102 103 104100

Pore diameter, D (nm)

(a)

20°C
200°C
400°C

600°C
800°C
1000°C

0.0

0.1

0.2

0.3

0.4

Cu
m

ul
at

iv
e v

ol
um

e, 
V 

(m
l/g

)

101 102 103 104100

Pore diameter, D (nm)

(b)

Figure 6: Pore size distribution of (a) C0 and (b) C10F30 before and after exposure to various temperatures.
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Figure 5: Load-deflection curves of (a) C0 and (b) C10F30 before and after exposure to various temperatures.
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distribution and enhance the toughness of the specimen.
Furthermore, the filler effect of CaCO3 whisker can also
densify the microstructure of the mortar due to the good
compatibility between them. ,is may be the reason why
C10F30 exhibited a superior high-temperature resistance in
terms of mechanical strength compared with C0, since the
mechanical strength of the specimen is closely linked with its
porosity and pore size distribution.

,e overall porosity of both C0 and C10F30 increased
after being subjected to 600°C, with the reduction in
volume of harmless pores and the increase in volume of
harmful pores. ,e decomposition of CH, together with
loss of moisture in this temperature range, increased the
porosity of the two specimens, and the reason why C10F30
still maintain the superior mechanical strength compared
with C0 is most likely due to the combined effect of CaCO3

(a) (b)

(c) (d)

(e) (f )

Figure 7: Microscopic images of C0 before and after exposure to different temperatures: (a) 20°C, (b) 200°C, (c) 400°C, (d) 600°C, (e) 800°C,
and (f) 1000°C.

Advances in Materials Science and Engineering 9



whisker to bridge the microcracks and fly ash to proceed
the pozzolanic reaction with CH and free lime [41].

,e porosity of C10F30 and C0 increased dramatically
after exposure to 800°C and 1000°C, because more hydration
products, such as CaCO3 and CSH, will be disintegrated,
resulting in a much coarser microstructure of the specimen.
Meanwhile, although CaCO3 whisker decomposed in this
temperature range, the porosity of C10F30 was almost equal

to C0, the reason may be that fly ash enables the generation
of thermostable hydration products [41].

3.5. SEM Analysis. Microscopic images of the ordinary
mortar and the mortar containing 10wt.% CaCO3 whisker
and 30wt.% fly ash before and after exposure to different
high temperatures are presented in Figures 7 and 8.,e scale

(a) (b)

(c) (d)

(e) (f )

Figure 8: Microscopic images of C10F30 before and after exposure to different temperatures (CaCO3 whiskers are marked in the red circle):
(a) 20°C, (b) 200°C, (c) 400°C, (d) 600°C, (e) 800°C, and (f) 1000°C.
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for Figure 7 is 10 μm, while Figure 8 has a scale of 50 μm in
order to examine the behavior of CaCO3 whisker better.

,e microstructural images of C0 before and after ex-
posure to high temperatures of 200°C, 400°C, 600°C, 800°C,
and 1000°C are shown in Figure 7. As seen in Figure 7(a),
hydration products such as CH andC-S-Hwere distributed in
C0, and the microstructure of C0 was not very dense.
However, after exposure to 200°C, more C-S-H was generated
due to the further hydration of cement, and the similar trend
was discovered in Figure 7(c) when C0 was heated to 400°C.
After exposure to 600°C, the microstructure of C0 became
coarser, and microcracks were found in the specimen. ,e
even looser microstructures after 800°C and 1000°C in
Figures 7(e) and 7(f) represented the deterioration of the
specimen under high temperature, which was in agreement
with the results of mechanical strength tests and porosity test.

Figure 8 shows microstructural images of C10F30 before
and after exposure to high temperatures of 200°C, 400°C,
600°C, 800°C, and 1000°C. It can be seen from Figure 8(a) that
spherical fly ash particles and CaCO3 whiskers were uni-
formly distributed in the specimen, demonstrating that the
pozzolanic reaction of fly ash is a slow process, and there is
still much unreacted fly ash at 28 d of curing. When C10F30
was subjected to high temperature of 200°C, the micro-
structure of the specimen became denser which was proved by
the improvement in mechanical strength. ,e morphology of
C10F30 after exposure to 400°C indicated that the further
reaction of fly ash made the microstructure of C10F30 be-
come even more compact, with fewer unreacted fly ash
particles left in the specimen. Besides, microcracks were
observed in the specimen and the presence of CaCO3
whiskers restrained the propagation of these microcracks, as
shown in Figure 8(c). ,erefore, the strength of C10F30 after
being subjected to 400°C was higher with the incorporation of
CaCO3 whisker and fly ash. After exposure to 600°C, C10F30
exhibited a porous and coarse microstructure due to the
decomposition of CH and further moisture loss, while the
CaCO3 whisker pullout, as presented in Figure 8(d), dem-
onstrated the reinforcing effect of CaCO3 whisker on the
mechanical properties of the specimen. With the increasing
temperature to 800°C, CaCO3 whisker was almost dis-
integrated, as shown in Figure 8(e), with the thin shell of
whiskers left in the specimen. And at 1000°C, CaCO3 whiskers
were totally disintegrated, and the changes in microstructures
agreed with the variations in mechanical strength. It can also
be found that C10F30 had a relatively compactmicrostructure
than C0 when the temperature exceeded 600°C.

4. Conclusion

,e objective of the current study is to investigate the
combined effect of CaCO3 whisker and fly ash on cement
mortars before and after exposure to varying high tem-
peratures and evaluate the high-temperature resistance of
different types of mortars. Conclusions drawn from the
experimental results were listed as follows:

(1) High-temperature exposure caused the increase in
mass loss for all the CaCO3 whisker-based mortars,

regardless of without or with fly ash, and the mass
loss increased with the increase in maximum tem-
perature. CaCO3 whisker-based fly ash mortars
exhibited a slight increase in mass loss in comparison
with their corresponding mortars without fly ash.

(2) Before exposure to high temperatures, the mechanical
strength of CaCO3 whisker-based mortars was en-
hanced with the increasing dosage of CaCO3 whisker,
while the mechanical strength showed a downward
trend when the CaCO3 whisker content was more
than 10wt.%. ,e incorporation of fly ash led to a
slight decrease in mechanical strength of mortars.

(3) With respect to CaCO3 whisker-based specimens,
they reached their maximum strength after exposure
to 400°C, while the strength of them decreased no-
tably when exposed to 600°C. At 800°C and 1000°C,
the strength of these specimens exhibited a further
decrease, and due to the decomposition of CaCO3
whisker, specimens with more CaCO3 whisker had
the lower strength.

(4) With respect to CaCO3 whisker-based fly ash
specimens, in spite of a slight decrease in the strength
at 20°C, the strength of them at 200°C and 400°C was
even higher than that of corresponding specimens
without fly ash. And after exposure to 600°C, the
residual strength was still higher, indicating that the
high-temperature resistance of CaCO3 whisker-
based mortar was improved due to the presence of
fly ash. Although the decomposition of CaCO3
whisker took place at 800°C and 1000°C, the strength
of fly ash specimens was almost the same with C0.

(5) Compared with C0, C10F30 exhibited superior
mechanical properties after exposure to different
temperatures.

(6) With the incorporation of CaCO3 whisker and fly
ash, the flexural stiffness and flexural toughness of
the specimen were improved before 600°C.

(7) Although the total porosity of C10F30 at 20°C in-
creased, the overall pore distribution was refined
compared with C0. ,ere was an evident decline in
pore volume of mortars when exposed to 400°C, but
exposure to temperatures higher than 600°C resulted
in a significant increase in pore volume.

(8) Microscopic images showed that the filler effect and
crack-bridging effect of CaCO3 whisker, together with
the acceleration in pozzolanic reaction of fly ash at
high temperatures, made C10F30 possess preferable
high-temperature resistance capacity, which could be
reflected in the results of mechanical tests.
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To economically and reasonably solve the difficult problem of mine shaft support subject to complex geological conditions, we
studied the mechanical properties of polypropylene macrofiber-reinforced concrete (PPMFRC). First, we selected test raw
materials through an investigation and comparison of technical parameters. Second, using a preparation test, we obtained the
composition of reference concrete of PPMFRC for the mine shaft lining structure, and test specimens were manufactured
according to relevant test technical regulations. Finally, the mechanical properties of the specimens were compared, and the
results show that the compressive, flexural, and tensile strengths of PPMFRC were increased by approximately 3%, 30%, and 20%,
respectively, for mixtures with polypropylene macrofibers./e fracture toughness of PPMFRCwas between 0.26 and 0.35, and the
fracture energy was between 382.7N/m and 485.6N/m, which is significantly higher than that of plain concrete. /e test results
show that PPMFRC is an ideal material for the lining structure of a mine shaft under complex geological conditions, and we have
provided technical parameters for engineering applications.

1. Introduction

To exploit deep underground mineral resources, vertical
shafts must be constructed in the stratum to transport
minerals, personnel, materials, equipment, ventilation, etc. A
wellbore maintains stability because of a shaft lining structure
close to its inner wall. In the past, plain concrete was primarily
used for the lining. However, with the increase of mining
depth, the engineering geological and hydrological conditions
of the strata through which the wellbore passed became more
complex. Meanwhile, the concrete used in the shaft lining was
subjected to compressive stress, tensile stress, etc. Hence, the
concrete cracked easily. Further, when subjected to un-
derground pressure water, the cracks caused fracture and
expansion, which seriously affected the safe use of the shaft.
/us, concrete for deep shaft lining required not only high
compressive strength, but also high tensile strength, flexural
strength, crack resistance, and permeability resistance. A few

scholars developed shaft lining structures made of steel fiber
and steel skeleton-reinforced concrete, and these new types of
reinforced concrete were successfully applied to engineering
practices [1–4]. Nevertheless, through engineering applica-
tions, they were considered expensive and easily corroded.
/erefore, it is necessary to find a new material for the shaft
lining structure.

Polypropylene macrofiber is a fiber with diameter and
length exceeding 0.1 and 40mm, respectively, and it is
developed from polypropylene and polyethylene, which are
the main raw materials. When the polypropylene macro-
fibers in concrete reach a certain level, they behave in a
manner similar to steel fibers. /us, the fibers are also re-
ferred to as “imitation steel fibers” [5–7]. Polypropylene
macrofibers have many advantages such as high tensile
strength, corrosion resistance, good chemical stability,
strong bonding strength with concrete, and easy construc-
tion. However, few researchers have investigated the
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application of polypropylene macrofiber-reinforced con-
crete (PPMFRC) to underground structures. To economi-
cally and feasibly solve the difficult supporting problems of
mine shaft lining structures under complex conditions,
PPMFRC was prepared and its mechanical properties were
studied.

2. Materials and Preparation

2.1. Materials

2.1.1. Cement. In this study, Conch P.II 52.5 Portland ce-
ment, with the specific surface area 389m2/kg, was selected.
Its initial and final setting times were 145 and 199min,
respectively, and the cement was qualified as stable. Its 3 d
compressive and flexural strengths were 25.7 and 4.6MPa,
respectively, and its 28 d compressive strength and flexural
strength were 55.8 and 7.3MPa, respectively.

2.1.2. Aggregate. Sand fromHuaihe River was selected as the
fine aggregate with a fineness module of 2.9 and saturated
surface drying density of 2580 kg/m3. Basalt gravel was
selected as the coarse aggregate with a particle size of
less than 25mm and saturated surface drying density of
2720 kg/m3.

2.1.3. Plasticizer. /is study used the high-performance
water-reducing agent NF produced by Anhui Huaihe
Chemical Co., Ltd.; its water reducing rate is greater than
30%.

2.1.4. Admixture. Furthermore, this study used slag, with a
specific surface area greater than 350m2/kg, produced by
Anhui Hefei Qingya Building Material Co., Ltd. /e
microsilicon powder produced by Shanxi Dongyi Ferroalloy
Factory was selected. Its specific surface area was greater
than 18000m2/kg.

2.1.5. Fiber. /e polypropylene macrofiber produced by
Hangzhou Jianqing Fiber Company was selected (Figure 1).
/e parameters of the fiber are listed in Table 1.

2.2. Mixture Composition and Preparation. Existing studies
have generally used concrete with a standard cubic com-
pressive strength of 60MPa (C60) for shaft lining structures,
and thus, C60 was taken as the design value of concrete
strength in this test. /e composition of the reference
concrete for the test was then obtained from an orthogonal
test (Table 2).

Four groups of specimens were needed for each test. One
group comprised plain concrete specimens; these were
considered to be reference concrete. /e other three groups
were PPMFRC specimens containing 0.5%, 1.0%, and 1.5%
(volume fraction) fibers. /e four groups were named A-0,
A-0.5, A-1.0, and A-1.5, respectively. Each group had three
specimens whose shapes and sizes corresponding to each test
are shown in Figure 2.

/e sequence for mixing the PPMFRC was as follows.
First, cement, aggregate, and admixture were dry-mixed in a
concrete mixer for 2min. Second, polypropylene macro-
fibers were added and the mixture was stirred for 2min.
/en, NF water reducer was dissolved in 60% water and
poured into the mixer for 3min. Finally, the remaining 40%
of the water was poured into the mixer and stirred for 3min.

Specimens were poured and vibrated onanHZJ-0.8 con-
crete shaking table until slurry was discharged. After shaping,
the surface was immediately covered with impervious film and
the specimens inmolds were placed in an ambient temperature
of 20°C for 24h. /en, the specimens were demolded and
placed in a YH-40 standard curing box (20± 2°C, 95% hu-
midity) for 28d.

2.3. Experimental Methods and Facilities. In the experiment,
the WAW2000B universal testing machine developed by
SFMITwas used, and the load and displacement were recorded
using the Test Master software [8, 9]. After all specimens were
removed from the standard maintenance box, they were wiped
clean with a dry cloth, and then they were placed in the dry
equipment and corrected according to the specifications. An
anticracking net cover was installed around the test machine to
ensure safety.

In the compressive strength test, loading rate was
controlled between 0.08 and 0.10MPa/s.When the specimen
was close to failure and began to deform sharply, we stopped
adjusting the throttle of the testing machine until failure
occurred.

Figure 1: Polypropylene macrofibers.

Table 1: Characteristic parameters of polypropylene macrofiber.

Length
(mm)

Equivalent
diameter
(mm)

Length-
diameter
ratio

Density
(kg/m3)

Tensile
strength
(MPa)

55 0.85 ≥65 0.91 ≥450

Table 2: Composition of reference concrete (kg·m−3).

Cement Sand Gravel Water Admixture Slag Silica fume
400 667.2 1088.5 164.3 7.2 105 25
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In the flexural strength test, the loading rate was con-
trolled between 0.08 and 0.10MPa/s. Using the flexural test
device, two equal loads were simultaneously applied at three
points of the specimen span. /e loading diagram is shown
in Figure 3.

In the uniaxial tensile test, a pair of special fixtures
(Figure 4) matching the size of the test specimen were used,
and the loading rate was controlled at 1.2mm/min. To re-
duce the effects of eccentric load, the articulated ring was
welded to the outer end of the upper fixture and greased to
improve articulation effects.

In the wedged split tensile test, the loading rate was
controlled at 0.3mm/min using a step-by-step continuous
loading method. /e splitting and pulling device (Figure 5)
was clamped into the wide slot cut in advance in to the
specimen. /e clamp extensometer was installed to monitor
the V value of the crack. /e time from the beginning of
loading to fracturing of specimens was 30–50min.When the

specimen approached failure, the loading speed was reduced
and the test process was maintained at as table level. Finally,
the F-V curve for the test was obtained.

In the bending test, a 20mm crack was cut into the center
of the lower surface for specimen. /e loading speed was
controlled at 0.025mm/min, and a clamp extensometer was
installed to monitor the crack deflection. When the material
approached failure, the loading speed was reduced appro-
priately. Finally, the F-δ curve (load-deflection curve) for the
three-point bending notched beam was obtained.

3. Results and Discussion

3.1. Compressive Strength Test. Vertical load was recorded
using Test Master measurement and control software, and
the peak values were labeled. /e numerical values were
accurate to 0.1MPa. Normally, the average value of three
specimens is taken as the strength value of the group of

15
0

15
0

150

10
0

10
0 515

10
0

10
0

515

20
100 22040 40 100

10
0

10
0 10

0

10
0

60 30 60

15
0

53
22

75

15
0

(a) (b)

(c) (d)

(e)

Figure 2: Shapes and sizes of specimens in different tests in millimetres: (a) compressive strength test specimen; (b) flexural strength test
specimen; (c) uniaxial tensile test specimen; (d) wedged split tensile test specimen; (e) bending test specimen.
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specimens. However, if the difference between the maxi-
mum value and the minimum value of the three mea-
surements exceeds 15% of the median value, the maximum
value and the minimum value are discarded, and the median
value is taken as the compressive strength value of the group
of specimens. If the difference between the maximum and
the median value and the minimum and the median value
exceeds 15% of the median values, the test results for the
specimen group are invalid. /e test results are listed in
Table 3.

Table 3 shows that the compressive strength of PPMFRC
increased with increasing fiber ratios. For fiber ratios of 1.0%
and 1.5%, the strength increased by 3.4%. It shows that the
addition of polypropylene macrofibers improves the com-
pressive strength of concrete; however, the range is limited.
/e best volume ratio to improve the compressive strength
of PPMFRC can be selected as 1.0%.

3.2. Flexural Strength Test. Flexural strength was calculated
from peak load. Because the specimen sizes were non-
standard, the flexural strength results had to be converted
(formula 1). /e numerical value was accurate to 0.1MPa.
/e strength determination method was the same as that in

compressive strength testing. /e test results are listed in
Table 4:

ff � 0.85
Fzmaxl

bh2 , (1)

where ff is the flexural strength (MPa), 0.85 is the dimension
conversion coefficient, Fzmax is the peak load (kN), l is the
span between supports (mm), h is the section height (mm),
and b is the section weight (mm).

Figure 6 shows that before the ultimate flexural strength
of plain concrete was reached, the curves basically coincided
and linearity was evident. /en, different curves began to
show different trends. After reaching the peak value, the
stress of plain concrete decreased rapidly. Although the
concrete had residual strength, it was completely destroyed
in a short time and brittle failure was very evident. Over
time, PPMFRC materials with different fiber dosages con-
tinued to bear loads. PPMFRC reached its ultimate strength
and was destroyed at 210 s, which was nearly 30 s longer than
the duration for plain concrete. Additionally, the decline rate
of PPMFRC was slower than that of plain concrete. When
the fiber content was 1.0%, PPMFRC had the highest flexural
strength. /erefore, 1.0% can be used as the best volume
fraction for flexural strength.

3.3.UniaxialTensile StrengthTest. We found that most of the
fibers were pulled out of the material. Meanwhile, a few
fibers were not pulled out; however, they were instead
broken because of the strong bond between the fibers and
the concrete matrix. When the concrete cracked, the
bonding force between the fibers and the concrete matrix
played a key role. /en, most of the fibers were pulled out.
However, a few fibers having a high bonding force with the

Figure 4: Special fixtures used in the uniaxial tensile test.

(a)

(b)

(c) (d)

(e)

Figure 5: Loading manner of wedged split tensile test: (a) uni-
formly distributed load; (b) vertical pressure transfer device; (c)
horizontal pressure transfer device; (d) displacement direction; (e)
specimen.
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140135140
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Figure 3: Specimen dimensions and loading manner of the flexural
test.
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concrete matrix were not pulled out, and their tensile
strength resisted overall fracturing.

Because of the randomness of the distribution of coarse
aggregate and fibers in the concrete, the distribution of
original defects such as cracks and voids in the concrete was
also random (Figure 7). /e internal randomness caused the
strength and stress distributions to different in various
sections of specimens; thus, no evident specimen failure was
observed. /e fracture surfaces for some specimens were
near the middle of the specimens. However, the fracture
surfaces for the other specimens were only approximately
110–140mm away from the clamp opening.

During testing, a few specimens cracked on the one side,
and then on the other side, the cracks eventually expand to the
interior and break through. Most of the specimens cracked
initially on one side, with the cracks gradually expanding to the
interior and ultimately penetrating the damage. /is phe-
nomenon was mainly owing to a certain degree of eccentric
tension after the first initial cracking inmost specimens, which
resulted in the crack extending inward along one side.

Table 5 shows that, with increase in fiber content, both
the ultimate tensile strength and peak strain increased.

When the dosage was 1.5%, the ultimate tensile strength was
21.4% higher than that of plain concrete. In the stage prior to
the 70–80% peak values, the stress-strain relationship was
linear elastic. In this stage, the microcracks were relatively
smaller and their influence was weak. With increasing stress,
microcracks gradually began to expand, which affected the
stress area of the specimen, making residual stress increase
and further increasing failure trends.

3.4.WedgedSplitTensileTest. Draw F-V curve (vertical load-
displacement of crack opening curve) (Figure 8) and cal-
culate initial fracture toughness Kini

IC , instability fracture
toughness Kun

IC , effective crack length ac, fracture energy Gf,
and tensile strength f:

K
ini
IC �

FHQ × 10−3

t
��
h

√ f(α),

K
un
IC �

FHS × 10−3

t
��
h

√ f(α),

ac � h + h0(  1−

���������������
13.18

tEVc/FHS(  + 0.16



⎡⎣ ⎤⎦− h0,

Gf �
W

th
,

f �
6FZSy

th2 +
FZS

th
,

(2)

where FHQ is the horizontal load of initial fracture (kN), FHS
is the horizontal load of instability fracture (kN), t is the
ligament thickness (mm), h is the ligament height (mm), h0
is the thickness of cutter edge thin steel plate of clamp
extension meter (mm), a0is the initial length of crack (mm),
E is the modulus of elasticity (GPa), ci �Vi/Fi, is the re-
ciprocal slope of straight line segment in curve ascent (mm/
kN), α � αc/h, f(α) � 3.675[1− 0.12(α− 0.45)](1− α)−3/2,
Vc is the critical value of crack opening displacement (mm),
W is the work done by vertical load, envelope area of F-V
curve (J), and y is the distance from the ligament center to
the horizontal loading point (mm) [10]. /e test and cal-
culation results are listed in Table 6.

Table 4: Flexural strength test results.

Group Flexural strength (MPa) Increase range (%)
A-0 5.8 0
A-0.5 6.8 17.2
A-1.0 7.5 29.3
A-1.5 7.3 25.9

Table 3: Compressive strength test results.

Group Compressive strength (MPa) Increase range (%)
A-0 64.3 0
A-0.5 66.2 3.0
A-1.0 66.5 3.4
A-1.5 66.5 3.4
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Figure 6: Relationship between flexural stress and time.

Figure 7: Fractured specimens after the uniaxial tensile test.
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/e failure modes of concrete can be clearly observed
from Figure 9. /e matrix of plain concrete is completely
split and divided into two parts. /e brittle failure mode is
evident. Under the same stress, PPMFRC with 1.5% fiber
content exhibits microcracks but no evident damage, and the
effects of fiber crack prevention are evident.

3.5. Bending Test. According to the load, deflection, and
crack opening displacement measured by the test, F-δ curve
(vertical load-deflection) is drawn, and the fracture tough-
ness KIC and fracture energy Gf are calculated:

KIC �
6YMmax

��
a0

√

th2 ,

Gf �
A0 + mgδmax

Alig
,

(3)

where Y(l/h) � 1.93− 3.07(l/h) + 14.53(l/h)2 − 25.11(l/h)3 +

25.8(l/h)4 is the shape factor,Mmax is the sumof themaximum
load and the bending moment produced by the dead-
weight of the beam (N/m), a0 is the notch depth (mm), A0
is the envelope area of F−δ curve (mm2), mg is the
deadweight of support section of concrete beam (kN),
δmax is the deformation of beams at final failure (mm), and
Alig is the ligament area (mm2). /e meaning of other
parameters is consistent with that of the penetration

splitting test. /e test and calculation results are listed in
Table 7.

Figure 10 shows that there are only two stages in plain
concrete: elastic and failure stages. /e brittle failure
characteristics are evident. PPMFRC has evident elastic-
plastic characteristics, which can be divided into the elas-
tic, deflection stable development, deflection instability, and
failure stages. In the elastic stage, the curve is linear and the
fibers and concrete bear the load together. In the stable
development stage of deflection, when the ultimate load
reaches 70–80%, the curve slows, the matrix cracks begin to
propagate slowly, and the fibers across the cracks begin to
play a role in delaying the crack propagation speed until it
reaches a peak value. Macroscopic cracks begin to appear
near the peak load. In the deflection instability stage, after
reaching peak stress, the curve is steep, because the specimen
reaches its ultimate strength and destructs. /e bearing
capacity decreases sharply; however, the deflection changes
little. In the damage stage, the fibers show strong crack
resistance, with little change in the bearing capacity of the
specimens. /e deflection continues to develop until the
specimens are destroyed, reflecting the high toughness of
PPMFRC.

With increasing fiber content, the ultimate strength
loads and peak deflection increase. /e fiber volume
fraction has an evident effect on bending resistance, and
fracture energy also increases. /e value is between 382.7
and 485.6 N/m. /is occurs mainly because the fibers
connect the cracks and span between them. When the
microcracks expand, the fibers effectively alleviate the
stress concentrations of the cracks and prevent the cracks
from expanding. /e numerical results show that the
fracture energy is significantly increased. In addition to
overcoming the resistance of the concrete matrix itself, the
external load also must overcome the bond stress between
the fibers and the matrix, as well as the tensile strength of
the fibers themselves.

4. Conclusion

(1) /e flexural strength, tensile strength, fracture
toughness, and fracture energy of PPMFRC were
evidently higher than those of plain concrete.
However, the compressive strength of PPMFRC was
only slightly higher than that of plain concrete.

(2) For a fiber content of 1.0%, the flexural strength of
PPMFRC was 29.3% higher than that of plain
concrete. With increase in fiber content, the uniaxial
tensile strength and wedged split tensile strength of
PPMFRC were improved. At a fiber content of 1.5%,
the uniaxial tensile strength was highest, and it was
21.4% higher than that of plain concrete.

(3) With increasing fiber content, the fracture energy of
PPMFRC was improved. When the fiber content was
0.5–1.5%, the fracture toughness of PPMFRC was
0.26–0.35 and the fracture energy was 382.7–485.6N/
m. /us, the crack resistance of the PPMFRC is ev-
idently better than that of plain concrete.
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Figure 8: Relationship between vertical load and displacement of
crack opening.

Table 5: Uniaxial tensile test results.

Group Uniaxial tensile
strength (MPa)

Increase
range (%)

Peak strain
(×10−6)

A-0 2.8 0 117.63
A-0.5 3.1 10.7 124.63
A-1.0 3.2 14.3 145.41
A-1.5 3.4 21.4 152.34
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Table 6: Wedged split tensile test results.

Group Wedged split tensile strength (MPa) Increase range (%) Vc (μm) ac (μm) Kini(MPa/
��
m

√
) Kun

IC(MPa/
��
m

√
) Gf (N/m)

A-0 2.4 0 63.69 81.13 0.54 1.48 89.06
A-0.5 3.4 41.7 84.51 112.25 0.61 1.48 122.10
A-1.0 3.8 58.3 96.90 136.19 0.68 1.61 153.89
A-1.5 3.9 62.5 122.65 167.08 0.70 1.70 174.84

(a) (b)

Figure 9: Specimens damaged by the wedged split tensile test: (a) plain concrete; (b) PPMFRC of 1.5% polypropylene macrofibers content.

Table 7: Bending test results.

Group Ultimate bearing load (kN) Increase range (%) Peak deflection (mm) KIC (MPa/m1/2) Gf (N/m)
A-0 10.0 0 0.1340 0.25 279.2
A-0.5 10.6 6.0 0.2096 0.26 382.7
A-1.0 12.4 24.0 0.3221 0.31 429.5
A-1.5 14.0 40.0 0.6118 0.35 485.6
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Figure 10: Relationship between vertical load and deflection.
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(4) Both the F-V and F-δ curves exhibited the brittleness
characteristics of plain concrete and the elastic-
plastic characteristics of PPMFRC, and they in-
dicated the evident anticracking and toughening
effects of the fibers.

Data Availability

/e data used to support the findings of this study are in-
cluded within the article.

Conflicts of Interest

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

Acknowledgments

/is study was supported by the National Natural Science
Foundation of China (no. 51674006), Anhui Province
University Disciplines (Professional) Top-Notch Talent-
Funded Projects (gxbjZD09), Anhui Provincial Natural
Science Foundation Youth Project (1908085QE185), Anhui
Provincial College of Natural Science Research Key Project
(KJ2018A0098), project funded by China Postdoctoral Sci-
ence Foundation (2018M642502), and Science Research
Foundation for Young Teachers in Anhui University of
Science and Technology (QN2017211).

References

[1] Z. S. Yao, H. Cheng, and X. B. Ju, “Research and application of
high strength steel fiber concrete compound shaft lining with
inner steel plate in deep alluvium shaft repair,” Journal of
China Coal Society, vol. 42, no. 9, pp. 2295–2301, 2007.

[2] T. Han,W. H. Yang, Y. L. Ren, and Z. J. Yang, “Numerical and
experimental model studies of the horizontal bearing prop-
erties of shaft lining of encased steel or steel fiber reinforced,
high strength concrete,” Journal of China University of Mining
& Technology, vol. 41, no. 2, pp. 205–211, 2012.

[3] M. S. Wei, L. S. Li, Q. P. Zheng, and Q. A. Ding, “Comparative
study of evaluate method for toughness factor of steel fiber
reinforced concrete (SFRC),” Building Structure, vol. 37,
no. 12, pp. 90–92, 2007.

[4] S. Z. Qi and W. H. Yang, “Study of mechanical characteristics
of high strength steel fiber reinforced concrete shaft lining
with inner steel plate,” Coal Engineering, vol. 48, no. 3,
pp. 103–106, 2016.

[5] Y.-z. Bi, D.-l. Zhang, and J.-h. Hu, “Application of modified
polypropylene (crude) fibers concrete to strengthen the
support structures in deep mine roadway,” Journal of Coal
Science and Engineering (China), vol. 18, no. 4, pp. 379–384,
2012.

[6] Z. Z. Sun and Q. W. Xu, “Microscopic, physical and me-
chanical analysis of polypropylene fiber reinforced concrete,”
Materials Science and Engineering, vol. 527, no. 1-2,
pp. 198–204, 2009.

[7] A. A. Ramezanianpour, M. Esmaeili, S. A. Ghahari, and
M. H. Najafi, “Laboratory study on the effect of polypropylene
fiber on durability, and physical and mechanical characteristic
of concrete for application in sleepers,” Construction and
Building Materials, vol. 44, pp. 411–418, 2013.

[8] China Standards Publication, Standard for Test Method of
Mechanical Properties or Plain Concrete, GB/T50081-2002,
Standard Press of China, Beijing, China, 2002.

[9] China Standards Publication, Technical Specification for Ap-
plication of Fiber Reinforced Concrete, JG/T 221-2010, Stan-
dard Press of China, Beijing, China, 2010.

[10] S. L. Xu, “/e calculation approaches of double-K fracture
parameters of concrete and a possible coding standard test
method for determine them,” Journal of China <ree Gorges
University (Natural Sciences), vol. 24, no. 1, pp. 1–8, 2002.

8 Advances in Materials Science and Engineering



Research Article
Estimating the Tensile Strength of Ultrahigh-Performance
Fiber-Reinforced Concrete Beams

In-Hwan Yang ,1 Changbin Joh ,2 and The Quang Bui1

1Kunsan National University, Department of Civil Engineering, Kunsan, Jeonbuk 54150, Republic of Korea
2Korea Institute of Civil Engineering and Building Technology, Structural Engineering Research Institute, Goyang,
Gyeonggi 10223, Republic of Korea

Correspondence should be addressed to In-Hwan Yang; ihyang@kunsan.ac.kr

Received 19 December 2018; Accepted 11 April 2019; Published 2 May 2019

Guest Editor: Kazunori Fujikake

Copyright © 2019 In-Hwan Yang 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.

.e tensile behavior of ultrahigh-performance fiber-reinforced concrete (UHPFRC) depends on the dispersion and orientation of
steel fibers within the concrete matrix. .e uneven dispersion of randomly oriented steel fibers in concrete may cause differences
in the tensile behavior between material testing specimens and beams. .erefore, in this study, the tensile behavior was in-
vestigated by fitting the analysis result of the moment-curvature curve to the experimental result of a UHPFRC beam. To this end,
three UHPFRCmixtures with different compressive strengths were fabricated to test the material properties and flexural behavior
of UHPFRC beams. Both a single type of steel fiber and a combination of steel fiber types were used with volume fractions of 1.0%
and 1.5%, respectively, in the three mixtures. Based on the design recommendations, the material properties of UHPFRC were
modeled. .e results ultimately show that by fitting the analysis results to the experimental results of the moment-curvature
curves, the tensile strength of UHPFRC beams can be reasonably estimated.

1. Introduction

Concrete is a brittle material with a low tensile strength;
furthermore, increasing the compressive strength of con-
crete will increase its brittleness. .e advent of ultrahigh-
performance fiber-reinforced concrete (UHPFRC) repre-
sents the outcome of continuous research to improve the
performance of high-strength concrete under tension.
Following the improvements in its mechanical properties,
UHPFRC has become suitable for many applications re-
quiring long spans, such as in stadia, bridges, and docks.
.erefore, many researchers have conducted numerous
studies to explore the tensile and flexural behaviors of
UHPFRC [1–6]. For example, uniaxial tensile tests were
performed by Boulay et al. [7] and Wile et al. [8] to in-
vestigate the tensile behavior of UHPFRC, while Su et al. [9]
and Mertol et al. [10] conducted a series of bending beam
tests to study the flexural behavior of UHPFRC. In addition,
Li et al. [11] examined the influences of UHPFRC and
high-strength reinforcement on the flexural behavior of

reinforced concrete beams. .e findings of these studies
revealed that the use of UHPFRC increases the overall
performance of a beam relative to the use of high-strength
concrete.

.e most important factor affecting the tensile behavior
of UHPFRC is the inclusion of steel fiber. .e addition of
steel fiber to UHPFRC makes it more ductile, increases its
strength, and improves its resistance to cracking [12–16].
.e results of a study performed by Ren et al. [17] indicated
that the flexural strength, load carrying capacity, energy
absorption capacity, fracture toughness, and fracture energy
increased significantly with increasing steel fiber content.
Moreover, Yoo et al. [18] investigated the effects of four
different fiber volume fractions on the mechanical and
fracture properties of UHPFRC; their results showed that an
increase in the fiber volume fraction increased the flexural
strength of notched beams. Subsequently, to investigate the
flexural behavior of steel fiber-reinforced concrete beams
under both quasistatic and impact loads, Yoo et al. [19] used
four different fiber volume contents ranging from 0% to
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2.0% and concluded that the inclusion of a large quantity of
steel fibers would enhance the flexural strength, deflection
capacity, and toughness of the beams.

However, the orientation and distribution of steel fiber
in a concrete matrix are random; unfortunately, this
randomness can considerably affect the flexural response of
a UHPFRC beam. Consequently, many researchers have
attempted to control the orientation and distribution of
steel fibers in UHPFRC members. For instance, Abrish-
ambaf et al. [20] and Kang and Kim [21] quantified the
effect of the fiber orientation on the tensile behavior of
UHPFRC and concluded that the fiber orientation sig-
nificantly affects the tensile behavior of UHPFRC, espe-
cially its deflection-hardening behavior. According to the
studies of Yang et al. [22] and Kang and Kim [21], in which
two different methods for emplacing concrete were
adopted, steel fiber orientation is influenced by the method
utilized to place UHPFRC. In addition, Al-Mattarneh [23]
determined the concentration, dispersion, and orientation
of steel fibers in concrete by using a surface electromagnetic
sensor. Furthermore, Nunes et al. [24] estimated the tensile
strength of thirty-six UHPFRC layers with varying fiber
contents and fiber orientation distributions based on a
comparison of magnetic measurements and experimental
results.

.erefore, the objective of this study is to estimate the
tensile behavior of UHPFRC beams subjected to flexure..e
experimental parameters included the compressive strength
of UHPFRC and the volume content of a combination of
steel fibers. Target compressive strengths of 120, 150, and
180MPa were considered for the UHPFRC; moreover, both
a single type of steel fiber and a combination of steel fiber
types with volume fractions of 1.0% and 1.5%, respectively,
were used in this study. .e material behavior of UHPFRC
was modeled based on material testing results, and flexural
tests were carried out on nine UHPFRC beams. Finally, the
tensile strength of the UHPFRC beams was estimated by
fitting the analysis results with the testing results of the
moment-curvature curves.

2. Material Properties of UHPFRC

2.1. Mixing Proportions. In this study, the UHPFRC mix-
tures included straight steel fibers at volume fractions of
1.0% and 1.5%. Ordinary Portland cement (OPC) was used
as the cementitious material, and fine aggregate with a di-
ameter of 0.5mm or less was used. .e water-binder ratios
(w/b) were 0.18 and 0.22, and a polycarboxylic acid-based
high-performance water-reducing agent with a density of
1.01 was used to ensure workability with a low water-binder
ratio. In addition, filler and zirconium were also used in the
UHPFRC mixtures.

.ree fiber-reinforced concrete mixtures, namely,
FRC120, FRC150, and FRC180, were fabricated, where the
number in each mixture label represents the target com-
pressive strength of the resultant concrete. A single type of
straight fiber with a length of 19.5mm was used in the
FRC120 mixture at a volume fraction of 1.0%, while a
combination of fibers was utilized in the FRC150 and

FRC180 mixtures at a volume fraction of 1.5%. .e com-
bination of fibers used in the FRC150 and FRC180 mixtures
constituted 0.5% straight fibers with a length of 16.5mm and
1.0% straight fibers with a length of 19.5mm. .e straight
fibers had a diameter of 0.2mm, a unit weight of 7500 kg/m3,
and a tensile strength of 2500MPa. .e detailed mixing
proportions are given in Table 1.

2.2. Compressive Behavior of UHPFRC. .e compressive
strength of UHPFRC was obtained through compressive
testing on cylindrical specimens with a height of 200mm
and a diameter of 100mm. .ree linear variable displace-
ment transducers (LVDTs) were installed around the cy-
lindrical specimens to measure the displacement during the
loading step. .e stress-strain curve of the UHPFRC was
calculated by using the load-displacement relationship,
which was obtained from the compressive strength test. In
addition, the modulus of elasticity was calculated from the
UHPFRC stress-strain curve [25].

.e mean compressive strengths of the FRC120,
FRC150, and FRC180 specimens were 133.7, 148.8, and
181.2MPa, respectively. In addition, the mean elastic moduli
of the FRC120, FRC150, and FRC180 specimens were 40150,
43220, and 45140MPa, respectively.

2.3. Tensile Behavior of UHPFRC. To evaluate the tensile
behavior of UHPFRC, including its postcracking behavior,
prismatic specimens of each mixture were fabricated and
tested. .e prismatic specimens, which had a height of
100mm, a width of 100mm, and a length of 400mm, had a
notch with a depth of 10mm cut into the tensile zone. .e
crack mouth opening displacement (CMOD) was mea-
sured by using a clip gauge attached to both edges of the
notch.

A three-point loading test was performed to obtain the
tensile behavior of the UHPFRC. .e clear span length
between the specimen supports was 300mm, and the load
was measured during its application. To measure the de-
flections of the prismatic specimens, three LVDTs were
attached at the midheight of each specimen. .e experi-
mental setup for measuring the CMOD of the prismatic
specimens is shown in Figure 1. .e load-CMOD re-
lationship curves of the FRC120, FRC150, and FRC180
specimens are shown in Figure 2.

2.4. Modeling the Material Properties of UHPFRC. .e
UHPFRC stress-strain relationship was modeled based on
the current design recommendations [26]. Based on the
compressive stress-strain test results of the cylindrical
specimens, the compressive stress-strain relationship was
modeled as a linear curve by using the maximum com-
pressive strength and elastic modulus; a linear shape was
chosen because the experimental results showed an ap-
proximately linear relationship between the compressive
stress and strain.

.e tensile behavior of the UHPFRC can be estimated by
performing an inverse analysis based on the testing results of
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the load-CMOD relationship curve. Accordingly, the tensile
stress-CMOD relationship was derived from the load-
CMOD relationship through inverse analysis, after which
the tensile stress-strain curve was obtained from the tensile
stress-CMOD relationship. .e tensile strengths of the
FRC120, FRC150, and FRC180 mixtures estimated from the
load-CMOD relationship were 7.21, 9.07, and 7.76MPa,
respectively; these results show that the tensile strength of
the FRC180 mixture was less than that of the FRC150
mixture. At the beginning of the test, it was expected that the
tensile strength of UHPFRC would increase with the
compressive strength; however, this is not consistent with
the tensile test results. .e tensile and compressive stress-
strain relationships are shown in Figure 3. .e equations for
the characteristic points of the curve are as follows:

εel �
fctk,el

Ecm
, (1)

where εel is the elastic tensile strain corresponding to the
characteristic elastic tensile strength, fctk,el is the charac-
teristic elastic tensile strength, and Ecm is the mean elastic
modulus of the UHPFRC.

εpeak �
w0.3

lc
+

fctk,el

Ecm
,

ε1% �
w1%

lc
+

fctk,el

Ecm
.

(2)

where εpeak is the equivalent strain corresponding to the local
peak in the postcracking phase or to a crack width equal to
0.3mm if there is no peak, and w0.3 represents the crack
opening width corresponding to 0.3mm. ε1% is the equiv-
alent strain corresponding to a crack width of 0.01H;
w1% � 0.01H, where H denotes the height of the prismatic
specimen; and lc is the characteristic length expressed as
lc � 2h/3, whereh is the depth of the cross section of the
beam.

εlim �
lf

4lc
, (3)

where εlim is the ultimate strain beyond which the effect of
fiber is no longer taken into account in the ultimate limit
state and lf is the length of the steel fiber.

.e compressive stress-strain relationships for the
FRC120, FRC150, and FRC180 mixtures are shown in
Figure 4, and those simulated for each mixture are repre-
sented by the solid lines in Figure 5. .e values of the
characteristic points are listed in Table 2.

3. Bending Test of UHPFRC Beams

3.1. Bending Test Setup. A total of nine beams with rect-
angular cross-sectional dimensions of 200× 250mm and a
length of 3300mm were fabricated and tested. Figure 6
shows the beam dimensions and reinforcement details.
.e main experimental variables of the test beams were the
compressive strength of the concrete and the reinforcement
ratio (i.e., rebar ratio) of the beams; these variables are listed
in Table 3. .ree different types of UHPFRC with com-
pressive strengths of 120, 150, and 180MPa were cast with
different rebar ratios, which ranged between 0.59 and 1.19%.
.e constant moment region was 600mm long; in this
region, stirrups were not used while they were placed in the
shear spans. All beams were reinforced by stirrups with a
diameter of 10mm at a spacing of 150mm to avoid shear
failure at both shear spans.

.e beams were tested under a four-point loading
system, as shown in Figure 7. .e load was applied by a
hydraulically operated actuator and a spread beam. A pair of
steel supports was utilized with a support placed at either
end of the beams separated by a clear span of 3000mm. .e
distance between the two loading points was 600mm, and
the displacement control of the load was maintained at a rate
of 1.5mm/min.

.ree LVDTs were placed within the constant moment
region of each beam to measure the deflection during the
test. To obtain the strain of both the concrete and the rebar,
electrical resistance strain gauges were also attached to each
beam. .e strain in the concrete was measured by five strain
gauges attached on the sides of the beams at the midspan,
and the strain in the rebar was measured by four strain
gauges attached on the surface of the rebar.

3.2. Bending Test Results. .e cracking and failure patterns
of the UHPFRC beams are shown in Figure 8. .e beams
began to crack initially in the constant moment region, and

Table 1: Mixing proportions of the UHPFRC.

Mixture w/b W
Binders

S F
Steel fiber

OPC Zr BFS Fiber volume content, Vf (%) Diameter, Df (mm)
FRC120 0.22 209 770 58 135 847 231 1.0�1.0 (19.5mm) 0.2
FRC150 0.18 180 788 99 99 867 236 1.5�1.0 (19.5mm)+ 1.0 (16.5mm) 0.2
FRC180 0.18 178 783 196 — 862 235 1.5�1.0 (19.5mm)+ 1.0 (16.5mm) 0.2
OPC: ordinary Portland cement; Zr: zirconium; BFS: blast-furnace slag; S: sand; F: filler; W: water.

Figure 1: CMOD test setup.
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more cracks formed between the existing cracks as the load
increased. .e cracks were well distributed throughout the
constant moment region at a low loading level, and more
cracks formed in the shear spans at a higher loading level.
After the peak load was reached, a single crack from the
existing cracks within the constant moment region signif-
icantly widened and developed into a localized major crack,
as shown in Figure 8. .e localization of cracking within the
constant moment region can cause bridging cracks to
weaken and eventually form a plastic hinge. Moreover, the
experimental results showed that steel fibers were pulled out
of the matrix at the ultimate state.

.e load-deflection curves of the beams with different
rebar ratios are shown in Figure 9, and the bending test
results of the beams are also shown in detail in Table 4. With
regard to the beams with a rebar ratio of 0.59% (R2), the
peak loads of the FRC120-R2, FRC150-R2, and FRC180-R2

beams were 66.7, 76.0, and 111.5 kN, respectively. .e
FRC180-R2 beam exhibited a greater peak load than the
other beams. With regard to the beams with a rebar ratio of
0.89% (R3), the peak loads of the FRC120-R3, FRC150-R3,
and FRC180-R3 beams were significantly different from each
other..e highest peak load of 131.3 kNwas obtained for the
FRC180-R3 beam, while the peak loads of the FRC120-R3
and FRC150-R3 beams were 123.3 and 118.6 kN, re-
spectively. With regard to the beams with a rebar ratio of
1.19% (R4), the FRC180-R4 beam exhibited a peak load of
147.2 kN, which was greater than that of the other beams; the
peak loads of the FRC120-R4 and FRC150-R4 beams were
127.3 and 139.9 kN, respectively. For each rebar ratio, the
peak loads of the FRC180 beams were greater than those of
the FRC120 and FRC150 beams. .erefore, the bending
strength of UHPFRC beams is considerably affected by the
compressive strength of the concrete.
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Figure 2: Load-CMOD relationship curves.
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With regard to the beams with a rebar ratio of 0.59%
(R2), the deflections at the ultimate states of the FRC120-R2,
FRC150-R2, and FRC180-R2 beams were 22.2, 17.9, and
17.8mm, respectively. .e deflection of the FRC120-R2
beam was greater than that of the other beams, and the
deflections at the ultimate states of the FRC150-R2 and
FRC180-R2 beams were similar. With regard to the beams
with a rebar ratio of 0.89% (R3), the deflections at the ul-
timate states of the FRC120-R3, FRC150-R3, and FRC180-
R3 beams were 20.9, 34.6, and 21.2mm, respectively. At the
ultimate state, the FRC150-R3 beam showed the greatest
deflection and the deflections of the FRC120-R3 and
FRC180-R3 beams were similar. With regard to the beams
with a rebar ratio of 1.19% (R4), the ultimate deflection of the

FRC150-R4 beam was the greatest. .erefore, the deflection
at the ultimate state of a UHPFRC beam is not directly
affected by the compressive strength of UHPFRC, while the
bending strength of a UHPFRC beam is approximately
proportionally affected by the compressive strength of
concrete.

.e load-deflection relationship of a beam subjected to
bending depends on the curvature along the axis of the
beam. In a low-loading state, because the widths of the
cracks in the constant moment region are small and uni-
form, the curvature in this region is relatively uniform; this
results in deflection, which depends on the constant cur-
vature. However, if a major crack forms, the curvature in the
constant moment region will no longer be uniform; thus, the
midspan deflection of the beam will not depend on the
constant curvature. As shown in Figure 8, a major crack
appeared in all the test beams. .erefore, the experimental
results of the midspan deflection at the ultimate state did not
show an obvious trend with the compressive strength of
UHPFRC.

4. Estimating the Tensile Behavior of
UHPFRC Beams

4.1. Method for Predicting the Bending Moment-Curvature
Relationship. In this study, a sectional analysis was per-
formed by using a multilayer section to predict the bending
strength of UHPFRC beams. .e cross section of the test
beam is divided into several layers along the height, and it is
assumed that the compression and tensile strain are both
linear throughout the cross section. .e compressive strain
at the top layer and the tensile strain at the bottom layer of
the cross section are calculated by using two variables: the
cross-sectional curvature (φ) and the distance from the top
layer to the neutral axis (c).

εc0

Ecm

fck

ε

fc

(a) Compression

ft

εεel εpeak ε1% εlim

fctk,el

fct� / K
fctk,1%,k / K

(b) Tension

Figure 3: Stress-strain relationships.
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.e compressive strain at the top face and the tensile
strain at the bottom face are calculated as follows:

εtop � cφ,

εbottom � (h− c)φ,
(4)

where h is the beam height.

After the strains in the top and bottom layers are de-
termined, the strain in the other layers can be obtained, as shown
in Figure 10, because the strain distribution is assumed to be
linear throughout the cross section..en, the stress of each layer
can be obtained from the material model. In addition, the force
of each layer is determined based on the stress of theUHPFRC in
each layer and the stress of the steel rebar..e sum of the forces
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Figure 5: Modeling and estimation of the tensile behavior of UHPFRC.

Table 2: Material modeling of the UHPFRC.

Mixture
Compressive behavior Tensile behavior

fck (MPa) εc0 Ecm (MPa) fctfk (MPa) fctf ,1%,k (MPa) εel εpeak ε1% εlim
FRC120 133.7 0.0033 40,150 7.21 6.98 0.00018 0.00198 0.00618 0.02925
FRC150 148.8 0.0034 43,220 9.07 9.07 0.00021 0.00201 0.00621 0.02685
FRC180 181.2 0.0040 45,140 7.76 7.76 0.00017 0.00197 0.00617 0.02625
.e terms in the table are shown in Figure 3.
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Figure 6: Dimensions of the beam.

Table 3: Details of the beams.

Beams

Target
compressive
strength
(MPa)

Mean
compressive
strength
(MPa)

Fiber
volume

content, Vf
(%)

Beam dimensions Rebar

Width of
section, b
(mm)

Height of
section, h
(mm)

Effective
depth of
beam, a
(mm)

Number
Area,
As

(mm2)

Rebar
ratio, ρ
(%)

Yielding
strength, fy
(MPa)

FRC120-R2
120 133.7 1.0

200 250 213.5 2-D13 258 0.59 420
FRC120-R3 200 250 213.5 3-D13 387 0.89 420
FRC120-R4 200 250 213.5 4-D13 516 1.19 420
FRC150-R2

150 148.8 1.5
200 250 213.5 2-D13 258 0.59 420

FRC150-R3 200 250 213.5 3-D13 387 0.89 420
FRC150-R4 200 250 213.5 4-D13 516 1.19 420
FRC180-R2

180 181.2 1.5
200 250 213.5 2-D13 258 0.59 420

FRC180-R3 200 250 213.5 3-D13 387 0.89 420
FRC180-R4 200 250 213.5 4-D13 516 1.19 420

Spread beam
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Figure 7: Instrumentation used for the flexural tests of the beams.
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Figure 8: Cracking and failure of the UHPFRC beams.
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for each section should satisfy the equilibrium condition. When
the forces throughout the cross section are in equilibrium, the
bending moment can finally be determined.

4.2. Prediction of the Bending Capacity and Estimation of the
Tensile Strength of UHPFRC Beams. To predict the bending
behavior of UHPFRC beams, two analytical approaches were
used in this study. In the first approach, which is shown
schematically in Figure 11, the tensile properties obtained
from the CMOD test results were used as the input for the
sectional analysis to obtain the moment-curvature re-
lationship, after which the analysis result of the moment-
curvature curve was compared with the experimental result.
Comparisons of the analysis results and experimental results
for the moment-curvature relationships are shown in
Figures 12–14, in which the relationships between the
moment and curvature obtained from the beam tests are
plotted using the strain measurements from the beam
surface. .e measured strain profile along the beam height
can be used to determine the curvature. However, individual
strain measurements became unreliable after the crack
observed at the surface of the concrete beam widened;
consequently, not all curvatures are shown in the moment-
curvature relationships.

.e analysis result of the bending moment of the
FRC120-R2 beam overestimated the experimental result, as
shown in Figure 12; the ratio of the analysis result to the
experimental result for the bending strength is 1.54, as
shown in Table 5. Meanwhile, the analysis results of the
bending strengths of the FRC120-R3 and FRC120-R4 beams
were slightly greater than the experimental results; thus, the
ratios of the analysis results to the test results for these two
beams are 0.99 and 1.10, respectively.

For the FRC150 beam series, the analysis result of the
bendingmoment of the FRC150-R2 beamoverestimated the test
result greatly; thus, the ratio of the analysis result to the ex-
perimental result for the bending strength is 1.46. Meanwhile,
the analysis results of the bending moments of the FRC150-R2
and FRC150-R3 beams were in good agreement with the ex-
perimental results; thus, the ratios of the analysis results to the
experimental results are 1.06 and 1.01, respectively.

In contrast to the FRC120 and FRC150 beam series, the
analysis results of the FRC180 beam series were under-
estimated. .e analysis results of the bending strengths of
the FRC180-R2, FRC180-R3, and FRC180-R4 beams were
less than the corresponding experimental results, with
analytical-experimental result ratios of 0.92, 0.90, and 0.92,
respectively.

Table 4: Experimental results of the beams.

Beams

Initial cracking stage Yielding stage Ultimate stage
Initial

cracking
load, Pcr
(kN)

Initial
cracking

moment, Mcr
(kN·m)

Initial
cracking

deflection, Δcr
(mm)

Yielding
load, Py
(kN)

Yielding
moment,

My
(kN·m)

Yielding
deflection,
Δy

(mm)

Ultimate
load,

Pu (kN)

Ultimate
moment,

Mu
(kN·m)

Ultimate
deflection,
Δu (mm)

FRC120-R2 32.0 19.2 4.1 63.5 38.1 6.7 66.7 40.0 22.2
FRC120-R3 60.1 36.1 4.0 117.2 70.3 15.3 123.3 74.0 20.9
FRC120-R4 54.6 32.8 4.2 123.8 74.3 15.8 127.3 76.4 26.4
FRC150-R2 41.0 24.6 2.5 71.5 42.9 11.0 76.0 45.6 17.9
FRC150-R3 48.4 29.0 2.6 107.7 64.6 31.7 118.6 71.2 34.6
FRC150-R4 44.1 26.5 3.8 123.9 74.3 16.1 139.9 83.9 39.5
FRC180-R2 41.1 24.7 1.9 105.3 63.2 12.8 111.5 66.9 17.8
FRC180-R3 40.8 24.5 1.8 122.0 73.2 14.4 131.3 78.8 21.2
FRC180-R4 41.0 24.6 1.7 126.9 76.1 12.0 147.2 88.3 25.5
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Figure 10: Strain compatibility and equilibrium forces in sectional analysis.
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Figure 11: Approaches for estimating the tensile behavior of a UHPFRC beam.
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Figure 12: Prediction of moment-curvature curves (FRC120 series beams).
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.e most important parameter for predicting the bending
moment-curvature curve of UHPFRC is the tensile strength. It
is well known that an accurate prediction of the bending
strength of a UHPFRC beam is dependent on the tensile
strength of the UHPFRC. .e deviation of the analysis result
from the experimental result of the bending strength may
primarily be due to the difference between the tensile strength
obtained from the material test with the notched specimen and
the actual tensile strength of the test beam.

.erefore, a second approach was employed to estimate
the actual tensile strength of each test beam. In the second
approach, a sectional analysis was performed for themoment-
curvature curve to ensure that the bending strength of the
analytical moment-curvature curve was in good agreement
with that of the experimental result. .e fitting of the bending
strengths from the analytical moment-curvature curves and
from the experimental work is illustrated in Figures 15–17.

.e tensile strength of UHPFRC is a major parameter
influencing the bending capacity of a UHPFRC beam. If the
bending strength of the analysis result is almost identical to
the experimental result, the tensile properties used as input
for the sectional analysis can be assumed to be the actual
tensile properties for the test beam.

.e tensile strengths obtained from the material testing
with the notched specimens and estimated by fitting the
bending strengths of the analytical moment-curvature
curves to the experimental result (shown in Figures 15–
17) are listed in Table 5. .e findings reveal that the tensile
strength obtained from the material testing is different
from the tensile strength estimated by fitting the moment-
curvature curves between the analysis and experimental
results. For example, for the FRC120 and FRC150 beam
series, the tensile strength obtained from the tensile test of
the notched UHPFRC specimens was greater than that
estimated by fitting the bending strength determined from
the analytical moment-curvature curve to that determined
experimentally.

From the test of the notched prismatic specimen, the
tensile strength of the FRC120 beam series was 7.21MPa, while
the estimated tensile strengths of the FRC120-R2, FRC120-R3,
and FRC120-R4 beams were 2.83, 5.42, and 5.50MPa, re-
spectively. .e tensile strength of the FRC150 beam series
obtained from the test on the prismatic specimen was
9.07MPa, while the estimated tensile strengths of the FRC150-
R2, FRC150-R3, and FRC150-R4 beams were 4.59, 7.79, and
8.44MPa, respectively. Meanwhile, the tensile strength of the
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Figure 13: Prediction of moment-curvature curves (FRC150 series beams).
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FRC180 beam series obtained from the tensile test was 10% less
than that estimated by fitting the moment-curvature curve.

5. Conclusions

An experimental study on the flexural behavior of UHPFRC
is presented in this study, and the tensile strength of

UHPFRC beams is estimated by fitting the analysis result of
the moment-curvature curve to the experimental result of
the bending strength. Based on the experimental and
analysis results, the following conclusions can be made:

(1) .e width of one of the well-distributed cracks in the
constant moment zone was significantly widened,
and the crack became localized. .e localization of
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Figure 14: Prediction of moment-curvature curves (FRC180 series beams).

Table 5: Analysis results.

Beams
Tensile strength (MPa) Bending strength (kN·m) Ratio Difference

between tensile
strengths∗ (%)

CMOD test
result (ft,test)

Estimation from curve
fitting (ft,estimation)

Beam test
result (1)

Prediction using the tensile
strength from the CMOD test (2) (2)/(1)

FRC120-R2 7.21 2.83 40.0 61.7 1.54 154.8
FRC120-R3 7.21 5.42 74.0 73.0 0.99 33.0
FRC120-R4 7.21 5.50 76.4 84.4 1.10 31.1
FRC150-R2 9.07 4.59 45.6 66.6 1.46 97.6
FRC150-R3 9.07 7.79 71.2 75.8 1.06 16.4
FRC150-R4 9.07 8.44 83.9 85.0 1.01 7.5
FRC180-R2 7.76 8.90 66.9 61.5 0.92 12.8
FRC180-R3 7.76 9.38 78.8 71.2 0.90 17.3
FRC180-R4 7.76 9.39 88.3 80.9 0.92 17.4
∗Difference between the tensile strength obtained from the material test and that estimated by fitting the moment-curvature curves.
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Figure 15: Fitting of moment-curvature curves between the experimental and analysis results (FRC120 series beams).
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cracks within the constant moment region caused
the bridging effect to weaken, and steel fibers were
eventually pulled out of the matrix in the region of
localized cracking.

(2) .e bending strengths of the FRC150 and FRC180
beam series were greater than those of the FRC120
beam series, indicating that the flexural strength of the
UHPFRC beams increased with the steel fiber content.
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Figure 16: Fitting of moment-curvature curves between the experimental and analysis results (FRC150 series beams).
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Figure 17: Fitting of moment-curvature curves between the experimental and analysis results (FRC180 series beams).
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(3) .e bending strength obtained from the sectional
analysis using the material test result was compared
with the beam test result. .is comparison showed
that the bending strengths of several beams differed
from the corresponding test results, thereby in-
dicating that the tensile strength obtained from the
material test would be significantly different from
that estimated from the beam test results. .e esti-
mated tensile strengths of the FRC120-R2, FRC120-
R3, and FRC120-R4 beams were 60.7, 24.8, and
23.7% less than the tensile strength obtained from
the material test, respectively. Similarly, the esti-
mated tensile strengths of the FRC150-R2, FRC150-
R3, and FRC150-R4 beams were 49.4, 14.1, and 6.9%
less than the tensile strength obtained from the
material test, respectively. Meanwhile, the estimated
tensile strengths obtained from the FRC180 beam
series were 14.7∼21.0% greater than the tensile
strength obtained from the material test.

(4) .e tensile strengths of the UHPFRC beams were
estimated reasonably by fitting the analysis results of
the moment-curvature curve to the beam test results.
.e estimated tensile strength of the UHPFRC in-
creased with its compressive strength.
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Metakaolin (MK) is an aluminosilicate pozzolan material and can contribute to property development of concrete due to the
pozzolanic reaction. Limestone (LS) powder presents the dilution effect, nucleation effect, and chemical effect on hydration of
cement. When metakaolin and limestone are used together, due to the additional chemical reaction between the aluminum phase
in MK and limestone, the synergetic benefit can be achieved. +is study presents a hydration model for cement-limestone-
metakaolin ternary blends. Individual reactions of cement, metakaolin, and limestone are simulated separately, and the in-
teractions among cement hydration, limestone reaction, and metakaolin reaction are considered through the contents of calcium
hydroxide and capillary water. +e hydration model considers the pozzolanic reaction of metakaolin, chemical and physics effects
of limestone, and synergetic effect between metakaolin and limestone. Furthermore, the gel-space ratio of hydrating concrete is
calculated using reaction degrees of binders and concrete mixtures.+e strength development of ternary blends is evaluated using
the gel-space ratio. Based on parameter analysis, the synergetic effect on strength development is shown and the optimal
combinations of cement-limestone-metakaolin ternary blends are determined.

1. Introduction

Metakaolin is increasingly used in modern concrete in-
dustry. +e addition of metakaolin can make many ad-
vantages on the performance of concrete. Metakaolin can
enhance workability and finishing ability, increase com-
pressive and flexural strength, and reduce chloride perme-
ability. However, metakaolin-blended binary concrete has
some drawbacks. As the replacement level of cement by
metakaolin increases, an increased amount of super-
plasticizer is necessary to reach the required consistency.+e
material cost of the metakaolin is higher than that of cement.
To avoid these drawbacks, the substitution level of cement by
metakaolin is generally lower than 25%. Summarily, the
benefits of metakaolin, such as mechanical performance and
extended service life, may overcome its negative effect.
Metakaolin is a very promising supplementary cementitious
material for the concrete industry [1, 2].

Limestone powder can improve the workability, reduce
the bleeding, and reduce the amount of CO2 emission of the
concrete industry.+e price of limestone is much lower than

that of metakaolin.+e addition of limestone lowers the late-
age strength of concrete. When limestone and metakaolin
are used together, the pozzolanic reaction of metakaolin can
contribute to concrete late-age strength. In addition, met-
akaolin has a high aluminum content which can react with
limestone, form carboaluminate phases, and increase solid
volume and strength of concrete. +is is the synergetic effect
of ternary concrete. While metakaolin or limestone is added
individually, the synergetic effect cannot be achieved. In
summary, when using metakaolin- and limestone ternary-
blended concrete, the economic benefit and strength benefit
can be achieved [1, 2].

Many experimental studies have been done about
workability, mechanical, and durability aspects of cement-
limestone-metakaolin ternary blends. Vance et al. [3] re-
ported that, for cement-limestone-metakaolin ternary
blends, the yield stress reduces as the limestone content
increases. +is is because of the particle packing, water
demand, and interparticle spacing and contacts. Vance et al.
[4] found that the synergetic effect of limestone and
MK incorporation can improve early-age properties and
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maintain late-age properties of concrete. Alvarez et al. [5]
presented that combined mixtures of limestone and MK
enhance compressive strength compared with 100% Port-
land cement concrete. Ramezanianpour and Hooton [6]
presented that carboaluminate hydrates are formed for
cement-limestone-MK ternary blends, and there is an op-
timum level of limestone in terms of the maximum strength
and minimum porosity. Perlot et al. [7] reported that
ternary-blended mix presents a real benefit for carbonation
durability performances due to the refinement of the pore
structure. Sotiriadis et al. [8] reported that the use of MK in
the limestone cement concrete retards and inhibits de-
terioration due to the sulfate attack and improves its
durability.

Compared with abundant experimental studies, the
theoretical models about cement-limestone-metakaolin
ternary blends are very limited. Antoni et al. [9] made the
thermodynamic model for cement-limestone-metakaolin
ternary blends and present phase assemblage for different
combinations of binders. Shi et al. [10, 11] presented the
thermodynamic model for carbonation and chloride in-
gression of cement-limestone-metakaolin ternary blends.
Changes in phase assemblages and total porosities due to
carbonation and chloride exposure are evaluated [10, 11].
+e thermodynamic models [9–11] mainly focus on the
chemical aspect of ternary blends, such as the phase as-
semblages of hydrated concrete and reaction products be-
tween concrete and ingression ions. However, limited works
was done about mechanical aspects, such as the evaluation of
strength development and optimal combinations of binders
of ternary blends [9–11].

Optimal combinations of binders of ternary blends are
an interesting topic for concrete manufacture and con-
struction company. +is study presents a blended hydration
model for ternary blends considering the synergetic effect
between limestone and MK. +e strength development of
ternary blends is evaluated using reaction degrees of binders
and gel-space ratios. Based on parameter analysis, the op-
timal combinations of cement-limestone-metakaolin ter-
nary blends are determined.

2. Hydration Model and Strength Model for
Ternary Blends

2.1. Hydration Model. For MK- and limestone-blended
concrete, the hydration of cement, the reaction of MK,
and reaction of limestone coexist. In this study, we simulate
the hydration of cement, MK, and limestone, respectively.
Meanwhile, the interactions among cement hydration,
metakaolin reaction, and limestone reaction are considered
through the contents of capillary water and calcium hy-
droxide in hydrating blends.

2.1.1. Cement Hydration Model. +e hydration of cement
can be described using a kinetic model shown in our former
studies [12]. +e degree of hydration α can be calculated as
α � 

t

0 (dα/dt)dt, where t is the time and dα/dt is the rate of
hydration, which can be determined as follows:

dα
dt

� f(B, C,De, kr) ∗ λ1 ∗ λ2, (1)

where B and C are the rate-determining coefficients in the
initial dormant period, De is the reaction parameter in
the diffusion-controlled period, kr is the reaction parame-
ter in the phase boundary-controlled period, λ1 considers
the reduction of the hydration rate due to development
of microstructure, and λ2 considers the reduction of hy-
dration rate due to the consumption of capillary water
(λ2 � Wcap/W0, where Wcap is the amount of capillary water
and W0 is the amount of water in concrete mixtures).

+e kinetic processes involved in cement hydration, such
as the initial dormant process, phase boundary reaction
process, and diffusion process, are considered in the cement
hydration model. +e input variables of the cement hy-
dration model are cement compound compositions, Blaine
surface of cement, concrete mixing proportions, and curing
conditions.+e values of hydration parameters B, C, De, and
kr can be determined using cement compound composi-
tions. Furthermore, the reaction degree of cement can be
calculated automatically using hydration parameters B, C,
De, and kr. +e effect of curing temperature on cement
hydration is considered using Arrhenius law [12]. For high-
strength concrete, the water-to-cement ratio is low, and the
hydration rate is significantly lowered due to the reduction
of capillary water [13, 14]. +is effect is considered using
capillary water concentration λ2. Summarily, the proposed
cement hydration model is valid for concrete with different
strength levels, different types of Portland cement, and
different curing conditions [12].

2.1.2. MK ReactionModel. +e reaction process of MK also
consists of the initial dormant process, phase boundary
reaction process, and diffusion process, which is similar
with the processes involved in hydration of cement [15].
On the contrary, MK is a pozzolanic material. +e re-
action rate of the pozzolanic reaction is dependent on the
amount of calcium hydroxide in blends [16, 17]. Con-
sidering the kinetic reaction processes and the essence
of MK as the pozzolanic material, Wang [15] proposed
that the reaction equation of MK can be written as
follows:

dαMK

dt
� f BMK, CMK,DeMK, krMK(  ∗

CH(t)

P
, (2)

where αMK is the reaction degree of MK, dαMK/dt is the
reaction rate of MK, BMK and CMK are reaction parameters
of MK in the dormant period, DeMK is the reaction pa-
rameter of MK in the diffusion-controlled period, krMK is the
reaction parameter of MK in the phase boundary-controlled
period, CH(t) is the content of calcium hydroxide in blends,
and P is the content of MK in concrete mixtures. +e
verifications of the MK reaction model are available in our
former study [15]. An integrated hydration-strength-
durability model for MK-blended concrete is proposed
for evaluating the reaction degrees of binders, strength
development, and chloride penetrability [15].
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2.1.3. Limestone Reaction Model. +e addition of limestone
powder presents the dilution effect, nucleation effect, and
chemical effect on hydration of cement. In this study, di-
lution effect is considered through the amount of capillary
water, nucleation effect is considered through a nucleation
effect indicator, and chemical effect is considered through a
logarithm function with multiple modification factors
[18, 19].

+e hydration products of cement can form on the
surface of limestone powder. +is is called as the nucleation
effect. +e nucleation effect indicator of limestone powder
can be written as follows [2]:

Lr �
LS0 ∗ SLS

C0 ∗ SC
, (3)

where Lr is the limestone nucleation effect indicator; LS0 and
C0 are the mass of limestone and cement in mixing pro-
portions, respectively; and SLS and SC are the Blaine surface
area of limestone powder and cement, respectively.

In our former study [2], based on the experimental
results of hydration degree of cement in cement-limestone
binary blends, Wang and Luan [2] proposed that the nu-
cleation effect of limestone powder can be described as
follows:

krLS � kr 1 + 1.2Lr( , (4)

DeLS � De 1 + 1.2Lr( , (5)

where krLS is the updated phase boundary reaction co-
efficient in cement-limestone blends, 1.2 is enhancing co-
efficients of kr [2], DeLS is the updated diffusion coefficient in
cement-limestone blends, and 1.2 is enhancing coefficients
of De [2].

Until now, the experimental results about the reaction
degree of limestone are very limit. Tentatively, Wang and
Luan [2] proposed an empirical model with multi-
modification factors for analyzing the reaction degree of
limestone. +e empirical model considers the effects of
various factors on the chemical reaction of limestone, such
as limestone replacement ratios, mineral admixtures addi-
tions, limestone fineness, cement fineness, water-to-binder
ratio, and curing temperature. +e empirical model for the
limestone reaction is shown as follows:

αLS1 � 0.0087 ln(t)− 0.0265, t> 21 hours, (6)

αLS � αLS1 ∗ m1 ∗ m2 ∗ m3 ∗ m4 ∗ m5 ∗ m6, (7)

where αLS1 is the reaction degree of limestone in a reference
mixture. +is reference mixture is Portland cement, and
limestone binary blends with a water-to-binder ratio 0.5 and
20% limestone addition cured at 20°C. m1 considers the effect
of limestone replacement ratios on the reaction degree of
limestone, m2 considers the effect of limestone fineness, m3
considers the effect of cement fineness,m4 considers the effect
ofMK addition,m5 considers the effect of the water-to-binder
ratio, and m6 considers the effect of the curing temperature.
Table 1 shows the summary of influencing factors of the
limestone reaction. As limestone replacement ratio increases,

reaction degree of LS decreases. While fineness of limestone,
fineness of cement, MK addition, and water to binder ratio
increase, the reaction degree of LS increases. Especially, for
modification factor m4 � 1 + (AlMKαMKP/AlCαC0), where
AlMK is the aluminum content in MK, AlC is the aluminum
content in cement, AlMKαMKP in the numerator is reacted
aluminum content from the MK reaction, and AlCαC0 in
denominator is the reacted aluminum content from the ce-
ment reaction. Because the aluminum content in MK is much
higher than that in cement, the addition of MK can signifi-
cantly improve the reactivity of limestone. +e factor m4
considers the synergetic effect of limestone and MK. A higher
aluminum content and a higher reactivity of MK are effective
to enhance the reactivity of limestone.

Summarily, this study considers the dilution effect,
nucleation effect, and chemical effect of limestone addi-
tions. +e enhancement of limestone reactivity due to the
addition of metakaolin is considered through a modifi-
cation factor. +e influences of other factors, such as
limestone replacement ratio, fineness of binders, and
water-to-binder ratios, are also considered in the limestone
reaction model.

2.1.4. Interaction Model among Cement, Metakaolin, and
Limestone. In this study, the interactions among cement
hydration, metakaolin reaction, and limestone reaction are
considered through the contents of capillary water and
calcium hydroxide. Maekawa et al. [13] proposed that, as 1 g
cement hydrates, 0.4 g capillary water will be consumed.
Dunster et al. [20] proposed that, as 1 g metakaolin reacts,
0.55 g capillary water will be consumed. Bentz [21] proposed
that, as 1 g limestone reacts, 1.62 g capillary water will be
consumed. For hydrating cement-metakaolin-limestone
ternary blends, the content of capillary water can be de-
termined as follows:

Wcap � W0 − 0.4∗C0 ∗ α− 0.55 ∗ αMK ∗ P

− 1.62 ∗ LS0 ∗ αLS,
(8)

where 0.4 ∗ C0 ∗ α, 0.55 ∗ αMK ∗ P, and 1.62 ∗ LS0 ∗ αLS
are the contents of consumed water from cement hydration,
metakaolin reaction, and limestone reaction, respectively
[13, 20, 21]. +e consumption of capillary water from the 1 g
limestone reaction is much higher than those of cement and
metakaolin. +is is because the reaction products of lime-
stone powder are monocarboaluminate and ettringite which
contains abundant water.

For hydrating cement-metakaolin-limestone ternary
blends, the content of calcium hydroxide can be determined
as follows:

CH(t) � RCHCE ∗ C0 ∗ α− vMK ∗ αMK ∗P, (9)

where RCHCE means the mass of CH produced from the
hydration of 1 unit mass of cement and vMK means the mass
of CH consumed from the reaction of 1 unit mass of
metakaolin [15]. RCHCE ∗ C0 ∗ α is the mass of CH pro-
duced from cement hydration. vMK ∗ αMK ∗ P is the mass
of CH consumed from the metakaolin reaction.
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Summarily, the effect of cement hydration, metakaolin
reaction, and limestone reaction on the contents of capillary
water and calcium hydroxide is considered. +e capillary
water content can be used for the cement hydration model
(equation (1)), and the calcium hydroxide content can be
used for the metakaolin reaction model (equation (2)). In
addition, because the blended hydration model has con-
sidered the interactions among cement, metakaolin, and
limestone reactions, the coefficients of the hydration model
do not vary with different mixtures. When the mixtures
change from one to another, the coefficients of the hydration
model are constant.

2.2. Strength Development Model. +e gel-space ratio de-
notes the ratio of the volume of binder hydration products to
the sum of volume of hydrated binders and capillary pore.
For cement-metakaolin-limestone blends, 1ml hydrated
cement, 1ml reacted metakaolin, and 1ml reacted limestone
occupy 2.06ml of space [16, 22], 2.52ml space [16, 22], and
4.1ml space, respectively. Reacted products of 1ml lime-
stone can occupy much higher space that those of cement
(4.1 vs. 2.06).+is is due to the development of ettringite and
monocarboaluminate from the limestone reaction. Con-
sidering the reactions of cement, metakaolin, and limestone,
the gel-space ratio of cement-metakaolin-limestone ternary-
blended cement can be determined as follows:

xc �
2.06 1/ρC( αC0 + 2.52 1/ρMK( αMKP + 4.1 1/ρLS( αLSLS0

1/ρC( αC0 + 1/ρMK( αMKP + 1/ρLS( αLSLS0 + W0
,

(10)

where ρC, ρMK, and ρLS are densities of cement, metakaolin,
and limestone powder, respectively.

According to Powers’ strength theory, the compressive
strength of hydrating concrete can be evaluated using the
gel-space ratio as follows:

fc(t) � Ax
n
c , (11)

where fc(t) is the concrete compressive strength, A is the
intrinsic strength of concrete, and n is the strength exponent.

For cement-metakaolin-limestone blends, cement,
metakaolin, and limestone will affect the intrinsic strength of
concrete and strength exponent. We assume that the in-
trinsic strength of concrete A and strength exponent n is

proportional to the weight fractions of cement, metakaolin,
and limestone in the mixing proportion as follows:

A � a1 ∗
C0

C0 + P + LS0
+ a2 ∗

P

C0 + P + LS0

+ a3 ∗
LS0

C0 + P + LS0
,

(12)

n � b1 ∗
C0

C0 + P + LS0
+ b2 ∗

P

C0 + P + LS0

+ b3 ∗
LS0

C0 + P + LS0
,

(13)

where coefficients a1, a2, and a3 in equation (12) represent
the contributions of cement, metakaolin, and limestone to
the intrinsic strength of concrete, respectively, and the units
of a1, a2, and a3 are MPa; the coefficients b1, b2, and b3 in
equation (13) represent the contributions of cement, met-
akaolin, and limestone to the strength exponent, re-
spectively. For neat Portland cement concrete without
limestone or metakaolin, the strength of concrete only
pertains to a1 and b1. For metakaolin-blended binary
concrete without limestone, the strength of concrete pertains
to coefficients a1, a2, b1, and b2. For ternary-blended
concrete, the strength of concrete pertains to coefficients
a1, a2, a3, b1, b2, and b3.+ese coefficients a1, a2, a3, b1, b2,
and b3 do not change for various mixing proportions of
concrete.

+e flowchart of calculation is proven in Figure 1. Each
time step, the response levels of cement, metakaolin, and
limestone powder are calculated by utilizing ternary-blended
hydration model. +e quantity of CH and capillary water are
based on using reaction levels of binders and concrete
mixtures. In addition, the gel-space ratio of hydrating
concrete is decided, thinking about the contributions from
reactions of cement, metakaolin, and limestone reactions. By
utilizing Powers’ strength theory, the compressive strength
of hardening concrete is calculated.

3. Verifications of Proposed Models

3.1. Verification of Hydration Model. Experimental results
from Antoni et al. [9] are used to verify the proposed
blended hydration model and strength development model.

Table 1: Summary of influencing factors of the limestone reaction.

Factor Equation Influencing trend

Limestone replacement ratios m1 � 0.2/(LS0/(C0 + LS0))
As the limestone replacement ratio increases, αLS

decreases

Fineness of limestone m2 � 1.0131− 0.0144 ∗ dLS, where dLS is an average
diameter of limestone As fineness of limestone increases, αLS increases

Fineness of cement m3 � 0.55(SC/SC1) + 0.45, where SC1 is the Blaine
surface of cement used in the reference study As fineness of cement increases, αLS increases

Metakaolin additions m4 � 1 + (AlMKαMKP/AlCαC0) As the MK addition increases, αLS increases

Water-to-binder ratios m5 � α/α0.5, where α0.5 is the reaction degree
of cement in the reference study As water-to-binder ratio increases, αLS increases

Curing temperature m6 � 1 Curing temperature does not present significant
influence on αLS
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Antoni et al. [9] measured the reaction degrees of binder and
compressive strength of cement-MK-LS ternary-blended
concrete. +e chemical compositions of cement, meta-
kaolin, and limestone are shown in Table 2. +e mixing
proportions are shown in Table 3. Paste specimens with a
water-to-binder ratio of 0.4 were used for measuring re-
action degree of binders. Mortar specimens with a water-to-
binder ratio of 0.5 were used for measuring compressive
strength. For cement-limestone binary blends, the re-
placement ratio of limestone was 15%, while for cement-
metakaolin binary blends, the replacement ratio of meta-
kaolin was 30%. For ternary-blended specimens, the sum of
limestone and metakaolin ranged from 15% to 60%, and the
mass ratio of metakaolin to limestone was fixed as 2. +e
reaction degrees and strength were measured at the ages of 1,
7, 28, and 90 days.

+e input parameters of the ternary-blended cement
hydration model are concrete mixtures, curing temperature,
and compound compositions and Blaine surface areas of
binders. By using the blended cement hydration model, the
reaction degree of MK and LS is calculated and shown in
Figure 2.

As shown in Figure 2(a), the sequences of the reaction
degree of MK from higher to lower are B15>B30>MK30>
B45>B60. +is can be explained using the MK reaction
model (equation (2)). As shown in equation (2), the reaction
degree of MKmainly depends on the mass ratio of cement to

MK. As the ratio of cement to MK increases, the activation
effect from cement hydration is enhanced, and reaction
degree of MK increases. +e mass ratios of cement to MK
were 8.5, 3.5, 2.33, 1.83, and 1 in the mixtures of B15, B30,
MK30, B45, and B60, respectively. +e orders of reaction
degree of MK are consistent with the mass ratios of cement
to MK.

As shown in Figure 2(b), the sequences of reaction
degree of limestone from higher to lower are
B15 > B30 > B45 > B60. +e proposed ternary-blended
hydration model can reflect this trend of reaction de-
gree of LS. In this study, the mass ratio of MK to LS in
ternary blends is constant, and the difference of the re-
action degree of LS is mainly due to the variations of the
cement-to-limestone ratio. +e mass ratios of cement to
LS were 17, 7, 3.66, and 2 in the mixtures of B15, B30, B45,
and B60, respectively. As the mass ratio of cement to LS
decreases, the reaction degree of LS also decreases (pa-
rameter m1 of equation (7)). +e trend of the reaction
degree of LS is consistent with the mass ratio of cement to
LS. In addition, the reaction degree of LS at 1 day is almost
zero. +is also agrees with our analysis. As shown in
equation (6), we assumed that the reaction of LS starts
after 21 hours. Furthermore, the reactivity of LS is very
low. At the age of 90 days, the reaction degree of LS for B15
is 12% which is much lower than cement.

Figure 3 shows the parameter analysis of the hydration
model. Figure 3(a) shows the reaction degree of LS in
cement-LS binary blends. As limestone replacement ratio
increases, the reaction degree of limestone decreases. Similar
to the contents shown in Figure 3(a), Aqel and Panesar [23]

Table 2: Chemical compositions of binders.

Cement
(%)

Limestone
(%)

Metakaolin
(%)

SiO2 21.01 0.04 50.62
Al2O3 4.63 0.06 46.91
Fe2O3 2.60 0.05 0.38
CaO 64.18 56.53 0.02
MgO 1.82 0.10 0.09
SO3 2.78 - 0.08
Na2O 0.20 0.04 0.28
K2O 0.94 0.04 0.18
TiO2 0.14 0.03 1.29
Others 0.44 0.02 0.16
Loss on ignition
(LOI) 1.26 43.09 0.00

Total 100.0 100.0 100.0

Table 3: Mixing proportions of specimens [9].

Cement (%) Limestone (%) Metakaolin (%)
PC 100 0 0
LS15 85 15 0
MK30 70 0 30
B15 85 5 10
B30 70 10 20
B45 55 15 30
B60 40 20 40

Setting of initial conditions and 
calculating time tend

t = t + Δt

t > tend
No

End

Hydration model

Calculating a degree of hydration

Δα = fce(T, t); ΔαMK = fMK(T, t); ΔαLS = fLS(T, t)

α = α + Δα; αMK = αMK + ΔαMK; αLS = αLS + ΔαLS

Amount of calcium hydroxide
CH(t) = RCHCE ∗ C0 ∗ α – vMK ∗ αMK ∗ P

Amount of capillary water

Compressive strength

Wcap = W0 – 0.4 ∗ C0 ∗ α – 0.55 ∗ αMK ∗ P – 1.62 ∗ LS0 ∗ αLS

fc(t) = Axc
n

Figure 1: Flowchart of simulation.
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also found the reactivity of limestone will be lower with the
increasing of limestone content.

Figure 3(b) shows the reaction degree of MK in cement-
MK binary blends. As MK replacement ratio increases, the
activation effect from cement hydration becomes weaker,
and the reaction degree of MK decreases. Similar to the
contents shown in Figure 3(b), Poon et al. [24] also found
similar results that the reaction degree ofMKwill be lower as
the content of MK increases.

Figure 3(c) shows the effect of MK additions on the
reaction degree of LS. +e addition of MK presents the
twofold effect on reaction of LS. First, when MK is added to
replace partial cement in the mixtures, the mass ratio of
cement to LS decreases which will lower the reaction degree
of LS (this is considered through parameter m1 of equation
(7)). However, the aluminum content in MK (46%) is about
ten times of the aluminum content in cement (4.6%). +e
addition of MK will enhance the reaction of LS (this is
considered through parameter m4 of equation (7)). Because
the enhancing effect is much more significant than the
lowering effect, the addition of MK can increase the reaction
degree of limestone (shown in Figure 3(c)). Similar to the
contents shown in Figure 3(c), many researchers [4, 9] also
experimentally found that reactivity of limestone can be
improved due to MK addition.

Figure 3(d) shows the effect of metakaolin and limestone
contents on the reaction degree of cement. When meta-
kaolin and limestone are used to replace partial cement, the
reaction degree of cement is improved due to the dilution
effect and nucleation effect (the dilution effect is considered
through parameter λ2 in equation (1), and the nucleation
effect is considered through equations (4) and (5)). Similar
to the contents shown in Figure 3(d), Lam et al. [25] also
found that the addition of mineral admixtures can improve
the reaction degree of cement.

3.2.VerificationofStrengthDevelopmentModel. By using the
cement-MK-LS ternary-blended hydration model, the gel-
space ratio of hydrating concrete can be calculated (equation
(10)). Furthermore, based on the strength of concrete at
different ages, the values of strength coefficients of a1, a2,
and a3 and b1, b2, and b3 can be calibrated (a1� 140MPa,
a2� 258MPa, a3�120MPa, b1� 3.85, b2�1.13, and
b3�1.34). +ese coefficients do not vary with concrete
mixtures.+e values of a1 and b1 relate to cement hydration,
the values of a2 and b2 relate to the metakaolin reaction, and
the values of a3 and b3 relate to the limestone reaction. For
cement-metakaolin binary blends, the development of
strength relates to a1, a2, b1, and b2. For cement-limestone
binary blends, the development of strength relates to a1, a3,
b1, and b3. For cement-metakaolin-limestone ternary
blends, the development of strength relates to a1, a2, a3, b1,
b2, and b3. +e analyzed results of compressive strength are
shown in Figure 4. +e analysis results generally agree with
experimental results. At the ages of 28 days, the B15 concrete
(cement 85%+metakaolin 10%+ limestone 5%) has a
highest strength than other mixtures. +is may be because of
the synergetic effect of metakaolin and limestone.

Because the strength coefficients of strength evaluation
equation are constants for different concrete mixtures, we
can make parameter analysis for different concrete mixtures.
Figure 5(a) shows the strength development of cement-
limestone binary blends. At the early age, due to the nu-
cleation effect, the strength of limestone blends concrete
shows higher strength than control concrete. While at late
ages, due to the dilution effect, the strength of limestone
blends concrete is lower than control concrete. As the
contents of limestone increases from 10% to 20%, the late-
age strength decreases. +e trend shown in Figure 5(a)
agrees with Bonavetti et al.’s [19] studies about strength
development of limestone-blended concrete.
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Figure 2: Verification of the hydration model: (a) reaction degree of MK; (b) reaction degree of LS.
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Figure 5(b) shows the strength development of cement-
metakaolin binary blends. Metakaolin-blended concrete has
a higher strength than control concrete. As the contents of
metakaolin increases from 5% to 10%, the strength also
increases. +e trend shown in Figure 5(b) agrees with Poon
et al.’s [24] studies about strength development of
metakaolin-blended concrete.

Damidot et al. [26] studies the strength development of
70% cement + 30% clay-limestone ternary blends. +e sum
of clay and limestone was fixed as 30%, and the weight
fraction of clay/(clay + limestone) ranges from 0 to 100%
[26]. Damidot et al. [26] found that, at the age of 28 days, the
mix with 70%metakaolin has the highest strength than other
mixes. +is is because of the synergetic effect of limestone
and metakaolin [26]. Based on the proposed strength de-
velopment in this study, we make parameter analysis of

strength development for 70% cement + 30% clay-limestone
ternary blends. In our analysis, the sum of clay and limestone
is also fixed as 30%, the weight fractions of clay/
(clay + limestone) are given as 0, 25%, 50%, 75%, and 100%,
and the ages of parameter analysis are 1.5 days, 3 days,
28 days, and 90 days, respectively. +e results of parameter
analysis are shown in Figures 6(a)–6(d). As shown in
Figure 6(a), at the age of 1.5 days, the strength of blended
concrete is higher than base Portland cement.+is is because
of the nucleation effect of limestone. While as shown in
Figures 6(b)–6(d), at the age of 3 days, 28 days, and 90 days,
when the mk/(mk + limestone) equals to zero (the content of
metakaolin is zero, and binder consists of 30% limestone and
70% cement), the strength of limestone-blended concrete
is lower than base Portland cement. +is is because of
the dilution effect of limestone. While for other mk/
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Figure 3: Parameter analysis of reaction degree of binders: (a) effect of limestone contents on the reaction degree of limestone; (b) effect of
metakaolin contents on the reaction degree of metakaolin; (c) effect of metakaolin contents on the reaction degree of limestone; (d) effect of
metakaolin and limestone contents on the reaction degree of cement.
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Figure 4: Continued.
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(mk+ limestone) ratios of 25%, 50%, 75%, and 100%, be-
cause the reaction of metakaolin can contribute to the
strength, the strength of blended concrete is higher than base
Portland cement.

At the age of 1.5 days, 3 days, 28 days, and 90 days, the
optimum weight fractions of clay/(clay + limestone) are 25%,
50%, 75%, and 75%, respectively (shown in Figures 6(e)). Our
analysis result about optimum weight fraction of clay/
(clay + limestone) is similar to that of Damidot et al. [26]
studies. In addition, our analysis shows that, at the ages of
1.5 days, 3 days, 28 days, and 90 days, the optimum weight
fraction of limestone/(clay + limestone) is 75%, 50%, 25%, and
25%, respectively. It means that, at the early age, limestone is
effective to improve the strength of concrete (this is because of

the nucleation effect of limestone), and at the late age,
metakaolin is effective to improve the strength of concrete
(this is because of the pozzolanic reaction of metakaolin).

In Figure 6, the sum of metakaolin and limestone is
fixed as 30%. To find the optimum combinations of ce-
ment, metakaolin, and limestone, we make much wider
parameter analysis. In this wider parameter analysis, the
sum of metakaolin and limestone is not a fixed value. +e
contents of metakaolin vary from 0 to 30%, and the
contents of limestone vary from 0 to 20%. +e analysis
results of isoline of strength are shown in Figures 7(a)–
7(d). At the early age 1.5 days, the concrete with a higher
limestone content and a lower metakaolin content has
highest strength (shown in Figure 7(a)), while at the late

Analysis results
Experimental results

0 20 40 60 80 100
Time (days)

0

10

20

30

40

50

60

70

C
om

pr
es

siv
e s

tre
ng

th
 (M

Pa
)

MK 40% limestone 20%

(g)

Figure 4: Analysis of compressive strength: (a) PC; (b) LS15; (c) MK30; (d) B15; (e) B30; (f ) B45; (g) B60.
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Figure 5: Effect of LS and MK on strength development: (a) cement-LS binary blends; (b) cement-MK binary blends.
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age of 90 days, the concrete with a higher metakaolin
content and a lower limestone content has highest
strength (shown in Figure 7(d)). In other words, to
achieve the highest strength of cement-metakaolin-
limestone ternary blends, the optimum combination of
metakaolin and limestone is dependent on ages. From the
early age to late age, the optimum combinations change

shift from high limestone-low metakaolin zone to low
limestone-high metakaolin zone (shown in Figure 7(e)).

4. Conclusions

+is study presents an integrated hydration-strength model
for cement-limestone-metakaolin ternary blends.
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Figure 7: Analysis of optimum MK and LS combinations: (a) 1.5 days; (b) 3 days; (c) 28 days; (d) 90 days; (e) optimum MK and LS
combinations at different ages.

Advances in Materials Science and Engineering 11



First, a cement hydration model, a metakaolin reaction
model, and a limestone reaction model are proposed in the
ternary-blended hydration model. Pozzolanic reaction of
metakaolin, chemical and physics effect of limestone, and
synergetic effect between metakaolin and limestone are
detailed considered in the ternary-blended hydration model.
Moreover, the interactions among cement hydration,
limestone reaction, and metakaolin reaction are considered
through the contents of calcium hydroxide and capillary
water.+e coefficients of the hydration model do not change
for various concrete mixtures.

Second, based on the hydration model, the gel-space
ratio of hydrating blends is calculated considering the
contributions from the reactions of cement, metakaolin, and
limestone. Furthermore, the strength development of ter-
nary blends is evaluated using the gel-space ratio. +e co-
efficients of the strength model do not change for various
concrete mixtures. Based on parameter analysis, the syn-
ergetic effect on strength development is shown, and the
optimal combinations of cement-limestone-metakaolin
ternary blends are determined. From the early age to late
age, the optimum combinations of ternary blends shift from
high limestone-low metakaolin zone to low limestone-high
metakaolin zone.
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.e current code specifies aminimum torsional reinforcement ratio to prevent possible brittle failure after torsional cracking in concrete
members. However, since there are many researches, in which even the concrete members with the minimum torsional reinforcement
fail to secure sufficient reserved strength after torsional cracking, continuous research needs to be carried out. Accordingly, in the
authors’ previous research, a minimum torsional reinforcement ratio was proposed based on the reserved strength concept and was
extended to the steel fiber-reinforced concrete members in order to suggest the minimum fiber factor as the minimum torsional
reinforcement ratio. In the present study, a pure torsion test was carried out on reinforced concrete and steel fiber-reinforced concrete
members after a brief introduction on the above, and the proposed model was verified based on the test results. .e test results of six
torsional specimens were compared with those of the proposed model, and it was found that the proposed model provides a reasonable
evaluation on the torsional failure mode of the specimen according to the reserved strength ratio.

1. Introduction

With the development of construction materials and concrete
engineering, concrete members are becoming increasingly
irregular and slender. .erefore, the importance of torsional
design is increasing, although it was not considered important
in the design of concrete structures [1, 2]. As in the case of
flexural and shear design of concrete members, the minimum
torsional reinforcement should be determined by the torsion
design to prevent brittle failure of the members after the
occurrence of torsional cracking. However, based on the
minimum torsional reinforcement ratio presented in the

current structural standards [3–6], the reserved strength of
members subjected to torsion is often evaluated to be on the
unsafe side [7]. In addition, the current structural standards
fail to consider the correlation between transverse and lon-
gitudinal reinforcement or fail to offer the minimum longi-
tudinal reinforcement for torsion in most cases.

In a previous research [8], authors proposed a mini-
mum torsional reinforcement ratio to ensure sufficient
reserved strength exceeding the torsional cracking strength
(Tcr) by introducing the reserved strength factor (λ). Both
the longitudinal and transverse reinforcement ratios were
considered in the proposed method. In addition, the

Hindawi
Advances in Materials Science and Engineering
Volume 2019, Article ID 4595363, 10 pages
https://doi.org/10.1155/2019/4595363

mailto:kangkim@uos.ac.kr
http://orcid.org/0000-0002-3533-5252
http://orcid.org/0000-0002-8796-3832
http://orcid.org/0000-0001-5359-9297
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/4595363


authors proposed a minimum torsional reinforcement
requirement not only for reinforced concrete (RC) mem-
bers but also for steel fiber-reinforced concrete (SFRC)
members using the minimum fiber factor (Fmin) and
suggested an integrated approach for both RC and SFRC
members. In the present study, the proposed minimum
torsional reinforcement ratio of the RC and SFRCmembers
was introduced briefly, and the proposed model was ver-
ified through experimental research on a total of six tor-
sional specimens.

2. Minimum Torsional Reinforcement

2.1. Reinforced Concrete (RC) Members. In the previous
research [8], the minimum amount of torsional re-
inforcement was derived with the reserved strength concept,
in which the ultimate torsional strength (Tn) should be
larger than certain strength related to cracking strength
(λTcr). .e torsional cracking strength (Tcr) of the rein-
forced concrete member was provided based on the existing
experimental results [9, 10]. In addition, for the torsional
strength (Tn), the ACI318 code [3] was used. .e torsional
strength can be expressed with either transverse or longi-
tudinal reinforcement from the equilibrium condition of
forces in the space truss model [8], and with the relation
between Tn and λTcr, the minimum amount of torsional
reinforcement in transverse and longitudinal directions was
derived. If the reinforcement amount is expressed by re-
inforcement ratio and the ratios in two directions (ρt and ρl)
are added together, the total minimum torsional re-
inforcement ratio (ρtot,min) is derived as follows:

ρtot,min � 0.34
��

fc′
 Acp

A0

ph

pcp

fyt cot θ + fyl tan θ
fytfyl

 , (1)

where fc′ is the compressive strength of concrete (MPa), Acp is
the area enclosed by the outer perimeter in the concrete section,
A0 is the cross-sectional area closed by shear flow, ph is the
centerline perimeter of the outermost closed transverse stirrup,
pcp is the outer perimeter length of the concrete section, fyt is
the yield stress of transverse torsional reinforcement, and fyl is
the yield strength of longitudinal torsional reinforcement. .e
reserved strength factor (λ) was determined to secure a re-
served strength greater than 35% based on the results of
existing experiments [8]. Also, in equation (1), tan θ can be
calculated by

����������
ρtfyt/(ρlfyl)


[11], which is limited to 0.3 ∼ 3

[8]. If either one of the longitudinal and transverse re-
inforcement requirements is determined in design, the mini-
mum torsional reinforcement requirement in the other
direction can be determined using equation (1) and tan θ.

2.2. Steel Fiber-Reinforced Concrete Members. In recent
years, studies have been actively conducted to incorporate
steel fibers to replace the complicated reinforcement details of
RC members or the minimum reinforcement requirement
[1, 7, 12–20]. In the previous research of the authors [8],
equation (1) was extended to suggest theminimum amount of
torsional reinforcement, which is suitable for SFRC members
to which the minimum fiber factor (Fmin) is introduced.

According to the thin-walled tube theory [21], because
steel fibers near the center of the cross section of the SFRC
member contribute little to torsional moment resistance,
the steel fibers only within the effective thickness (td) were
assumed to be effective to resist torsional moment [22].
With the effective thickness, the effective volume fraction
of the steel fibers was also derived [8] and the steel fibers
resisting torsion within the effective thickness were simply
assumed to be evenly distributed in the transverse and
longitudinal directions. .ese can be regarded as the
equivalent reinforcement ratios of the steel fibers that
resist in the transverse and longitudinal directions, that is,
ρft and ρfl .

Since steel fibers exhibit a very high tensile strength, the
maximum stress is determined by the bond stress between
the fiber and the concrete [19]. .erefore, the maximum
stress of the steel fiber (σsfmax) was calculated by the bond
strength between the steel fiber and the surrounding con-
crete as follows [8]:

σsfmax � 0.41τuf
F

Vf
, (2)

where τuf is the ultimate bond stress, which is 2.5fct [23],
fct is the tensile strength of concrete (0.33

��

fc′


) [24], and
Vf is the fiber volume fraction. In addition, F represents
the fiber factor considering the geometry and volume
fraction of the steel fibers and can be calculated as
lfVfαf /df , where lf and df are the length and diameter of a
fiber, respectively, and αf is the bond factor according to
the type of steel fiber [25].

.e previous research [8] found that, in the case of
SFRC members with reinforcing bars, the sum of the
torsional reinforcing bar and steel fibers should meet the
minimum torsional reinforcement ratio represented in
equation (1). In other words, if the equivalent re-
inforcement ratio based on the sum of reinforcement ratios
for reinforcing bars (ρrebartot � ρl + ρt) and steel fiber-
reinforcement ratio (ρsftot � ρft + ρfl ) is greater than equa-
tion (1), a sufficient reserved strength can be secured
against the torsional load. .us, the relationship ρrebartot , ρsftot,
and ρtot,min of equation (1) is expressed by the following
equation:

ρrebartot + ρsftot
σsfmax

fyt + fyl /2
≥ ρtot,min. (3)

.erefore, in the form of the required minimum fiber
factor, Fmin is derived as follows:

Fmin � 1.5 ρtot,min − ρ
rebar
tot 

fyt + fyl

ξ
��

fc′
 . (4)

In case equation (4) gives a negative value, it means that
steel fibers to ensure the reserved strength is not necessary.
Additionally, for the SFRC members without reinforcing
bars, ρrebartot � 0, the minimum fiber factor (Fmin) can be
calculated by substituting equation (1) into ρtot,min and
replacing the yield strengths (fyt and fyl) with the maxi-
mum stresses of the steel fibers (σsfmax) of equation (2).
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3. Experimental Program

3.1. Details of Test Specimens. In the present study, a pure
torsion test was conducted on a total of six test specimens, as
shown in Table 1, and the proposed equations for calculating the
minimum torsional reinforcement requirements (i.e., equations
(1) and (4)) were verified based on the test results. .e main
variables of the test specimens include compressive strength of
concrete (fc′), longitudinal reinforcement ratio (ρl), transverse
reinforcement ratio (ρt), and incorporation of steel fibers. As
shown in Figure 1, the length of each specimen was 3,000mm,
the cross-sectional width and height were 350mm and 500mm,
respectively, and the net cover thickness was 20mm. In ad-
dition, the measurement section in which torsional failure was
induced is the center of the member, and stirrups were placed
densely in other sections to prevent failure. As summarized in
Table 1, D13, D16, and D19 steel bars were used in the test
specimens, and the average yield strengths of each rebar were
489.8MPa, 467.5MPa, and 500.4MPa, respectively. In addition,
the transverse reinforcement ratios of the specimens (ρt) ranged
from 0.34% to 0.91%, the longitudinal reinforcement ratios (ρl)
from 0.43% to 0.98%, and the total reinforcement ratios (ρtot)
from 0.77% to 1.89%. Also, the ρtfyt/ρlfyl ratio of all specimens
was designed to be less than 1.0, considering the details of
reinforcing bars placed in typical structures.

Of the six test specimens, steel fibers were mixed in the
MTF25-0.77 and MTF25-N specimens. .e MTF25-0.77
specimen has the same cross-sectional details as those of
the MT30-0.77 specimen, which is an RC member. .e
MTF25-N specimen is a member in which only longitudinal
reinforcement is placed without transverse reinforcement.
.e steel fiber volume fraction (Vf ) of the SFRC specimen
was 2.0%, and a hook-shaped steel fiber with a diameter (df )
of 0.5mm, a length (lf ) of 30mm, and a tensile strength of
1,200MPa was used in the test specimen.

Table 2 shows the mix proportion of the concrete in the
test specimens. Portland cement type I and coarse aggregates
with a maximum size of 25mm were used. .e concrete
compressive strengths (fc′) of the MT30 series, MT40 series,
and MTF25 series were 29.3, 40.3, and 24.0MPa, re-
spectively. .e MTF25 series specimens were originally
designed with the same mix proportion as the MT30 series
specimens. However, it was estimated that their compressive
strengths were somewhat lower due to the fiber balling
phenomenon during concrete placement [26].

3.2. Test Setup and Measurements. Figure 2 shows the details
of torsional loading and displacementmeasurements. As shown
in Figures 2(a) and 2(c), a frame was fixed at a point 300mm
away from the right end of the test specimen. As shown in
Figures 2(a), and 2(b) at a point 300mm away from the left end,
a 600mm long torsion arm was installed to introduce a tor-
sional moment (T). Moreover, as shown in Figure 2(c), rollers
were installed in the upper and lower parts at the right end to
release the longitudinal restraints, while an arc bearing was
placed at the lower part of the left end of the test specimen so
that torsional rotation can occur, as shown in Figure 2(b).
.e load was applied using a 500kN capacity actuator in

displacement control, and tests were performed until the load
decreased to less than 80% of the maximum strength.

As shown in Figure 1, nine strain gauges were installed in
longitudinal reinforcement. In all specimens except for the
MTF25-N specimen, a total of 12 strain gauges were attached
to the transverse reinforcement, six on the side and six at the
bottom of transverse reinforcement. Additionally, as shown
in Figure 2(d), two LVDTs were installed on the front and
back sides of the test specimen, respectively, at a location
800mm away to the left and the right from the center of the
test specimen.

4. Test Results and Discussion

4.1. Torsional Behavior of Test Specimens. Figure 3 shows the
crack patterns and failure modes of the test specimens. All the
specimens underwent torsional failure within the planned test
sections. In addition, since the test specimens have a relatively
small amount of torsional reinforcement, longitudinal and
transverse torsional reinforcements yielded after the occur-
rence of cracks, as shown in Figures 4–6. .e MT30-0.77
specimen with the smallest amount of torsional re-
inforcement exhibited a decrease in load immediately after
the torsional cracking, as shown in Figure 4. .e MT30-1.32
specimen with longitudinal reinforcement more than twice
that of the MT30-0.77 specimen showed a critical torsional
crack angle of approximately 45° at the final failure, and more
cracks occurred compared to the MT30-0.77 specimen.
However, while the MT30-1.32 specimen showed typical
torsional failure, themember suffered premature failure as the
load was rapidly applied due to the malfunction of the ac-
tuator at the point of torsional cracking, as shown in Figure 4.

As shown in Figure 5, the MT40-1.32 specimen showed a
decrease in load as the critical torsional crack propagated rapidly
after the torsional cracking strength. Ultimately, it failed to
ensure the reserved strength and showed a similar behavior to
that of the MT30-0.77 specimen. .is is because the amount of
torsional reinforcement placed in the specimen was not suffi-
cient to ensure the reserved strength, and consequently, the
concrete struts failed, as shown in Figure 3(c). In the case of the
MT40-1.89 specimen with the largest amount of torsional re-
inforcement, multiple torsional cracks occurred in the test
section, as shown in Figure 3(d). One critical crack was
gradually propagated with the load increasing and caused the
member failure. In addition, as shown in Figure 5, the MT40-
1.89 specimen exhibited the highest reserved strength among all
specimens and showed very ductile behavior up to the ultimate
strength even after torsional cracking.

.e MTF series specimens are members in which steel
fibers are incorporated. .e MTF25-0.77 specimen has the
same reinforcement details as the MT30-0.77 specimen. As
shown in Figure 3(e), the MTF25-0.77 specimen showed a
tighter and denser distribution of cracks compared to the
MT30-0.77. Moreover, it was observed that the crack opening
was well controlled by the bridging effect of the fibers even after
the occurrence of critical cracks. However, the damage was
concentrated on the upper surface of the concrete at near the
failure, as shown in the right side of Figure 3(e), and ac-
cordingly, significant strength improvement did not occur
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Table 1: Details and properties of specimens.

Specimen names fc′(MPa)

Longitudinal
reinforcement Transverse reinforcement Steel fiber reinforcement

Steel bars (ρl) fyl(MPa) Steel bars (ρt) fyt(MPa) S(mm) Vf(%) lf(mm) df(mm) Fiber shape

MT30-0.77 29.3 6-D13 (0.43%) 489.8 D10 (0.34%) 467.5 180 Without fibers
MT30-1.32 29.3 6-D19 (0.98%) 500.4 D10 (0.34%) 467.5 180 Without fibers
MT40-1.32 40.3 6-D19 (0.98%) 500.4 D10 (0.34%) 467.5 180 Without fibers
MT40-1.89 40.3 6-D19 (0.98%) 489.8 D13 (0.91%) 489.8 120 Without fibers
MTF25-0.77 24.0 6-D13 (0.43%) 489.8 D10 (0.34%) 467.5 180 2.0 30 0.5 Hooked
MTF25-N 24.0 6-D13 (0.43%) 489.8 Without transverse steel 2.0 30 0.5 Hooked

Strain gauge

D10@90mm D10@180mm
6-D13

6-D13
CL

1620 690690

50
0

45
0
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350
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(a)
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720 1560 720
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50
0 11
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350
6-D13

D10

(c)

Figure 1: Details of specimens: (a) MT30-0.77; (b) MT40-1.89; (c) MTF25-N.

Table 2: Mix proportion.

Specimen series W/C (%) S/a (%)
Weight per m3

W C S G AE SF
MT30 series 47 42 158.78 339.72 754.20 1042.24 0.15 —
MT40 series 40 42 158.78 395.10 712.11 1038.54 0.17 —
MTF25 series 47 42 158.78 339.72 754.20 1042.24 0.15 157.2
W/C: water-cement ratio; S/a: sand percent of total aggregate by weight;W: water; C: cement; S: sand; G: coarse aggregate; AE: air-entraining agent; SF: steel
fiber.
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when compared to the MT30-0.77 specimen, as shown in
Figure 6. .is result appears to be due to the fiber balling
phenomenon in the MTF25-0.77 specimen, which was con-
firmed by comparing fractions collected from the upper part of
the MTF25-0.77 specimen shown in Figure 7(a) and those of

the MTF25-N specimen shown in Figure 7(b). It is expected
that if the members were well manufactured so that the fibers
can be evenly distributed, further reserved strength could be
secured after torsional cracking even in the MTF25-0.77
specimen. Meanwhile, no transverse reinforcement was
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placed; however, longitudinal reinforcement and 2% steel fibers
were incorporated in the MTF25-N specimen. As shown in
Figure 6, the MTF-25N specimen showed a rapid decrease in
load after torsional cracking and reached failure as the width of
the critical torsional crack was greatly expanded, as shown in
Figure 3(f). Consequently, it failed to ensure the torsional
reserved strength.

4.2. Evaluation of Reserved Strengths of Test Specimens.
Table 3 summarizes the results of torsional tests performed
in this study. .e torsional cracking strengths of the MT40

series with a compressive strength of 40.3MPa were greater
than those of the MT30 series with a compressive strength of
29.3MPa. .eMT40-1.89 specimen with the largest amount
of torsional reinforcement showed the highest torsional
strength of 98.4 kN·m, whereas the MTF25-N specimen
without transverse reinforcement showed the lowest tor-
sional strength of 54.0 kN·m.

.e MT30-0.77 specimen failed to exhibit the reserved
strength after torsional cracking strength due to a low re-
inforcement ratio. In contrast, theMT30-1.32 specimen with
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more longitudinal reinforcement showed an increase in
strength after cracking; however, the increase was not
significant (i.e., λ � 1.11). Even the MT40-1.32 specimen
with the same cross-sectional details as the MT30-1.32
specimen failed to exhibit the reserved strength. .is
suggests that since the torsional cracking strength is high in
the member with a relatively high concrete compressive

strength, a larger amount of torsional reinforcement is
required to ensure the reserved strength. .e MT40-1.89
specimen with 167% greater transverse reinforcement
compared with the MT40-1.32 specimen exhibited suffi-
cient reserved strength after torsional cracking, as shown in
Figure 5. .e reserved strength ratio (λ � Tn/Tcr) was es-
timated to be 1.61, which is greater than the target reserved
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Figure 7: Fractions of SFRC members: (a) MTF25-0.77; (b) MTF25-N.

Table 3: Test results and validation of the proposed model.

Specimen
names

At cracking At ultimate
At yielding of steel Reserved

strength ratio
Ductility
indexTransverse Longitudinal

θcr(rad/m) Tcr(kN ·m) θu(rad/m) Tu(kN ·m) θyt(rad/m)
Tyt

(kN ·m)

θyl

(rad/m)

Tyl

(kN ·m)
Tu/Tcr θu/θcr

MT30-0.77 0.0060 55.00 0.0060 55.00 0.0324 48.83 0.0116 48.49 1.00 1.00
MT30-1.32 0.0048 51.55 0.0307 57.04 0.0307 57.04 0.0307 57.04 1.11 6.46
MT40-1.32 0.0063 58.29 0.0063 58.29 0.0187 52.51 0.0295 51.14 1.00 1.00
MT40-1.89 0.0063 60.97 0.0282 98.40 0.0240 96.19 0.0200 89.23 1.61 4.48
MTF25-
0.77 0.0080 54.00 0.0111 54.15 0.0367 49.39 0.0198 53.04 1.00 1.39

MTF25-N 0.0075 53.97 0.0075 53.97 - - 0.0164 50.08 1.00 1.00
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strength ratio of 1.35 proposed in the previous research [8].
On the contrary, the MTF series specimens (MTF25-0.77
and MTF25-N), which are SFRC members, showed no
reserved strength. .is is because the steel fiber volume
fraction ratios (Vf ) of 2.17% and 8.45% are required to
satisfy the minimum fiber factor (Fmin) presented in
equation (4), as shown in Table 4, whereas Vf of these
specimens was 2%.

Table 3 shows the ratio of the twist angle per length at
the maximum torsional strength (θu) to that at the torsional
cracking strength (θcr) as the ductility index. .e MT30-
1.32 specimen exhibited the highest ductility index of 6.46
despite a low reserved strength ratio. In addition, the
ductility index of the MT40-1.89 specimen with the highest
reserved strength was 4.48, indicating a significantly high
ductility index compared to other specimens except for the
MT30-1.32 specimen. Meanwhile, the MTF25-0.77 speci-
men failed to ensure the reserved strength but showed a
ductility index of 1.39. In other words, it can be confirmed
that the deformation capacity (i.e., ductility) of the tor-
sional member is not significantly correlated with the re-
served strength (Tn/Tcr). Since the torsional member
should be at least designed to have the sufficient resistance
capacity of the member against loads, the most important
thing in the member design is to satisfy the design strength.
.e deformation capacity will be the next consideration.
.erefore, as described above, the securing of the de-
formation capacities (i.e., ductility) of torsional members
cannot guarantee that the strength of the member can be
ensured. .us, it is reasonable to specify the minimum
torsional reinforcement ratio based on the reserved
strength rather than the deformation capacity for the safe
design of torsional members.

Figures 8(a) and 8(b) show the minimum torsional
reinforcement ratio (ρtot,min) with respect to ρtfyt/ρlfyl
and fc′, respectively. Since the minimum torsional re-
inforcement ratio specified in the ACI318 code [3] does
not consider the ratio of ρtfyt/ρlfyl, it is shown only in
Figure 8(b), and not in Figure 8(a). In addition, the re-
inforcement ratios in six test specimens are shown in the
graphs of Figure 8. .e specimens which failed to secure
the reserved strengths (i.e., λ≤ 1.35) from the test results
were indicated by triangles (△) and those ensuring the
sufficient reserved strengths (i.e., λ> 1.35) by circles (○).
As shown in Figure 8 and Table 3, only the MT40-1.89
specimen ensured a reserved strength greater than 35%. It
can be seen that the failure modes predicted by the pro-
posed model are consistent with the test results, except for
the MT30-1.32 specimen. However, it should be noted that
the MT30-1.32 specimen failed prematurely as the tor-
sional moment was applied rapidly to the member due to
the malfunction of the actuator. On the contrary,
Figure 8(b) indicates that all the specimens have the
torsional reinforcement greater than the minimum
amount specified in ACI318-14. Nevertheless, all the
specimens did not have enough reserved strengths except
for MT40-1.89, and as shown in Table 3, the MT30-0.77
and MT40-1.32 specimens showed abrupt failures right
after torsional cracking. .is suggests that the minimum

torsional reinforcement ratio specified in ACI318-14 does
not ensure a proper margin of safety in design.

4.3. Required Minimum Amount of Steel Fibers for Ensuring
ProperReserved Strength. As described above, the remaining
specimens, except for the MT40-1.89 specimen, failed to
ensure the reserved strength. .erefore, additional re-
inforcement is required for the specimens to achieve a target
reserved strength higher than 35% (i.e., λ> 1.35). In addi-
tion, when the member is reinforced with steel fibers, the
required minimum amount of steel fibers (Fmin) should be
incorporated as represented in equation (4). Table 4 sum-
marizes the minimum amount of steel fiber reinforcement
(Fmin) required for each specimen. In the case of the MT40-
1.89 specimen, which showed sufficient reserved strength
ratio in the test, and the MT30-1.32 specimen, which un-
derwent premature failure due to the actuator malfunction,
the required minimum fiber factor (Fmin) was calculated to
be zero. In addition, the minimum fiber factor (Fmin) re-
quired for the MTF25-N specimen without transverse re-
inforcement was the largest (5.07), whereas the required
fiber factor (Fmin) for the MT40-1.32 specimen with a rel-
atively higher torsional reinforcement ratio (ρrebartot ) was es-
timated to be as small as 0.31. .e minimum fiber factor
(Fmin) of the MTF25-0.77 specimen was smaller than that of
the MT30-0.77 specimen with the same torsional re-
inforcement ratio (ρrebartot ). .is is because the concrete
compressive strength (fc′) of the MTF25-0.77 specimen was
lower than that of the MT30-0.77 specimen and, therefore,
resulted in a rather small estimated minimum torsional
reinforcement ratio (ρtot,min) represented in equation (1).
When the same fibers are used (i.e., lf � 30 mm,
df � 0.5 mm, and ρf � 1.0) as those incorporated in the
specimens fabricated in this study, the steel fiber volume
fraction (Vf ) required for each specimen to ensure a re-
served strength of 35% or more is estimated, as shown in
Table 4. As mentioned in Section 4.2, the volume fraction
ratio of steel fibers required for the MTF25-0.77 specimen
was estimated to be 2.17%; however, 2.0% of steel fibers
were incorporated in the test specimen, which failed to
satisfy the amount of fiber reinforcement necessary to
ensure a reserved strength of 35%. Even if this is taken into
consideration, the test results show the reserved strength to
be very low due to the fiber balling phenomenon as
mentioned above. In the case of the MTF25-N specimen
without transverse reinforcement, the required fiber vol-
ume fraction was estimated to be as high as 8.45%.
However, since it is in fact impossible to incorporate such a
large amount of steel fibers, it is difficult to replace torsional
reinforcement with only the steel fibers in this case [12, 27].
.erefore, the design for torsion should be carried out
using an appropriate amount of longitudinal and trans-
verse reinforcement for such members.

5. Conclusions

In the present research, an experimental study on the total of
six torsional members was carried out to verify the equation
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to calculate the minimum amount of torsional re-
inforcement for RC and SFRC members, which was pro-
posed in the authors’ previous research. .e main test
variables included the transverse and longitudinal torsional
reinforcement ratios, the compressive strength of concrete,
and the incorporation of steel fibers. .e following con-
clusions were drawn from the test results and the verification
process of the proposed model.

(1) As the total torsional reinforcement ratio (ρrebartot )
increased, more smeared torsional cracks occurred.
In addition, it was found that the additional in-
corporation of steel fibers in the specimen with the
same reinforcement ratio made it possible to im-
prove crack control by bridging effect of the steel
fibers.

(2) If the concrete compressive strength (fc′) is high in a
member with the same reinforcement details, the

cracking torsional moment (Tcr) is relatively large.
.erefore, a greater amount of torsional re-
inforcement is needed to ensure the reserved strength.

(3) .e minimum torsional reinforcement ratio
(ρtot,min) proposed for ensuring a reserved strength
greater than 35% is calculated considering the
transverse and longitudinal reinforcement ratios (ρt
and ρl), steel fiber volume fraction (Vf ), and concrete
compressive strength (fc′). It has also been proposed
in the form of a minimum fiber factor (Fmin) to
facilitate application to SFRC members.

(4) It was possible to estimate the failure modes of the RC
and SFRC torsional specimens accurately by exam-
ining whether the proposed minimum reinforcement
requirement is satisfied. However, in the case of SFRC
members, the reinforcing effects of steel fibers need to
be evaluated more conservatively due to the low
workability, fiber balling phenomenon, etc.

Table 4: Application of the proposed minimum fiber factor to SFRC.

Specimen
names

Total torsional
reinforcement, ρtot

(%)

ρtot,min − ρrebartot
(%)

Effective
volume

fraction, ξ

Required minimum
fiber factor, Fmin

Designed minimum
fiber factor, Fmin

Steel fiber used in
design

Vf
(%)

lf
(mm)

df
(mm) ρf

MT30-
0.77 0.774 0.27 0.38 1.85 1.85 3.08 30 0.5 1.0

MT30-
1.32 1.322 -0.15 0.38 -1.06 0.00 0.00 30 0.5 1.0

MT40-
1.32 1.322 0.05 0.38 0.31 0.31 0.51 30 0.5 1.0

MT40-
1.89 1.887 -0.71 0.38 -4.35 0.00 0.00 30 0.5 1.0

MTF25-
0.77 0.774 0.17 0.38 1.30 1.30 2.17 30 0.5 1.0

MTF25-N 0.434 0.66 0.38 5.07 5.07 8.45 30 0.5 1.0
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As known, high-strength compressed concrete elements have brittle behavior, and elastic-plastic deformations do not appear
practically up to their ultimate limit state (ULS). )is problem is solved in modern practice by adding fibers that allow de-
velopment of nonlinear deformations in such elements. As a rule, are applied steel fibers that proved high efficiency and contribute
ductile behavior of compressed high-strength concrete (HSC) elements as well as the desired effect at long-term loading (for other
types of fibers, the second problem is still not enough investigated). However, accurate prediction of the ULS for abovementioned
compression elements is still very important and current. With this aim, it is proposed to use transverse deformations in HSC to
analyze compression elements’ behavior at stages close to ultimate. It is shown that, until the appearance of nonlinear transverse
deformations (cracks formation), these deformations are about 5-6 times lower than the longitudinal ones. When cracks appear,
the tensile stress-strain relationship in the transverse direction becomes nonlinear. )is fact enables to predict that the lon-
gitudinal deformations approach the ultimate value. Laboratory tests were carried out on 21 cylindrical HSC specimens with
various steel fibers content (0, 20, 30, 40, and 60 kg/m3). As a result, dependences of transverse deformations on longitudinal ones
were obtained. )ese dependences previously proposed by the authors’ concept of the structural phenomenon allow proper
estimation of the compressed HSC state up to failure. Good agreement between experimental and theoretical results forms a basis
for further development of modern steel fibered HSC theory and first of all nonlinear behavior of HSC.

1. Introduction

)e first experimental study on Poisson’s ratio (relation
between transverse and longitudinal deformations before the
appearance of transverse cracks) was carried out more than
100 years ago and was associated with plain and reinforced
concrete columns [1, 2]. During the last century, the issue of
Poisson’s deformations was widely investigated. To obtain
Poisson’s ratios related to cylinder strength and age, 58
specimens were tested [3]. Corresponding theory was de-
veloped. It was concluded that there is no experimental ev-
idence relating Poisson’s coefficient of concrete to its strength.
At the same time, our experimental results demonstrate that
this ratio grows after the appearance of transverse cracks [4].
However, in this case, it is not Poisson’s coefficient, but a ratio
between transverse and longitudinal deformations.

An experimental study on the influence of stirrup and steel
fiber reinforcement on the strength and deformation char-
acteristics of conventionally reinforced 150×150× 750mm
concrete columns was carried out [5]. Steel fibers ratios were
between 0 and 3% of the total composite material volume. It
was reported that the column specimens had an increased
energy absorption, high lateral strain, and greater Poisson’s
coefficient. )e strength of the compression members is
unaffected by either steel fiber volume or stirrup spacing.

Steel fibered high-strength concrete (SFHSC) became in
the recent decades a very popular material in structural
engineering [6]. As a result of increased application of
SFHSC, many experimental studies are conducted to in-
vestigate its properties and to develop new rules for proper
design. One of the trends in SFHSC structures is to provide
their ductile behavior that is desired for proper structural
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response to dynamic loadings. Review of recent experi-
mental results obtained in the field of SFHSC is presented,
and possible ways for developing modern design techniques
for SFHSC structures are given.

Experimental studies were carried out to select effective
fiber contents as well as suitable fiber types, to study most
efficient combination of fiber and regular steel bar re-
inforcement [4]. It was shown that steel fibers have little
effect on beams’ elastic deformations but increase the ulti-
mate ones, due to additional energy dissipation potential of
steel fibers. )is effect was further studied in repaired
bending elements (two-layer beams) [7, 8]. It was shown that
combination of the normal strength concrete layer with
SFHSC one leads to effective and low-cost solution that may
be used in new structures and for retrofitting existing ones.

Effect of steel fibers on postcracking and fracture be-
havior of concrete was also recently studied [9]. Plain and
fiberd concrete specimens were tested. )e strength prop-
erties, crack opening displacement, postcracking, and
fracture behavior were studied. In our opinion, investigating
postcracking behavior of concrete is interesting also from
the viewpoint of transverse deformations, which will be
discussed in the present paper.

Model fracture parameters of steel fiberd self-
compacting concrete were derived from numerical simu-
lation of splitting tensile tests [10]. )e research allowed a
comparison between the stress-crack width relationship
from the tests and from analysis. For this purpose, a
comprehensive nonlinear three-dimensional finite element
modeling strategy was developed. )e postcracking tensile
laws, obtained from the modeling, provided a relationship
with those obtained from the tests. In our opinion, analysis
of stress-crack relationship of such concrete elements from
the viewpoint of transverse deformations is also important,
as it will allow more deeper understanding of SFHSC
compressed elements’ behavior.

Analytical and experimental results were presented for
flexural response of SFRC beams [11]. Steel fiber content of
0.0%, 0.5%, 1.0%, and 2.0% by volume was used. Com-
pressive strength and elastic modulus showed negligible
changes with the inclusion of steel fibers, while the strain
capacity and postpeak behavior were improved. Addition of
more than 1.0% of steel fibers (by volume) resulted in
significant improvement of flexural strength, deflection
capacity, and postpeak ductility. )e fracture energy in-
creased with the increase in the fiber content. )e authors
have previously shown that the total energy dissipation
during a loading-unloading cycle increases up to the fiber
weight ratio (FWR)� 30 kg/m3, that is, about 1.2% by vol-
ume [4]. Increasing the FWR to 40 kg/m3 (about 1.6% by
volume) yields almost the same energy dissipation, but
further increase in FWR causes strong decreasing in dissi-
pated energy.

Poisson’s effect of concrete with lightweight aggregate
was investigated [12]. )e reduction of peak stress and
modulus of elasticity was observed with increase of the
volume fraction of shale aggregate. From the ratio of the
lateral strain to the axial one, a more significant Poisson’s
effect was viewed for the concrete with a higher content of

the shale aggregate. A corresponding expression was pro-
posed to calculate the lightweight concrete stress-strain
relation. Longitudinal and transverse deformations were
measured and plotted. Following the experimental stress-
strain curve results, the maximum deformations in longi-
tudinal and transverse directions are about 2.3‰ and 0.5‰,
respectively. It should be mentioned that the ratio between
these values is about 5 times, which is well known from the
existing design codes. )erefore, this ratio should be studied
for fibred and nonfibred high-strength concrete, which will
be done in the present study.

2. High-Strength Concrete and Its
Application Problems

In the last decades, high-strength concrete (HSC) became a
widely used construction material. During this period, a
definition of HSC was given [13]. )e modern codes for
design of reinforced concrete (RC) structures included HSC
up to concrete class C 90 [14]. As a rule, HSC is used with
fibers. For example, a review of steel fibered HSC applica-
tions has been performed [6]. Optimal content of steel fibers
for such concrete was obtained [4, 15]. Figure 1 shows the
plastic energy dissipation in HSC specimens, U, and the
fibers’ weight ratios, FWR. As it follows from Figure 1,
increasing the steel fibers’ content from 0 to 30–40 kg/m3

yields an increase in the dissipated energy, and further in-
creasing of FWR above 40 kg/m3 yields a decrease in energy
dissipation. )us, the reviled optimal steel fiber ratio for
HSC is 30–40 kg/m3. )is result was obtained, based on
experimental investigation of 21 standard cylindrical spec-
imens with FWR of 0, 20, 30, 40, and 60 kg/m3 [4].

As known, HSC is a brittle material. For example, the
stress-strain graph for concrete class C 90 according to [14]
corresponds to a parabola with an exponent of 1.4 and has
no descending branch (Figure 2 and Table 1). Comparison of
the graphs for concrete classes C 90, C 70, and C 50 shows
that plastic energy dissipation decreases for class C 70,
compared to C 50, and remains almost constant for concrete
class C 90. )erefore, C 70 is defined as the lowest HSC class
[13]. As it is evident fromTable 1, the total energy dissipation
in HSC is almost twice lower than in normal-strength
concrete (NSC).

Using steel fibers inHSC increase the plastic deformations
almost twice, but just at the stage that is close to the concrete
ultimate state [7]. )erefore, in spite of adding fibers, it is
impossible to know the compressed concrete section state:
elastic, elastic-plastic, or plastic. Hence, the aim of the present
paper is to find alternative methods to solve the problem.

3. Essence of Structural Phenomenon

Many researchers have investigated the behavior of struc-
tures under loads that increase from the elastic state up to
failure. In this case, following the results obtained by the
authors [16], if a structure and the load are symmetric,
usually structural parameters in the elastic state increase or
decrease twice at failure. We have called such changes in
parameters of a structure as “structural phenomenon”. )is
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phenomenon was analyzed for the following groups of
experiments:

(i) Investigation of structural concrete at the material
level

(ii) Behavior of RC structures and elements under static
loads

(iii) Response of RC structures and elements to dynamic
loads

)e phenomenon is based on two fundamental ideas:

(i) Quasi-isotropic state of a structure at the ultimate
limit state (ULS) [17]

(ii) Mini-max principle [18]

Moreover, the phenomenon provides valuable indicators
for experiments planning, estimation of the structural state
(elastic, elastic-plastic, plastic, or failure), etc.

From the mathematical viewpoint, the phenomenon
provides additional equation(s) that enable to calculate

parameters, usually obtained experimentally or using some
coefficients. )erefore, using this phenomenon can lead to
developing proper design concepts and new RC theory, in
which the number of empirical design coefficients will be
minimal.

)e above-described features of structural phenomenon
enable to use it in the frame of the present study for
obtaining a theoretical stress-strain curve of concrete. )is
approach is useful for many design aspects, including cal-
culating the values of concrete elements ductility for high-
and normal-strength concrete with and without fibers,
which are usually obtained experimentally or using em-
pirical dependences [19].

4. Evaluation of Available Experimental Data

Many experimental investigations were focused on studying
SFHSC properties using cylindrical specimens with different
steel fiber contents [4, 20, 21]. Table 2 summarizes available
data from testing 21 cylindrical specimens, reported in the
abovementioned studies. At the first stage [4], five different
steel fiber contents were used, and at further stages [20, 21],
optimal FWR� 30 kg/m3 was used to obtain strength and
deformation properties of the investigated SFHSC.

Investigating the deformation properties is focused on
transverse tensile deformations in the tested specimens vs.
the longitudinal ones. According to the available standards
[14, 22, 23] and publications [15, 24], there are some dif-
ferences in concrete transverse tensile deformations εtrans,
ultimate tensile deformations εct ul, and Poisson’s coefficient
μc (Table 3). )erefore, the present study is based on
available experimental data (Table 4).

Following this table, transverse tensile deformations are
divided into two stages:

(i) Before the appearance of transverse cracks
(εtrans≤ εct ul)

(ii) After the appearance of transverse cracks and up to
specimen’s failure (εtrans> εct ul)

)ese two stages are evident, for example, in response of
RC columns to strong earthquake in Mexico, 2017 (Figure 3)

Table 1: Energy dissipation comparison for concrete classes C 50,
C 70, and C 90.

Energy dissipation from
the graph σc – εc

Concrete class according
to Eurocode 2

C 50 C 70 C 90
Graph exponent, n 2 1.45 1.4
Descending branch Yes No No
Ratio between the area of the
parabola to that of the
described rectangle, n/(n+ 1)

0.667 0.592 0.584

Elastic energy dissipation, Eel
0.125 fc
(‰)

0.15 fc
(‰)

0.15 fc
(‰)

Plastic energy dissipation, Epl fc (‰) 0.624 fc
(‰)

0.642 fc
(‰)

Total energy dissipation, Etot
1.125 fc
(‰)

1.216 fc
(‰)

1.236 fc
(‰)

Ductility coefficient, Etot/Eel 9.00 8.10 8.24

0 20 30 40 60

0.3

1.075

1.632

1.887

U (kN·m/m)

FWR (kg/m3)

Figure 1: Energy dissipated during loading and unloading for
cylindrical specimens with different FWRs [4].

0.5 C50

C50

0.5 C70
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0.5 C90

C90
C (MPa)

2
1000 εc0 0.5 2.4

0.6 2.7

3.52.6
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Figure 2: Stress-strain relationships for concrete classes C 50
(normal-strength concrete), C 70 (the lowest limit strength of high-
strength concrete), and C 90 (high-strength concrete) [13].
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[25]. As it follows from Figure 3, a crack due to trans-
verse deformations (transverse cracks) appear at the 2nd
second of the earthquake. Opening of the crack is a
process, in which it develops in the longitudinal and
transverse direction of the column (compare Figures 3(a)
and 3(b)).

It should be mentioned that for SFHSC transverse de-
formations increase at both of the abovementioned stages up
to FWR� 30 kg/m3 and decrease for a higher fiber content.
)e average transverse deformation at the first stage is 0.15,
and at the second one, it is 0.30 (the value is increased twice),
which corresponds to the structural phenomenon, proposed
recently by the authors [16].

)e abovementioned two stages have the following ex-
planation: at ultimate longitudinal elastic deformations,
εc � 0.5‰, and the transverse deformations εtrans≈ 0.1‰,
and it corresponds to concrete ultimate tensile deformations
(Table 3). After that (at εc> 0.5‰), the transverse cracks
opening process appears (Figure 4). At the same time, the
second stage, according to the structural phenomenon, is
divided into two subcases:

(i) cracks’ development (ε ct ul< εtrans ≤ 2 εct ul), cor-
responding to Figures 3(a) and 4(b)

(ii) failure (εtrans > 2 εct ul), corresponding to Figures 3(b)
and 4(c)

Table 2: Available data from testing HSC cylindrical specimens.

Reference Number of tested
specimens Compressive strength (MPa) Fiber weight ratio (kg/m3) Modulus of elasticity (MPa)

Holschemacher et al. [4] 15 86–91 0, 20, 30, 40, 60 —
Iskhakov et al., [18] 3 90.5∗ 30 41603∗
Iskhakov et al., [21] 3 79.5∗ 30 39134∗
∗Average values.

Table 3: Poisson’s ratio, μc, and ultimate tensile deformations, εct ul.

Pos. No. References μc εct ul (‰)
1 SI 466 [23] 0.15–0.25 (average. 0.2) —
2 Bondarenko and Suvorkin [24] 0.2 0.1–0.2 (average 0.15)
3 BR [22] 0.2 0.15
4 Eurocode 2 [14] 0.2 —
5 Iskhakov [15] 0.15–0.2 0.07–0.12

Table 4: Experimental values of Poisson’s coefficients for concrete class C 90 (pos. 1) and relation between transverse and longitudinal
deformations (pos. 2).

Pos. no. Limits of transverse deformations
Fiber weight ratio (FWR) (kg/m3)

Average Average 2/Average 1
0 20 30 40 60

1 εtrans≤ εct ul 0.11 0.18 0.22 0.16 0.08 0.15 2.02 εtrans> εct ul 0.20 0.32 0.44 0.40 0.14 0.30
3 Pos. 2/pos. 1 1.88 1.78 2.0 2.5 1.75 1.97

1

(a)

2

(b)

Figure 3: Transverse cracks in a column during Mexico earthquake 2017 [25]: (a) 2 sec. (b) 15 sec. 1: crack initiation; 2: crack development.
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5. Detailed Analysis and Theoretical
Interpretation of Experimental Results

5.1. Dependence of Load vs. Longitudinal and Load vs.
Transverse Deformations. For cylindrical HSC specimens
without fibers (Figure 5(a)), the dependences between load
and longitudinal deformations as well as that between load
and transverse ones are linear up to the ultimate state. In this
case, the transverse deformations are actually also the
Poisson ones, as nonlinear behavior is practically not evi-
dent. )e specimens’ behavior up to failure corresponds to
Figure 4(a), i.e., transverse cracks do not appear. Poisson’s
coefficient is about 0.2. Similar results were obtained for the
three specimens that were tested. It should be mentioned
that both longitudinal and transverse deformations sharply
increase at the ultimate state, which is explained by the
specimens’ failure process.

At fiber content (FWR) of 20 kg/m3, the longitudinal
deformations remain practically linear up to failure, at which
plastic deformations develop. However, transverse de-
formations exhibit nonlinear behavior from about 70% of
concrete strength, i.e., in this case, Poisson’s coefficient can
be calculated before nonlinear deformations initiate. Initi-
ation of transverse cracks corresponds to stage 2
(Figure 4(b)), i.e., the specimens are in the stage of transverse
cracks’ development (εct ul ≤. εtrans≤ 2 εct ul).

Increasing the FWR to 30 and 40 kg/m3 leads to more
evident nonelastic development of transverse deformations
after reaching the limit tensile concrete deformations value
εct ul (Figures 5(c) and 5(d)). Further increase in FWR to
60 kg/m3 yields a decrease in development of transverse
deformations (Figure 5(e)). Following Figure 5(e), ap-
pearance and development of transverse cracks is not re-
flected in longitudinal deformations, but it shows that a
compressed element is at a state that is close to an ultimate
one. )is is the role of transverse deformations as an in-
direct indicator of compressed steel fibered concrete
behavior.

5.2. Dependence of Transverse Deformations on Longitudinal
Ones. As known, modern design codes operate with
constant Poisson’s ratios as relation between transverse

and longitudinal deformations μc � εtrans/εlong (Table 3).
For example, following [14], Poisson’s ratio may be
taken equal to 0.2 for uncracked concrete and 0 for
cracked one.

At the same time, as shows the experimental data [4],
after the elastic limit is over, transverse deformations do not
become equal to zero but develop nonlinearly within the
limits εct ul ≤. εtrans≤ 2 εct ul (Figure 4(b) that corresponds to
stage 2). )is behavior satisfies the structural phenomenon
concept. When εtrans exceeds the value of 2 εct ul
(Figure 4(c)), the longitudinal deformations are not limited
and the element approaches failure. )us, analysis of the
HSC behavior, considering transverse deformations, allows
predicting of all concrete stages, including its nonlinear
performance. By the way, these stages are evident from
behavior of a concrete building column during an earth-
quake (Figure 3).

)e abovementioned ideas correspond to experimental
data presented in Figure 6 that shows dependences of
transverse deformations on longitudinal ones for various
FWR values from 0 to 60 kg/m3. Analysis of the graphs in
Figure 6 shows (especially in the cases when
FWR� 30–40 kg/m3, corresponding to optimal fiber con-
tent, according to Figure 1) that there are three stages in
concrete behavior:

(i) Linear
(ii) Nonlinear
(iii) Limit

It is evident from Figures 6(c) and 6(d) that, for
εtrans≤ 0.2‰, transverse deformations develop proportion-
ally to longitudinal ones, which corresponds to Poisson’s
deformations. When εtrans> 0.2‰, the graphs become
nonlinear and the transverse deformations develop more
intensively than longitudinal ones. For εtrans> 0.4‰ (that
corresponds to the value of 2 εct ul), transverse deformations
sharply increase.

Further theoretical interpretation of such behavior of
SFHSC (dependence between εtrans/εlong vs. εlong) is pre-
sented in Figure 7.)emain feature in SFHSC behavior (that
is evident from Figure 7) is that for longitudinal de-
formations εlong≤ 1‰ the ratio εtrans/εlong is constant—it

εtrans ≤ εct ul εct ul < εtrans ≤ 2 εct ul εtrans > 2 εct ul
Before transverse cracking During cracking

(a) (b)
At ultimate limit state

Figure 4: Development of transverse deformations and cracks at stages 1 (a) and 2 (b) for cylindrical HSC specimens.
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indicates that the SFHSC behaves linearly. When 1‰ ≤
εlong≤ 2‰, the SFHSC behaves nonlinearly, and for
εlong> 2‰, it approaches to failure.

)e ratios between transverse and longitudinal de-
formations (εtrans/εlong) vs. the longitudinal ones (εlong) are

presented in Table 5. As listed in Table 5, higher longitudinal
deformations correspond to higher εtrans/εlong ratios. Re-
lation between the measured deformations’ values and those
proposed in the theoretical interpretation are shown in
Figure 8. )e obtained result enables to revile the main
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Figure 5: Load-strain diagrams for HSC with different FWRs. (a) FWR� 0; (b) FWR� 20 kg/m3; (c) FWR� 30 kg/m3; (d) FWR� 40 kg/m3;
(e) FWR� 60 kg/m3.
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Figure 6: Dependence of transverse strain on longitudinal one for (a) FWR� 0; (b) FWR� 20 kg/m3; (c) FWR� 30 kg/m3; (d) FWR� 40 kg/
m3; (e) FWR� 60 kg/m3.
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stages in SFHSC behavior, and therefore, it is useful for more
effective design of SFHSC elements.

It should be highlighted that the abovementioned
analysis became possible due to application of the structural
phenomenon concept, explained in Section 3.

6. Conclusions

Accurate prediction of nonlinear behavior of compressed
steel fibered high-strength concrete (SFHSC) elements is
investigated experimentally and theoretically. For the first
time, development of nonlinear postcracking transverse

deformations was used to analyze nonlinear behavior of
SFHSC compressed elements.

Using the structural phenomenon enables to revile three
stages of transverse deformations’ development in compressed
SFHSC elements: linear (εtrans≤ εct ul), nonlinear (εct ul≤ ε trans≤
2 εct ul), and ultimate (εtrans> 2 εct ul).

Unlike in current normative documents, the physical
meaning of Poisson’s coefficient is expanded for cases, when
transverse cracks appear in compressed concrete elements. It
is shown that, at optimal fiber content, this coefficient in-
creases up to twice, which completely corresponds to the
structural phenomenon.

Dependences of transverse deformations on longitudinal
ones were obtained experimentally and theoretically. )ese
dependences previously proposed by the authors concept of
the structural phenomenon allow proper estimation of
compressed SFHSC states, including nonlinear behavior, up
to failure.

Good agreement between experimental and theoretical
results forms a basis for further development of modern steel
fibered HSC theory (and first of all nonlinear behavior of
SFHSC) that can be applied in modern design codes.
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Long-term pressurizing of buried glass fiber-reinforced polymer (GFRP) pipe will result in the reduction of stiffness in the pipes. It
leads to excessive deflections in long-term design limits. In situ tests were performed for 664 days to measure deflections of buried
GFRP pipe with a large diameter of 2,400mm. Based on the field test results, finite element analysis was conducted to determine
the pipe deflections with respect to the soil conditions and buried depth as variables. Regression analysis has been conducted to
determine the long-term deflection of the GFRP pipe after 50 years of construction..e long-term deflection of the GFRP pipe was
less than 5 percent suggested by the existing specifications including ASTM D5365 and AWWA M45. .e comparison indicates
the current specifications significantly conservative to predict long-term deflection of the buried GFRP pipe.

1. Introduction

Glass fiber-reinforced polymer (GFRP) pipe exhibits ex-
cellent resilience due to the stiffness and strength of the
material compared to other types of pipes. GFRP pipes are
compatible with other flexible pipes. Also, GFRP pipes are
used in the construction industries due to the advantages of
mechanical characteristics such as light weight, high specific
strength and stiffness, and high corrosion resistance.

Furthermore, the mechanical properties of GFRP pipe,
which depend on the arrangement and amount of rein-
forcing fibers, satisfy various conditions. GFRP pipes are
classified as ductile pipes because, unlike rigid pipe, they
interact with the ground and resist external loads. .e
structural behavior of underground pipes must be consid-
ered with regard to the possible effects of the foundation, the
soil surrounding the pipe, and the characteristics of the
backfill.

Most studies that have investigated the durability of the
pipe material have examined the long-term properties of the

pipe itself. For example, Farshad and Necola [1] conducted
an experimental study of the short-term and long-term
behavior of GFRP pipes in underwater environments.
.eir study’s experimental results show that the stiffness of
GFRP pipes does not decrease; regression analysis predicted
the GFRP pipe strength to be about 7.5 kN after 50 years.

Farshad [2] predicted the long-term behavior of multi-
layer pipes according to internal water pressure. Farshad
estimated the long-term strength of the composite pipe by
combining secondary and linear regression analysis. .e
analysis, design, evaluation, residual analysis, and long-term
estimation of the pipe were performed via “automated design
and analysis of pipes” (ADAP) software. As a result, Farshad
[2] derived a new long-term estimation method to predict the
long-term life of pipes composed of various layers.

Faria et al. [3] investigated the creep and relaxation
behavior of glass-reinforced thermosetting polymer plastic
pipes using the same reliability as conventional methods by
developing a method to replace the long-term characteristics
of the pipe.
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Faria and Guedes [4] compared measurement errors for
four types of GFRP pipes using the standard method by
regression analysis of the data to reduce the prediction time
long-term behavior tests of the GFRP pipe. .ey found the
measurement error to be 10 percent less than the mea-
surement error derived from the standard method in short-
term testing.

Sargand et al. [5] investigated the behavior of ther-
moplastic pipes for five years when installation under at
least 6.1m to 12.2m was applied to thermoplastic pipes,
high-density polyethylene (HDPE) pipe, and polyvinyl
chloride (PVC) pipe. .eir results confirmed that both
seasonal temperature differences and soil moisture con-
ditions affect the earth pressure. Based on Sargand et al.’s
[5] theoretical analysis, both the changes in soil conditions
changes and effects of earth pressure were found to be
significant.

Kim et al. [6] predicted the turbulent deflection of glass
fiber-reinforced thermosetting polymer plastic pipe embed-
ded in nuclear cooling water. Ten thousand hours of ex-
perimental data are required to predict pipe bending strain.

Yoon and Oh [7] predicted the 50-year long-term failure
of GRP pipes from failure pressure and time to failure which
was tested up to 10,000 hours through the sustained internal
pressure test.

Na et al. [8] tested the long-term ring-bending strain
(Sb) of the GFRP pipe using the standard method to predict
the life of the pipe after 50 years. A comparison of the
standard method and an optimized statistical method via
GFRP pipe tests showed that the error was less than 8
percent. .is work confirmed that the bending strain of the
pipe after 50 years can be predicted using the proposed
statistical method without performing tests that take
10,000 hours.

Lee et al. [9] measured the short-term behavior of a
2,400mm large diameter reinforced thermosetting resin
pipe for 387 days in a buried pipe field test and predicted
long-term behavior for 40 to 60 years.

Most studies have focused on the durability of flexible
pipe. Also, long-term behavior of the flexible pipe was
predicted by short-term experimental test results. In order to
predict the exact long-term ring deflection of buried pipe
underground, the structure should be buried for a long time.
However, limitations of such work include high costs and a
large budget, and finding an appropriate test site.

In this study, a large diameter reinforced polymermortar
pipe (RPMP) reinforced with resin and mortar was em-
bedded between the resin and fiberglass sections, and the
long-term ring deflection of the GFRP pipe was measured
for 664 days.

.e safety of a buried underground GFRP pipe can be
determined through the finite element analysis and pre-
dicted pipe ring deflections using the Iowa formula proposed
by the American Water Works Association (AWWA M45).
To predict long-term ring deflection, the long-term behavior
of the GFRP pipe was predicted statistically using initial
measurement data (pipe ring deflection data) proposed in
American Society for Testing and Materials (ASTM D5365)
[10].

2. Design Procedure for Buried GFRP Pipe

2.1. Fabrication of GFRP Pipe. .e fabrication of the GFRP
pipe involves a continuous filament winding process in
which several mandrels are moved to wind up reinforcing
fibers at multiple locations. .e axial tensile strength of the
pipe is increased by arranging the reinforcing fiber in the
axial direction. .e GFRP pipe used in this study was
fabricated from RPMP that was reinforced with resin and
mortar between sections that were composed of resin and
glass fiber. Table 1 presents the mechanical properties of the
GFRP pipe used in this study.

2.2. Structural Behavior of Buried Flexible Pipe. .e struc-
tural behavior of the pipe that is embedded underground
differs according to the type of external pressure. When the
external load is a static load, the vertical earth pressure that is
acting on the buried pipe is determined by the load on the
upper part of the pipe and the area to be loaded.

In this case, the pipe buried in the ground deforms to
induce earth pressure in the horizontal direction, and the
vertical earth pressure generated from the load becomes
greater than the horizontal earth pressure generated by the
pipe deflection.

.erefore, as shown in Figure 1, under normal loading
conditions, the pipe is deformed by Δv in the vertical di-
rection and deformed by Δh in the horizontal direction.

When a preload is applied to the upper part of the pipe
without consideration of the effect of the surrounding soil on
the pipe deflection, the amount of pipe deflection for each
direction is calculated using the following equations [11]:

Δv � 0.149
r3

EI
w, (1)

Δh � 0.137
r3

EI
w, (2)

where Δv is the vertical deflection (mm), Δh is the horizontal
deflection (mm), r is the mean radius of the pipe (mm), E is
the modulus of elasticity for hoop direction (MPa), I is the
moment of inertia of the pipe (mm4/mm), and w is the line
load applied on top of the soil (kN/m).

Although equations (1) and (2) will differ somewhat
depending on the materials that constitute the pipe, a small
deflection theory is adopted. .e predictions are relatively
accurate within about 3 percent of pipe strain, but the
accuracy is diminished slightly due to material and geo-
metric nonlinearities above 3 percent of the pipe strain
[11].

In addition, pipe stiffness (PS) must be determined in
order to predict the deflection of buried pipes. .e PS can be
determined using equations (3a) or (3b). .e PS is de-
termined from the original stiffness test and is the value
obtained by dividing the force (F) per unit length that
corresponds to the 5 percent pipe strain caused by vertical
displacement. .e PS can be computed by the ring flexural
modulus (E). .e moment of inertia (I) of the pipe can be
obtained from equation (3b):
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PS �
F

Δv
, (3a)

PS � 6.7
EI

r3
, (3b)

where E is the ring flexural modulus (GPa), I is the moment
of inertia of unit length (mm4/mm � −(t)3/12), r is the
mean pipe radius (mm � (OD− t)/2), F is the force, and Δv
is the vertical deflection (%).

.e Iowa formula proposed in ASTM D2412 [17] was
applied in this study to predict the deflection of the flexible
buried pipe. .e Iowa formula is shown in equation (4) and
includes load and boundary conditions, such as the stiffness
of the flexible pipe, the soil reaction force coefficient of the
rebound soil, and foundation conditions for flexible

underground pipes. .e behavior of the flexible pipe is
clearly expressed in the buried underground:

Δh �
DLWc + WL( KX

0.149PS + 0.061E′
, (4)

where DL is the deflection lag factor to compensate for the
time consolidation rate of the soil, dimensionless, Wc is the
vertical soil load on the pipe (N/m2), WL is the live load on
the pipe (N/m2), KX is the bending coefficient, di-
mensionless, PS is the pipe stiffness (kPa), E′ is the com-
posite soil constrained modulus (MPa), and Δh is the
horizontal deflection (mm).

Equation (4) in the Iowa formula limits the deflection of
the pipe to within 5 percent by applying a safety factor of 4
when pipe deflection occurs at about 20 percent. .e reason
for this limitation is to consider the safety of the pipe even
for long-term ring deflection. .e effects of pipe joint
leakage also are considered [18].

3. Experimental Program

3.1. Full-Scale Field Experiments. In order to investigate the
structural behavior of the GFRP pipe, the GFRP pipe
composed of RPMP was buried and the soil was compacted
at the underground location of the pipe. Field test was
carried out at four sites of the buried GFRP pipe, as shown in
Figure 2. Figure 3 shows the location of measurement for
vertical and horizontal deflections of the GFRP pipe using a
laser distance meter which was installed at each site.

3.2. Numerical Analysis. In order to analyze the structural
behavior of the buried GFRP pipe and compare it with the
field measurements, the finite-difference analysis (FDA) was
carried out with respect to buried depth as variables. .e
MIDAS/GTS program [19] was used for two-dimensional
numerical analysis. .e Mohr–Coulomb failure criterion
was adopted for the soil conditions which use an elasto-
plastic modeling associated with a homogenous material.
Linear elastic modeling was used for the beam elements for
the GFRP pipe. Both end supports and bottom supports are
assumed as a fixed boundary condition.

.e characteristics of the pipe bedding material (PBM)
are summarized in Table 2 which is obtained by field test
results. Table 3 presents three cases of the compaction
conditions for the GFRP pipe used for the numerical analysis
in this study.

Analytical modeling takes place when 5m, 10m, and
16m are filled in the upper part of the GFRP pipe, as shown
in Figure 4(a). Figure 4(b) shows the grid mesh for the FDA.

Figure 5 presents displacement contour with FDA results
for each case at a buried depth of 16meter. .e stress
distribution surrounding the buried GFRP pipe is influenced
by the characteristic of PBM. Table 4 provides a summary of
the results of the FDA and experimental results. Based on the
measurements, the vertical deflection and horizontal de-
flection were found to be the same as for the analytical results
when the compaction condition of the ground around the
GFRP pipe in Case 1 was well matched in the finite element

Table 1: Mechanical properties of the GFRP pipe.

Material properties GFRP
pipe Standard

Diameter (mm) 2,400 —
.ickness (mm) 44.5 —

Hoop

Tensile strength
(MPa) 146 ASTM D2290-08 [12]

Tensile elasticity
modulus (GPa) 16.5 ASTM D2290-08 [12]

Axial

Tensile strength
(MPa) 78.9 ASTM D638-10 [13]

Tensile elasticity
modulus (GPa) 9.45 ASTM D638-10 [13]

Compressive
strength (MPa) 149 ASTM D695 [14]

Compressive modulus
of elasticity (GPa) 8.97 ASTM D695 [14]

Bending strength
(MPa) 154 ASTM D790-10 [15]

Bending modulus
of elasticity (GPa) 11.5 ASTM D790-10 [15]

Poisson’s ratio 0.20 ISO 527-4 [16]

A

C D

B

A′

C′ D′

B′

A′

C′ D′

B′
Δh

Δv

Figure 1: Ring deflection.
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Figure 2: Side elevation of underground GFRP pipe.

Laser distance meter1.0m 1.0m2.0m 2.0m
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RTRP connection

(a)

(b)

Figure 3: Measurements of GFRP pipe deflections. (a) Locations of measurement. (b) Laser distance meter and taking measurements.

Table 2: Characteristics of the soil materials [9].

Description Soil modulus, E (kN/m2) Poisson’s ratio, ] Unit weight, ct (kN/m3) Viscosity, C (kN/m2) Internal friction angle, φ (°)
General fill 40,000 0.30 20.19 0.0 35.0
PBM #1 30,000 0.30 17.85 0.0 30.0
PBM #2 3,000 0.30 17.85 0.0 30.0
Residual soil #1 50,000 0.30 18.00 0.0 34.0
Residual soil #2 80,000 0.30 19.00 0.0 40.0
Weathered
rock 15,000 0.30 20.00 30.0 35.0

Soft rock 30,000 0.25 22.00 50.0 40.0
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Table 3: Soil conditions around GFRP pipe for the finite-difference analysis [9].

Description Buried depth (m)
Soil conditions around GFRP pipe

Domain Soil characteristic
Case 1 5, 10, 16 Whole of soil around GFRP pipe PBM #1
Case 2 5, 10, 16 Center of GFRP pipe (2D) in Figure 5(a) PBM #2
Case 3 5, 10, 16 Center of GFRP pipe (3D) in Figure 5(a) PBM #2

General fill #3

General fill #2

General fill #1

PBM #1 PBM #2

GFRP
D2400, t = 35mm

Residual soil #1

Residual soil #2

Weathered rock

Soft rock

7.2m

30.0m

4.8m

5.
0m

5.
0m

5.
0m

4.
0m

3.
0m

5.
0m

5.
0m

6.
0m

3D

2D

(a) (b)

Figure 4: Finite element analysis model. (a) Schematic view. (b) Finite element analysis mesh model (2D).
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Figure 5: Continued.
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analysis. .e accuracy of the FDA was validated by test
results, and it proved to be capable of simulating ring de-
flection with respect to buried condition.

.e horizontal ring deflections and vertical ring de-
flections in Case 1 calculated by the finite-difference analysis
agreed with the experimental results. According to the
comparison results, it can be seen that the compaction
density of soil around the buried pipe affected on the de-
flection of the pipe embedded underground.

4. Test Result and Discussion

4.1. Field Test Results and Prediction of Pipe Deflection.
Figure 6 shows the measured vertical and horizontal dis-
placements at 1m, 3m, and 5m from the entrance of the
pipe. .e measured pipe deflection was within 1.5 percent.
Most of the total deflection occurred within the first 30 days
after construction. As soil is placed over a buried GFRP pipe,
the ring tends to deflect primarily into an ellipse with a
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Figure 5: Finite element analysis results. (a) Horizontal deflection for Case 1 (16m). (b) Vertical deflection for Case 1 (16m). (c) Horizontal
deflection for Case 2 (16m). (d) Vertical deflection for Case 2 (16m). (e) Horizontal deflection for Case 3 (16m). (f) Vertical deflection for Case 3
(16m).

Table 4: Comparisons of numerical analysis results and experimental results.

Buried depth (m)
Two-dimensional analytical results (%) Experimental

results (%)
AWWA M45

(%)Case 1 Case 2 Case 3
Δv Δh Δv ∆h ∆v ∆h ∆v ∆h ∆v ∆h

5 −0.28 0.27 −0.75 0.71 −1.17 1.18 −0.17 0.17 −0.52 0.52
10 −0.56 0.53 −1.38 1.30 −2.06 2.07 −0.38 0.38 −1.05 1.05
16 −0.90 0.85 −2.13 2.00 −3.08 3.09 −0.71 0.54 −1.67 1.67
Note: (+): increases in diameter; (−): decreases in diameter.
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decrease in vertical ring deflection and an almost equally
increase in horizontal direction.

Figure 7 shows the comparisons between the vertical and
horizontal pipe deflections and the pipe deflections in the
AWWA M45 design method. .e vertical pipe deflection for
the case of the buried depth of 16m is about 20 percent smaller
than the pipe deflection predicted byAWWAM45. In that case,

the horizontal pipe deflection was estimated to be about 10
percent smaller than the deflection predicted by AWWAM45.

.e vertical pipe deflection was also about 53 percent
larger than the horizontal pipe deflection. However, the
difference in the maximum pipe deflection that was actually
measured is about 8mm, which is almost negligible con-
sidering the measurement error of the design parameters,
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Figure 6: Measured deflections for the underground GFRP pipe.
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such as the ground characteristics, given the 2,400mm inner
diameter of the pipe. In short, the AWWA M45 design
method yields a conservative design, including the effects on
long-term behavior.

.e formula used in AWWA M45 for pipe deflection
calculations was derived from the Iowa formula, which in
turn was derived from an experimental study of small
corrugated steel pipes. In the case of such small pipes, local
excessive stress can be concentrated, and strict pipe de-
flection management is required. However, in the case of the
pipe with a diameter of 2,400mm, the curvature occurring in
a pipe section is very small, and thus, the possibility of local
excessive stress is negligible.

In addition, deflection occurs in the vertical direction
due to the vertical load that is in turn due to the vertical
deflection buried pipe, and this vertical deflection (Δv) is
transferred to the horizontal deflection that is due to the
characteristics of the circular section that is bound by the
surrounding soil. .erefore, the vertical deflection is larger
than the horizontal deflection (Δv>Δh) when the vertical
load is not transmitted within all the horizontal deflections,
but some of the energy accumulates in the pipe.

.e Iowa formula is proposed to predict the horizontal
deflection in this experimental study. However, in AWWA
M45, the safety design (designed to produce less pipe de-
flection) is assumed to be the same (Δv≈Δh) for both vertical
and horizontal strains.

4.2. Effect of Pipe Stiffness in Ring Deflection. .e parameters
that determine the deflection of the underground GFRP pipe
are the stiffness of the pipe, the stiffness of the ground, and
the condition of the foundation. However, as time elapses, it
is difficult to change the state of the foundation in the middle
of these variables. Also, if the stiffness of the soil around the
pipe is firmly consolidated, then any increase in the pipe
deflection is mainly due to the mechanical properties.

In a previous study [9], the durability of the GFRP pipe
did not change significantly under a low temperature range.
However, the durability of the GFRP pipe may be decreased
due to the various variables found in underground condi-
tions that are used to predict pipe deflection in AWWAM45.
Figure 8 shows the pipe deflection with respect to the various
ring stiffness of the GFRP pipe. .e pipe deflection was
computed by equation (4).

.e deflection of the GFRP pipe can be predicted by
changing the PS from 288 kN/m2 to zero, assuming that the
GFRP pipe buried at 16m has significantly reduced stiffness
due to external environmental factors. When the PS is
288 kN/m2, the pipe deflection is 2.515mm, and when the PS
is zero, the pipe deflection is 2.603mm. .erefore, the effect
of PS on pipe deflection is minor, having less than about 3.5
percent ring deflection. While the effect of PS and the soil
foundation combined is about 96.5 percent, the fact in-
dicates that the soil foundation is the dominant variable for
pipe deflection.
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Figure 7: Comparison of ring deflection of the GFRP pipe with respect to buried depth.
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4.3. Prediction of Long-Term Pipe Deflection. Although no
specific method for predicting long-term pipe deflection
has been developed yet, ASTM D5365 proposes a method
to estimate long-term data for pipe deflection using sta-
tistical methods via the initial measurement data for pipe
deflection. Equation (5) can be used to compute long-term
deflection in accordance with ASTM D5365. .e param-
eters a and b for pipe strain are defined as equations (6) and
(7), respectively:

ring deflection (%) � 10a−b×log10t
, (5)

where a and b are the parameters relating to ring deflection
and t is the elapsed time (in hour):

a � Y− b × X, (6)

b � −(c)
0.5

, (7)

where Y is the arithmetic mean of all the ring strain values,
X is the arithmetic mean of all the time to failure in hours of
observation, and c is the slope of the load versus strain
curve. .e pipe deflection was predicted according to the
time course proposed in ASTM D5365. .is study pre-
dicted long-term pipe deflection up to 50 years after the
GFRP pipe is buried..e computed results are summarized
in Table 5.

Table 5 confirms that all of the pipe deflection that
occurred after 50 years is within 5 percent. .e allowable
pipe deflection of 5 percent is considered to yield a very high
safety factor of 4 from the structural point of view. .us,
judging from the fact that the standard of repair for pipe
maintenance is limited to 7.5 percent in several of the

relevant design standards, the buried GFRP pipe has suffi-
cient structural safety and long-term durability.

5. Conclusion

In this study, pipe ring deflections were measured in the field
for the buried GFRP pipe. In addition, the FDA was carried
out including various parameters, such as the soil com-
paction density of the bedding, backfill materials, and dif-
ferent depths. Both the analytical and experimental results
were compared and discussed.

.e pipe deflection measured by the field tests indicates
that the vertical load increased with an increase in the soil
depth at the initial stages of construction. .e increase in the
pipe deflection tended to decrease with the soil depth of 16m.

.e increase in pipe deflection after the completion of
the embankment appears to have been caused by the fact that
the backfill stabilized over time and that some load was
added to the buried pipe due to the minor settlement of the
soil around the pipe.

Field tests of the buried GFRP pipes were carried out for
664 days. .e measured deflection of the GFRP pipes was
less than 1.5 percent during these field tests. .is measured
deflection of 1.5 percent was less than the 5 percent pipe
deflection suggested by AWWAM45. Also, the safety of the
buried GFRP pipe was verified by field tests.

Data Availability

.e data sets generated during and/or analyzed during the
current study are available from the corresponding author
on reasonable request.
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Figure 8: Ring deflection of GFRP pipe versus pipe stiffness.

Table 5: Predicted results of long-term ring deflection of pipe.

Period of time (year)
Long-term vertical deflection (%) location Long-term horizontal deflection (%) location

1-1 1-3 1-5 2-1 2-3 2-5 1-1 1-3 1-5 2-1 2-3 2-5
10 0.7 1.49 1.44 1.11 0.86 0.55 0.47 0.69 0.72 0.73 0.53 0.42
20 0.77 1.57 1.5 1.17 0.9 0.56 0.55 0.76 0.75 0.75 0.57 0.45
30 0.81 1.62 1.54 1.2 0.92 0.58 0.6 0.8 0.77 0.76 0.6 0.47
40 0.84 1.66 1.56 1.22 0.94 0.58 0.65 0.83 0.79 0.77 0.62 0.49
50 0.86 1.68 1.58 1.25 0.95 0.59 0.68 0.85 0.8 0.77 0.65 0.5
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