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Fire resistance of ultrahigh-performance concrete was measured under different temperatures and loadings. C120 concrete was
prepared with 1 kg/m3 organic fiber and C120 concrete with 2 kg/m3 organic fiber and tested under loading at 30% ultimate
strength when exposed to high temperatures of 200◦C, 300◦C, and 400◦C, respectively.

1. Introduction

At present, the research on the fire resistance of ultra-high-
performance concrete equal to or greater than C100 has
yet prevailed. However, concrete buildings usually get badly
damaged in fire (Figures 1 and 2), causing high life and
property losses, let alone environmental pollution [1].

We conducted thorough research on the fire resistancy of
ultra-high-performance concrete and fortunately discovered
regularity in it and came up with some countermeasures,
making agreeable contribution to the study of this issue.

2. Raw Materials

(1) Cement: Nanjing Xiaoyetian P II 52.5.

(2) Microballoon, made in Kunming, average diameter
�1 µm and superficial area 12000 cm2/g.

(3) Ganister sand, from Zhunyi, Guizhou; superficial
area 20000 cm2/g [2].

(4) Mineral Powder (ultra fine), from Jiangmen, Guang-
dong, superficial area 8500 cm2/g.

(5) Fine aggregate, sea sand from Shenzhen, desalted, FM
2.6∼2.8.

(6) Coarse aggregate, macadam from Shenzhen, 5–10,
10–20 mm in diameter.

(7) Water reducer, BASF polycarboxylic acid, solid con-
tent: 40%; self-made naphthalene-sulfamate water
reducer.

(8) Polypropylene fiber, Grace 19 mm long fiber [3].

3. Mix Proportions of
Ultra-High-Performance Concrete

Based on previous test results, we prepared the fire-resistant
C120 concrete by proportions found in Table 1.

Finished test pieces were in 3 sizes: 100× 100× 300 mm,
Φ100× 150 mm, and Φ100× 300 mm, as in Figures 3, 4, and
5.

4. Equipment

(1) Heating: we designed 3 heating apparatus and
assigned a workshop to manufacture them for us.
They came out as in Figures 6, 7, and 8.

(2) Loading: 2000 KN digital press machine.

5. Research Approach

To simulate the situation of ultra-high-performance concrete
under pressure in case of fire, we came up with the following
research plan.
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Table 1: Mix Proportions.

Ratio of water to
plastic

Water Cement
Microballoon + ganister
sand + mineral powder

Sea Sand
Coarse aggregate

Additive
Fiber content

(kg/m3)
Steel bars

5–10 10–20

0.174 122 550 150 750 285 665 1.3 0 No

0.174 122 550 150 750 285 665 1.4 1 No

0.174 122 550 150 750 285 665 2.17 2 No

0.18 135 500 250 700 300 700 1.3 0 Yes

Figure 1

Figure 2

(1) Take one test piece out of each type, perform axial
compressive strength test on them, and write down
the numbers.

(2) When the axial compressive strength values of each
type of test pieces are obtained, set 30% of each value
as the constant loading strength for the certain type.

(3) Put the test pieces onto the press machine and keep
adding pressure until the constant loading strength is
reached.

(4) While maintaining the pressure, heat the test piece
with suitable heating jacket to 200◦C, 300◦C, and
400◦C separately. Keep the heating period within
20 to 30 minutes, once the required temperature
is reached, maintain the temperature for 30 to 40

Figure 3

Figure 4

minutes to let the heat spread evenly to every part of
the test piece [4].

(5) As soon as the temperature-maintaining time has
passed, remove the heating jacket and scrutinize and
record any change on the surface. This step must
be carried out quickly, for the heat escapes once the
heating jacket is removed.



Advances in Materials Science and Engineering 3

Figure 5

Figure 6: Control cabinet.

Figure 7: Prismatic heating jacket.

Figure 8: Cylindrical heating jacket.

Figure 9

Figure 10
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Figure 11

Figure 12

6. Results and Discussion [5]

6.1. Basic Test Piece

(1) Figure 9 features basic test-pieces condition after
undergoing constant loading pressure and being
heated to 200◦C. We could see from the figure that the
concrete on the surface, especially the corners, was
flaking away; there were minor cracks everywhere,
suggesting cracking was the main reason why the
concrete flaked away under the influence of pressure
and heat.

(2) Figures 10 and 11 feature basic test-pieces condition
after undergoing constant loading pressure and being
heated to 300◦C. During the process, the test piece
endured dozens of crackings, which led to massive
concrete flaking away on the surface; cylindrical test
piece even exploded while pressure mounted and got
more seriously damaged.

(3) Figure 12 features basic test-pieces condition after
undergoing constant loading pressure and being
heated to 400◦C. Test piece cracked numerous times
during the process of heating, and it exploded while
the warmth was being maintained. After all these

Figure 13

Figure 14

Figure 15
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Figure 16

Figure 17

ordeals, the test piece was too wrecked to undertake
any pressure.

6.2. Specimen Observations with 1 Kg/m3 Polypropylene Fiber

(1) Figure 13 features the condition of test piece with
1 Kg/m3 polypropylene fiber after undergoing load-
ing pressure and being heated to 200◦C. It looks quite
intact, only few minor cracks can be seen in the
figure.

(2) Figures 14 and 15 feature the condition of test piece
with 1 Kg/m3 polypropylene fiber after undergoing
loading pressure and being heated to 300◦C. Cracks
seen in the figures were caused by sudden temper-
ature change after the heating jacket was removed;
during heating and loading processes, the test piece

Figure 18

Figure 19

was largely intact. Prismatic and cylindrical test
pieces showed no difference in this test.

(3) Figure 16 features the condition of test piece with
1 Kg/m3 polypropylene fiber after undergoing load-
ing pressure and being heated to 400◦C. We saw no
major cracks but minor ones on the surface of the test
piece. In addition, a great number of shallow cracks
were also found.

6.3. Specimen Observations with 2 Kg/m3 Polypropylene Fiber

(1) Figures 17, 18, and 19 feature the condition of
test piece with 2 Kg/m3 polypropylene fiber after
undergoing loading pressure and being heated to
200◦C and 300◦C. After the tests, it appeared nice and
sound.
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Figure 20

Figure 21

(2) Figure 20 features the condition of test piece with
2 Kg/m3 polypropylene fiber after undergoing load-
ing pressure and being heated to 400◦C. It did not
explode in such temperature, but minor cracks still
appeared.

6.4. Reinforced Concrete Specimen Observations. Put steel
bars into C120 concrete and observe how it changes during
the test. Figures 21 and 22 feature the condition of reinforced
concrete test-pieces sized Φ100 × 150 mm and Φ100 ×
300 mm after undergoing loading pressure and being heated
to 300◦C. Test pieces exploded during test, not only the
concrete fell off into pieces, but also the steel bars were partly
exposed in the air.

7. Analysis

By comparing and analyzing the test results, the research
group made the following findings concerning the possible
changes of ultra-high-performance concrete in case of fire.

(1) The temperature to which the test pieces were heated
has been a main factor in ultra-high-performance concrete
changes. This particularly applied to basic test piece, which

Figure 22

cracked many times and more severely at 300◦C than at
200◦C and eventually exploded at 400◦C, forcing the test to
get aborted.

(2) At 300◦C, reinforced concrete test pieces were more
vulnerable to heat than others. Basic test pieces suffered
moderate flake-away while reinforced concrete ones broke
into pieces, revealing steel bars.

This phenomenon resulted from the fact that steel bars
swelled when heated. For basic test pieces, the crackings were
caused by the stress released from their own thermal expan-
sion; for reinforced concrete test pieces, they underwent not
only stress from its own thermal expansion but also the
thermal expansion of the steel bars. It is not hard to explain
why the latter broke from the inside out [6].

(3) Certain amount of polypropylene fiber would
noticeably enhance ultra high-performance concrete’s fire-
resistance. Heated to 200∼300◦C, test pieces with fiber hardly
showed changes; test pieces with 2 kg/m2 fiber stayed intact at
moderately high temperature, even at 400∼500◦C, they only
chapped a little.

This can be explained this way: the polypropylene fiber
mixed into concrete test piece melts in the heat, creating
steam vessels throughout the whole test piece. These vessels
not only help drain or ventilate the liquid and vapor within
the body, but also make room for thermal expansion, which
reduces its chance of cracking and exploding [7].

This finding coincides with the popular vapor pressure
theory in the explanation of high-performance concrete’s
cracking and exploding. According to vapor pressure theory,
the water in concrete turns into vapor when the temperature
goes up (e.g., in fire), if the vapor cannot escape in time,
pressure will be created inside the concrete body, when the
internal pressure accumulates to some degree, explosion
happens [8]. Polypropylene fibers melt in the heat, providing
ventilation for liquid and vapor, thus they prevent concrete
from cracking and exploding.

8. Conclusions

Ultra-high-performance concrete is an artificially synthe-
sized material low in water-cement ratio and high in
strength, density, impermeability, and brittleness. These
traits make it easy to crack in case of fire, which results in
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reduction in strength. Adding polypropylene fibers not only
helps enhance concrete’s strength and elasticity, but also pro-
vides ventilating vessels when the surrounding temperature
rises. With these merits, ultra-high-performance concrete
with fibers is able to tolerate heat and pressure for a relatively
long time without getting seriously damaged, thus making
time for firefighters to save people’s lives and their properties
[9, 10].
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A consortium of three durability index test methods consisting of oxygen permeability, sorptivity and chloride conductivity were
used to evaluate the potential influence of four (4) common SANS 10197 cements on strength and durability of concrete. Twenty
four (24) concrete mixtures of water-cement ratios (w/c’s) = 0.4, 0.5, 0.65 were cast using the cement types CEM I 42.5N, CEM II/A-
M (V-L) 42.5N, CEM IV/B 32.5R and CEM II/A-V 52.5N. The concretes investigated fall in the range of normal strength, medium
strength and high strength concretes. It was found that the marked differences in oxygen permeability and sorptivity results
observed at normal and medium strengths tended to vanish at high concrete strengths. Also, the durability effects attributed to use
of different cement types appear to diminish at high strengths. Cements of low strength and/or that contained no extenders (CEM
32.5R, CEM I 42.5N) showed greater sensitivity to sorptivity, relative to other cement types. Results also show that while concrete
resistance to chlorides generally improves with increase in strength, adequately high chloride resistance may not be achieved based
on high strength alone, and appropriate incorporation of extenders may be necessary.

1. Introduction

Increased durability requirements and specifications have
been quoted for many infrastructural projects in South
Africa recently, especially contracts issued by the South
African National Roads Agency. Although there has been a
lot of research conducted throughout the world on factors
affecting durability and durability test methods, limited
research has been done in South Africa using local raw mate-
rials and test methods. In the 1990s, South Africa started
developing their own test methods based on the key prin-
ciples of test methods available internationally. Three test
methods, one for oxygen permeability, another for water sor-
ptivity, and the third test being chloride conductivity, were
developed together with procedures for preparation of the
test specimens [1–5]. Since specifying for durability basing
on performance is increasingly becoming the trend, it was

decided to study the effects of different South African cement
types on concrete durability performance.

The deterioration of concrete is dependent upon one or
more transport processes, whether the attack is due to chem-
ical mechanisms such as sulphate attack, delayed ettringite
formation, alkali silica reaction, and carbonation, or due
to physical attack processes such as freeze-thaw damage
and thermal cracking. The transport mechanisms by which
aggressive agents can ingress into concrete in form of fluids,
gas, or liquid are primarily (a) permeability being movement
of the media through the pores and cracks of concrete due
to pressure differences, (b) diffusion being transportation
under concentration gradients, and (c) suction resulting
from capillary forces in dry or partially dry materials. The
resistance to these transport mechanisms is related to the
pore interconnectivity, pore sizes, and the tortuosity of
pores and cracks. This leads to the importance of design of
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the concrete mixtures including the kind of material systems
used.

2. High-Strength Concretes and
High-Performance Concretes

High-performance concretes (HPCs) and high-strength con-
crete (HSC) are distinct and different types of special con-
cretes and yet a particular mix can contain both characteris-
tics giving high strength and high performance at the same
time. Indeed in the past, there have been general percep-
tions that HPC should have high strength and high durability
as stated by Addis [3], that HPC is “characterized by its
strength and durability.” Others have considered HPC to be
synonymous with long service life. The different definitions
by various authors for HPC and HSC underscores the dif-
ficulties in delineating the differences between these two
types of concretes. The various definitions can be found sum-
marized in the literature such as [6, 7].

2.1. High-Performance Concretes. The American Concrete
Institute (ACI) defines HPC [8] as “concrete having desired
properties and uniformity that cannot be obtained routinely
using only traditional constituents and normal mixing, placing
and curing practices.” In other words, the definition broadly
considers HPC as all Portland cement concretes whose
properties are superior or beyond the normal range of con-
ventional concretes. The definition by the Strategic Highway
Research Program (SHRP) is quite prescriptive, stating HPC
as concrete whose strength is greater than 70 MPa, has greater
than 80% durability factor under freeze-thaw, and is made
with water-cementitious ratio no greater than 0.35 [9]. But it
has been shown that concretes of high strength may show
retrogressive performance in durability parameters. For
example, concretes of very high early strength are vulnerable
to autogenous and thermal shrinkage. In an experimental
study by Shah and Weiss, 2000 [10], it was shown that while
decreasing the water-cementitious ratio led to improvement
in strength, stiffness, and chloride resistance, there was an
increase in shrinkage making them more vulnerable to pos-
sible early-age thermal cracking. Their study was conducted
using concretes of w/c’s = 0.3, 0.4, and 0.5 with or with-
out silica fume and shrinkage-reducing admixture. They
recommended that specification of highly durable concrete
should at the minimum include three parameters of strength,
permeability, and early-age cracking. A definition published
by the Federal Highway Agency (FHWA) [11] appears to
be more plausible, stating HPC as “concrete that has been
designed to be more durable and, if necessary, stronger than
conventional concrete.” In this definition of HPC, durability
is advanced as the primary performance criterion, while
strength is considered a secondary parameter except where
it is the definitive property for required performance.

It is clear that HPC is so regarded, for its superior per-
formance with respect to particular critical characteristics
of interest to the application. The typical performance pro-
perties may include one or more of the following: high
workability, high early or late strength, low permeability, low
or high density, low heat of hydration, high resistance to early

age cracking, shrinkage and creep, toughness, durability under
severe exposure conditions. Mehta and Monterio, 2005 [12],
cite high-volume fly ash (HVFA) concrete containing from
50 to 70% FA concrete, as an example of a concrete mixture
that can be considered HPC concrete due to high crack
resistance and durability characteristics resulting from highly
reduced water content. And yet the compressive strength of
HVFA concrete may be low to medium.

It is evident from various literature sources that the use of
the term “performance” with regard to durability of concrete
has become synonymous with the incorporation of extenders
in the concrete mixture with or without high strength. This
is related to the effectiveness of extenders in mitigating most,
if not all the major physical or chemical processes that often
cause degradation in concretes.

2.2. High-Strength Concretes. HSC is so-called purely on the
basis of its high-strength development. The enabling tech-
nology for HSC came into being when plasticizers and sup-
erplasticizers were developed in Japan and Germany in the
1960s, allowing the making of concretes at low water-cement
ratios to be possible, a practice which is impossible with
conventional concrete. With the use of plasticizing chemical
admixtures, both high strength and high workability are
achieved at the same time.

The definition of HSC has continuously changed, while
there exists disparity in specifications of the strength levels
considered to be the threshold limit/s for HSC. HSC was
defined by ACI 363 [13] as concrete with a cylinder strength
greater than 41 MPa. It has recently been speculated that this
strength limit may be raised to 55 MPa, while ACI 441 [14]
puts the strength threshold for HSC at 70/88 MPa. However,
it appears to be generally recognized that concretes of com-
pressive strength from 60 to 120 MPa [15, 16] are considered
HSCs, typically achieved at a low w/c not exceeding 0.35. The
advent of HSC has been driven by the need for high strength
and stiffness for the ever growing demand in infrastructure
especially in the urban areas being constantly under popula-
tion growth pressures. Consequently, multistorey structures
have become indispensable features needed in the cities.
About 30 to 50 years ago, most of the tall skyscrapers were
constructed mainly using steel. In the present urban centres,
concrete has become the dominant construction material for
high-storey structures including some of the tallest buildings
in the world today. One example of an important application
for high strength is that of precast prestressed concrete. The
principles of prestressed concrete (PSC) design show that
high-quality, high-strength materials are needed both for
steel and concrete. The earlier attempts to produce PSC
concrete in the 19th century with low-strength materials
failed due to the resulting high prestress losses. When high-
strength steel and concrete were used by Freyssinet in about
the 1930s, the modern form of PSC was successfully born
due to a much reduced prestress loss. This application under-
cores the typical improvement in material properties of
concrete associated with high strength, more especially the
improvements in some durability characteristics, creep, and
shrinkage [17]. The high stiffness and strength of HSC allows
engineers to design members of reduced sectional sizes,
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utilize space more efficiently, and save on the associated con-
struction costs.

The engineering and material properties of HSC are
markedly different from those of conventional concrete,
hence its treatment as special concrete. It appears that the
medium-strength concretes in the range of 40 to 60 MPa are
in a transitional range as properties of normal concretes at
about 40 MPa progressively change to distinctively different
characteristics at high-strength levels. Mcfarlane, 2007 [16],
discusses that this transformation may be considered fully
achieved at about 80 MPa. At the high strengths of con-
crete, the difference between cylinder and cube strengths
diminish and/or vanish completely unlike in normal concrete
where cylinder strength is typically 80% of cube strength.
Structurally, concrete becomes brittle with increase in
strength, exhibiting a sudden and explosive failure at high
strengths. For normal concrete, the stress-strain behaviour is
a parabolic or approximately rectangular profile from which
the design stress block is derived. At about 100/120 MPa,
HSC exhibits a nearly triangular stress block instead. Accord-
ingly, the design formulae used for conventional structural
concrete may not apply to HSC, in which case using the con-
ventional formulae may overestimate the true structural cap-
acity of an HSC member [16].

3. Experimental

Four different cement types were selected for the study,
namely:

(i) CEM 1 42.5N Portland cement with about 5% minor
additional constituents and a strength enhancer;

(ii) CEM II/A-M (V-L) 42.5N Portland composite ce-
ment, which incorporates finely ground, high-purity
limestone interground with Portland cement clinker,
15% quality siliceous fly ash, and a strength enhancer;

(iii) CEM IV/B-V 32.5R, which incorporates 40% fly ash,
that is interground with the clinker together with a
strength enhancer;

(iv) CEM II/A-V 52.5N, which is formulated from Port-
land cement clinker and between 6 to 20% siliceous
fly ash with a strength enhancer.

The aggregates used consisted of 19 mm dolomite stone
and 6.7 mm dolomite crusher sand. The filler sand used was
a decomposed sandstone material. Twenty-four mixes were
prepared in total in the laboratory. Mixtures of three different
water/cement ratios of 0.4, 0.5, and 0.65 were prepared
for each cement type as given in Table 1. The mixes were
designed to yield 20 L of concrete with the exception of
mixes prepared using CEM IV/B-V 32.5R and CEM I 42.5N
incorporating filler sand and which were poker vibrated to
simulate site compaction. The latter mixes were cast in panels
instead of cubes, and hence there were no 28-day compressive
strength results tested for the particular mixes.

Twelve test cubes per mix were made. Concrete cubes
were demoulded after 24 hours and immediately stored in
curing tanks containing portable water, which was main-
tained at 23◦C ± 2◦C until at the time of testing. The cubes
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Figure 1: 28-day compressive strength for different cement types at
different w/c ratios.

were then tested for compressive strengths at 28 days. Of
the cubes prepared, five test cubes were used to determine
compressive strength, five test cubes were used for durability
testing, and two test cubes reserved in the curing tank. Three
of the five test cubes were used for oxygen permeability index
testing and water sorptivity, whilst the remainder two test
cubes were used for chloride conductivity testing. Test speci-
mens consisting of circular discs (of 70 ± 2 mm in diameter
and 30 ± 2 mm in thickness) were prepared by coring and
cutting each concrete cube in accordance with the draft
standard method for preparation of test specimens [1]. Five
cores were taken from each panel. Three cores were used for
OPI and sorptivity testing, and the other two cores were used
for the chloride conductivity tests [1–4].

4. Results and Discussion

4.1. Compressive Strength Results. Three 28-day cubes of
100 mm size were tested for compressive strength, and the
results were averaged for each mix. The average compressive
strengths obtained have been plotted in the graph shown in
Figure 1 (and also presented in Table 1). It can be seen that
the three w/c’s of 0.4, 0.5, and 0.65 gave concrete strength
grades that can be categorized as:

(i) high-strength concrete : 0.4 w/c concrete, 60 to
90 MPa,

(ii) medium-strength concrete : 0.5 w/c concrete, 40 to
60 MPa,

(iii) normal-strength concrete : 0.65 w/c concrete, 25 to
40 MPa.

Some mixes were cast at w/c ratio of 0.5, with or without
filler sand (FS) to assess the influence of filler sand (see
Table 1). The 28-day strength results (see Table 1) seemed
to show a trend with higher results for mixes containing a
combination of both filler sand and having higher extender
contents, that is, for cement types CEM IV 32.5R and CEM
II/A-V 52.5N. However, the increases in strengths were small
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Table 1: Mixtures for the various concretes.

Cements: CEM I 42.5N, CEM II/A-V52.5N, CEM
IV/B-V 32.5R, CEM II/A-M (V-L)

Cements: CEM I 42.5N FS, CEM II/A-V
52.5N FS

w/c = 0.65 w/c = 0.5 w/c = 0.4 w/c = 0.5

Cement (kg) 6.4 7.6 8.7 7.6

Water (kg) 4.2 3.8 3.5 3.8

19 mm dolomite stone (kg) 20.3 20.3 20.3 20.3

Dolomite crusher sand (kg) 16.0 16.0 16.0 13

Filler sand (kg) 0 0 0 3.2

Admixture Chryso 209 (mls) 0 0 40 0

10 10.2 10 10.3 10.2 10.2 10.4 10.4

10.3 10.5 8.2 8.5 7.8 8.1
7 7

0

2

4

6

8

10

12

0.65 0.5 0.5 0.5 0.5 0.5 0.4 0.4

O
P

I 
or

 w
at

er
 s

or
pt

iv
it

y

W/C ratios

OPI
Water sorptivity

Figure 2: OPI and water sorptivity results for CEM I 42.5N at dif-
ferent w/c ratios.
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Figure 3: OPI and water sorptivity results for CEM II/A-V 52.5N at
different w/c ratios.

and may be considered negligible. Mixes for cement types
CEM I 42.5N and CEM IV/B-V 32.5R made at w/c ratios of
0.4 were consolidated by vibration and by hand compaction
to evaluate possible effects of compaction on durability
indices. Interestingly, hand compaction gave slightly higher
28-day strength results compared to vibration (see Table 2).

4.2. Durability Test Results. As previously mentioned, the
consortium of three South African index tests consisting of
oxygen permeability, sorptivity, and chloride conductivity
were used to assess the durability performance of the
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Figure 4: OPI and water sorptivity for CEM II/A-M (V-L) 42.5N at
different w/c ratios.
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Figure 5: OPI and water sorptivity results for CEM IV/B-V 32.5R
at different w/c ratios.

concrete mixtures. Table 2 presents the results of all the dur-
ability tests conducted on the various concrete mixtures.

4.2.1. Oxygen Permeability and Water Sorptivity. The aver-
aged results for oxygen permeability index (OPI) and water
sorptivity (SORP) were plotted in different groupings. First-
ly, each cement type was plotted at the three different w/c
ratios of 0.65, 0.5, and 0.4 as shown in Figures 2, 3, 4,
and 5. This was done in order to observe the trends as
influenced by the cement type and w/c ratio. It can be seen
that all the OPI results fall within the categories of good
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Table 2: The 28-day strengths, OPI, water sorptivity, and chloride conductivity results for different cement types and different w/c ratios.

Cement type W/C Ratio
Average 28-day

Strengths (MPa)
Average OPI

Average sorptivity
(mm/hr0.5)

Average chloride
conductivity (mS/cm)

CEM I 42.5N 0.65 31. 9 10.0 10.3 2.78

CEM I 42.5N 0.5 52.3 10.2 10.5 2.07

CEM I 42.5N 0.4 57.3 10.4 7.0 1.49

CEM I 42.5N FS 0.5 50.2 10.0 8.2

CEM I 42.5N FSH 0.5 56.1 10.3 8.5

CEM I 42.5N H 0.4 68.6 10.7 6.2

CEM I 42.5N FSP 0.5 55.2 10.2 7.8

CEM I 42.5N FS Poker Panel 0.5 10.2 8.1

CEM II/A-V 52.5N 0.65 43.0 10.4 7.9 2.01

CEM II/A-V 52.5N 0.5 58.1 10.5 7.3 1.90

CEM II/A-V 52.5N 0.4 87.2 10.5 7.5 1.60

CEM II/A-V 52.5N FS 0.5 66.2 10.3 9.4

CEM IV/B-V 32.5R 0.65 26.6 9.3 2.32

CEM IV/B-V 32.5R 0.5 42.3 10.2 6.2 1.57

CEM IV/B-V 32.5R 0.4 66.2 10.6 6.0 1.26

CEM IV/B-V 32.5R FS 0.5 46.8 10.3 7.7 1.73

CEM IV/B-V 32.5R FSH 0.5 50.8 1.82

CEM IV/B-V 32.5R H 0.4 67.6 10.7 6.2

CEM IV/B-V 32.5R FSP 0.5 49.9 10.3 7.0 1.72

CEM IV/B-V 32.5R FS Poker
Panel

0.5 10.6 6.4

CEM II/A-M (V-L) 42.5N 0.65 33.8 9.6 8.7 2.34

CEM II/A-M (V-L) 42.5N 0.5 61.5 10.0 7.8 1.81

CEM II/A-M (V-L) 42.5N 0.4 73.2 10.2 7.5 1.61

CEM II/A-M (V-L) 42.5N FS 0.5 59.3 10.1 8.2

FS: filler sand, FSH: filler sand after hand compaction, FSP: filler sand after poor compaction, done simply by lifting the filled concrete mould 20 mm off the
floor and dropping it five (5) times.
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Figure 6: OPI and water sorptivity indices for different cement
types at a w/c ratio of 0.65.

(OPI > 9.5) and excellent (OPI > 10) as per the durability
classification in [5]. There seems to be a trend showing that
the oxygen permeability index increases as the w/c ratio
decreases. However, this trend is not significant due to the
closeness of results of the different w/c ratios, although for

CEM IV/B-V 32.5R the trend is quite distinct. It is interesting
to note that although CEM II A-V 52.5N mix has the highest
28-day strength of up to about 90 MPa, its OPI index is
similar or slightly lower than that of CEM IV/B-V 32.5R for
the same w/c ratio. In general, the oxygen permeability test
results seem to be less sensitive to changes in w/c ratio than
changes in cement type.

It is evident that as the water/cement ratio increases, the
water sorptivity increases and this trend was quite distinct.
It is interesting that the CEM IV/B-V 32.5R cement type
gave the best sorptivity results, while all the higher-strength
cements gave poorer results. At 0.65 w/c ratios, the plain
ordinary Portland cement (CEM I 42.5N) mixes gave high
water sorptivity values of SORP = 10.3 mm/hr0.5, which fall
under the poor durability class, as compared to the lower
values for the cements containing extenders, namley, SORP
= 7.9 mm/hr0.5 for CEM II/A-V 52.5N, 8.7 mm/hr0.5 for
CEM II/A-M (V-L) 42.5N, 9.3 mm/hr0.5 for CEM IV/B-V
32.5R. These results suggest that the use of extenders leads to
reduction in water sorptivity of the concrete. Also, Figures 2,
3, 4, and 5 show that the water sorptivity test is more sensitive
to changes in cement type and water/cement ratios than the
oxygen permeability test. The water sorptivity results were
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Figure 8: OPI and water sorptivity indices for different cement
types at a w/c ratio of 0.4.

also more variable than the oxygen permeability index test
results.

Figures 6, 7, and 8 give the trends for the OPI and water
sorptivity results for each cement type at a given water/
cement ratio. Oxygen permeability results for the blended
cement CEM II A-M (V-L) 42.5N were better than those of
CEM I 42.5N. The OPI results for CEM IV/B-V 32.5R mixes
of 0.65 w/c were too variable and could not be included in
the data. As previously noted, water sorptivity was definitely
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Figure 9: Chloride conductivity results for different cement types
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reduced when using blended cement CEM II A-M (V-L)
42.5N compared to CEM 1 42.5N at w/c = 0.65, which
promotes the need to use blended cements in concrete. It
can be clearly seen from Figures 6, 7, and 8 that while the
performance for the normal and medium strength concretes
of 0.65 w/c and 0.5 w/c, respectively, is sensitive to the cement
type used in the mixtures, all the concretes of 0.4 w/c made
from the different cement types gave similar OPI values and
similar sorptivity indices, indicating that the cement type has
little or no significant influence on durability performance of
HSC.
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4.2.2. Chloride Conductivity. Fifteen of the twenty-four
mixes were tested for chloride conductivity (CLC). The tests
included mixes for each cement type covering the three dif-
ferent w/c ratios as shown in Figure 9 (see also Table 2).
The different mixes tested include CEM IV B-V 32.5R with
concretes of the w/c ratio of 0.5. This cement type general-
ly showed the best durability performance for oxygen per-
meability and water sorptivity. As expected, the lower w/c
ratio of 0.4 gave the lowest and best CLC results for all cement
types, the best performing cement being CEM IV/B-V 32.5R.
At w/c ratio of 0.5, CEM IV/B-V 32.5R had the lowest result,
but at w/c ratio of 0.65, CEM II/A-V 52.5N had the lowest
chloride conductivity result. CEM IV/B-V 32.5R and CEM
I 42.5N cements used in the 0.4 w/c concretes gave results
falling in the good durability classification [4], while higher
w/c’s gave poorer chloride indices regardless of the cement
type.

5. Conclusions

The following findings have been reached from the foregone
investigation.

(1) High-strength concretes made from the different
cement types gave similar OPI values and similar sorptivity
indices with best durability performance being shown by the
CEM IV 32.5R. For the normal and medium strengths, plain
cement concretes gave higher sorptivity values compared to
the cements containing extenders.

(2) With high-strength concretes, cement type has little
or no significant influence on permeability and sorptivity.
Consistent with these observations, the high-strength cement
CEM II 52.5N gave similar OPI results and similar sorptivity
indices in all the mixes, while the cements of lower strength
grades 42.5N and 32.5R showed changes (improvement) in
index results with decrease in w/c.

(3) The CLC indices of the concretes reduced with
increase in strength, while the blended cements CEM IV/B-
V 32.5R and CEM II/A-V 52.5N gave better overall perform-
ance, suggesting that cement types play a significant role
in CLC performance and that concrete strength alone has
limited influence.

(4) The CLC indices of the concretes were generally poor
with HSC giving values in the range of 1.3 to 1.6 mS/cm,
indicating that use of standard cements alone appears to
be insufficient for high chloride resistance and may require
incorporation of extenders in order to achieve superior per-
formance.
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Ultra-high-performance concrete (UHPC) is a promising new class of concrete material that is likely to make a significant con-
tribution to addressing the challenges associated with the load capacity, durability, sustainability, economy, and environmental im-
pact of concrete bridge infrastructures. This paper focuses on the material modeling of UHPC and design of bridge girders made of
UHPC. A two-phase model used for modeling the behavior of UHPC was briefly discussed, and the model was implemented in
a preliminary design case study. Based on the implemented design and the reported use of UHPC in bridge applications, the
advantages, limitations, and future prospects of UHPC bridges were discussed, highlighting the need for innovative research and
design to make optimum use of the favorable properties of the material in bridge structures.

1. Introduction

Bridge structures are the critical links in the transportation
networks, and their condition is important for transporta-
tion safety and economy. Vehicle miles of travel on the US
highways is steadily increasing (Figure 1(a)), and despite the
progress made in the last two decades, nearly 25% of the
603,000 bridges in the US are either structurally deficient
or functionally obsolete (Figure 1(b)) [1, 2]. The estimated
5-year investment needed to bring bridges and roads to ac-
ceptable levels is $930 billion and the projected shortfall from
this investment is $550 billion [3]. Therefore, there is an
urgent need for better materials and methods to better look
after our existing bridges while building new ones to last
longer.

Considering that concrete is the most commonly used
material for highway bridges—64% of all US highway bridges
and 33% of the structurally deficient bridges are made of
concrete [1]—improved concrete solutions can make a big
impact on addressing the challenges of bridge infrastructure.
A promising such solution is the ultra-high-performance
concrete (UHPC). UHPC is a new generation of fiber rein-
forced cementitious material composed of Portland cement,
silica fume, mineral fillers, fine silica sand, superplasticizer,
water, and steel fibers. A typical UHPC material has a design

compressive strength of f ′c = 200 MPa (29 ksi) and a ductile
tensile strength of f ′t = 10–15 MPa (1.5 ksi–2.2 ksi), which
are achieved by optimizing both the packing density of
the matrix and the length-diameter spectrum of the steel
fiber reinforcement [4–6]. Because of the material’s ability
to dissipate energy through superior bonding between the
matrix and the fiber, UHPC structures are capable of de-
forming and supporting flexural and tensile loads even after
initial cracking. Figure 2 displays the compressive and flexu-
ral strength of UHPC in comparison to that of normal con-
crete [7]. This capacity allows the use of UHPC in bridge gir-
ders without passive reinforcement or shear stirrups, saving
labor and cost. The high strength of UHPC can also allow
smaller section sizes, reducing construction time and labor.
UHPC girders are capable of spanning longer distances and
mitigating disturbance to ecosystems and natural habitats.
Finally, the low permeability and porosity of UHPC leads to
high durability and a superior resistance to corrosive attack.
Therefore, UHPC material may be a viable solution to cur-
rent problems in bridge systems.

2. UHPC Bridge Applications

Since the development of UHPC, several applications have
been realized. These include the world’s first UHPC bridge
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Figure 1: Variation of vehicle miles of travel on US highways (a) and (b) number of structurally deficient and functionally obsolete bridges
in the US [1, 2].
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Figure 2: Behavior of Ductal in compression (a) and in bending (b) [7].

on the Bourg lès Valence bypass in Drôme, France (2002) [8],
a pedestrian bridge in Seoul, Korea that spans 120 m (394 ft)
with a deck only 3 cm (1.2 in) thick (2002) [9], and a ped-
estrian/bike bridge in Sherbrooke, Canada (1997) [10]. In the
United States, the Federal Highway Administration (FHWA)
has initiated research into innovative bridge systems in which
UHPC plays a prominent role. For example, two large-scale
structural UHPC beam girder tests were performed at
the FHWA Turner-Fairbank Highway Research Center in
McLean, Virginia (2001-2002) [4, 11]. Without passive rein-
forcement and shear stirrups, the prestressed beams dis-
played superior flexural and shear resistance over normal
strength prestressed concrete, which underscored the great
potential of this new material for large-scale structural ap-
plications.

UHPC was also used in several bridge projects in the US
[11–16]. The first application was at the Mars Hill Bridge in
Wapello County, Iowa, completed in 2006. In this 108 ft span
bridge, three 42 in deep UHPC girders, modified from the
standard Iowa bulb-tee design, were used (Figure 3(a)). No

traditional shear reinforcement was used in the girders. A
similar application was completed in 2008 at the Cat Point
Creek Bridge near Warsaw, Virginia. Five 45 in deep pres-
tressed concrete bulb-tee beams were used in one of the ten
81.5 ft spans of this bridge (Figure 3(b)). Realizing the need
for new structural shapes optimized for UHPC in bridges,
the pi girders developed in an FHWA-initiated research
program were used in Jakway Park Bridge near Aurora in
Iowa. Three abutted adjacent pi girders were used in the main
span of this bridge (Figure 3(c)). Other bridge applications
of UHPC in the US included bridge decks made of UHPC
and use of UHPC to fill the deck-level connections between
girders.

3. Research Significance

The recent development of UHPC is based on advances in the
materials science of cementitious materials, producing mate-
rials with improved mechanical and durability properties.
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Table 1: Input parameters of the 1D UHPC model and typical values for Ductal derived from a notched tensile plate test [4].

Description
For UHPC

SI IU

CM Composite matrix stiffness 53.9 GPa (7820 ksi)

CF Composite fiber stiffness 0 GPa (0 ksi)

M Composite interface stiffness 1.65 GPa (240 ksi)

ft Brittle tensile strength of composite matrix 0.7 MPa (0.1 ksi)

kM Postcracking tensile strength of composite matrix 6.9 MPa (1 ksi)

fy Tensile strength of composite fiber 4.6 MPa (0.67 ksi)

Considerable effort is required to transfer and implement
the knowledge gained at the material level in structural engi-
neering and design. Reaching this goal requires research into
the link between the in situ behavior of the materials and
the resulting structural performance. Aside from empirical
approaches, based on large-scale testing of structures, recent
progress in constitutive modeling of materials and model-
based simulation can considerably contribute to attaining
this goal. In fact, an appropriate material model for UHPC
allows simulation of the behavior of the material. Further-
more, the implementation of this model in design allows for
optimization of a material for a given structure [17], or vice
versa, optimization of a structure or structural element for a
given material. A robust model developed at MIT was briefly
discussed and was implemented in a realistic preliminary
design case study. The optimization of a design solution
first requires the adoption of appropriate design criteria for
UHPC structures subjected to a specific loading. In contrast
to standard reinforced concrete design criteria, based primar-
ily on maximum material strength criteria, UHPC must be
based on a critical crack opening below which the material
achieves capacity with high confidence. In this paper, we
adapt the maximum crack opening provision issued by the
French Association of Civil Engineering (AFGC) [18]. The
results of this design implementation provided valuable in-
formation about efficient use of UHPC in bridges and the
areas where further research and development is needed.

4. UHPC Material Model

UHPC material achieves a high tensile strength as well as
a ductile tensile behavior through an optimized combi-
nation of high-strength concrete and high-strength fibers,
which allows stress transfer from the matrix to the fibers
after initial crack formation. Hence, a proper mechanical
model must take into account the characteristic behavior and
contributions of each constituent material as well as their
interaction before and after cracking takes place. Figure 4(a)
shows a rheological model proposed by Chuang and Ulm
[19] to describe the tensile behavior of UHPC. This is a two-
phase model representing the individual contributions of the
matrix and the fibers as well as their interaction particu-
larly in the postcracking region which includes permanent
deformation and damage. The main advantage of such a
rheological model is that it allows model-based optimization

of UHPC structures. The 1D model provided in the figure
is sufficient for the purposes of discussions in this paper, the
reader is referred to [4] for the 3D model formulation.

The rheological model shown in Figure 4(a) is composed
of two parallel components which represent the macroscopic
behaviors of the constituent materials, that is, the matrix and
the fibers. An elastic spring (stiffness CM) and a brittle-plastic
crack device (crack strength ft; frictional strength kM) model
the elastic brittle-plastic behavior of the composite matrix.
The composite fiber behavior is governed by an elastoplastic
material law, described by an elastic spring (stiffness CF)
in series with a friction element (strength fy). Additionally,
the two parallel elements are coupled by an elastic spring
of stiffness M, which links the irreversible matrix behavior
(strain ε

p
M) with the irreversible fiber reinforcement behavior

(strain ε
p
F). These 6 model parameters (CM , CF , M, ft, kM ,

and fy) govern the composite material behavior, and they can
be calculated from the macroscopic stress-strain response of
the composite material [19].

For a UHPC material, the compressive strength values are
readily available from the manufacturer. Furthermore, the
six model parameters that characterize the tensile behavior
of UHPC, (CM , CF , M, ft, kM , and fy), should be derived
from a tensile-notched plate test, which is generally provided
by the UHPC manufacturer with high accuracy (and small
standard deviation). The rationale behind using notched
tensile data is that the notched configuration best reflects—
in an average sense—UHPC structural behavior, particularly
after cracking. Figure 4(b) displays the results of a notched
plate test for Ductal provided by Lafarge, from which we
extract the values of the model parameters in Table 1.

5. Preliminary Design Implementation:
UHPC Bulb-T Bridge Girders

In order to better understand the impact of using UHPC in
design of ordinary highway bridges, step-by-step preliminary
load and resistance factor design (LRFD) calculations are
provided in this section for a sample bridge provided by the
Virginia DOT, which is a 108 ft (32.92 m) span bridge to be
constructed using 8 PCBT-45 VDOT Bulb-T sections made
of UHPC, overlaid by a lightweight concrete slab. The mate-
rial model presented in the previous section was used to
determine the section capacities and the design results as well
as some optimization possibilities were discussed.
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Figure 4: The two-phase rheological model of UHPC (a) and the comparison of model prediction with experimental data (b).

5.1. Design Principle. The design was based on LRFD meth-
od adopted for ultra-high-performance concrete structure
(UHPC) design. The aim of the design is

∀J = SLS, ULS,
N∑
i=1

(
αiψiγiQi

)J ≤ (φR)J , (1)

where the left-hand side represents the factored design load,
to be determined according to the current standards based
on LRFD specifications, with:

Qi: nominal loads (dead loads and live loads);

αi: load factors;

ψi: load combination factors;

γi: importance factors.

The right-hand side represents the characteristic resistance of
the UHPC section:

R: mean load capacity of the UHPC structural ele-
ment, which is achieved at a specific maximum allow-
able crack opening for the UHPC material;

φ: design strength reduction factor.

For prestressed concrete components, the load cases con-
sidered are presented below.

The Service Limit State (J = SLS). The factored load of the
service limit state corresponds to the LRFD service III state
for tensile stresses in prestressed concrete components, for
which:

N∑
i=1

(
αiψiγiQi

)SLS = 1.0(DC + DW) + 0.8(δ × LL + IM),

(2)

where DC: dead load of structural components and non-
structural attachments; DW: future wearing surface on slab;
δ × LL: design truck or design tandem with dynamic allow-
ance (δ = 1.33). The design truck is the HS20 design truck
specified in the standard AASHTO specifications [20]. The
design tandem consists of a pair of 25 kip (111.2 kN) axles
spaced at 4 ft (1.22 m) apart; IM: design lane load of 0.64 kip/
ft (9.34 kN/m) without dynamic allowance.

The characteristic resistance in the service limit state is to
be determined for an uncracked UHPC section:

(
φR
)SLS = φR

(
�w� = 0

)
. (3)

The Ultimate Limit State (J = ULS). The factored load of the
ultimate limit state corresponds to the LRFD strength I for
ultimate strength calculation, for which:

N∑
i=1

(
αiψiγiQi

)ULS = 1.25DC + 1.50DW + 1.75(δ × LL + IM).

(4)

The characteristic resistance in the ultimate limit state is to be
determined for a maximum allowable crack opening �w�lim

of the UHPC material:

(
φR
)SLS = φR

(
�w� ≤ �w�lim = 0

)
. (5)

For an unreinforced structural component (e.g., unrein-
forced UHPC web in shear design), the maximum allowable
crack opening for the UHPC is taken as [18]:

�w�lim
un = 0.01 in = 0.254 mm. (6)
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For a reinforced (including prestressed) structural compo-
nent (e.g., prestressed UHPC bottom flange in bending de-
sign), the maximum allowable crack opening is

�w�lim
re = min

(
L f

4
,
h

100

)
, (7)

where L f : length of fibers in UHPC material and h: the
UHPC section height (excluding a non-UHPC composite
deck).

The restriction of the crack opening to maximum values
ensures (1) a ductile failure behavior in the ultimate limit
state; (2) avoidance of excessive deflections and bond failure
between prestressing strands and UHPC.

5.2. Design Considerations. The presented design is for a
composite section composed of a prestressed UHPC section
and a lightweight concrete slab, with a span length of L =
108 ft (32.92 m). The design considerations and constraints
specified by the VDOT are listed below.

The beam section considered was the PCBT-45 VDOT
Bulb-T section, made of UHPC with a depth of h = 45 in
(1.143 m):

(i) strands are harped unless straight strands without
debonding will work;

(ii) strand size: 0.5 in (12.7 mm) diameter. Diameter of
0.6 in (15.24 mm) may be considered if needed;

(iii) debonding of strands at beam ends is not permitted;

(iv) average spacing of the 8 beams in the bridge cross-
section is 10.083 ft (3.07 m);

(v) standard web thickness is 7 in (17.8 cm) for VDOT
Bulb-Ts; however, 6 in (15.24 cm) web will be consid-
ered if design is satisfactory;

(vi) interior diaphragms are galvanized steel, while
end diaphragms are cast-in-place. Assume 10 lbs/ft
(0.146 kN/m) including weight of connectors;

(vii) beams are designed as simple spans. Continuity may
be in the slabs only or with continuity diaphragms.

The considered slab had the following characteristics:

(i) depth: 8.5 in (21.6 cm) (includes 0.5 in (1.27 cm)
wearing surface (ws) which is not used in computing
section properties);

(ii) concrete strength: 4000 psi (28 MPa) and density: w =
125 pcf (2 ton/m3) (lightweight concrete);

(iii) slab is composite with beam with hairpin bars spaced
12 in (30.5 cm) on center on top of beam;

(iv) for construction tolerances of slab, use 20 psf
(958 Pa);

(v) for future wearing surface, use 15 psf (718 Pa);

(vi) for composite dead load, consider weight of rail =
346 lbs/ft (5.05 kN/m) (distributed over exterior beam
and two interior beams).

Table 2: Summary of uniform dead loads per beam.

DC
lbs/ft (kN/m)

DW
lbs/ft (kN/m)

UHPC PCBT-45 Beam 830 (12.11)

Slab 840 (12.26) 53 (0.77)

Bolster 61 (0.89)

Diaphragms and
connectors

10 (0.15)

Construction tolerance 20 (0.29)

Rail 115 (1.68)

Future wearing surface 59 (0.86)

Total 1,761 (25.7) 227 (3.31)

DL = DC + DW 1,988 (29)

5.3. Calculation of Design Loads and Internal Forces. Detailed
calculations of the design loads and the internal forces are not
provided here for brevity. Rather, summary of the uniform
dead loads per beam is provided in Table 2, and the resulting
design moment and shear values including the live load
effects calculated according to the AASHTO LRFD specifi-
cations are provided below.

For service limit state (SLS):

MSLS(xM) = 4, 908 kips-ft = 6, 654 kN-m, (8)

VSLS(xV ) = 195 kips = 867 kN. (9)

For ultimate limit state (ULS):

MSLS(xM) = 8, 107 kips-ft = 10, 992 kN-m, (10)

VSLS(xV ) = 333 kips = 1, 481 kN. (11)

6. Section Capacities

This part deals with the determination of the moment and
shear capacity of the UHPC PCBT-45 beam section, that is,
the right-hand side of the design inequalities (2) and (4). It is
based on section equilibrium for a given maximum allowable
crack opening, defined by relations (3), (5)–(7).

6.1. Moment Capacity of Section

6.1.1. Determination of Mean Moment Capacity. Section
moment capacity calculation is based on the following prin-
ciples:

(1) section equilibrium requires

NR =
∫
A
σ
(
y
)
da = 0,

MR =
∫
A
yσ
(
y
)
da = 0,

(12)

where σ(y) is the longitudinal stress in the cross-
section A, which varies as a function of y. NR is the
normal force, which is zero in this case. The prestress
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in the prestressing strands is taken into account in the
integral of the stresses over the cross-section by con-
sidering an elastoplastic relation for the prestressing
strands:

σ
(
yp
)
= γ f

p
y + ETε

(
yp
)
≤ f

p
y , (13)

where y is the prestress level of the tendons (after pre-
stress losses due to creep), f

p
y = 270 ksi (1,862 MPa)

is the yield stress of the prestressing steel, ET =
29, 000 ksi (200 GPa) is the elastic stiffness of the
prestressing tendons, and ε(yp) is the strain in the
prestressing strands situated in the cross-section at
position y = yp;

(2) plane section assumption (Navier-Bernoulli): the
initially plane section is assumed to remain plane
during deformation and normal to the middle axis
situated in the center of gravity of the composite
cross-section. The strain in any point of the section
is therefore given by

ε
(
y
) = ε

(
y0
)− κ

(
y − y0

)
, (14)

where ε(y0) is the strain in the reference axis y = y0,
and κ is the curvature. If the centroid y = yc is taken
as reference, where ε(y0) = 0, then:

ε
(
y
) = −κ(y − yc

)
; (15)

(3) the maximum tensile strain in the bottom flange is
restricted by the relevant tensile strength and the
crack opening criterion of the UHPC material. Spe-
cific values employed below, refer to the Ductal (sf)
UHPC. Material values are given in Table 3:

(a) for the service limit state (SLS), for which zero
crack opening is admissible, the maximum ad-
missible tensile strain is

y = ymin : εSLS = Σ−1
K0

= 1.1
7, 820

= 1.4066× 10−4,

(16)

where Σ−1 is the cracking strength of the UHPC-
material, and K0 the elastic stiffness of UHPC;

(b) for the ultimate limit state (ULS) of the rein-
forced (prestressed) structural component, for
which the maximum admissible crack opening
is defined by (7), the maximum admissible ten-
sile strain for the reinforced UHPC material is

y = ymin : εULS = Σ2

K0
+

�w�lim
re

(2/3)h

= Σ2

K0
+ min

(
3L f

8h
,

3
200

)

= 1.67
7, 820

+ min
(

3(1/2)
8(45)

,
3

200

)

= 4.3802× 10−3,

(17)

Table 3: Material identity card for Ductal (sf). Mean values ob-
tained from direct notched tensile plate tests.

Symbol Mean value ksi (MPa)

Compressive strength f ′c 28 (193)

Initial stiffness K0 7,820 (53,917)

Postcracking stiffness K1 233 (1,606)

Cracking strength Σ−1 1.1 (7.6)

Postcracking strength Σ+
1 1.0 (6.9)

Ductile strength Σ2 1.67 (11.5)

Fiber length Lf 0.5 in (1.27 cm)

where Σ2 is the ductile yield strength of the
UHPC material, L f the fiber length in the
UHPC, and h the UHPC-beam depth;

(4) the stress strain behavior of UHPC is described by the
following relations:

(a) UHPC compressive behavior:

0 ≥ σ = K0ε ≥ − f ′c , (18)

where f ′c is the UHPC compressive strength;

(b) UHPC elastic tensile behavior:

0 ≤ ε ≤ εSLS : σ = K0ε; (19)

(c) UHPC postcracking behavior:

εSLS < ε ≤ εULS : σ = Σ+
1 + K1(ε − εSLS) ≤ Σ2, (20)

where Σ+
1 is the postcracking strength, and K1 is

the postcracking stiffness. Figure 4(b) displays
the tension stress strain curve for a UHPC
material. The material values required to carry
out the calculation are two stiffness constants
K0; K1 and four strength values: the com-
pressive strength f ′c , the cracking strength Σ−1 ,
the postcracking strength Σ+

1 , and the ductile
yield limit. These values are determined from
a tensile notched plate test and constitute the
“material identity card” of a specific UHPC
material. Table 3 reports the values for Ductal
(sf) of Lafarge. It is important to note that the
values to be used in the determination of the
mean strength capacity are mean values, and
not characteristic values.

The relations presented in this section define a well-
posed problem for the determination of the maximum mean
moment capacity of a section. The solution is iterative and
is conveniently achieved using a spreadsheet calculation.
The input to these calculations are (1) the material values
for UHPC (“material identity card”), and (slab) concrete
(Ecs = 2,917 ksi (20.1 GPa), f ′cs = 4.0 ksi (28 MPa)) and
prestressing strands (ET = 29,000 ksi (200 GPa), f

p
y = 270 ksi
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Figure 5: Idealization of the UHPC PCBT-45 VDOT section with slab.

(1,862 MPa)), (2) the section dimensions, including the con-
crete slab, and (3) the section and position of the prestressing
strands, and the prestress level. For these input data, solving
the set of equations described above yields the mean moment
capacity of the section for SLS and ULS, that is, formally:

MJ
R = F

(
Materials, Section, Prestressing

)
; J = SLS, ULS.

(21)

6.1.2. Design Moment Capacity. The design moment capacity
of the section is the factored mean moment capacity φM ×
MJ

R, where φ is the design factor, which reduces the mean
moment capacity of the UHPC section to its characteristic
value:

φMM
J
R =MJ

R − 1.75× sJM =
(

1− 1.75× sJM
MJ

R

)
MJ

R, (22)

where MJ
R is the mean moment capacity value, and sM the

standard deviation of the moment capacity of the section
under consideration. In the absence of such data, the
design factor for bending can be determined for a specific
UHPC material from a series of flexural tests on small-sized
specimen, yielding mean valueMJ

R and standard deviation sJM
for the flexural strength of the model UHPC structure, from
which:

φM = 1− 1.75× sJM
MJ

R

. (23)

Such an investigation was carried out for Ductal, which
showed for both SLS and ULS:

Bending : φM = 0.85. (24)

Similar tests have been carried out for other UHPC materials,
which confirmed that the value of φM = 0.85 in bending is a

safe estimate to account for the behavior of UHPC materials
in flexural structures. The factor of φM = 0.85 can also (and
should) be used for onsite quality control purposes. It suffices
to carry out a sufficient number of flexural tensile strength
tests on small control prisms, made of the same UHPC mate-
rial as the one used in the structure, and determine the mean
value and the standard deviation. The factor φM determined
from the flexural tensile-strength checks, then, should be
greater or equal to φM = 0.85.

6.1.3. Determination of Prestressing Strands for PCBT-45
VDOT Bulb-T Section. As most of the design parameters, in-
cluding the material properties, were fixed in the provided
design problem, the design focus was on the prestressing
force per beam. To this end, the PCBT-45 VDOT Bulb-T
section with concrete slab is discretized into elements of
constant width shown in Figure 5, which also shows the
parameters used in the design. The effective slab width con-
tributing to the composition section is estimated from:

W = 1
n

min
(
L

4
, 12t + max

(
bw,

bT2

2

)
, S
)

= 1
2.68

min
(

108(12)
4

, 12(8) + max
(

7,
47
2

)
, 10.08(12)

)

= 45 in = 1.143 m.
(25)

The aim of the analysis is to determine the required pres-
tressing force (or number of prestressing strands), which
satisfies the design criteria (2) and (4):

MSLS(xM) ≤ 0.85×MSLS
R

(
γ,As1,As2, ys1, ys2

)
,

MULS(xM) ≤ 0.85×MULS
R

(
γ,As1,As2, ys1, ys2

)
,

(26)
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Figure 6: (a) Design moment capacity of the composite section as a function of the total prestressing force; (b) UHPC beam height versus
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Figure 7: Strain (a) and stress (b) profiles in the beam section at SLS and ULS.

where MSLS(xM) = 4, 883 kips-ft (6,620 kN-m) and MULS

(xM) = 8, 053 kips-ft (10,918 kN-m) are the design moments
(8) and (10), γ is the prestressing level, As1 and As2 are the
strand section positioned at ys1 and ys1, respectively, (see
Figure 5).

We will assume the prestressing level to be γ = 0.8 (after
loss of prestressing due to creep, etc.) and optimize the
number of prestressing strands until (26) are met simulta-
neously. Figure 6(a) displays the design moment capacity as
a function of the total prestress force for both the SLS and
the ULS. Subjected to bending, the governing limit state is
generally the ultimate limit state. The required total pres-
tressing force per beam is approximately calculated as:

P = f
p
y (As1 + As2) ≈ 2, 100 kips = 9, 341 kN. (27)

It can be achieved with either 40 × 0.5 in (1.27 cm) diameter
strands (in three layers 2 in (5 cm) spacing, 15-15-10) or 27×
0.6 in (1.524 cm) diameter strands (in two layers 2 in (5 cm)
spacing 15-12). Figure 7 displays the strain and stress profiles

over the cross-section. The section in the ULS is cracked to
a height of roughly 35 in (88.9 cm) from the bottom flange.
However, what is important to note in Figure 7 is that the
compressive stress in the UHPC top flange in the ultimate
limit state is only at 31% of its compressive strength capacity,
while the concrete compressive slab is already at yield. On
the other hand, the tension side is at the UHPC tensile yield
capacity (by design), and the prestressing tendons are also at
yield.

6.2. Shear Capacity of Section

6.2.1. Service Limit State. In the service limit state, the maxi-
mum tensile stress generated by the two nonzero stress com-
ponents (σ , τ) must be smaller than the cracking strength Σ−1 :

σ1 = σ

2
+

√(
σ

2

)2

+ τ2 ≤ Σ−1 . (28)
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The maximum admissible shear stress, therefore, is

τlim = Σ−1

√
1− σ

Σ−1
. (29)

The SLS shear strength capacity is given by

V SLS
R = Aeff

w Σ−1

√
1− σ

Σ−1
, (30)

where Aeff
w is the effective shear section, that can be estimated

as Aeff
w ≈ bwdw = 203 in2 (1,310 cm2), and the longitudinal

stress (close to the support) from the prestressing force σ ≈
−0.8× 2100/1096 = −1.5 ksi (10.34 MPa). Whence,

V SLS
R = 203(1.1)

√
1− (−1.5)

1.1
= 343 kips = 1, 526 kN.

(31)

The mean design load need to be reduced to its characteristic
value by means of the shear design factor φV = 0.85. Then
using (9) and (31) in (2), the SLS-shear design check reads:

VSLS(xV ) = 195
[
kips

]
< φV SLS

R = 0.85× 343

= 292 kips = 1, 299 kN.
(32)

6.2.2. Ultimate Limit State. The ULS-shear design check is
based on the premise that crack-bridging fibers, after crack-
ing of the UHPC, carry a part of the shear load; very sim-
ilar to shear reinforcement. In the absence of shear reinforce-
ment, the ULS shear capacity of the section is determined by

φVV
ULS
R = φcVc + φf V f , (33)

where Vc is the contribution of the UHPC concrete, accord-
ing to AFGC recommendations [18]:

Vc = 0.09
√
f ′c bwz = 0.09

√
28(7)(41.5) = 138 kips = 614 kN,

(34)

with bw: web thickness and z: the effective height—within
the UHPC section—between the prestressing cable and the
compression flange, here z ≈ 45 − 3.5 = 41.5 in (105.4 cm).
In (33), Vf is the contribution of the fibers:

Vf =
Aσp

tanβu
, (35)

where A is the area of fiber effect, estimated for bulb-T
sections with A = bwz; βu is the inclination angle of the com-
pression struts, lower-bounded by βu = 30◦, and σp is the
residual UHPC tensile strength defined by

σp = 1

�w�lim

∫ �w�lim

0
σ(s)ds. (36)

In this expression, �w�lim is the admissible crack opening de-
fined by (6) for unreinforced elements and by (7) for rein-
forced elements, and σ = σ(�w�) is the stress after crack

opening. For the stress strain behavior displayed in Figure 3,
relation (36) can be expressed in terms of the strain:

σp = 1
εULS − εSLS

∫ εULS

εSLS

σ(s)ds, (37)

where εULS corresponds to the strain when the maximum
crack opening is reached; analogous to (17), but written here
for a structural element (the web) unreinforced with regard
to shear, it reads:

εULS = Σ2

K0
+

3
2

�w�lim
un

h
= 1.67

7, 820
+

0.01
45

= 4.3578× 10−4.

(38)

In (37), εSLS = Σ−1 /K0 corresponds to the strain at the onset
of cracking:

εSLS = 1.1
7, 820

= 1.4066× 10−4. (39)

In order to evaluate the integral in (37), we need to check
whether the ductile yield strength is reached at εULS, by cal-
culating the strain corresponding to the onset of yielding:

ε2 = εSLS +
Σ2 − Σ+

1

K1

= 1.4066× 10−4 +
1.67− 1.0

233
= 3.0162× 10−3.

(40)

Since ε2 > εULS, the yield strength is not reached, and the
integral in (37) is evaluated from:∫ εULS

εSLS

σ(s)ds = Σ+
1 (εULS − εSLS) +

K1

2
(εULS − εSLS)2

= 1.0(4.3578− 1.4066)× 10−3

+
233

2
(4.3578− 1.4066)2 × 10−3

= 3.9659× 10−3 ksi = 27.34× 10−3 MPa.
(41)

Finally,

σp = 3.9659× 10−3

(4.3578− 1.4066)× 10−3
= 1.34 ksi = 9.24 MPa.

(42)

The fiber contribution to the shear force thus reads:

Vf = 7(41.5)(1.34)
tan 30

= 675 kips = 3, 003 kN. (43)

The characteristic shear capacity is obtained from (33) using
(34) and (43), together with the design factors φc = 2/3
and φf = 0.8 × 0.85 ≈ 2/3 (the design factor for the fiber
participation accounts for two phenomena: fibers are eventu-
ally not ideally randomly oriented, which is captured by the
first factor 1/1.25 = 0.8, in addition to the intrinsic variability
of the material properties of the UHPC that is taken into
account by the second factor φV = 0.85):

φVV
ULS
R = 2

3
(138 + 675) = 542 kips = 2, 411 kN. (44)
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The ULS-shear design check reads:

VULS(xV ) = 333
[
kips

]
< φVV

ULS
R = 542 kips = 2, 411 kN.

(45)

7. Discussion of Results

(1) an immediate observation from the results of the pre-
liminary design implementation is that for the beam
spacing (S ≈ 10 ft (3.05 m)) specified in this problem,
the longest span that can be crossed by a typical
VDOT PCBT-45 section made of concrete with a
compressive strength up to 8 ksi (55.2 MPa) is given
as 90 ft (27.4 m) in the related VDOT manual [21].
In this particular design, not only is the section suf-
ficient for a 108 ft (32.92 m) span, but also the com-
pressive stress at the UHPC top flange is less than 1/3
its strength, which suggests that a longer span can be
crossed using the same beam section. Alternatively,
a smaller UHPC section could be sufficient for the
same span;

(2) as a result of span length, the preliminary design of
the composite section shows that a relatively high
prestressing force is required of roughly 2,100 kips
(9,341 kN). The high compressive strength capacity
of UHPC does allow such a high level of prestressing.
In return, the prestressing transfer must be carefully
analyzed and designed. While shear reinforcement is
clearly not required, it may eventually be necessary to
reinforce the anchorage zone to limit the risk of tran-
sversal tensile stresses and to ensure a smooth stress
transfer from the bottom flange into the beam;

(3) an increase of the web height would obviously re-
duce the required prestressing force. However, we
should note that an increase of the UHPC beam
height would reduce the admissible limit strain εULS

according to (17) in the ULS-bending design. As a
consequence, for a given design moment, the requi-
red prestressing force does not scale according to P ∝
h−1, but according to P ∝ h−α, where α > 1. As an
example, Figure 6(b) plots the height as a function
of the required prestressing force that satisfies the
SLS and ULS design moments (26) and (28). The
fitted power function in this figure shows that α =
1/0.6391 = 1. 564 7 > 1;

(4) there are many optimization possibilities: the web
width can be reduced to 6 inch (15.2 cm) without
affecting the conclusions of the preliminary bending
and shear design presented here. The conclusions are
also not affected by a change in the prestress level
within 0.75 < γ < 1.0 in SLS and ULS. The UHPC
top flange which is overdesigned (elastic in the ULS),
could eventually be eliminated, if not required for
other purposes. Further optimization would aim at
reducing the relatively high moment due to dead-
weight. The most efficient optimization consists in
replacing the concrete slab by an integrated UHPC
slab. Such an optimization would allow reduction of

the beam height, which in turn would lead to higher
admissible limit strains εULS in (17);

(5) a detailed design calculation of the prestressing of the
beams and prestress losses, anchorage zone, and so
forth, needs to follow.

8. Current Status and Future Prospects of
UHPC in Bridge Structures

The authors of this paper are yet to come across a publication
on UHPC that does not recognize its great potential for en-
abling construction of lighter, stronger, more durable, better
looking, and more environmentally friendly concrete struc-
tures. However, relatively high cost of the material, unfa-
miliarity of the industry with the material, more involved
production and handling processes, and the lack of related
codes and specifications are the barriers against its common
use in bridge structures [14, 15, 22]. So far, implementation
of UHPC in bridge structures has generally been in the form
of pilot projects in which the design did not significantly
deviate from conventional geometry and dimensions to take
full advantage of the favorable behavior and strength pro-
perties of the material. Initial research and applications re-
vealed the need for optimized structural shapes that better
makes use of the mechanical and durability properties of
UHPC. The pi girder developed as a result of the FHWA ini-
tiated research program is an important achievement to this
effect.

The primary needs associated with UHPC can be
grouped as: (1) characterization of material properties; (2)
development of analysis and design methods; (3) develop-
ment of related codes and specifications; (4) development
of optimized member designs that make better use of the
material. As familiarity with UHPC increases, wider use the
material in bridge projects is anticipated. Reduced material
costs as a result of the increase in demand combined with
development of better structural shapes and associated de-
sign methods will fuel common use of UHPC materials to
build strong and durable bridge structures.

Combination of UHPC with other advanced composite
materials such as the fiber reinforced polymers (FRP) is ano-
ther exciting area of research with high impact potential [23].
Use of FRPs in conjunction with UHPC may make a positive
contribution to the durability of the structure and may intro-
duce further design optimization opportunities that may
allow more efficient use of materials.

9. Conclusion

Implementation of a UHPC material model in a preliminary
design problem is performed in this paper. Such mechanistic
models that can accurately capture the behavior of the UHPC
material can be used for model based optimization of design
to develop more efficient member geometries. Knowledge of
the UHPC material properties and the initial results obtained
from design implementations reinforce the authors’ belief
that UHPC has much to offer in the future to address not
only the strength and durability challenges but also those
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associated with the economy and environmental impact of
concrete bridges.
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This paper presents an experimental study for the purpose of reducing the cost of producing ultrahigh performance fibre-
reinforced concrete (UHPFRC). Reject fly ash (r-FA) and recycled glass powder (GP) were examined as replacement materials for
the silica sand and cement used to prepare UHPFRC, respectively. In addition, curing UHPFRC specimens at 25◦C and 90◦C was
investigated to determine differences in mechanical properties. The results showed that using r-FA and GP reduces the flowability of
fresh UHPFRC. The use of GP increased the mechanical properties of the UHPFRC. Moreover, the test results indicate a significant
improvement in the mechanical properties of plain concrete by the inclusion of r-FA as partial replacement of fine aggregate (sand)
and can be effectively used in UHPFRC. Furthermore, specimens cured at 25◦C give lower compressive strength, flexural strength,
and fracture energy than specimens cured at 90◦C.

1. Introduction

Ultrahigh performance fibre-reinforced concrete (UHPFRC)
is a very special material with superior mechanical properties
and low permeability [1–4], and when it is reinforced with
steel fibres or steel tubes, it exhibits high ductility [5]. In
recent years, UHPFRC has been successfully applied to dam
repair, bridge deck overlays, coupling beams in high-rise
buildings, and other specialized structures [6, 7].

However the high cost of UHPFRC is the disadvantage
that restricts its wider usage. To alleviate both the envi-
ronmental and economical impact of UHPFRC, industrial
byproducts such as ground granulated blast-furnace slag
(GGBS) and silica fume (SF), have been used as partial
cement replacements without significantly affecting the me-
chanical properties [5, 8].

The recycling of waste glass is a major issue in urban
areas of developed countries [9, 10], which has resulted
in significant interest of late in utilizing it in concrete.
Crushed glass has been used as a coarse aggregate in concrete

[11–14]. Attempts were made to use waste glass as a raw
siliceous material in the production of Portland cement
[15, 16]. The use of coarse glass powder as a hydration
enhancing filler has been explored [17, 18]. However, valued
addition of glass in concrete is best achieved if it is used
as a cement replacement material. Glass is amorphous and
has high silica content, which are the primary requirements
for a pozzolanic material. A particle size of 75 µm or less is
reported to be favourable for pozzolanic reaction [19]. The
high alkali content of glass is a typical concern for its use in
concrete, but studies [9, 10] have shown that finely ground
glass does not contribute to alkali-silica reaction.

The properties which influence the pozzolanic behaviour
of waste glass, and most pozzolans in general, are fineness,
composition, and the pore solution present for reaction
[20–24]. Based on observed compressive strengths, Meyer
et al. [22] postulated that below 45 µm glass may become
pozzolanic. The pozzolanic properties of glass are first
notable at particle sizes below approximately 300 µm. Below
100 µm, glass can have a pozzolanic reactivity which is greater
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than that of fly ash at low percent cement replacement levels
and after 90 days of curing [23, 24].

The pozzolanic reactivity of fine waste glass is observed as
an increase in compressive strength. In the reported data [23,
25], compressive strength is highest for specimens containing
very fine glass (<100 µm), and the strength decreases as
particle size increases. A number of studies [25–31] showed
the effect of percentages of waste glass replacing OPC and
fine aggregate on the compressive strength of mortar bars.
The results show that a cement replacement between 10%
and 20% yields the highest strength, while fine aggregate
replacement of up to 40% has little effect on compressive
strength.

About one million tonnes of fly ash, as a byproduct
of electricity generation, is produced annually in Hong
Kong. The finer fraction (f-FA) produced by passing the raw
ash through a classifying process is routinely used in the
production of blended cements for construction. This ash
conforms to BS3892 [32], which has a fineness requirement
of not more than 12% by mass retained on the 45-µm test
sieve and a maximum loss-on-ignition limit of 7%. However,
the remaining proportion, in the order of 200,000 tonnes, is
rejected as a construction material, simply due to its large
particle size. In Hong Kong, this rejected fly ash (r-FA)
has to be disposed of in large lagoons, creating an ever-
increasing environmental hazard. Similar disposal problems
can be expected in other coal-fired power stations.

The pozzolanic properties of r-FA in cement pastes have
already been reported earlier, with encouraging results [33].
Poon and Ho suggested that it is technically feasible to utilize
r-FA as part of the powder content in the production of SCC
[34].

The use of low alkali cement and sand replacements in
UHPFRC provides the opportunity to use finely recycled
glass powder and r-FA as an economic replacement for
cement and silica sand, respectively, this not only eliminates
the risk of an expansive and deleterious alkali-silica reaction
(ASR), but also the cost of the concrete can be reduced.
This paper presents an experimental study for the purpose
of reducing the cost of producing ultra-high performance
fibre-reinforced concrete (UHPFRC). Reject fly ash (r-
FA) and recycled glass powder (GP) were examined as
replacement materials for the silica sand and cement used to
prepare UHPFRC, respectively. In addition, curing UHPFRC
specimens at 25◦C and 90◦C was investigated to determine
differences in mechanical properties.

2. Experimental Details

2.1. Materials

2.1.1. Cementitious Materials. Portland cement (CEM 1) and
two different types of supplementary cementitious materials
were used in this study, that is, recycled waste glass powder
(GP) and silica fume (SF). The investigated glass powder
samples were derived from recycled glass bottles and dry
comminuted in a laboratory shaking mill to obtain particles
smaller than 0.045 mm. A condensed silica fume (SF)
named Force 10,000 D microsilica with density of 2.22 g/cm3

Table 1: Chemical composition of cement, recycled glass powder,
and silica fume.

Contents Cement Silica fume
Recycled

glass powder

SiO2 21.0 85–96 71.4

Al2O3 5.9 — 1.4

Fe2O3 3.4 — 0.2

CaO 64.7 — 10.6

MgO 0.9 — 2.5

Na2O — — 12.7

K2O — — 0.5

TiO2 — — —

SO3 2.6 0.3–0.7 0.1

Loss on ignition (%) 1.2 3.5 0.4

Table 2: Properties of Portland cement (OPC), recycled glass
powder (GP), and rejected fly ash (r-FA).

OPC GP r-FA

Specific gravity 3.16 2.48 2.19

Blaine fineness (m2/kg) 352 756 119

Initial set (min) 150 — —

Final set (min) 235 — —

Loss on ignition (%) 2.97 0.16 8.06

Sieve Cumulative % passing

1.18 mm — — 100

0.6 mm — — 99.1

0.3 mm — — 95.6

0.15 mm 100 — 87.7

0.075 mm 98.6 — 61.7

0.045 mm 95.0 100 50.2

obtained from W. Grace was used. The chemical, physical,
and mechanical properties of cement, GP, and SF used in this
study are shown in Tables 1 and 2.

2.1.2. Aggregate

(a) Silica Sand. The Silica sand used in this study is a com-
mercial product, provided by Hong Kong Winlong Minerals
LTD., has a narrow grading distribution between 150 and
300 µm for approximately 90% of particles.

(b) Reject Fly Ash (r-FA). The r-FA with particle sizes larger
than 45 µm were used in this study and were generated as
byproducts from a local coal-fired power plant. The particle
size distribution of r-FA is also shown in Table 2.

2.1.3. Steel Fibre. The special steel fibres were obtained from
local company which are made using high carbon steel with
a tensile strength of 2000 MPa and conform to the British
Standard [35]. Each fibre is coated with brass and is 0.2 mm
in diameter and 13 mm in length.
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Table 3: Mix proportion of UHPFRC.

Mix notation

Proportion (kg/m3)

W/B ADVA 109 (% solid by
weight of binder)

Cementitious component
(level of cement replacement)

Aggregate
(level of sand replacement)

Cement Silica fume Glass powder Silica sand r-FA

Series I
Control 1062 118 (10%) 0 1094 0 0.15 1.05

GP-15 903 118 (10%) 159 (15%) 1058 0 0.15 1.05

GP-30 743 118 (10%) 319 (30%) 1021 0 0.15 1.05

Series II
r-FA-15 1062 118 (10%) — 887 171 (15%) 0.15 1.05

r-FA-30 1062 118 (10%) — 697 328 (30%) 0.15 1.05

r-FA-50 1062 118 (10%) — 432 547 (50%) 0.15 1.05

Series III
G15 + rFA15 903 118 (10%) 159 (15%) 851 171 (15%) 0.15 1.05

G15 + rFA30 903 118 (10%) 159 (10%) 661 328 (30%) 0.15 1.05

Table 4: Test schedule of mechanical properties of UHPFRC.

Curing age (days)

1 4 7 28 90 365

25◦C curing Comp/flex Comp Comp Comp/flex Comp/flex Comp/flex

90◦C curing Comp/flex Comp Comp Comp/flex Comp/flex Comp/flex

2.1.4. Superplasticiser. The superplasticiser used in this study
was ADVA 109 which is polycarboxylate based and commer-
cially available in Hong Kong.

2.2. Mix Proportions. Three series of UHPFRC mixtures
with different recycled glass powder and r-FA content were
prepared. In all concrete mixtures, the silica fume content
was kept constant at levels of 128 kg/m3, and the steel fibre
content of UHPFRC was 2% by volume of the total mixture.
This is commonly considered the optimum proportion
to achieve a balance between mechanical properties and
financial cost [36]. Use of the superplasticiser (ADVA 109)
enabled a water-binder ratio of 0.15 to be achieved, which
met the low water requirement of UHPFRC [2, 5]. In Series
I, two UHPFRC mixtures were prepared with recycled glass
powder (GP). The GP was used as 15 and 30% by weight
replacement of the cement. In Series II, three concrete
mixtures were prepared with r-FA which were used as 15,
30, and 50% by weight replacement of the silica sand. In
Series III, two UHPFRC mixtures were prepared with cement
replacement level of 15% by GP and sand replacement level
of 15 and 30% by r-FA, respectively. The control mixture was
prepared with only cement, silica fume, steel fibre, and silica
sand to compare the mechanical properties of the concrete.
The detailed mix proportions of the UHPFRC are shown in
Table 3.

2.3. Specimen Preparation. Each series of specimens was cast
comprising 50 mm cubes for compressive strength [37] and
40 × 40 × 160 mm prisms for flexural strength [38]. The
solid UHPFRC mix constituents, in the order of cement, SF,
GP, and sand or r-FA, were weighed according to the mix
proportions and dry mixed in a horizontal pan mixer with

a 15–l capability for approximately 1 min. The mixture of
water and superplasticiser was gradually added to the
rotating mixer. The steel fibres were added after mixing for
approximately 10 min. This time enabled the superplasticiser
to become fully effective and a consistent mixture was
reached. Usually, a further mix duration of approximately
5 min helped to achieve good flowability and an even
distribution of steel fibres in the cement matrix. The fresh
UHPFRC was then transferred into steel moulds and com-
pacted for 1 min using a vibrating table. The specimens were
then covered with damp hessian and polythene sheeting.
After one day, they were demoulded and cured in water either
at 20◦C or at 90◦C. The heat cured specimens were stored
in a hot water bath from the age of 1 day. These specimens
were then stored in air at room temperature until testing.
The 20◦C cured specimens were kept in a standard curing
tank until testing.

2.4. Testing. The workability of the fresh concrete was meas-
ured with a flow table [39]. All cube specimens were tested
using a loading rate of 0.8 kN/s [37]. The prism specimens
were tested under four-point loading using displacement
control and using a testing machine controlled by an ex-
ternal displacement transducer, such that the mid-span
deflection rate of the prism specimen was held constant
throughout the test. The specimen mid-span deflection rate
was 0.15 mm/min, with a span of 120 mm. The fracture
energy [40] of specimens tested was calculated by integrating
the area under the flexural stress versus deflection up to
1.25 mm. The mechanical test schedule of UHPFRC speci-
mens is shown in Table 4 and each reading was taken as the
average of three test results.
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Figure 1: Flow diameter of concrete.

3. Results and Discussion

3.1. Fresh Concrete. Figure 1 shows measurements from the
flow table test. It can be seen that the flow diameter of
concrete varied between 256 and 195 mm in the sequence
of Control, GP-15, GP-30, r-FA-15, r-FA-30, r-FA-50,
G15+rFA30, and G15+rFA30. Moreover, the flow diameter of
concrete decreased with an increase in recycled glass powder
and r-FA content. Concrete mixture G15+rFA30 with 15%
of glass powder and 30% of r-FA had the lowest slump
flow value of 195 mm. It was observed during mixing and
testing that the flowability of the fresh concrete had a close
relationship with the fineness of the cementitious materials
and the aggregate. The same sequence of Control, GP-15, GP-
30, r-FA-15, r-FA-30, r-FA-50, G15+rFA30, and G15+rFA30
was followed as the fineness of the materials. No bleeding
segregation was observed when mixing.

3.2. Hardened Concrete

3.2.1. Effect of GP, r-FA, and Steam Curing on the Compressive
Strength of UHPFRC. The development of the compressive
strength of UHPFRC prepared with GP, r-FA and GP+rFA
is illustrated in Figures 2–4, respectively. Each presented
value is the average of three measurements. It is seen from
Figure 2 that at early ages (before 7 days), the use of GP
as a partial replacement of cement caused a reduction in
the compressive strength. At day 1, the UHPFRC mixtures
GP-15 and GP-30 prepared with 15% and 30% GP had
an average of 4.4% and 11.8% reduction in compressive
strength compared to the control mixture. However, after 28
days, the replacement of cement with glass powder increased
the compressive strength of the concrete mixtures, while
the rate of increase in strength decreased with increase
in GP content. The concrete mixtures prepared with 15%
GP had an average 7.0% increase in compressive strength
compared to the control mixture, whereas the corresponding
concrete mixture with 30% GP had only a 2.82% increase in
strength. This is consistent with the results of Shi et al. [20]
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Figure 2: Effect of GP on compressive strength of UHPFRC with
and without steam curing.
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Figure 3: Effect of r-FA on compressive strength of UHPFRC with
and without steam curing.

who indicated that glass powders with particle smaller than
60 µm have very high pozzolanic reactivity; a replacement of
20% cement with ground glass powder can develop higher
strength than 100% Portland cement at 28 days.

Figure 2 also indicates that after steam cured at 90◦C,
the compressive strengths of the concrete mixtures control,
GP-15, and GP-30 were 20.5%, 28.6% and 30.6% higher
than the corresponding concrete with standard curing at
25◦C. Moreover, at all test ages, the steam cured UHPFRC
at 90◦C had higher compressive strength than corresponding
concrete with standard curing at 25◦C.

After 365 days the 25◦C cured specimens had a very high
compressive strength but did not match that of the 90◦C
cured specimens. From observations of the rate of increase in
strength it seems unlikely that the strength of the 25◦C cured
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specimens would reach that of the 90◦C cured specimens
at later ages. However, the compressive strengths of 25◦C
cured UHPFRC at 28 days, that is, 140–150 MPa, are still
considered very high strength and this can be applied very
effectively for building structures.

Figure 3 shows the variation in compressive strength of
UHPFRC with r-FA percentages at different ages. From the
test results, it can be seen that the compressive strength of
UHPFRC mixtures with 15%, 30%, and 50% silica sand
replacement with r-FA, were higher than the control mixture
at all ages. Moreover, there is increase in strength with
increase in r-FA percentages; however, the rate of increase
of strength decreases with the increase in r-FA content. This
trend is more obvious between 30% and 50% replacement
levels. Maximum strength at all ages occurs with 50% fine
aggregate replacement. At 1 day, the compressive strength
of the concrete mixtures r-FA-15, r-FA-30, and r-FA-50 with
15%, 30%, and 50% r-FA was about 3%, 8%, and 10% higher
than the control mixture, whereas at 365 days, the corre-
sponding concrete mixture had an average 10.9%, 21.8%,
and 27.6% increase in compressive strength compared to
the control mixture. This increase in strength due to the
replacement of fine aggregate with r-FA is attributed to (1)
the improvement of packing density with r-FA and (2) the
pozzolanic action of r-FA. In the beginning (early age), r-FA
reacts very slowly with calcium hydroxide liberated during
hydration of cement and does not contribute significantly
to the densification of the concrete matrix at early ages.
Concrete with r-FA shows higher strength at early ages
because inclusion of r-FA as partial replacement of sand
starts pozzolanic action and densification of the concrete
matrix, and due to this strength of r-FA concrete is higher
than the strength of the control mixture even at early ages.

It is clear from Figure 3 that the steam curing at 90◦C
increased the compressive strength of r-FA UHPFRC at all
test ages. The rate of increase in strength at an early age
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Figure 5: Effect of GP on flexural strength of UHPFRC with and
without steam curing.

(before 28 days) was higher than that at a late stage (365
days). At 1 day, for the concrete mixtures with 15%, 30%,
and 50% r-FA, the steam curing increased the compressive
strength by 22.4%, 26.2%, and 28.6% respectively, when
compared with the corresponding concrete mixtures with
standard curing at 25◦C, whereas, at 365 days, these increased
values were reduced to 17.9%, 13.7%, and 13.6%, respec-
tively.

Figure 4 shows the effect of combined GP and r-FA on
the compressive strength of UHPFRC. It is seen that at 1 day,
the compressive strength of concrete mixtures G15+rFA15
and G15+rFA30 with standard curing at 25◦C was similar
to that of the control mixture. However, at 365 days, the
compressive strength of the corresponding concrete mixtures
was 16.0% and 26.9% higher than that of the control
mixture, respectively. The concrete mixture G15+rFA30 had
the highest compressive strength. This might be attributed
to the pozzolanic reaction between both GP and r-FA and
Ca(OH)2. Figure 4 also indicates that at all test ages, the
steam curing at 90◦C significantly increased the compressive
strength of the concrete prepared with both GP and r-
FA. After 1 day steam curing at 90◦C, the compressive
strength of concrete mixtures G15+rFA15 and G15+rFA30
was 33.1% and 38.5% higher than corresponding concrete
with standard curing at 25◦C.

3.2.2. Effect of GP, r-FA and Steam Curing on the Flexural
Strength of UHPFRC. Figures 5–7 show the development of
the flexural strength of UHPFRC made with GP, r-FA, and
GP+rFA, respectively. Each presented value is the average of
three measurements. From Figure 5, it can be seen that at 1
day, the replacement of cement with GP reduced the flexural
strength of the concrete. The concrete mixture GP-30 had the
lowest flexural strength, whereas after 28 days, the replace-
ment of cement by 15% GP increased the flexural strength
of the concrete. Moreover, the flexural strength of concrete
mixtures GP-15 and GP-30 was increased with steam curing
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Figure 6: Effect of r-FA on flexural strength of UHPFRC with and
without steam curing.
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Figure 7: Effect of both GP and r-FA on flexural strength of
UHPFRC with and without steam curing.

at 90◦C. After 1-day steam curing, the flexural strength of
concrete mixtures GP-15 and GP-30 was 14.6% and 16.0%
higher than corresponding concrete with standard curing.
Furthermore, the rate of increase in strength of the concrete
mixtures with GP was higher than that of control mixture.

It is clear from Figure 6 that the replacement of silica
sand by r-FA increased the flexural strength of the concrete
mixture with both standard curing at 25◦C and steam curing
at 90◦C at all ages. At 28 days, the flexural strength of
standard cured concrete mixtures r-FA-15, r-FA-30 and r-FA-
50 was 6.8%, 11.8%, and 16.7% higher, respectively than that
of control mixture. Moreover, flexural strength continued to
increase with increase in r-FA percentages at all ages, and
there was significant increase in strength compared to that
of the control mixture. This is believed to be due to the
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Figure 8: Effect of GP on fracture energy of UHPFRC with and
without steam curing.

large pozzolanic reaction and improved interfacial bonding
between the paste and aggregates. After 1-day steam curing,
the flexural strength of concrete mixtures r-FA-15, r-FA-
30, and r-FA-50 was 12.1%, 14.0%, and 15.1% higher than
corresponding concrete with standard curing.

Figure 7 shows the effect of combined GP and r-FA on
the flexural strength of UHPFRC. It is seen that both the
replacement of cement and sand by GP and r-FA, respec-
tively, increased the flexural strength of the concrete. At 1
day, the flexural strength of concrete mixtures G15+rFA15
and G15+rFA30 with standard curing at 25◦C was increased
by 3.2% and 7.0%, respectively, when compared with the
control mixture. However, at 365 days, the flexural strength
of the corresponding concrete mixtures was 5.5% and 9.8%
higher than that of the control mixture, respectively. The
concrete mixture G15+rFA30 had the highest flexural
strength. Figure 7 also indicates that at all ages, the steam
curing at 90◦C significantly increased the flexural strength of
the concrete prepared with both GP and r-FA.

3.2.3. Effect of GP, r-FA and Steam Curing on the Fraction
Energy of UHPFRC. The fracture energy versus age of
UHPFRC specimens prepared with GP, r-FA and steam
curing are shown in Figures 8–10. Each presented value is the
average of three measurements. It is seen from Figure 8 that
at all ages, the replacement of cement by GP increased the
fracture energy of the concrete with both standard curing at
25◦C and steam curing at 90◦C. At 28 days, the replacement
of cement by 15% and 30% GP increased the fracture energy
by 3.6% and 2.2%, respectively. This may be attributed to
the pozzolanic reaction between GP and Ca(OH)2 in the
concrete which further increases the bond strength between
fibre and matrix. Moreover, at 28 days, comparison of the
properties from UHPFRC mixtures control, GP-15 and GP-
30 cured at 90◦C and 20◦C shows that 20◦C cured UHPFRC



Advances in Materials Science and Engineering 7

35000

30000

25000

20000

15000

10000

5000

Fr
ac

tu
re

 e
n

er
gy

 (
J/

m
2
)

0 50 100 150 200 250 300 350

Curing age (days)

Control Control-S
r-FA-15-S
r-FA-30-S
r-FA-50-S

r-FR-15
r-FR-30
r-FR-50

Figure 9: Effect of r-FA on fracture energy of UHPFRC with and
without steam curing.
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Figure 10: Effect of both GP and r-FA on fracture energy of
UHPFRC with and without steam curing.

is 15%, 16.6%, and 17.2% lower, respectively, in compressive
strength.

Figure 9 indicates that at all ages, the replacement of sand
by r-FA increased the fracture energy of the concrete with
both standard curing at 25◦C and steam curing at 90◦C.
Moreover, the fracture energy was increased with increase
in r-FA content. As the fracture energy is closely related
to efficiency of the fibre bond, the variation in fracture
energy can be attributed to a different bond action for
fibres embedded in the concrete matrix. For r-FA specimens,
the fibres appeared to keep their original direction in the
concrete matrix before being pulled out. The greater fineness
of r-FA aggregate can also facilitate the propagation of cracks,
initially due to a stronger bond between the r-FA particles

and the cement paste. Subsequently the r-FA aggregate can
initiate matrix strengthening which further increases the
fibre bonding strength.

Figure 10 shows the effect of combined GP and r-FA on
the fracture energy of UHPFRC. It can be obtained that at
all ages, the replacement of cement and sand by GP and r-
FA, respectively, increased the fracture energy of the concrete
with both standard curing at 25◦C and steam curing at
90◦C. At 28 days, the fracture energy of concrete mixture
G15+rFA15 and G15+rFA30 with steam curing at 90◦C was
22.5% and 24% higher than that corresponding concrete
with standard curing at 25◦C, respectively. Moreover, the
fracture energy of the concrete was increased with increase
in r-FA content. The concrete mixture G15+rFA30 had the
highest fracture energy.

4. Conclusion

The following conclusions can be drawn from the present
investigation.

(1) The replacement of cement by glass powder de-
creased the early (before 7 days), but increased the
later (after 28 days) compressive strength, flexural
strength, and fracture energy of UHPFRC.

(2) Compressive strength, flexural strength, and fracture
energy of silica-sand-replaced r-FA UHPFRC speci-
mens were higher than for the control specimens at
all ages.

(3) At all ages, the replacement of cement and sand by
GP and r-FA, respectively, increased the compressive
strength, flexural strength, and fracture energy.

(4) Steam curing at 90◦C increased the compressive
strength between 20% and 30% for GP concrete, 20%
and 28% for r-FA concrete, and 20% and 38% for
GP+rFA concrete; the flexural strength between 11%
and 16% for GP concrete, 11% and 15% for r-FA
concrete, and 11% and 20% for GP+rFA concrete;
and fracture energy between 15% and 17% for GP
concrete, 15% and 19% for r-FA concrete, and 15%
and 24% for GP+rFA concrete.

(5) Glass powder and r-FA can be used to replace cement
and sand for producing lower cost UHPFRC.
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By adding polypropylene fiber, fracture toughness of C120 ultra-high-performance concrete in Kingkey Financial Center project
has been enhanced. The tests conducted by the Building Material Lab of the Civil and Water Conservancy Institute of Tsinghua
University provided satisfactory results of mechanical property and fracture toughness of C120 ultra-high-performance concrete.

1. Preface

In order to understand the mechanical property of C120
ultra-high-performance concrete under static modulus
of elasticity and anticracking properties, including frac-
ture toughness, the research group of C120 ultra-high-
performance concrete conducted a series of tests in the
Building Material Lab of the Civil Water Conservancy
Institute of Tsinghua University.

2. Experimental Details

2.1. Raw Materials. Following raw materials are used in
this research: (1) cement (Nanjing Xiaoyetian PII52.5),
(2) microballoon (Made in Kunming), (3) ganister sand
(from Zhunyi, Guizhou), (4) Fine aggregate (sea sand,
desalted, FM2.6∼2.8), (5) coarse aggregate (macadam, 5–
10, 10–20 mm in diameter), (6) Water reducer (BASF poly
carboxylic acid, solid content: 40%, made in Guangdong),
(7) water (Shenzhen tap water), and (8) polypropylene
fiber (Grace 19 mm long fiber and short fiber provided by
Shenzhen Lijian Concrete Company).

2.2. Mix Proportions. Please refer to Figure 1. This test aims
to see what the difference is in concrete with long fibers and
short fibers, so the compositions of every group of test pieces
are the same, except fiber types and quantities.

2.3. Mixing Process. Get certain amount of raw materials
ready. At first, put gelatinizer and sand into a mixer and run
for 1 minute; then add water and additive, mix for 2 minutes;
lastly, put in coarse aggregate, mix for 1 minute. For materials
that are too sticky, mix 1 more minute after adding coarse
aggregate. Find Mix Proportions in Table 1.

2.4. Specimens. Below specimens are used in the research:

100 mm × 100 mm × 400 mm prisms (3),

100 mm × 100 mm × 300 mm prisms (6),

100 mm × 100 mm × 100 mm cubes (3).

2.5. Curing. Upon being demoulded, specimens were trans-
ferred to the caring unit and soaked into calcarea hydrica
solution (lime water) for 28 days. Finished specimens were
immediately sent to the Building Material Lab of the Civil
Water Conservancy Institute of Tsinghua University.

3. Main Mechanical Property Tests

Results of cube compression test, prismoid compression test,
and static modulus of elasticity test have been listed in
Figures 1 and 2. Equipment used in the tests included YE-
200A hydraulic pressure test machine, YJR-5 static digital
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Table 1: Mix proportions.

No. W/B C SF + FA + BFS S G1 G2 Polycarboxylic acid additive Fibers

1 0.17 550 150 750 285 665 2.5% No fiber

2 0.17 550 150 750 285 665 2.5% Long fiber, 1 kg/m3

3 0.17 550 150 750 285 665 2.5% Long fiber, 2 kg/m3

4 0.17 550 150 750 285 665 2.5% Short fiber, 2 kg/m3

Figure 1: Damaged C120 concrete.

Figure 2: C120 high-performance concrete fracture parameter test.

Figure 3: Crack opening displacement test.
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Figure 6: P-CMOD for concrete with 1 kg long fiber.
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Figure 7: σ-w for concrete with 1 kg long fiber.
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Figure 8: P-CMOD for concrete with 2 kg long fiber.

strain gauging unit, and YEW-200A dropping electrode
compression-testing machine (Tables 2 and 3).

4. C120 Concrete Fracture Toughness Test

4.1. Equipment. Toni2071 Pressure Flexure Compression
Testing Machine was made in Germany, Maximum Capacity
200 KN, for flexure and crack opening displacement tests
under constant rate of loading or rate of displacement.

4.2. C120 Concrete Fracture Parameter Test. See Figures 2 and
3.

4.3. P-CMOD and σ-w Curve Charts for 4 Types of Concrete.
Through tests, we got the P-CMOD (loading—crack opening
displacement) curve charts for basic concrete, concrete with
1 kg long fiber, concrete with 2 kg long fiber, and concrete
with 2 kg short fiber, on which we came up with the O-W
(softening relation) curve charts (Table 4).

5. Analysis

(1) From Figures 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and
15, we could tell that P-CMOD and O-W curves were
similar for the same type of concrete, which meant
test piece’s dispersion was not large.
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Figure 9: σ-w for concrete with 2 kg long fiber.
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Figure 10: P-CMOD for concrete with 2 kg short fiber.

(2) 4 types of concrete were almost the same, except
fiber content, which only presented difference after
cracking. Therefore, the cracking load for all 4 types
of concrete was similar.

(3) As fiber content increased, concrete’s tensile strength
almost remained the same.

(4) As fiber content increased, concrete’s cracking energy
mounted too. When the fiber content remained the
same, fiber type played a role in cracking difference.
Test results suggested that cracking energy rose in
order of basic concrete < concrete with 1 kg long fiber
< concrete with 2 kg long fiber < concrete with 2 kg
short fiber.

(5) Characteristic length of brittleness “lch” notates the
brittleness of concrete. The smaller the number is,
the more brittle the concrete is. From the test results,
we learnt that as fiber content increased, concrete’s
toughness enhanced too. Characteristic length of
brittleness varies in order: basic concrete < concrete
with 1 kg long fiber < concrete with 2 kg short fiber <
concrete with 2 kg long fiber, and toughness varies in
order:basic concrete < concrete with 1 kg long fiber
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Table 2: Compressive strength test results of cube specimens.

No. Age Size Individual value Compression strength

1: Initial 28 days 100 × 100 × 100 mm
127.0 MPa

124.0 MPa121.0 MPa

124.0 MPa

2: 1 kg long fiber 28 days 100 × 100×100 mm
129.0 MPa

124.7 MPa126.0 MPa

119.0 MPa

3: 2 kg long fiber 28 days 100 × 100 × 100 mm
140.0 MPa

135.3 MPa123.0 MPa

141.0 MPa

4: 2 kg short fiber 28 days 100 × 100 × 100 mm
120.0 MPa

118.0 MPa
115.0 MPa

Table 3: Results of compressive strength and static modulus of elasticity of prism specimens.

No. Age Size
Compression strength Static modulus of elasticity

Individual Average Individual Average

1: Initial 28 100 × 100 × 300
115.2 MPa

138.0 MPa
5.20 × 104 MPa

5.20 × 104 MPa138.0 MPa 5.18 × 104 MPa

138.8 MPa 5.22 × 104 MPa

2: 1 kg long fiber 28 100 × 100 × 300
127.2 MPa

128.7 MPa
5.10 × 104 MPa

5.23 × 104 MPa126.8 MPa 5.21 × 104 MPa

132.0 MPa 5.37 × 104 MPa

3: 2 kg long fiber 28 100 × 100 × 300
137.2 MPa

136.6 MPa
5.22 × 104 MPa

5.30 × 104 MPa139.0 MPa 5.22 × 104 MPa

133.6 MPa 5.45 × 104 MPa

4: 2 kg short fiber 28 100 × 100 × 300
104.8 MPa

116.7 MPa
5.18 × 104 MPa

5.25 × 104 MPa116.4 MPa 5.23 × 104 MPa

128.8 MPa 5.33 × 104 MPa

Table 4: Concrete fracture parameter test results.

Type No. E (GPa) Pf c (N) Pmax (N) σc (MPa) σ f c (MPa) σt (MPa) σ f (MPa) Gf (J/m2) lch (cm)

Basic

1

51.9

5000 14000 127.0 6.82 6.86 9.07 213.8 23.5

2 4600 14500 121.0 6.27 — 9.39 — —

3 4700 13800 124.0 6.41 — 9.59 — —

Avg. 4767 14100 124.0 6.50 6.86 9.35 213.8 23.5

1 kg long fiber

1

52.2

4800 13800 129.0 6.55 6.67 8.94 291.8 33.8

2 5000 15500 126.0 6.82 7.08 10.04 302.9 27.9

3 5000 15300 119.2 6.82 — 9.91 — —

Avg. 4933 14867 124.7 6.73 6.88 9.63 297.35 30.9

2 kg long fiber

1

52.2

4800 12000 140.8 6.55 6.56 7.78 322.8 39.2

2 5000 15000 123.6 6.82 — 9.73 — —

3 5200 14000 141.4 7.09 7.22 9.08 322.1 33.4

Avg. 5000 13667 135.3 6.82 6.89 8.86 322.5 36.3

2 Kg short fiber

1

52.0

5100 14000 120.0 6.95 6.97 9.07 300.3 30.0

2 5000 14000 115.0 6.82 6.84 9.07 321.8 30.7

3 5200 14000 — 7.09 — 9.07 — —

Avg. 5100 14000 118.0 6.95 6.91 9.07 311.1 30.4

(P f c = cracking load, Pmax = maximum load, E = modulus of elasticity, σc = compression strength, σ f c = cracking strength, σt = tensile strength, σ f = flexural
strength, Gf = fracture energy, lch = brittleness; the smaller the lch is, the more brittle the concrete is)
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Figure 11: σ-w for concrete with 2 kg short fiber.
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Figure 15: Characteristic length comparison.

< concrete with 2 kg short fiber < concrete with 2 kg
long fiber.

6. Conclusions

(1) C120 ultra-high-performance concrete’s fracture
toughness can be enhanced by adding fiber, and as
fiber content increases, cracking energy mounts too.
When fiber content stays the same, fiber type makes
difference too.

(2) Characteristic length of brittleness notates the brittle-
ness of concrete. The smaller the number is, the more
brittle the concrete is. As fiber content increases,
concrete’s toughness enhances too.
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High-performance lightweight aggregate concrete with inorganic polymers cement based on multiple minerals is a very promising
new material. The research of mechanical properties of the new material is of great theoretical and practical significance. In this
research, the failure behavior, cubic and prism compressive strength, elastic modulus, peak strain of the new material, and the
nature of the stress-strain curve are studied. An analytical model is quoted to represent the ascending and descending parts of the
stress-strain curve.

1. Introduction

The use of lightweight aggregate concrete has many advan-
tages including dead load reduction, high thermal insulation,
and enhanced fire resistance [1]. The principal hydraulic
binder of the lightweight aggregate concrete adopted was
typically Ordinary Portland Cement (OPC). However, OPC
was not an environment-friendly product and also has many
disadvantages, for example, it is not only energy intensive,
but is also responsible for large emissions of carbon dioxide
(CO2)—a greenhouse gas [2]. Inorganic polymer cement
is a new class of green ecological cementitious materials
which has better performance than OPC, including good
mechanical properties, chemical resistance and temperature
resistance, rapid setting property, low-energy consumption,
and greenhouse emissions [3–5]. It has been attracting more
and more attention of materials researchers in recent years
[6–8]. High-performance lightweight aggregate concrete
with inorganic polymers based on multiple mineralss has the
advantages of light weight, high strength, high-dimensional
stability, excellent durability, and good workability. Obvi-
ously, combination of inorganic polymer with lightweight
aggregate concrete can reduce alkali aggregate reaction effec-
tively and exhibit lower hydration heat, excellent corrosion
resistance, good permeability, and frost resistance comparing

with the OPC [9, 10]. There is few literature works reported
on this new material.

The aim of this paper is to study the mechanical prop-
erties of the new high-performance lightweight aggregate
concrete, in order to provide basic data for application of this
new material in engineering.

2. Experimental Details

2.1. Materials. The multiple minerals used in this test was
slag mixed with metakaolin and fly ash (wt. ratio: slag
powder/metakaolin = 8, slag powder/fly ash = 8). Slag pow-
der has mean particle size of 19.35 μm and Blaine fineness
of 2700 cm2/g. Metakaolin was produced by calcination of
kaolin at 750◦C in rotary kiln. Fly ash was type I fly ash
according to GB/T1596-2005. Table 1 lists main chemical
compositions of the three minerals. The activators selected
were liquid sodium silicate (wt. ratio: % Na2O = 8.26, %
SiO2 = 26.12; % water = 65.62; industrial grade) blended with
sodium hydroxide solution (30% w/v water solution).

The fine aggregate was river sand, with a specific gravity
of 2.66 and a fineness modulus of 2.75. The coarse aggregate
was a synthetic lightweight aggregate made from expanded
shale, with particle density of 1550 kg/m3, bulk density of
620 kg/m3, and particle size ranging from 5 to 15 mm. Its
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Table 1: Chemical compositions of materials.

SiO2 Al2O3 CaO Fe3O4 MgO Na2O K2O SO3 Loss

Slag powder 33.19 16.45 35.39 1.26 8.07 0.34 0.36 2.36 1.02

Metakaolin 51.28 42.39 0.31 1.74 0.27 0.15 0.22 1.12

Fly ash 53.36 25.52 4.63 7.86 1.10 0.92 1.35 0.44 2.52

Table 2: Mix proportions of the lightweight aggregate concretes with inorganic polymer.

No.
Liquid/multiple minerals
(mass ratio)

Sand/multiple minerals (mass
ratio)

Liquid sodium silicate/sodium
hydroxide solution (mass ratio)

Lightweight aggregate
volume fraction (%)

M 0.45 0.9 0.9 0

LAC1 0.45 0.9 0.9 30

LAC2 0.45 0.9 0.9 40

LAC3 0.45 0.9 0.9 50

water absorption values were 3.5% and 4.5% at 1 hour and
24 hours, respectively, and crushing strength was 5.2 MPa.

2.2. Mix Proportions. Table 2 shows four specimens of light-
weight aggregate concretes with inorganic polymer having
the same composition of mortar matrix but different volume
fractions of lightweight aggregate in concrete (0, 30%, 40%,
and 50%).

2.3. Preparation of Specimens. Uniform lightweight aggregate
concretes with inorganic polymer were prepared by dry-
mixing the raw materials of lightweight aggregate concrete
based on inorganic polymer for about 60 sec. adding the
liquid activator and then mixing them for 90 s. Three
specimens of this materials in each group were cast in steel
moulds and compacted on vibration table. The specimens
have sizes of 100 mm × 100 mm × 100 mm in cube and
100 mm × 100 mm × 300 mm in prism for testing the cubic
compressive strength and the stress-strain curves, repectively.
After being kept in indoor environment for 24 hours, all the
specimens were demolded and stored in the curing room
(20± 3◦C, 95% relative humidity) until testing at 28 days.

2.4. Test Setup and Method. Compression strength of cubic
specimens and stress-strain curve of prism specimen were
tested on a 2000 kN hydraulic compression testing machine
and an INSTRON 1346 electrohydraulic servouniversal
testing machine, respectively. Figure 1 shows the test setup
for the stress-strain curve. The strain rate was kept constant
at 5 × 10−5 sec−1. Before testing, every prism specimen
was preloaded and repeated three times at 30–40% of the
estimated peak stress to reduce the error caused by the end
effect of the specimens. The test results obtained were average
values of three specimens in each group.

Figure 1: Test setup for the stress-strain curve.

3. Results and Discussion

3.1. Stress-Strain Curves. Figure 2 shows stress-strain curves
of the concrete with different volume fractions of lightweight
aggregate. There are four stages: compacting stage, elastic
stage, plastic stage, and failure stage. Clearly, the lightweight
aggregate volume fraction has great effect on mechanical
properties of the aggregate concretes, the curvature of every
ascending branch of the stress-strain curve decreased with an
increase in lightweight aggregate content; this means that the
elastic and ultimate strength of the concrete decreased as the
lightweight aggregate volume fraction increased.

3.2. Compressive Strength. Table 3 lists cubic and prism com-
pressive strengths of the lightweight aggregate concretes with
inorganic polymer. It is seen that both the cubic ( fcu) and
prism ( fc) compressive strength of the concrete decreases as
the lightweight aggregate volume fraction increases, due to
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Table 3: Cubic and prism compressive strength of lightweight aggregate concretes with inorganic polymer.

No.
Cubic compressive strength
fcu (MPa)

Prism compressive strength
fc (MPa) fc/ fcu Lightweight aggregate volume fraction (%)

M 92.3 81.1 0.88 0

LAC1 62.6 56.6 0.90 30

LAC2 55.7 51.0 0.92 40

LAC3 48.2 45.8 0.95 50
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Figure 2: Stress-strain curves of concrete containing different vol-
ume fraction of lightweight aggregate.
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Figure 3: Elastic modulus of concretes with different volume frac-
tions of lightweight aggregate.

Table 4: The parameters A, B, and C of the model.

No. A B C

LAC1 (30%) 0.3147 0.9975 901.0249

LAC2 (40%) 0.3706 0.8262 231.6766

LAC3 (50%) 0.4561 0.7339 325.7177
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Figure 4: Peak strain of lightweight aggregate concrete with inor-
ganic polymer binder.

lower strength of the lightweight aggregate than that of the
concrete. The ratio of the cubic compressive strength ( fcu)
to the prism compressive strength ( fc) increases and tends
to 1. This is because the more the lightweight aggregate, the
lower the strength of the lightweight aggregate concretes and
the smaller the cyclo-hoop effect, resulting in fewer difference
between the cubic and the prism compressive strengths.

3.3. Elastic Modulus. The elastic modulus Ec of the light-
weight aggregate concretes with inorganic polymer can be
calculated by the following formula [11] based on the stress-
strain curve:

Ec = σ2 − σ1

ε2 − 0.005%
, (1)
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Figure 5: (a) Comparison of the predicted and experimental curves of concrete containing 30% lightweight aggregate. (b) Comparison of
the predicted and experimental curves of concrete containing 40% lightweight aggregate. (c) Comparison of the predicted and experimental
curves of concrete containing 50% lightweight aggregate.

where σ1 is the stress corresponding to a strain of 0.005%,
σ2 is the stress corresponding to the 40% of the peak load,
σ1 is the stress corresponding to a strain of 0.005%, and
ε2 is the strain at the stress level σ2, respectively. As shown
in Figure 3, the elastic modulus of concretes with different
volume fraction of lightweight aggregate decreased as the
volume of lightweight aggregate increased. This is due to the
elastic modulus of lightweight aggregate being lower than
that of mortar.

3.4. Peak Strain. Figure 4 shows the peak strain of light-
weight aggregate concrete with inorganic polymer binder. As
shown in Figure 3, the peak strain of lightweight aggregate
concrete increased as the volume fraction of lightweight
aggregate increased. The main reason for the peak strain

increase was that the elastic modulus of lightweight aggregate
was lower than hardened inorganic polymer binder.

3.5. Prediction of Stress-Strain Relations. In this study, a
model proposed by Ding et al. [12] is used to obtain an
equation applicable to lightweight aggregate concrete with
inorganic polymer binder. The expression is of the following
form.

(1) Expression for the ascending branch (ε/εc ≤ 1)

σ

fc
= A(ε/εc) + (B − 1)(ε/εc)

2

1 + (A− 2)(ε/εc) + B(ε/εc)
2 . (2)

(2) Expression for the descending branch (ε/εc ≥ 1)

σ

fc
= ε/εc

C(ε/εc − 1)2 + ε/εc
. (3)
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In (2) and (3), A, B, and C are coefficients to be deter-
mined. The parameter A is the ratio of elastic modulus
and the peak secant modulus. The parameter B is related
to control the attenuation degree of the elastic modulus of
ascending branch of the curve. The parameter C is related
to the ductility of the lightweight aggregate concrete with
inorganic polymer binder. The larger the B-value is, the
smaller is the ductility.

The parameter A, B, and C were obtained from least-
square fitting based on the stress-strain curves of concretes
containing different volume fraction of lightweight aggre-
gate; the values of A, B, and C are given in Table 4.

Three stress-strain curves of concretes containing 30%,
40%, and 50% volume fraction of lightweight aggregate,
which take σ/ fc and ε/ε0 as dimensionless coordinates, are
shown in Figures 5(a), 5(b), and 5(c), respectively.

A comparison of the curves for proposed model equation
with the experimental stress-strain curves showed good
agreement for concretes containing 30%, 40%, and 50%
volume fraction of lightweight aggregate.

4. Conclusions

(1) When the volume fraction of lightweight aggregate in
the high-performance lightweight aggregate concrete
based on inorganic polymer binder increased from
0 to 50%, all the cubic compressive strength, prism
compressive strength, and elastic modulus decreased,
while the ratio value of fc/ fcu increased from 0.88 to
0.95.

(2) The peak strain of concrete with inorganic polymer
binder increases as the volume fraction of lightweight
aggregate increased.

(3) The stress-strain curves of high-performance light-
weight aggregate concrete based on inorganic poly-
mer binder under uniaxial compressive loading can
be fitted by cubic polynomial and rational fraction.
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The compressive strength of silica fume concretes was investigated at low water-cementitious materials ratios with a naphthalene
sulphonate superplasticizer. The results show that partial cement replacement up to 20% produce, higher compressive strengths
than control concretes, nevertheless the strength gain is less than 15%. In this paper we propose a model to evaluate the compressive
strength of silica fume concrete at any time. The model is related to the water-cementitious materials and silica-cement ratios.
Taking into account the author’s and other researchers’ experimental data, the accuracy of the proposed model is better than 5%.

1. Introduction

The use of silica fume in combination with a superplasticizer
is now a usual way to obtain high-strength concretes.
The improvement of mechanical properties of concretes
with silica fume accounts for the increasing consumption
of this admixture in concrete. Furthermore, apart from
mechanical properties, the durability of high-performance
concretes concerning the most common harmful ions (sul-
fate, chloride, and seawater) is also improved; indeed the
reduction of permeability which is due to the more compact
microstructure of concrete slows down the diffusion of ions.
Nevertheless various authors point out some drawbacks
regarding the use of silica fume in concretes. Among these,
the loss of plasticity during the production of concrete and
the great sensitivity to plastic shrinkage during the initial
curing are the most important. However, researchers seem to
disagree about the interpretation of the exact role silica fume
plays in the increase of mechanical strengths.

Some authors claim that silica fume improves the
strength of the bond between the aggregates and the cement
matrix [1–5]. The partial replacement of cement by silica
fume increases the strength of mortar and concrete; yet it
does not seem to have an important impact on the strength
of pure cement paste. To other researchers, however, the
positive result due to the admixture of silica fume stems

from the increase in strength of the cement matrix [6, 7].
Researchers also disagree about the definition of the optimal
content of silica fume which enables to obtain the highest
strengths. To some researchers [8, 9], the content is about
15% whereas to others [5, 10] the increase in compressive
strength may be reached at 30% to 40% of replacement of
cement by silica fume.

In this study we aim at defining the influence of the
content of silica fume on the compressive strength of con-
crete. Moreover, we introduce a prediction model of the com-
pressive strength of high perfromance concrete depending on
time.

2. Experimental Procedure

2.1. Basic Materials. We used two crushed limestone aggre-
gates from the “Boulonnais” region with a granular size of
5–12.5 mm and 12.5–20 mm.

The compressive strength of the aggregates varies from
140 to 180 MPa. Their Saturated Surface Dried (SSD) specific
gravity was 2.70 and the absorption of 0.5%. The fine
aggregate is composed of a mixture of 50% of rolled sand
from the “Seine” region and 50% of crushed sand from the
“Boulonnais” region. The sand has a specific gravity of 2.65,
an absorption of 0.80%, and a fineness modulus of 2.56.
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Table 1: Physical properties and chemical analyses of cements C
and silica fume.

Description of tests
Portland cement
(CPA CEM 52.5)

Silica fume

Mortar strength

Compressive strength at:

2-days 35 MPa —

7-days 50 MPa —

28-days 62 MPa

Chemical analysis

SiO2 19.8% 89%

Al2O3 5.14% 0.3%

Fe2O3 2.3% 0.6%

CaO, total 64.9% 0.3%

MgO 0.9% 1.1%

SO3, total 3.4% 0.2%

K2O 1.1% 1.6%

Na2O 0.05% 0.6%

Si — 3.2%

Loss on ignition 1.1% 2.7%

Insoluble residue 0.2% —

Compound composition

C3S 58%

C2S 13%

C3A 10%

C4AF 7%

The physical properties and chemical analyses of cement
and silica fume are given in Table 1.

The silica fume contains 89% of SiO2 with a density of
2.1 and a bulk density of 600 kg/m3; its BET-specific area
is 18.2 m2/g. The superplasticiser used is a naphthalene
sulphonate condensate with 40% solids content which has a
specific gravity of 1.21.

In order to get homogeneous samples, we adapted the
content of superplasticizer so that the slump remains con-
stant. The slump is about 170 to 200 mm to get a fluid con-
sistency of concrete.

2.2. Test Details. The mixing parameter for the high strength
concretes is presented in Table 2. The mixing procedure to
get the concrete samples was as follows.

(1) The dry aggregates, and the cementitious materials
(cement and silica fume) were mixed without water
for one minute.

(2) Mixing water was added with one third of the volume
of superplasticizer, then the mixing was continued for
2 minutes and 30 seconds.

(3) The remaining superplasticizer was added with a last
one-minute mixing.

The addition of silica fume was obtained by replacing
part of the cement with the same weight of silica fume. The

silica fume content was 0, 10, 20, and 30% of the cement
weight for all mixtures. Four binder, dosages (cement + silica
fume) were experimented: 550, 460, 400, and 310 kg/m3.

The superplasticizer was added as a weight percentage
in relation to the binder and the dosage was determined
thanks to the “grout method” [11]. This superplasticizer has
a good compatibility with the two cements and was used in
several structures made of high strength concrete. The total
amount of water in mixtures (including the water in the
superplasticizer) was 141 L/m3.

The concrete was cast in 32 × 16 cm cylindrical molds
which were filled in two successive stages with a needle
vibration. The specimens were stored in their molds for 24
hours at a temperature of 20±1◦C and at a relative humidity
of 55 ± 5%. They were then demoulded and cured in lime-
saturated water at 20 ± 1◦C until required for testing. The
cylinders were tested in compression with a servohydraulic
press (standard AFNOR NF 18-406). Each strength value was
the average of the strength of three specimens.

3. Results and Discussion

3.1. Evolution of the Compressive Strength. The evolution of
the compressive strength for different water-cementitious
materials ratios between 1 day and 180 days is represented
in Figure 1. It is clear from the curves of Figure 1 that
the compressive strength of concrete incorporating 10% and
20% sf increases compared to the control concrete without
sf. On the contrary at a level of 30% sf, the strength is slightly
lower.

Between one (t1) and about ten days (td), the compressive
strength R increases linearly according to the logarithm of
time t.

R = A + B log
td
t1
. (1)

The B coefficient represents the kinetics of the hydration
reaction. For sf concrete the kinetics is activated by the
pozzolanic effect of the silica fume which starts early before
two days [12, 13]. The variation of the B/Bo (Bo for the
control concrete) quotient as a function of w/(c + sf) ratio
is shown in Figure 2. It can be observed from the curves
that the kinetics of the pozzolanic reaction decreases when
the w/(c + sf) ratio increases. It is obvious that the higgest
pozzolanic effect is due to 10–20% sf contents. For 30%sf the
granular dispersion of a great number of sf particles makes
up for the pozzolanic effect.

After ten days we notice a reduction regarding the
kinetics of the increase in the strength of mixes but the
reduction is less important for the control concrete. In the
long run, the compressive strength of the control concrete is
the same as the 10% and 20% sf concretes. Figure 3 shows
that the compressive strength increases normally when the
w/(c + sf) ratio diminishes; moreover, the influence of the
water-cementitious materials ratio is more important than
the incorporation of silica fume.

The variation of the ratio Rsf/R (control) as a function
of the sf content after 28 and 180 days for the four inves-
tigated water-cementitious ratios is presented in Figure 4. By
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Table 2: Mix proportions and properties of fresh concrete.

sf/(c+sf) Batch quantities (kg/m3) ∗SP Properties of fresh concrete

Mixture w/(c+sf) (%) Cement Silica fume Fine Agg. Coarse Agg. (%) Slump (mm) Unit weight (kg/m3) Air content (%)

1

0.25

0 550 0 638 1192 5.5 160 2551 1.2

2 10 495 55 640 1200 2.8 170 2546 1.5

3 12 440 110 620 1190 3.4 160 2520 1.3

4 30 385 165 610 1172 4 170 2495 1.1

5

0.30

0 460 0 688 1208 2.6 180 2509 1.6

6 10 414 46 682 1206 1.6 190 2496 1.7

7 20 368 92 674 1188 2.4 170 2474 1.2

8 30 322 138 670 1170 2.8 170 2454 0.9

9

0.35

0 400 0 744 1196 1.4 160 2489 1.5

10 10 360 40 734 1195 1 170 2476 1.4

11 20 320 80 730 1176 1.6 170 2456 1.1

12 30 280 120 720 1165 2 170 2437 1.6

13

0.45

0 310 0 760 1152 0.6 170 2366 1.4

14 10 279 31 754 1147 0.4 180 2354 1.3

15 20 248 62 748 1137 0.8 170 2340 1.4

16 30 217 93 740 1129 1 170 2326 0.9
∗

SP: superplasticizer (water + solids), percent by weight of the cementitious materials (c + sf).

Table 3: Composition and compressive strength of standardized mortar specimens 4× 4× 16 cm (NF P15-451).

N◦ mixture 1 2 3 4 5 6 7

sf/c 0 0.1 0.15 0.2 0.25 0.3 0.4

w/(c + sf) 0.3 0.294 0.29 0.3 0.3 0.3 0.3

w (g) 165 150 135 132 132 120 105

c (g) 550 510 500 450 440 400 350

sf (g) 0 51 75 90 110 120 140

Sand (g) 1350 1350 1350 1350 1350 1350 1350

Superpl. (%) 1.5 1.5 2.0 2.2 2.4 2.8 3.0

f c28 (MPa) 83 102 109 112 114 112 108

α (sf/c) 0.005 0.196 0.261 0.341 0.364 0.340 0.292

analysing the curves we notice that the optimum replacement
of cement by sf is around 10–15% sf. This result is in agree-
ment with the conclusions reached by other investigators
[8, 9].

However, the percentage of the increase in compressive
strength for 10%sf concretes remains quite low, about a
maximum of 15% after 28 days. Furthermore the increase
tends to be less important in the long run.

3.2. Prediction of Strength Development of sf Concretes. The
compressive strength of an ordinary concrete after 28 days
may be represented by the Bolomey equation [14]

fc28 = KRc28

(
C

E + V
− 0.5

)
, (2)

where C and E are the mass of cement and water, and V
is the air volume. K is a coefficient that depends on the
characteristics of aggregates. Rc28 is the compressive strength
of the standardized mortar after 28 days.

For sf concretes, we present a simple equation of the same
type

fc28 = K
1
ρc
Rc28

L
(E + V)

, (3)

ρc is the relative density of the cementitious material and L
is the effective cementitious content such as L = C+α(sf/c)C.
The function α(sf/c) represents the contribution of sf in
“equivalent” cement to the compressive strength. We may
assume that the efficiency of sf is linked to the presence of
cement and only depends on the sf/c ratio.

Eventually we obtain the following equation:

fc28 = KRc28
1
ρc

C
(E + V)

[
1 + a

(
sf
c

)]
. (4)

In order to determine the α(sf/c) function we, measured
the compressive strength on standardized mortar specimens
with increasing sf contents.

The composition, the compressive strength at 28 days,
and the values of the α(sf/c) function calculated from (4) are
listed in Table 3.
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Figure 1: Strength development of concretes at different water-cementitious materials ratios.

The curve which represents the variation of the α coeffi-
cient with the sf/c ratio is shown in Figure 5. By smoothing
the experimental data, the curve can be represented by the
following equation obtained with a correlation coefficient of
0.989:

α
(

sf
c

)
= 0.36−

[
2.1
(

sf
c

)
− 0.6

]2

. (5)

The air volume of (4) is taken into account by writing
V = yE. The y coefficient depends on the concrete, con-
sistency according to the following values: 0.13 for a firm
concrete, 0.10 for a plastic concrete and 0.07 for a very plastic
or fluid concrete [15].

We can generalize the previous equation at any time t by
writing

fc(t) = KRc28
C(

y + 1
) · E

×
⎧⎨
⎩A(t) + 1.36−

[
2.1
(

sf
c

)2

− 0.6

]2
⎫⎬
⎭.

(6)

The K coefficient depends on the aggregates and will be
calculated from the reference concrete strength without sf
at 28 days. A(t) is a kinetics function which is determined
from the compressive strength of reference concrete at a time
t considering that A(t) = 0 at 28 days.

Figure 6 shows the results obtained by the authors
and data related to the works of different researchers. All
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the values shown on the curve amount to 282 results
[16–29], a good accuracy of the model for predicting the
compressive strength of sf concretes is emphasized. The
absolute value of the standard deviation between the model
and the experimental data is 2.9 MPa with a correlation
coefficient of 0.991. The accuracy is all the more noteworthy
as the model does not take into account the nature of silica
fume used by the different experimenters. So the amount
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of SiO2 and oxyd carbon may greatly vary according to the
industrial origin of silica fume.

That model may be compared to that obtained by de
Larrard [20] which is based on the Feret’s law and gives the
compressive strength of sf concrete at 28 days

fc28 = KRc28[
1 + 3.1

(
(E/C)/

(
1.4− 0.4 exp(−11sf/c)

))]2 . (7)

The formula is valid for water/cement ratios less than 0.40.
The comparative results from the two models are shown

in Figure 7. The precision is about the same for the
application of two models to the 65 experimental values
obtained by the authors.
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Moreover Babu and Prakash [30] evaluated the efficiency
of silica fume in concrete taking into account a “percentage
efficiency factor k′′p given by the following relation:

kp = 0.0015p2
r − 0.1223pr + 2.8502, (8)

where pr is the sf percentage compared with the total
cementitious.

Insertion of kp in (6) gives

fc(t) = KRc28
C(

y + 1
)
E

×
[
A(t) + 1 +

(
0.0015p2

r − 0.1223pr + 2.8502
)

× sf
c

]
.

(9)
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Figure 8: Comparison of experimental and theoretical values of the
compressive strength obtained through (9).

Figure 8 shows the comparison of experimental and
theorical values calculated from the 282 data with (9). The
validation is satisfactory since the absolute value of the
standard deviation between the model and the experimental
data is 4.3 MPa with a correlation coefficient of 0.979.

4. Conclusions

The increase of the compressive strength of sf concretes
depends much more on the decrease of the water/cementi-
tious materials ratio than on the replacement of silica fume
with cement. The compressive strength increases with the
silica fume content up to 20% and reaches a maximum for
a 10 to 15%sf level. However, the gain in strength compared
with reference concrete remains less than 15%.

Consequently we suggest a model which enables to
assess the compressive strength at a given time for sf
concretes. After determining the strength of standardized
mortar, values of compressive strength are obtained with a
correlation coefficient 0.991 thanks to 282 experimental data
based on the authors’ experiments and other investigations.
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caractéristiques physico-mécaniques des granulats sur
la résistance en compression des bétons à très hautes
résistances,” Bulletin de l’Association Internationale de
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An experimental investigation was conducted on fire resistance of reactive powder concrete (RPC), mainly on explosive spalling
occurrence and residual mechanical properties exposed to high temperature. The residual mechanical properties measured include
compressive strength, tensile splitting strength, and fracture energy. RPC was prepared using cement, sand, silica fume, steel
fiber, and polypropylene fiber. After subjected to high temperatures from 200 to 600◦C, the residual mechanical properties
were determined. RPC spalled considerably under high temperature. After exposure to high temperatures from 200 to 400◦C,
mechanical properties were enhanced more or less, which can be attributed to further hydration of cementitious materials activated
by elevated temperature. Compressive strength started to decrease after exposure to 400◦C, but tensile splitting strength and
fracture energy started to decrease after exposure to 200◦C. Incorporating hybrid fiber (polypropylene fiber and steel fiber) is
a promising way to enhance resistance of RPC to explosive spalling, which should be a main objective for improving its fire
resistance.

1. Introduction

As a new generation of concrete, reactive powder concrete
(RPC) has attracted great research attention for its ultra-
high strength and high durability [1, 2]. In general, RPC is
characterized by very low water/binder (W/B) ratio below
0.20, and very dense microstructure formed by using a series
of powders including cement, silica fume, and ground quartz
sand. Cured under hot water condition, RPC may have
compressive strength between 100 and 800 MPa.

To a variety of applications of RPC, such as prestressed
concrete structures, nuclear power stations, large-span arch-
roof structures, and bridges, fire is still a potential risk.
However, so far there are only a few reports on fire
resistance or fire behavior of RPC, and experimental data
are especially lacked for evaluating fire resistance of RPC.
Since 2000, a couple of investigations by means of computer
modeling revealed that RPC is prone to explosive spalling
under high temperature [3–5]. Moreover, an experimental
investigation in 2009 [6] found that RPC spalled under high
temperature, in a manner as layer by layer when column
specimens were used, which was quite different from that

of high-strength or high-performance concrete reported in
most literature. But the mechanism for spalling behavior of
RPC remains unknown. Furthermore, mechanical properties
including strength and fracture energy of RPC exposed to
high temperature are also of great concern.

In the present paper, an experimental investigation was
conducted on explosive spalling and mechanical properties
of RPC subjected to high temperature. The effects of W/B
ratio, moisture content, and fiber are discussed.

2. Experimental Details

2.1. General. RPC were prepared using polypropylene
fibers, steel fibers, and combinations of the two types of
fibers. Specimens in the forms of 100 mm × 100 mm ×
100 mm cubes and 100 mm × 100 mm × 300 mm beams
were of eight types of concrete designated by 0.16S2.0,
0.18S2.0, 0.18P0.10S2.0, 0.18P0.15S2.0, 0.18P0.20S2.0, 0.20S2.0,
0.16P0.15S2.0, and 0.20P0.15S2.0. Their mix proportions and
compressive strength at 28 days are given in Table 1. The
diameter and length of the polypropylene fiber (PP fiber)



2 Advances in Materials Science and Engineering

Table 1: Mix proportions and compressive strength of RPC tested.

No. Type of RPC W/B
Quantity (kg/m3)

28d strength (MPa)
Cement Water Sand Silica fume Steel fiber PP fiber

(1) 0.16S2.0 0.16 720 144 1166 180 156 0 105.3

(2) 0.18S2.0 0.18 720 162 1080 180 156 0 80.8

(3) 0.18P0.10S2.0 0.18 720 162 1080 180 156 0.91 90.2

(4) 0.18P0.15S2.0 0.18 720 162 1080 180 156 1.37 95.6

(5) 0.18P0.20S2.0 0.18 720 162 1080 180 156 1.82 80.9

(6) 0.20S2.0 0.20 720 180 1166 180 156 0 86.3

(7) 0.16P0.15S2.0 0.16 720 144 1166 180 156 1.37 97.9

(8) 0.20P0.15S2.0 0.20 720 180 1166 180 156 1.37 70.2

were 20 μm and 20 mm, while the diameter and length
of steel fiber were 0.22 mm and 13 mm. Fine aggregate of
quartz sand with fineness of 1.3 and ordinary Portland
cement of 42.5 MPa grade were employed. Polycarboxylate
superplasticizer was used to maintain slump of mixtures
from 100 mm to 190 mm.

After demolding at one day, the specimens were cured in
hot water at 90◦C for three days and then in water at 20◦C
until being tested.

2.2. Explosive Spalling Test. Spalling tests were conducted
on cubes of 100 mm × 100 mm × 100 mm of six types of
RPC, from no. 1 to no. 6 in Table 1, at age between 40 days
and 50 days. Specimens were heated in an electric furnace
at a rate of 10◦C/min. The heating rate was measured in
the air at a position approximately 4 cm above the upper
surface of a concrete specimen inside the electric furnace.
This rate was the same as in heating for the determinations
of strength and fracture energy. The temperature-time curve
of the spalling tests with a target temperature of 700◦C is
given in Figure 1. The target temperature was maintained
for 1 hr. It was estimated, according to test results in a
previous investigation [7], that temperature at the center of
a specimen rose gradually to the target temperature from
the first 20th minute during the 1 hr period for maintaining
temperature, which was then maintained for the remaining
40 minutes until electric heating was turned off.

2.3. Determination of Strength. Cube specimens of 100 mm
size of three types of RPC, that is, No. 4, No. 7, and No.
8 in Table 1, were employed for strength determination. At
28 days three specimens for each batch were taken out from
curing water and dried at 105◦C for about two days, in order
to decrease moisture content of concrete to a lower degree,
so that the specimens for strength determination would
not encounter explosive spalling when exposed to heating
[8]. The specimens were then heated in an electric furnace
to temperatures of 200, 400, and 600◦C, respectively, at a
heating rate of 10◦C/min, as shown in Figure 1. The target
temperatures were maintained for 1 hr. After the specimens
had been allowed to cool naturally to room temperature, the
residual mechanical properties were determined including
compressive strength and tensile splitting strength after two
days from heating. Determination of compressive strength
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Figure 1: Temperature-time curves in heating of spalling test
specimens.

and tensile splitting strength was according to the China
standard GBJ 81–85 [9] which is similar to BS 1881:Part 116.

2.4. Determination of Fracture Energy. Notched beam spec-
imens of 100 mm × 100 mm × 300 mm of the same
three types of RPC as in Section 2.3 were employed for
fracture energy determination. At 28 days three specimens
for each batch were exposed to 105◦C for two days, and
then heated to temperature of 400◦C at a heating rate of
10◦C/min. The target temperature was maintained for 1 h.
After the specimens cooled naturally to room temperature,
the residual fracture energy was determined. Fracture energy
was determined according to a RILEM test method [10].

A notch was prepared on each beam specimen during
casting, to form a crack at the midspan of each specimen
prior to heating [8]. In a three-point bending test on a beam
specimen, mid-span deflection δ was recorded during the
whole loading process until failure. The loading was in a
displacement-controlled manner at a rate of 0.05 mm/min.
From a load-deflection curve recorded, the fracture energy
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Table 2: Statistical results of explosive spalling tests on RPC with various moisture contents.

Type of RPC
Moisture content

0% 25% 50% 63% 75% 88% 100%

0.16S2.0 3 (3) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3)

0.18S2.0 3 (0) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3)

0.18P0.10S2.0 3 (0) 3 (2) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3)

0.18P0.15S2.0 3 (0) 3 (0) 3 (1) 3 (2) 3 (3) 3 (3) 3 (3)

0.18P0.20S2.0 3 (0) 3 (1) 3 (3) 3 (3) 3 (3) 3 (3) 3 (3)

0.20S2.0 3 (0) 3 (0) 3 (2) 3 (3) 3 (3) 3 (3) 3 (3)
∗

Note: the value outside the bracket was the total number of specimens tested in a given batch, while the value in the bracket was the number of specimens
encountered spalling in this batch.
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Figure 2: Temperature range for spalling of two types of RPC with various moisture contents.

of concrete could be calculated by using (1) that is specified
in the RILEM method [10]. We have

GF =
[∫ δ0

0 P(δ)dδ + mgδ0

]

Alig
, (1)

where GF = the fracture energy (J/m2), m = m1 + m2 (kg),
m1 = M × s/L (weight of the beam between the support,
calculated as the beam weight multiplied by s/L), M = mass
of the specimen, m2 = weight of the part of the loading
arrangement which is not attached to the machine but
follows the beam until failure, s = span, L = length of the
specimen, g = 9.81 m/s2, δ0 = the mid-span deflection of the
specimen at failure (m), Alig = area of the ligament (m2), δ =
mid-span deflection (m), and P = load (N).

3. Results and Discussion

3.1. Explosive Spalling. The statistical results of the spalling
tests are given in Table 2. Among the six types of RPC, RPC at
a lower W/B ratio suffered greater spalling damage, in terms
of greater spalling occurrence frequency in Table 2. For RPC
at a W/B ratio of 0.16 (0.16S2.0), spalling occurred within
temperature range shown in Figure 2(a) under all moisture
contents, while RPC at a W/B ratio of 0.20 (0.20S2.0) did not
spall under low moisture content ranged from 0% to 25%.
Therefore, for obtaining ultra-high mechanical properties,
RPC usually has a low W/B ratio below 0.20 and hence is
highly prone to explosive spalling under high temperature.

It can also be seen in Table 2 that fibers including steel
fiber and polypropylene (PP) fiber have a positive effect
on inhibiting explosive spalling of RPC. As a reinforcing
fiber, steel fiber which is usually employed in RPC at
0.18 and 0.20 W/B ratios could avoid spalling under low
moisture contents, as shown in Figure 2(b). It has been
commonly recognized that PP fiber has a positive effect
on inhibiting explosive spalling of concrete, as shown in
Table 2. However, in the present research, PP fiber could
not avoid spalling under relatively high moisture contents
ranged from 25% to 100%, which is different from the
effect of PP fiber on explosive spalling of high-strength or
high-performance concrete at strength grade below 100 MPa
reported previously [8]. Nevertheless, incorporating hybrid
fiber (polypropylene fiber and steel fiber) is a promising way
to enhance resistance of RPC to explosive spalling, which
should be a main objective for improving its fire resistance
and needs further research.

The results of observations of two typical types of RPC
with various moisture contents after spalling tests are given
in Table 3. It is obvious that, the higher the moisture content,
the greater the degree of spalling occurrence, which means
that more broken pieces were formed by spalling of a cube
specimen. Under high moisture contents such as 100% and
88%, concrete fully spalled and broken into small pieces,
while, under low moisture contents, the results are quite
different, such as 0%, RPC of 0.16S2.0 (only partially spalled)
and RPC of 0.18P0.10S2.0 (no spalling).
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Table 3: Observations of two types of RPC with various moisture contents after spalling tests.

Moisture
content

0.16S2.0 0.18P0.10S2.0

Observation Brief description Observation Brief description

100%
A cube fully spalled and
broke into small pieces.

A cube fully spalled and broke into
small pieces.

88%
A cube fully spalled and
broke into small pieces.

A cube fully spalled and broke into
small pieces.

75%
A cube fully spalled and
broke into small pieces.

A cube spalled and broke into small
and large pieces.

63%
A cube fully spalled and
broke into small or large
pieces.

A cube partially spalled.

50%
A cube fully spalled and
broke into large pieces.

A cube partially spalled.

25%
A cube fully spalled and
broke into large pieces.

A cube with minor spalling.

A cube remained intact (no spalling).

0% A cube partially spalled. A cube remained intact (no spalling).
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Figure 3: Residual strength of RPC with different W/B ratios.
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Figure 4: Residual fracture energy of RPC with different W/B
ratios.

3.2. Strength. The results of compressive strength and tensile
splitting strength of RPC are given in Figures 3(a) and
3(b), respectively. Each point in Figures 3(a) and 3(b) was
obtained from the average of tests on three cubes a batch.
Figure 3(a) shows that high temperatures can be divided
into two ranges in terms of effect on RPC’s strength loss,
namely, 20–400◦C and 400–600◦C. In the range 20–400◦C,
the three types of RPC maintained or even got an increase in
their original strength. In the range 400–600◦C, these RPCs
lost their original strength considerably. Thus, the range
400–600◦C may also be regarded as the critical temperature
range for the strength loss of RPC, which is similar to
that of plain or fiber concrete with strength grade below
100 MPa [8]. Compared with previous knowledge [8, 11],
the increase in compressive strength in the range 20–400◦C
in this investigation might be due to further hydration of
cement residues or reaction between calcium hydroxide and
minerals such as silica fume. But the mechanism for such an
increase in compressive strength needs further research.

The loss in tensile splitting strength in Figure 3(b) was
considerable in the range 200–600◦C, which was clearly
different from the change in compressive strength, that
is increased in the range 20–400◦C and then gradually
decreased in the range 400–600◦C. This is because tensile
strength is more sensitive to flaws either on macro- or
on microscale which are caused by high temperatures to
concrete [11], such as thermal cracking or melting of PP fiber
and formation of interconnected pores.

3.3. Fracture Energy. The results of residual fracture energy
of RPC after exposure to 400◦C are given in Figure 4. As
a whole, RPC had much higher fracture energy (12700–
14800 J/m2) than that of plain concrete (100–250 J/m2)
[8]. Under 200◦C, fracture energy increased slightly, but
decreased under 400◦C and 600◦C. In spite of such a
decrease, fracture energy of RPC after exposure to 600◦C
was still as high as 5800–7800 J/m2. It is estimated that
the bonding force of hardened cement paste at a very low

W/B ratio is so high that a more pronounced fiber pullout
process can take place during fracture of RPC after heating.
The increase in fracture energy of RPC after exposure to
200◦C can be correlated to further hydration of cementitious
materials, while the decrease in fracture energy of RPC
after exposure to 400◦C and 600◦C can be attributed to
thermal cracking, formation of interconnected pores, and
porestructure coarsening [11].

4. Conclusions

Based on the experimental results in this research, the
following conclusions can be drawn.

(i) RPC at a low W/B ratio from 0.16 to 0.20 is highly
prone to explosive spalling under high temperature.
PP fiber has a slightly positive effect on inhibiting
explosive spalling RPC, which is not as efficient as in
high-strength or high-performance concrete.

(ii) Under high moisture contents, RPC fully spalled and
broke into small pieces, while, under low moisture
contents, RPC only partially spalled or experienced
no spalling.

(iii) High temperatures can be divided into two ranges
in terms of strength loss in RPC, namely, 200–
400◦C and 400–600◦C. In the range 200–400◦C, RPC
maintained or even got an increase in their original
strength, for which the reason is unclear and needs
further research. In the range 400–600◦C, RPC lost
their original strength considerably.

(iv) As a whole, RPC had much higher fracture energy
than that of plain concrete. Moreover, fracture energy
of RPC after exposure to 600◦C was still quite
high. The reason may be that the bonding force of
hardened cement paste in RPC is so high that a
more pronounced fiber pullout process can take place
during fracture of RPC after heating.
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The self-compacting lightweight concrete (SCLC) is a combination of the Self compacting concrete (SCC) and the Lightweight
concrete. It combines all the good properties of those two materials and is extremely convenient for the construction of buildings
that require low mass and do not require high compressive strength, for example restoration works in old structures (e.g.,
replacement of wooden floors), prefabricated elements that require transportation, and for structures and elements where the
concrete surface should be visible. In this paper the effect of the amount of fine particles on the properties of the self-compacting
lightweight concrete (SCLC) in the fresh and hardened state was explored. For this purpose, sets of specimens with different
combinations of admixtures of silica fume, fly ash, and filler were prepared and tested. Slump flow and flow time of fresh concrete,
as well as the dynamic elastic modulus and compressive strength of hardened concrete, were measured at different ages of concrete.
The processes of manufacturing and methods of testing are described, as well as the obtained results.

1. Introduction

The self-compacting concrete (SCC) can be described as
concrete that possess the flowability conditioned by gravity,
whereby, when poured into the formwork, it fills all the
cavities within the formwork and the need for additional
vibration disappears. What makes the SCC different from
normal concrete, in its fresh state, is its large deformability
and stability which allows pouring in places of dense
reinforcement and allows it to completely fill the formwork,
without additional vibration and without segregation.

The development of the self-compacting concrete began
in the eighties of the last century in Japan [1, 2] when the
problem of durability of concrete structures was becoming
one of the key problems of building with concrete. The
material, which until then was considered indestructible and
for which it was thought that maintenance was not necessary,
began to exhibit a number of shortcomings. In many samples
extracted from concrete structures segregation phenomenon
at the macrolevel had been observed, and in some places a
complete disintegration of the micro structure of concrete
[1, 3].

Durable concrete structures can be constructed only
with good compacting of the concrete which requires a
sufficient number of skilled workers. However, the number
of skilled workers in the construction industry is constantly
decreasing, which led to a gradual decline of the quality of
concrete. One solution to achieve the durability of concrete
structures, regardless of the quality of the workforce, is
the application of the self-compacting concrete that can fill
every place and every corner of formwork under only the
action of its own weight without the need for vibration.
Some experts in the field of concrete technology classified
the self-compacting concrete as one of the most important
discoveries in the concrete technology over the last few
decades [3].

Taking all of these advantages into account, the cost of the
more expensive materials can be compensated with a simpler
construction method, so the use of the self-compacting
concrete is generally cheaper in the end.

Fresh self compacting concrete must have the same basic
characteristics as pumped concrete. This means that it must
be easy to mold, with no segregation at any level of the grain
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size. The basic requirement for the self compacting concrete
is that the paste must have high flowability, but also must be
stable. This requirement can be fulfilled using a binder with a
high content of fine particles. To achieve high flowability and
stability at the same time, particles finer then cement have
to be added to the paste. For this purpose the electrofilter
SiO2 powder (silica fume), which has an average particle size
of several micrometers, is very convenient. Due to its small
spherical particles, the silica fume ensures good cohesion
and improved resistance to segregation and is effective for
the elimination of bleeding. Also, fly ash is very effective
in increasing the cohesion and reducing the sensitivity to
changes in water quantity. Hydraulic admixtures (such as
slag) are already partially included in some cements but can
also be added to concrete [1–5].

The mortar itself must also be stable. This require-
ment is being fulfilled by using the fine aggregate with
a sufficient content of grains smaller than 1 mm, which
prevents the segregation between the mortar and paste. The
other requirement is that the concrete as a whole must be
stable and its consistency within certain limits. In terms of
content of coarse aggregates there are no special restrictions.
High durability is achieved by selecting a low water-cement
ratio which is achieved by using superplasticizers, and, if
necessary, with the use of additives that change the viscosity
(viscosity-modifying additives) [5, 6].

Lightweight concretes are concretes whose specific
weight does not exceed 1900 kg/m3. The fact is that in
reinforced concrete structures the dead load of the building
represents a large part of the total load. The use of lightweight
concrete can reduce the weight of the concrete structure,
reduce the earthquake forces and the contact stresses in the
soil. By reducing the mass of the structure, significant savings
in material and construction costs can also be achieved. Also,
the lightweight concretes have better insulation properties in
terms of thermal insulation and noise insulation. Generally,
the lower the strength of the concrete is the better its
insulating properties are.

Lightweight concrete can be produced as a lightweight
concrete from monograin aggregates, concrete from
lightweight aggregates, and cellular concrete. Commonly
used aggregates to create a lightweight concrete from
lightweight aggregates are the expanded clay, the expanded
granulated slag, the expanded perlite or vermiculite, and the
expanded polymer materials. These lightweight aggregates
have large absorption properties so it is difficult to predict the
amount of water required to achieve a specific consistency.
Also, lightweight aggregates contain closed cavities, and
because of the small volume mass often, during the mixing,
rise to the surface causing reverse segregation. This happens
only in the unstable concrete. In the stable concrete, in which
the amount of water for the preparation is properly selected,
segregation is minimal.

Lightweight concretes have a lower modulus of elasticity,
higher creeping, and they are more brittle than the plain
concrete.

The self-compacting lightweight concrete (SCLC) is a rel-
atively new breakthrough (development) in the field of high
performance concrete. It combines all of the good properties

of the lightweight concrete with the good properties of the
self-compacting concrete. The SCLC is extremely convenient
for the construction of buildings that do not require high
compressive strengths of concrete, but require low weight.
For example these are prefabricated elements that require
transportation, and structures and elements where the
concrete surface should be visible. It is especially suitable
for restoration work in old structures (e.g., replacement of
wooden floors) that should not be additionally loaded.

When necessary, improvement of the lightweight con-
crete strength can be achieved by a combination of the
coarse lightweight and the fine stone aggregates. The greatest
strength is achieved by the concrete with aggregates of the
expanded clay or slag and with the aggregate of the natural
crushed stone. The advantage of the expanded clay aggregates
is also in the grain shape (spherical shape), which improves
the rheological properties of the mixtures and can also affect
the increase in the compressive strength [7].

Maghsoudi et al. [7] examined the rheological and
mechanical properties of the SCLC which was made with the
Leca lightweight aggregate and concluded that using 400 and
500 kg/m3 of cement produces the SCLC with strength from
20.8 to 28.5 MPa. Because of the spherical shape of aggregate,
good strength is possible with smaller quantities of cement.
Furthermore, they concluded that with the increase of age
of the concrete its strength also increases and that the values
of the elasticity modulus obtained using 3 different methods
are very close to each other. The term which is recommended
by the European standard [8] provides significantly more
values. The measured strain confirmed that the lightweight
concrete is more brittle when compared to the plain concrete.

Hela and Hubertová [9] concluded that, during the
mixing of separate factions of the Liapor, the shape of the
aggregates’ grain (spheres) has a beneficial effect on the
mobility and flowability of fresh concrete. However, when
lighter and heavier aggregates are mixed together, heavier
aggregate tend to significantly sink.

Hence, compared with the self-compacting concrete of
normal weight, the self-compacting lightweight concrete
shows some specific features that are just the result of the use
of the lightweight aggregate.

2. Experimental Testing of Concrete Mixtures

2.1. Introduction. In this paper a total of 8 different mixture
designs of the SCLC in the fresh and hardened states
were made and tested. The intention of the work was to
test the influence of the amount of fine particles on the
workability and mechanical properties of the lightweight
self-compacting concrete in the fresh and hardened state
(SCLC). The slump flow and the V-funnel flow time test
of fresh concrete, the dynamic elastic modulus and the
compressive strength of hardened concrete, and the influence
of different ages were measured.

2.2. The Materials and the Composition of the SCLC. For
the purpose of examining the effects of the mixture design
on the properties of the SCLC, three groups of specimens,
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Table 1: Admixtures’ characteristics.

Type of admixture
Specific surface area
according to Blaine

(cm2/g)

Specific gravity
(g/cm3)

Fly ash—1 5118 2,25

Silica fume—2 >15000 2,30

Filler—3 7891 2,45
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Figure 1: The grain size distribution curve of the aggregates.

with a total of eight different mixture designs, were made. In
all groups the same cement and superplasticizer were used,
while other components were variable. The cement used was
CEM I 42.5 R with a specific mass density of 3.14 kg/dm3 and
the superplasticizer was the liquid PCE (polycarboxylic acid
ether) with a specific density of 1,06 kg/dm3.

The very light granulated product manufactured by
expansion of natural clay-Liapor, was used as the lightweight
aggregate. In mixtures, two fractions, the 0/2 (grain size from
0 to 2 mm) and the 1/8 (grain size from 1 to 8 mm), were used
(the grain size distribution is shown in Figure 1).

In some mixtures crushed stone aggregate (crushed
limestone) with fractions 0/4 mm (grain size from 0 to
4 mm) was also used. The composition and grain size
distribution of the crushed limestone is shown in Figure 1.

Silica fume, fly ash, and filler (which was obtained
by recycling old concrete) were added to the mixtures.
Characteristics of admixtures are given in Table 1.

The composition of each mixture is given in Table 2, and
division into test groups is shown below.

Group 1. In the first group of specimens only lightweight
aggregate (Liapor) was used as the aggregate. Three groups
of mixtures, with labels M1-1, M1-2, and M1-3, were made.
Mixture M1-1 had fly ash as an admixture, M1-2 had silica
fume, and M1-3 had filler. Mixture M1-3 was, because of the
addition of filler, prepared with a greater amount of cement
in relation to mixtures M1-1 and M1-2.

Group 2. In the second group of specimens, the combination
of Liapor and the limestone crushed aggregate was used as
aggregate. Also three groups of mixtures, with labels M2-1,

M2-2, and M2-3, were made. Mixture M2-1 contained fly
ash, mixture M2-2 silica fume, and mixture M2-3 contained
filler.

A comparison of the masses of 1 m3 of concrete of the
first and second group of mixtures (Table 2) shows that the
masses of 1 m3 of concrete in the first group were approxi-
mately 150 kilograms lesser than the masses of concrete in
the second group because of the crushed aggregate.

Group 3. In the third group of specimens, only Liapor
was used as the aggregate. Concrete mixtures of the third
group have labels M3-1 and M3-2. Concrete mixture M3-
1 contained silica fume and filler in a ratio of 2/3–1/3 and
concrete mixture M3-2 containing silica fume and filler in
a ratio of 1/2-1/2 (volume ratio). Mixtures M3-1 and M3-2
were created to form a group of specimens with mixture M1-
2 (pure silica fume) to examine which combination of these
admixtures gives the best performance of concrete in a fresh
and a hardened state.

Concrete components that were used in each mixture
were measured on a precision scale. Then they were mixed
in a mixer for 90 seconds with the addition of water and
the superplasticizer. After mixing procedure, concrete was
shuffled by hand because the mixer blades could not cover
all the material in the vessel, and then the mixer continued
to mix for further 90 seconds. After that the concrete was
cast in cube-shaped molds (a = 15 cm). After demolding,
specimens were cured in water at a temperature of 20 ± 2◦C.
On the day of test specimens were taken out of the water,
wiped, and weighed. Before determining the compressive
strength, the modulus of elasticity was determined by
ultrasound (dynamic modulus). The specimens were tested
at 1, 3, 7, and 28 days.

2.3. Test Results of the Fresh SCLC. Immediately after mixing,
the values of slump flow and the V-funnel test were examined
(Figure 2(a) and 2(b)).

With the slump-flow method the free deformability and
flowability of the SCLC were determined. For the SCC
concretes, this value varies from 500 to 700 mm. The main
requirement for all concretes (normal, the SCC, and the
SCLC) is good stability in fresh condition, that is, volume
concentration of the extracted water has to be less than 0,5%.

This method can give a good assessment of whether the
phenomena of segregation and separation of the liquid phase
of concrete occurs in the concrete.

The deformability of concrete was measured with the
method of leakage from a V-funnel. As a good result of
leakage of the SCLC, the value between 4 and 10 s can be
taken.

The test results for all mixtures are shown in Table 3
Generally, the following conclusions can be made:
For the 1st group of mixtures,

(i) the value of spreading should be up to 70 cm, so they
are within acceptable limits;

(ii) time of leaking should be up to 10 seconds, the result
of leak of mixture M1-2 is within that time. The time
of leaking of mixtures M1-1 and M1-3 is very long.
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Slump flow

(a)

V-funnel

(b)

Dynamic modulus of elasticity 

(c)

Figure 2: Testing of fresh and hardened concrete.

Table 2: Mixture designs.

Concrete compounds

Mass (kg) for the 1 m3 of concrete

I II III

M1-1 M1-2 M1-3 M2-1 M2-2 M2-3 M3-1 M3-2

Cement 380 380 430 380 380 430 380 380

Water 185,60 185,44 172 185,60 185,44 172 185,44 185,44

Superplasticizer 6,0 6,37 6,76 6,50 6,86 7,28 7,0 7,0

Aggregate

lightweight aggregate 0–2 mm 346,01 347,19 353,68 172,88 173,50 176,73 345,82 346,49

lightweight aggregate 1–8 mm 444,87 446,39 454,73 444,54 446,13 454,44 444,63 445,49

crushed rock aggregate 0–4 mm — — — 333,40 334,60 340,83 — —

Silica fume — 110 — — 110 — 75 55

Fly ash 120 — — 120 — — — —

filler — — 90 — — 90 45 65

TOTAL 1482,48 1475,39 1507,17 1642,92 1636,52 1671,27 1482,90

Table 3: Slump-flow and V-funnel.

Test M1-1 M1-2 M1-3 M2-1 M2-2 M2-3 M3-1 M3-2

Slump-flow [mm] 660,0 680,0 670,0 700,0 730,0 680,0 710,0 700,0

Class SF SF2 SF2 SF2 SF2 SF2 SF2 SF2 SF2

V-funnel [s] 23,0 9,6 33,0 29,0 11,0 38,0 16,0 23,0

Class VF VF2 VF2 — — VF2 — VF2 VF2
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Figure 3: The dynamic modulus of elasticity for the 1st group of
specimens.

For the 2nd group of mixtures,

(i) the sizes of spreading are satisfactory; they have
greater values than the values of spreading for the first
group of mixtures;

(ii) time of leaking was longer than for the mixtures of
the first group, especially with M2-1 and M2-3;

(iii) time of leaking of mixture M2-2 was longer than of
M1-2, but even though the leak should last less than
ten seconds, it is an acceptable value.

For the 3rd group of mixtures,

(i) the sizes of spreading are satisfactory. Spreading
values are higher in mixtures M3-1 and M3-2 where
the silica fume and the filler were combined in
proportions, than in mixture M1-2 where only silica
fume was used, or in mixture M1-3 where only filler
was used,

(ii) time of leakage is too long. Obviously filler slows the
leak because the same phenomenon was observed in
mixtures M1-3 and M2-3

These results confirm that the workability of the SCLC
and the SCC concrete depends on the quantity of cement and
the type and amount of admixtures.

2.4. The Dynamic Modulus of Elasticity. The dynamic mod-
ulus of elasticity is determined by measuring the speed of
ultrasound waves through the concrete (Figure 2(c)). Speed
of longitudinal ultrasonic vibrations that travel through the
elastic material is defined by the formula:

v =
√√√√ E

(
1− μ

)
ρ
(
1 + μ

)(
1− 2μ

) (km/s)

−→ E = v2 · ρ ·
(
1 + μ

)(
1− 2μ

)
(
1− μ

) ,

(1)

where E is the dynamic modulus of elasticity, ρ is the density,
and μ is the Poisson’s ratio.

The obtained results are shown in Figures 3, 4, and 5.

According to Figure 3, the largest discrepancies in the
results of the tests are at the age of samples of 1 day, where
at the age of 28 days these values are equalized. The lower
value of the dynamic modulus of elasticity in the sample with
the fly ash (M1-1) can be explained by the fact that the fly
ash activated in the binding only after a prolonged period
of time. The best results were achieved in a mixture with
fillers, because of larger quantities of cement, which affects
the fullness of specimens. Used cement has a characteristic
of very high early strength. However, it has to be noted
that only one specimen was tested to obtain the results for
the 1st day (of hardening). For all other testing days, three
specimens of every group and subgroup were prepared and
tested. Mean value of all the results of each subgroup is
considered relevant.

The dynamic modulus of elasticity for mixture M2-1
(admixture fly ash) has the lowest value for the first day
compared to the other two mixtures, but in the next two days,
this value increases up by 4,5 GPa, while from the 3rd day to
the 28th day it showed growth of around 2,5 GPa, (Figure 4).

It is also evident that the same can be applied for mixture
M2-3 (admixture filler); apart from the large increase in
the value after the first three days, the value of the dynamic
modulus of elasticity is hardly growing, only about 0,5 GPa
in the next 25 days.

The dynamic modulus of elasticity for mixture M2-2
(admixture silica fume) has a maximum value after the first
day compared to the M2-1 and M2-3, which was not the case
for the mixture M1-2 in relation to mixtures M1-1 and M1-3.
It is important to note that the dynamic modulus of elasticity
for the second group of mixtures, on average, is 3 to 4 GPa
higher than in the first group of mixtures, which is a result of
the use of the crushed aggregate.

According to Figure 5, mixture M3-1 had the highest
modulus of elasticity in each test, that is, the mixture with
2/3 silica and 1/3 filler, although the mixtures in which the
filler was used achieved higher values of the dynamic elastic
modulus than the mixtures in which only silica was used.

Figure 6 gives an overview of the dynamic modulus of
elasticity of all the tested groups, so it can be seen that the
type and the amount of the admixtures, the mixing ratio of
the admixtures, and the type of aggregate significantly affect
the test data.

Admixture Fly Ash. Mixture M2-1 had much better results
compared to M1-1, which showed a significant influence of
the aggregate type.

Admixture Silica. Mixture M2-2 had the maximum values
of the dynamic modulus of elasticity, in which besides
Liapor, crushed aggregate was also used as an aggregate. For
mixtures M1-2, M3-1, and M3-2 the dynamic modulus had
a maximum value for the mixture with the addition of 2/3
silica, and the lowest for the mixture with the addition of
1/2 silica, while the values for the mixtures with 100% silica
were between these two. Exceptions were the values of the
modulus at the age of 7 days, where mixture M1-2 had the
lowest value (but differences are about 0,6 GPa, and this is
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Figure 4: The dynamic modulus of elasticity for the 2nd group of
specimens.
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Figure 5: The dynamic modulus of elasticity for the 3rd group of
specimens.

irelevant). The value of the dynamic modulus of elasticity
after 28 days for mixtures M1-2, M2-2, M3-1, and M3-2
ranged between 4,34 GPa.

Admixture Filler. For specimens with filler, the highest value
of the dynamic modulus of elasticity was achieved with a
mixture of crushed aggregate, M2-3, which was the highest
measured value compared to all of the tested specimens.
The value of the dynamic modulus of elasticity after 28 days
in mixtures M1-3, M2-3, M3-1, and M3-2 ranged between
5,29 GPa.

2.5. Results of the Compressive Strength Testing. Compressive
strength was determined in the compressive strength testing
apparatus in accordance with EN 12390-3. The obtained
results are shown in Figures 7, 8, 10, and 11

The highest compressive strength was achieved with
mixture M1-2, while M1-1, despite the low initial strength,
after 28 days achieved strength close to the strength of M1-3
(Figure 7). It is well known that the silica fume accelerates the
development of strength, while fly ash takes some time to be
activated. It has to be noted that the strength of the mixtures
with filler slightly decreased after seven days.
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Figure 6: The dynamic modulus of elasticity for all tested
specimens.
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Figure 7: Compressive strength of the 1st group.

Mixtures M2-2 and M2-3 had the highest initial strength,
while the strength of mixture M2-1 was significantly lower
(Figure 8). The strength of the mixture with filler (M2-3)
rapidly reached a maximum value (3rd day), but after that
the value decreased and after 28 days had a lower strength
than the mixtures with fly ash. Mixture M2-2 (specimen
in Figure 9) showed remarkable strength at 28 days of
40,93 MPa.

The strength growth of mixture M3-1 is partially fol-
lowed with the growth of strength of mixture M3-2, and
partially with the growth of strength of mixture M1-2
(Figure 10). The highest compressive strength was achieved
with the mixtures with 100% silica (M1-2), while the
mixture with 2/3 silica (M3-1) immediately followed with its
strength, despite having had a low initial strength, 5,40 MPa
lower than the strength of mixture M1-2. Mixture M3-2 in
each test had the lowest strength because it had the highest
percentage of filler.

Figure 11 shows the results of all tested groups together,
in which it is easy to compare compressive strength of the
mixtures for all three groups.
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Figure 8: Compressive strength of the 2nd group.

Figure 9: Specimen SCLC of the 2nd group after testing.

Admixture Fly Ash. From Figure 11 it is easy to notice that
mixture M2-1 had higher strength than mixture M1-1, which
was expected.

Admixture Silica Fume. Mixture M2-2 showed the highest
compressive strength, compared to the other mixtures with
silica, but also compared to the total results. However, it was
apparent that mixtures M1-2 and M3-1 also showed very
high strength. Mixture M3-2 had low strength compared to
the other three mixtures, because of a lower content of silica
as an admixture.

Admixture Filler. Mixture M2-3, although containing the
expanded clay and the crushed stone aggregate, did not
have the highest strength. Mixture M3-1, which had a small
content of filler, only one-third, had the greatest strength
after 28 days. In that mixture, compared with mixtures of the
first two groups, less cement was used. This difference was
replaced by silica fume, which proved to be a better option.
But strength of the mixture during the first and the second
test (1st and 3rd day) was very low and only later showed a
significant increase. Mixture M3-2 had similar behavior as
mixture M3-1, but not with such a high final strength.

In all of the mixtures in which filler was the only
admixture (M1-3 and M2-3) the specimens showed the same
trend: an increase in strength in the first three days and then
stagnation or even a small decline in strength. This apparent
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Figure 10: Compressive strength of the 3rd group.
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Figure 11: Compressive strength of all groups.

increase in strength is caused by the type and quantity of the
cement used. The mixtures of the three groups show that this
filler as an admixture has to be used in combination with
other active admixtures; in this case it was the silica fume
(mixtures M3-1 and M3-2). It would be desirable to examine
other mixing ratios and different combinations with fly ash.
The test results also show that the amount of filler should be
less than 50% of the total admixture (by volume). The test
should be extended to a period of at least 90 days.

3. General Conclusions

During the design of the concrete mixtures, it is highly
important to pay attention to the amount of cement paste in
relation to large aggregates. For the self-compacting concrete,
the amount of paste is significantly higher than in the
standard concrete. The paste serves as a transport agent and
allows passage of the aggregates through the narrowest parts
inside the formwork and the filling of all the voids. The paste
also creates a layer around the aggregate that prevents direct
touching between grains of aggregate.

In self-compacting lightweight concretes, this problem is
even more emphasized. Lightweight aggregate does not have
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enough starting (initial) energy for the motion of grains in
the cement paste. It is therefore very important to balance out
the composition of concrete (ratio between the cement, the
aggregates, and the inert filler) to produce an easily pourable
concrete in a fresh state and a high-quality and compact
concrete in a hardened state.

In this work the effect of the amount of fine particles
on the characteristics of the self-compacting concrete from
lightweight aggregates in fresh and hardened states was
explored. The fine particles that were used are fly ash, silica
fume, and filler. The ability of spreading and the flow of
concrete in the fresh state and the dynamic modulus of
elasticity, strength development, and the ultimate strength
of the hardened samples were examined. Most of the
mixtures were made with only the lightweight aggregate
(the expanded clay granules), and in some mixtures the
lightweight aggregate was combined with the conventional
crushed aggregate.

Based on the achieved results of the tests the following
conclusions can be made.

(i) The mixtures that contained silica fume showed the
best properties of the self compacting concrete in the fresh
state. Those mixtures can be recommended in all cases when
lightweight concrete has to be poured in narrow molds
or molds with closely spaced reinforcement. Also, these
mixtures achieve significant strength. As the silica fume is
slightly more expensive than fly ash, and especially the filler,
in the case when concrete can be freely placed, it is useful to
think about cheaper, but still quality solutions (fly ash, filler).

(ii) In the hardened state, the maximum dynamic
modulus of elasticity and compressive strength was achieved
by the mixtures that contained the expanded clay and the
crushed aggregate, which was expected. Their average weight
of those mixtures was greater by 150 kg per m3 in comparison
with other mixtures, but they achieved about 10% greater
strength. Those mixtures can be recommended in cases when
higher compressive strength is required and weight of the
structure itself is not very important.

(iii) A mixture with additions of 2/3 silica fume and 1/3 of
filler showed good results in fresh and hardened states. Since
the filler is recycled old concrete, it has a significant economic
and environmental impact. Thus, in the future, a strong
expansion of precisely this type of concrete is expected.

It is certain that the SCLC will continue to improve in
terms of quality, and its use will also increase in the future.
Systematic testing of the mixture designs and the mechanical
characteristics of the SCLC will create a quality basis for the
creation of national and international rules in this area which
are still insufficient.
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This paper presents a new reinforced concrete (RC) composite slab system by applying an extruded Ductile Fiber Reinforced
Cement Composite (DFRCC) panel. In the proposed composite slab system, the DFRCC panel, which has ribs to allow for complete
composite action, is manufactured by extrusion process; then, the longitudinal and transverse reinforcements, both at the bottom
and the top, are placed, and finally the topping concrete is placed. In order to investigate the flexural behavior of the proposed
composite slab system, a series of bending tests was performed. From the test results, it was found that the extruded DFRCC
panel has good deformation-hardening behavior under flexural loading conditions and that the developed composite slab system,
applied with an extruded DFRCC panel, exhibits higher flexural performance compared to conventional RC slab system in terms
of the stiffness, load-bearing capacity, ductility, and cracking control.

1. Introduction

In multistory building structures the slab and floor units
account for something like 50 to 60% of the material require-
ments. The thickness of the slabs is selected so that deflec-
tions and cracks will not be a problem. However, for very
heavily loaded slabs, such as slabs supporting large-span
lengths and slabs of the garage, it is unavoidable that the self-
weight of the slabs will be increased because the thickness of
those slabs must be increased.

On the other hand, a number of studies have been report-
ed in which the use of high-ductile and high-performance
fiber-reinforced cementitious composites such as Ductile
Fiber-Reinforced Cement Composite (DFRCC) has been
shown to significantly enhance the brittleness of concrete
after cracking. DFRCC retains a high-ductile deformation
capacity through the bridging of microcracks by synthetic
fibers, where bridging in turn leads to multiple cracking
[1–3]. The fundamental requirement for matrix multiple
cracking, which was first characterized in a previous study

[4–6], is that steady-state flat crack propagation must prevail
under tension. The production methods of DFRCC include
cast in place, spray, and extrusion [7, 8]. Among these meth-
ods, extrusion is a process used to create a precast product of
a fixed cross-section. By adopting the extrusion process for
DFRCC, the mechanical properties such as strength, elastic
modulus, and ductility can be enhanced due to the lower
porosity of the extruded composites, which is attributed to
mechanical compaction as well as to the aligned orientation
of fibers. Fundamental research has been preformed to eval-
uate the mechanical properties of extruded DFRCC [9–13].
However, there have been only few studies on the structural
application of an extruded DFRCC panel such as composite
slab.

Therefore, the purpose of the current study is to develop
a new approach for DFRCC and reinforced concrete (RC)
composite slab systems by applying an extruded DFRCC
panel; this new approach has some advantages in terms
of minimization of crack width, pseudo-deformation hard-
ening behavior based on multiple cracking, high-ductile



2 Advances in Materials Science and Engineering

Table 1: Properties of cement and silica powder.

Types Density (g/mm3) Fineness (m2/kg) SiO2 Al2O3 Fe2O3 CaO MgO SO3 LOI∗

Cement 3.15 363 22.73 5.93 3.37 61.73 2.53 1.97 1.74

Silica Power 2.66 379 95.5 1.95 0.76 — — — 1.79
∗

Loss on ignition.

Table 2: Properties of fibers.

Ingredient
Density
(g/mm3)

Length
(mm)

Diameter
(μm)

Surface
treatment

Melting
point (◦C)

Thermal
decom- position

(◦C)

Tensile
strength
(MPa)

Young’s
modulus

(GPa)

Elongation
(%)

Alkali
resistance

PVA 1.3 8 39
Oiling
agent

170 263 1,700 29.4 3∼113 High

Table 3: Mixture proportion of extrusion DFRCC panel.

Name Cement Water DFRCC powder∗ Silica powder SP HPMC† PVA (vol.%)

DFRCC 1.0 0.30 0.88 1.1 0.0061 0.018 2.0

All numbers are mass ratios of cement weight.
∗DFRCC powder: BFS, Sepiolite, Mg(OH)2, CaCO3, CSA, Al(OH)3, CW150.
†Hydroxypropylmethyl cellulose.

flexural behavior, and easy to realize formless or half-precast
construction of the slab system. The DFRCC panel was
extruded with the thickness of about 20 mm and had ribs
in order to complete the composite action with topping
concrete. The composite slab system was composed in such
a way that the DFRCC extruded panel was located at the
bottom of the slab; reinforcements were assembled and
located on the panel; finally, the topping concrete was placed
in the field. The developed slab system was evaluated from
experimental and analytical viewpoints.

2. Manufacturing of Extruded DFRCC Panel

2.1. Materials and Mixture Composition. Ordinary Portland
Cement (OPC) with a density of 3.15 g/cm3 and a specific
surface of 363 m2/kg was used as the main binder; silica
powder with a density of 2.66 g/cm3 and a specific surface
of 379 m2/kg was used as an additive. The specific properties
of the OPC and the silica powder used in this study are
presented in Table 1. DFRCC powder, which is a composition
of pulverulent materials, was also used as an additive to
improve the strength of the matrix and to increase fire
resistance. A polyvinylalcohol (PVA) fiber (Kuraray Co. Ltd.,
REC15) with a diameter of 39 μm and a length of 8 mm was
used as the reinforcing fiber. Table 2 presents the physical and
chemical characteristics of the fibers.

The required fresh properties for the extruding of cemen-
titious composite are quite different from those of normal
cementitious composite because the shape of the composite
must be maintained immediately after extrusion. Therefore,
a preliminary experiment was carried out to determine the

mixture composition. From the preliminary experiment, it
was found that a water to binder ratio of 10% is proper for
keeping the shape of the matrix after extrusion. PVA fiber
over 2 vol.% is generally used to make a fiber-reinforced con-
crete that exhibits deformation-hardening behavior based
on multiple cracking [14]. However, it was found that it
is hard to mix the composite with 0.5 vol.% PVA fiber.
Therefore, superplasticizer (SP) and hydroxypropylmethyl
cellulose (HPMC, Atex Co., Korea) were used and the
amount of these additives was optimized to prevent the
clumping of fibers and to homogeneously disperse the fiber
without increasing the water-to-binder ratio. The mixture
composition for the extruded DFRCC panel is presented in
Table 3.

2.2. Manufacturing Process and Curing Condition. The dry
mixing of solid materials including cement, silica powder,
pulverulent material, and fiber was performed using an
Omni mixer for 4 minutes; wet-mixing was then performed
using a kneader mixer for a period of 6 minutes. Finally,
extrusion was performed for 5 minutes. Therefore, the
total processing time was 15 minutes. Photographs of the
extrusion equipment and the extruding process are given in
Figures 1 and 2, respectively.

For the dimensional stability and the fast achievement
of the required mechanical properties, autoclave curing is
generally adopted for extruded products. In this study, an
alternative curing method was developed to prevent damage
to the PVA fibers because the melting point of PVA fiber
is 170◦C. The curing method proposed in this study is
composed of precuring for 5 hours after extrusion and curing
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Table 4: Experimental results for DFRCC panel specimens.

Name fi (MPa) δi (mm) f (MPa) δ (mm) δ/δi Stiffness (kN/mm) No. of cracks

DFRCC 29.1 0.675 37.0 6.11 9.01 42.1 12

fi: flexural strength at initial crack, δi: midspan deflection at fi, f : maximum flexural strength, δ: midspan deflection at f.

Figure 1: Extrusion equipment.

Figure 2: Extruding process of DFRCC panel.

at 50◦C during a period of 3 days. A test to check for
deformation or deterioration of the extruded DFRCC panel
was performed at 3 days. No deterioration or deformation of
the panel was observed.

3. Bending Test of Extruded DFRCC Panels

3.1. Specimens of Extruded DFRCC Panels. The flexural per-
formance of the extruded DFRCC panel was evaluated by a
four-point bending test. Figure 3 shows the dimensions of
the panel specimen and the test setup. Tests were conducted
using a UTM (Universal Testing Machine) under displace-
ment control. Two LVDTs (Linear Variable Displacement
Transducers) were installed at midspan of the specimen to
measure the deflection. The flexural stress was calculated by
the following equation

fb = P × l

b × d2
, (1)

400 mm

10 mm

100 mm

(a) Dimensions of panel specimen

(b) Test setup

Figure 3: Bending test of extruded DFRCC panel.
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Figure 4: Flexural stress-deflection curves of extruded DFRCC pan-
els.

where f is the flexural strength (MPa), P is the maximum
load (N), l is the span length, and b and d are the width and
height of the specimen, respectively.

3.2. Results of Panel Bending Test. The bending test results
for the extruded DFRCC panels are presented in Table 4 and
in Figure 4. The two specimens exhibited high-ductile and
deformation-hardening behaviors after fiber cracking. The
average flexural strength of the two specimens was 37.0 MPa
and the ratio of deflection corresponding to the flexural
strength and deflection at first cracking was 9.01. The average
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(a) (b)

(c)

Figure 5: Extrusion of DFRCC panel for slab system.

Extruded ECC panel

Topping Concrete

Extruded DFRCC panel

Topping concrete

Figure 6: Cross-section of RC composite slab system with extruded
DFRCC panel.

stiffness and number of cracks of the extruded DFRCC panel
were 42.1 kN/mm and 12, respectively.

4. Composite Slab System Designed with
Extruded DFRCC Panel

By applying the extruded DFRCC panel, a new RC compos-
ite slab system is proposed. In order to apply the extruded

DFRCC panel in the newly developed slab system, the
DFRCC panel was manufactured by extrusion process, as
shown in Figure 5. The extruded DFRCC panel has three
ribs, allowing it to obtain completely composite action with
topping concrete, as shown in Figure 6, which gives a cross-
section of the developed RC composite slab system applied
with the extruded DFRCC panel. For the field construction
of the developed slab system, the extruded DFRCC panel can
be manufactured in a factory as a precast product and the
slab system can be manufactured in the construction field as
a schematic construction process as shown in Figure 7.

5. Flexural Experiments of
Developed Slab System

In order to investigate the flexural performance of the
developed RC composite slab system with applied extruded
DFRCC panel, a series of four-point slab bending tests was
conducted to compare the new system’s performance with
that of the conventional RC slab system.

5.1. Specimens of Composite Slab Systems. In order to evalu-
ate the proposed RC composite slab system with the extruded
DFRCC panel, a series of specimens of one-way slabs was
manufactured. As shown in Figure 8, each specimen had a
span length of 3,400 mm and a cross-section of 600 mm ×
180 mm. The experimental variable for each slab specimen
is presented in Table 5. Specimen RC-0 is a conventional
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Extruded
DFRCC panel

Bottom longitudinal 
reinforcements

Bottom transverse 
reinforcements

Top longitudinal and 
transverse reinforcements

Placing topping 
concrete

Figure 7: Schematic construction process of slab system.
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Cover = 20

Figure 8: Reinforcement details of slab specimens.

RC slab specimen. Specimens DFRCC-P and DFRCC-R
are designed as a composite slab system with an extruded
DFRCC panel, as shown in Figure 9. Specimen DFRCC-
R is designed to have longitudinal reinforcements of D10
at 150 mm, but all other specimens are designed to have
longitudinal reinforcements of D13 at 150 mm, which leads
to a different reinforcement ratio. In order to manufacture
the three specimens of the composite slab system, as shown
in Figure 10, the DFRCC extrusion panel was first located
at the bottom of a slab with a thickness of 20 mm; next,
the longitudinal and transverse reinforcements, both at the
bottom and the top, were placed; finally the topping concrete
was placed. In order to obtain completely composite action
between the DFRCC panel and the concrete, the DFRCC
panel was extruded with three ribs.

600

18
0

(a) RC-0

600

18
0

26
.5

DFRCC
extruded

panel

(b) DFRCC-P and DFRCC-R

Figure 9: Cross-section of slab specimens.

5.2. Bending Test of Slab Systems. The three specimens of
the slab systems were tested by four-point bending test
under simply-supported conditions, as shown in Figure 11.
The bending test was conducted using a UTM (Universal
Testing Machine). The pure bending span length between
two loading points was 700 mm. Monotonic transverse load
was applied in order to lead to the failure of each specimen
by crushing of concrete in compression. The deflection at
midspan of each specimen was measured using LVDT
installed in the vertical direction at midspan. For the calcu-
lation of curvature, additional LVDTs were installed in the
horizontal direction at the bottom and top of specimens.

5.3. Test Results of Slab Systems. Figure 12 shows the crack
patterns at midspan for the three slab specimens. For
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Table 5: Experimental variables of slab specimens.

Specimen
Section
(mm)

DFRCC
panel (mm)

Longitudinal
reinforcement

ρs (%)
Transverse

reinforcement
f ′c (MPa) fy (MPa)

RC-0
600 × 180

— D13 at 150 mm 0.47 D10 at 150 mm
24 412DFRCC-P 600 × 20 D13 at 150 mm 0.47 D10 at 150 mm

DFRCC-R 600 × 20 D10 at 150 mm 0.26 D10 at 150 mm

(a) Extruded DFRCC panel

(b) Rebar cage (c) Panel and rebar installation

(d) Topping concrete placing in field

(e) Specimens after wet-curing

Figure 10: Manufacturing process of slab specimen.

Specimen RC-0, the initial crack took place near the midspan
of the concrete at a load of 7.03 kN; the cracks spread
from the midspan to the support with a crack spacing of
100 mm∼150 mm. After the load level of yielding, the width
of cracks greatly increased until failure of the specimen was

Figure 11: Four-point bending test.

(a) RC-0 specimen

(b) DFRCC-P specimen

(c) DFRCC-R specimen

Figure 12: Crack pattern marked with ink pen at midspan zone.

reached. The final failure of the specimen was obtained by
the crushing of the concrete at the top of the specimen. For
Specimen DFRCC-P, an initial crack was observed near the
midspan on the DFRCC panel at a load of 13.1 kN. After
reaching the yield load, the crack width did not increase.
After reaching the midspan deflection of 30 mm, multiple
microcracks on the DFRCC panel were found to spread near
the midspan and the specimen resisted stably with high-
ductile bending behavior to reach a midspan deflection of
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103 mm. The final failure was obtained by the crushing of
the concrete at the top of specimen, just as was done with
Specimen RC-0. Any delamination (or debonding) between
two materials was not observed during the bending test. This
is attributed to the three ribs of extruded DFRCC panel. The
ribs allow the panel to achieve sufficient composite action
with topping concrete. In addition, this composite slab
exhibits thin one-way slab behavior with a/d (shear span to
depth ratio) of approximately 8.4. The cracking pattern and
failure of Specimen DFRCC-R were very similar to those of
Specimen DFRCC-P. Specimen DFRCC-R showed multiple
micro-cracks on the DFRCC panel. Any delamination (or
debonding) between two materials in Specimen DFRCC-R
was also not observed during the bending test. From this
observation, it is verified that the crack width of a slab can
be controlled by applying an extruded DFRCC panel.

Figure 13 shows the measured load-deflection curves of
the three slab specimens. The maximum loads of Specimens
DFRCC-P and DFRCC-R were 62.3 kN and 52.5 kN, which
are 1.21 and 1.02 times that of Specimen RC-0, respec-
tively. Although the load-bearing capacity of DFRCC-R was
decreased due to the decreased reinforcement ratio, which is
about half that of Specimens RC-0 and DFRCC-P, Specimen
DFRCC-R showed a load-bearing capacity similar to that of
Specimen RC-0. This is attributed to the high ductility of the
DFRCC panel, where ductility is based on multiple cracking
and deformation hardening behavior.

Figure 14 shows the measured bending moment-curva-
ture curves of the three slab specimens. The performance
of each slab specimen based on the bending moment cur-
vature is similar to that based on load-deflection curves.
The yield moment of Specimen DFRCC-P was 1.13 times
higher than that of Specimen RC-0. On the other hand,
the yield curvature of Specimen DFRCC-P was 0.53 times
lower than that of Specimen RC-0. From these test results,
Specimen DFRCC-P is found to have stiffness higher than
that of Specimen RC-0. This discrepancy is attributed to the
tension stiffening effect between the reinforcing steel and
the DFRCC after the first cracking. The maximum moment
and maximum curvature values for Specimen DFRCC-P
were 41.8 kN·m and 2.18 × 10−5/mm, which were 1.21
times and 1.42 times those values of RC-0, respectively.
The curvature ductility ratio of Specimen DFRCC-P, which
is the maximum curvature and yield curvature ratio, was
13.4, which is 2.70 times that of Specimen RC-0. From
these test results, it was verified that the stiffness and
ductility of a slab can be improved by applying an extruded
DFRCC panel. The yield moment and yield curvature of
Specimen DFRCC-R were 32.1 kN·m and 2.96 × 10−5/mm,
respectively, where values were 1.02 times and 0.96 times
those of Specimen RC-0. On the other hand, the maximum
moment and maximum curvature of Specimen DFRCC-R
were 1.05 times and 1.38 times those values of Specimen RC-
0. The curvature ductility ratio of Specimen DFRCC-R was
7.13, which was 1.44 times higher than that of Specimen RC-
0. From these test results, it was found that higher ductility
as well as sufficient load-bearing capacity in a slab system
can be achieved with a lower reinforcement ratio by applying
an extruded DFRCC panel. The deflection ductility ratios,
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Figure 13: Measured load and deflection curves of slab specimens.

Slab bending test

0

10

20

30

40

50

RC-0
DFRCC-P
DFRCC-R

0 0.5 1 1.5 2 2.5

Bending curvature (mm−1)

B
en

di
n

g 
m

om
en

t 
(k

N
·m

)

×10−4

Figure 14: Measured bending moment and curvature curves of slab
specimens.

which are the maximum deflection to yield deflection ratio,
of Specimens RC-0, DFRCC-P, and DFRCC-R were 3.29,
5.15, and 3.64, respectively. The values of measured moments
and deformation responses of each slab specimen at first
yielding of tensile reinforcement and maximum values are
presented in Table 6.

6. Conclusions

This paper presents experimental studies not only on the
manufacture of an extruded DFRCC panel, which exhibits
multiple cracking and pseudo-deformation-hardening be-
havior, but also on an RC composite slab system developed
by applying the extruded DFRCC panel. A series of exper-
imental investigations were carried out to investigate the
flexural behavior of both the extruded DFRCC panel and the
RC composite slab system with the extruded DFRCC panel.
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Table 6: Experimental results of slab specimens.

Specimen name
Yield

moment
Yield

deflection
Yield

curvature
Max.

moment
Max. deflection

Max.
curvature

Deflection
ductility
ratio

Curvature
ductility
ratio(kN·m) (mm) (10−5/mm) (kN·m) (mm) (10−4/mm)

RC-0 31.6 28.4 3.09 34.6 93.5 1.53 3.29 4.95

DFRCC-P 35.8 21.4 1.63 41.8 110 2.18 5.15 13.4

DFRCC-R 32.1 28.0 2.96 36.2 102 2.11 3.64 7.13

From the panel bending test, it was found that deformation-
hardening DFRCC can be obtained with dry mixing of mate-
rials and PVA fiber, wet mixing, extrusion, and high-temper-
ature curing. The deflection ductility and flexural strength of
the extruded DFRCC developed in this study were 9.01 and
37.0 MPa, respectively. The maximum moment, maximum
curvature, and curvature ductility of the composite slab
proposed in this study increased 21%, 42%, and 170%,
respectively, compared with those values of a conventional
RC slab. From the bending test results of the composite slab,
it was verified that the stiffness, load-bearing capacity, and
ductility of slab can be improved by applying the extruded
DFRCC panel to the slab system. Furthermore, it was also
verified that the crack width of a slab can be controlled by
applying the extruded DFRCC panel.

Acknowledgments

This research was supported by a Grant (11CHUD-C058205-
1) from High-Tech Urban Development Program funded by
the Ministry of Land, Transport and Maritime Affairs of
the Korean Government. This research was also supported
by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry
of Education, Science and Technology (no. 2011-0020027).

References

[1] V. C. Li, “From micromechanics to structural engineering—
the design of cementitious composites for civil engineering
applications,” Journal of Structural Mechanics and Earthquake
Engineering, vol. 10, no. 2, pp. 37–48, 1993.

[2] Y. Y. Kim, G. Fischer, and V. C. Li, “Performance of bridge deck
link slabs designed with ductile engineered cementitious com-
posite (ECC),” ACI Structural Journal, vol. 101, no. 6, pp. 792–
801, 2004.

[3] C. G. Cho, G. J. Ha, and Y. Y. Kim, “Nonlinear model of
reinforced concrete frames retrofitted by in-filled HPFRCC
walls,” Structural Engineering and Mechanics, vol. 30, no. 2, pp.
211–223, 2008.

[4] C. K. Y. Leung, “Design criteria for pseudoductile fiber-
reinforced composites,” Journal of Engineering Mechanics, vol.
122, no. 1, pp. 10–18, 1996.

[5] D. B. Marshall and B. N. Cox, “A J-integral method for cal-
culating steady-state matrix cracking stresses in composites,”
Mechanics of Materials, vol. 7, no. 2, pp. 127–133, 1988.

[6] V. C. Li and C. K. Y. Leung, “Steady-state and multiple crack-
ing of short random fiber composites,” Journal of Engineering
Mechanics, vol. 118, no. 11, pp. 2246–2264, 1992.

[7] M. D. Lepech and V. C. Li, “Large-scale processing of engi-
neered cementitious composites,” ACI Materials Journal, vol.
105, no. 4, pp. 358–366, 2008.

[8] Y. Y. Kim, G. Fischer, Y. M. Lim, and V. C. Li, “Mechanical
performance of sprayed engineered cementitious composite
using wet-mix shotcreting process for repair applications,”
ACI Materials Journal, vol. 101, no. 1, pp. 42–49, 2004.

[9] Y. Shao, S. Marikunte, and S. P. Shah, “Extruded fiber-
reinforced composites,” Concrete International, vol. 17, no. 4,
pp. 48–52, 1995.

[10] Y. Shao and S. P. Shah, “Mechanical properties of PVA fiber
reinforced cement composites fabricated by extrusion process-
ing,” ACI Materials Journal, vol. 94, no. 6, pp. 555–564, 1997.

[11] H. Stang and V. C. Li, “Extrusion of ECC-material,” in Proceed-
ings of the High Performance Fiber Reinforced Cement Compos-
ites 3 (HPFRCC3 ’99), H. W. Reinhardt and A. Naaman, Eds.,
pp. 203–212, Chapman & Hall, 1999.

[12] Y. Akkaya, A. Peled, and S. P. Shah, “Parameters related to fiber
length and processing in cementitious composites,” Materials
and Structures, vol. 33, no. 232, pp. 515–524, 2000.

[13] H. Takashima, K. Miyagai, T. Hashida, and V. C. Li, “A design
approach for the mechanical properties of polypropylene
discontinuous fiber reinforced cementitious composites by
extrusion molding,” Engineering Fracture Mechanics, vol. 70,
no. 7-8, pp. 853–870, 2003.

[14] K. Rokugo, T. Kanda, H. Yokota, and N. Sakata, “Outline
of JSCE recommendation for design and construction of
multiple fine cracking type fiber reinforced cementitious com-
posite,” in Proceedings of the 5th International RILEM Work-
shop on High Performance Fiber Reinforced Cement Compos-
ites(HPFRCC5 ’07), Reinhardt and Naaman, Eds., pp. 203–
2012, 2007.



Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2012, Article ID 328570, 12 pages
doi:10.1155/2012/328570

Research Article

Uniaxial Bond Stress-Slip Relationship of Reinforcing
Bars in Concrete

Sungnam Hong and Sun-Kyu Park

Department of Civil and Environmental Engineering, Sungkyunkwan University, Suwon 440-746, Republic of Korea

Correspondence should be addressed to Sun-Kyu Park, skpark@skku.edu

Received 14 November 2011; Accepted 13 February 2012

Academic Editor: Gai-Fei Peng

Copyright © 2012 S. Hong and S.-K. Park. This 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.

This paper documents a study carried out on the estimation of the bond stress-slip relationship for reinforced concrete members
under axial tension loading. An analytical model is proposed that utilizes the conventional bond stress-slip theories as well as the
characteristics of deformed bar and concrete cross-sectional area. An equation for the estimation of the bond stress is formulated
as the function of nondimensional factors (e.g., bond stress, slip, etc.). The validity, accuracy, and efficiency of the proposed model
are established by comparing the analytical results with the experimental data and the JSCE design codes, as well as the analytical
models given by Ikki et al. and Shima. The analytical results presented in this paper indicate that the proposed model can effectively
estimate the bond stress-slip relationship of reinforced concrete members under axial tension loading.

1. Introduction

Bond of reinforcing bars to the surrounding concrete
influences the behavior of reinforced concrete structures in
many ways [1]. It can be a key element for the ultimate load-
carrying capacity of reinforced concrete structures since it
affects the anchorage of bars and the strength of lap slices.
Moreover, the deformation capacity of the members, and
hence the redistribution capacity in statically indeterminate
structures, is directly influenced by the bond. For these
reasons, it can be said that a fundamental issue for reinforced
concrete structures is the bond between the reinforcing bars
and the concrete [2].

One of the major drawbacks in reinforced concrete bond
research is the absence of a generalized method for determin-
ing bond strength. This leads comparisons between various
researches and test results on bond difficult. Most investiga-
tors have used pull-out tests that are commonly adopted in
reinforced concrete bond studies [3–11]. In most research,
not a great deal of attention has been focused on the embed-
ment length and the stress state in the concrete. The embed-
ment lengths and the stress states have, therefore, not
coincided with those in real reinforced concrete members.

Because this has not been recognized by many researchers,
results often show a significant difference to real behavior.

In general, bond action in reinforced concrete members
is represented by the bond stress-slip relationship. Many
bond stress-slip relationships have been proposed and some
of these have been formulated. These relationships have
been used in the finite-element method (FEM) [12–14] and
cracking [15, 16] analysis. However, most of the proposed
relationships were derived from pull-out tests and differ from
each other. The main limitation of the pull-out test is that
it does not simulate the actual conditions in a reinforced
concrete flexural member. Therefore, utilizing relationships
derived from the pull-out test might be considered to
contain inevitable problems. Consequently, it is necessary to
establish a realistic bond stress-slip relationship that takes
into account the actual conditions in a reinforced concrete
flexural member, which is usually long embedment length
and axial tension force at the cracking section.

This article presents an analytical model to estimate the
bond stress-slip behavior of reinforced concrete members
based on the axial tension test. The models suggested for the
estimation of the bond stress-slip relationship in the JSCE
code [17] and by Ikki et al. [18, 19] and Shima [20] are
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Figure 1: Bond stress-slip relationship.

extended in order to analyze the bond stress-slip behavior of
reinforced concrete flexural members. An analytical equation
is formulated as an exponential function of the relative rib
area and the nondimensional slip. The validity, accuracy,
and efficiency of the proposed model are established by
comparing the results of the present study with the results
obtained from the analytical and experimental studies. In
addition, a parametric study was performed to evaluate the
effects of the bond factors. The results of analysis presented
in this paper indicate that the proposed model can be used
effectively to estimate the bond stress-slip relationship.

2. Bond Mechanism

2.1. Interaction between Reinforcing Bar and Concrete. With
the growth of bond researches, a reinforced concrete struc-
ture was known as a composite structure [21], whereby
the slip occurs along the reinforcing bar under loading
and the bond action is a function of the slip. To put it
concretely, when the external force is progressively applied
to a reinforced concrete member, interfacial stresses between
the reinforcing bar and the concrete are created and the
capacity of the interface to transmit stresses begins to weaken
at certain load levels. These irreparable damages spread to the
surrounding concrete. As a result of this process, the capacity
of the interface to transmit stresses gradually deteriorates and
a slip of both materials inevitably occurs.

As shown in Figure 1, the stress transfer mechanisms,
which refer to the bond action, are usually expressed by the
bond stress-slip relationship obtained from pull-out tests.
The bond actions are comprised of an adhesive bond, a
frictional bond, and a shear bond. In the case of deformed
bars, the bond resistance capacity is mainly governed by the
mechanical interlocking action.

2.2. Relative Rib Area. In fact, the bar geometry, and more
specially the rib geometry, governs to a high degree the gen-
eral bond behavior and determines the bond resistance [2].
In particular, as shown in Figure 2, the bar diameter (ds), the
rib height (hd), and the rib spacing (ld) are found to be the
most important parameters [1]. In addition, deformed bars

ld

hd

ds

Figure 2: Details of deformed bar.

are currently mainly used for reinforcement in reinforced
concrete structures. The best bond actions can be obtained
by means of an appropriate combination of the 3 above
mentioned parameters.

Rehm [22] showed that the relative rib area could be
regarded as the ruling criterion for the bond action of
deformed bars. The experimental evidence also proves that
bond actions are relatively the same, provided that the
relative rib areas are the same, and the rib face angle is greater
than 30◦. The generally accepted values ranging between
0.05–0.15 represent a good compromise for the relative rib
area, in terms of ultimate bond strength and splitting ability,
and so forth [1].

The relative rib area, the so-called bond index, is defined
as

fR = AR

π × ds × ld
, (1)

where AR: area of the projection of a single rib on the cross-
section of a deformed bar.

Yamao et al. [23] pointed out that bond stress-slip rela-
tionships in long embedment and short embedment lengths
differ significantly, as explained in Figure 3. In addition, the
maximum bond stress obtained from specimens with short
embedment show a steady increase that coincides with the
increase of the relative rib area.

Also, when the relative rib area increases, the maximum
bond stress obtained from specimens with long embedment
will have smaller values than that obtained from specimens
with short embedment. However, even in cases where the
embedment length is sufficient, an increase is shown in
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proportion to the relative rib area, even though the max-
imum bond stress is smaller than that of cases where the
embedment length is short. Hence, the effect of the relative
rib area on the bond action in the case of long embedment
length needs also be considered.

2.3. Stress State by Boundary Conditions. Generally, test
methods used to measure bond stress and slip can be cate-
gorized into two methods, namely, pull-out tests and axial
tension tests. The formulation of the bond-slip relationship
has been developed for the following typical bond problems,
as shown in Figure 4: (a) one side pull-out; (b) both sides
pull-out. In these tests, the main limitation is that they do
not simulate the actual conditions in a structural member.
Due to the effect of the compressive force (C), concrete is
in compression and the reinforcing bar is in tension. In
reality, in the tensile zone of a reinforced concrete member,
the concrete and reinforcing bar are both in tension. The
presence of a lateral stress modifies the stress distribution
shown in Figures 4(a) and 4(b) to a considerable degree.

In the axial tension tests shown in Figure 4(c), a mono-
tonically increasing tensile force (F) is applied to the two
protruding ends of the reinforcing bar embedded in the
concrete prism. The distribution of tensile stresses induced
in the reinforcing bar and concrete will be varied as shown
in Figure 4(c). This distribution is very similar to that of
the tension face of a reinforced concrete flexural member.
It can, therefore, be considered that utilizing the bond-slip
relationships obtained from the axial tension tests in the
analysis is more realistic than utilizing those obtained from
the pull-out tests.

3. Bond Models

3.1. Existing Models. The bond behaviors of reinforced
concrete members have been studied extensively in the last

century. A number of bond stress-slip relationships and
corresponding bond models have been proposed in the
last three decades. A number of popular bond models are
introduced in the following paragraphs.

In 1957, Rehm [22] carried out pull-out tests with spec-
imens that have a short embedment. He also proposed the
following bond model, which is a function of slip, and
comparatively analyzed the bond stress distribution with the
proposed model as

τb = c1S
a + c2S, (2)

where τb: bond stress, S: slip, c1, c2, and a: experimentally
obtained values.

In 1967, based on the pull-out tests and axial tension
tests, Mugurama and Morita [24, 25] proposed the bond
model as

τb = τb,max × exp

[
ln
{(

exp−1
)
S/Smax + 1

}
(
exp−1

)
S/Smax + 1

]
, (3)

where τb,max: maximum bond stress determined by experi-
ment, Smax: slip at the maximum bond stress determined by
experiment.

They also estimated the bond behavior under three
different boundary conditions using (3). Results from the
above analysis concurred with the experimental results.
However, in this model, it needs to be assumed that the
slip corresponding to the maximum bond stress and the
maximum bond stress obtained from the long specimens
under axial tension is significantly smaller than that of the
short pull-out specimens.

In 1987, Shima [20] reported the following bond models
that can predict the tension stiffening effect and that can
be used under any boundary condition. Equation (4) were
proposed for the bar with a long embedment and for the
bar with a short embedment, respectively, while considering
the strain effect in accordance with the boundary conditions.
This model is beneficial when the concrete is under the
compressive stress condition at the reinforcing bar level and
can be applied to the analysis of the behavior of a reinforced
concrete member without any experiment in order to
determine experimental factors. For this reason, this model
is the representative bond model that is currently being used
in the analysis and design of reinforced concrete members as

τb = 0.9 f ′c
2/3 ×

[
1− exp

{
−40

(
S

ds

)0.6
}]

,

τb = 0.73 f ′c
2/3 ×

[
ln
{

1 + 5000
(
S

ds

)}]3

× 1
1 + 105 × εs

,

(4)

where fc
′: compressive concrete strength, ds: bar diam-

eter, εs: strain of the bar.
However, (4) was obtained from the experimental results

of a pull-out test for an anchored bar embedded in the
footing of a reinforced concrete pier or column. The appli-
cability of this equation may, therefore, be limited because
restrained cracks occurred in the specimens. In addition, the
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Figure 4: Typical stress distributions for (a) one side pull-out, (b) both sides pull-out, and (c) axial tension.

bond behavior must be influenced by many factors such as
the concrete cover, the amount of confining reinforcement,
or the axial force of the column.

While taking into consideration all the above-mentioned
problems, Ikki et al. [18, 19] performed axial tension tests
which were evaluated by using the following bond model,
modified from (4) given by Shima [20]. Generally, (5) was
comparatively accurate at predicting the bond-slip relation-
ship of test specimens. However, the maximum bond stress
corresponding to the slip cannot be calculated by the
following (5) as

τb = ks f × kd × 0.9 f ′c
2/3 ×

{
1− exp

[
−40

(
S

ds

)0.6
] }

, (5)

where ks f : coefficient of the concrete stress condition (1.0
when the concrete is compressed, 0.7 when the concrete is
tensioned), kd: coefficient of the bar direction during con-
crete casting (1.0 for a vertically cast reinforcing bar, 0.9 for a
horizontally cast reinforcing bar).

A review of earlier literature indicates that most of the
bond models were obtained from pull-out tests and, there-
fore, might not be suitable for reinforced concrete flexural
members. Furthermore, the maximum bond stress corre-
sponding to the slip cannot be calculated. This is very im-
portant because the maximum bond stress is a main factor
in the determination of crack spacing, anchorage strength,
and the strength of lap slices. Therefore, it is not possible
to accurately calculate the maximum crack width and the
lengths of anchorage and lap slices using the bond models
proposed by the previously mentioned researchers.

It should be noted that the models given by Ikki et al.
[18, 19] and Shima [20], among the aforementioned models,
were compared with the proposed model. This is because
some coefficients of the models given by Rehm [22] and
Mugurama and Morita [24, 25] must be decided experimen-
tally.

3.2. Newly Proposed Model. In order to formulate a bond
model which works successfully under axial boundary
conditions as shown in Figure 4(c), the following factors are
considered to express the bond stress. In research carried
out by Shima [20], it is discovered that the bond strength

increases lineally according to the compressive concrete
strength ( f ′c

2/3). Therefore, the effect of the compressive
concrete strength is considered by using a nondimensional
bond stress (τb/ f ′c

2/3). Also, the effect of the bar diameter
is considered by using a nondimensional slip (S/ds). This is
because the slip is proportional to the bar diameter [23, 26].
These nondimensional indexes were used to formulate the
bond stress. In addition, the relative rib area was introduced
in order to consider the effects of the rib geometry of the
deformed bars. With some modification of the Ikki et al.
[18, 19] model, the bond model is proposed as

τb = k × fc
′ 2/3 ×

{
1− exp

[
−4500

(
S

ds

)1.45
]}0.5

× exp
[
−5
(
S

ds

)
+ 5.5 fR

0.9
]

,

(6)

where k: coefficient that accounts for the effects of the
proposed model on bond stress, fR: relative rib area.

From the position of the reinforcing bar during casting,
and depending on whether or not a stirrup is used, k can be
classified as

k = 0.2× exp
{ [−4.5 + 55

(
3.06 fR − 0.24

)]× 100
Ac

}

(
vertically cast bar

)
,

k = 0.2× ksh × exp
{[−4.5 + 55

(
3.06 fR − 0.24

)]× 100
Ac

}

(
vertically cast bar with stirrups

)
,

k = 0.2× exp
{[−4.5 + 55 fR

]× 100
Ac

}

(
horizontally cast bar

)
,

k = 0.2× ksh × exp
{ [−4.5 + 55 fR

]× 100
Ac

}

(
horizontally cast bar with stirrups

)
,

(7)

where Ac: cross sectional area of the concrete, ksh: coefficient
which expresses the effect of the stirrups (1.0 for a vertically
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Figure 5: Key to specimen numbering system.

cast stirrup, 0.85 for a horizontally cast stirrup), fR: relative
rib area.

Although the Equations k are divided into a horizontally
cast bar and a vertically cast bar, the change in bond capacity
due to the position of the bar during casting was insignif-
icant. This is because the depth of the concrete below a
horizontal bar of reinforced concrete members was usually
smaller than 30 cm. As shown in research carried out by
Rehm [22], bars that are horizontally cast 30 cm above the
bottom of the specimen show an inferior bond behavior
compared to bars that are cast in a horizontal position
marginally above the bottom of the specimen.

In addition, the reciprocal value of the cross-sectional
area of concrete (100/Ac) has the same meaning as the
average stress of the corresponding cross sectional area of
concrete falling under the unit load. In this study, it is
believed that the size effects of the cross section need to be
considered in accordance with the cross sectional area of
concrete, which is actually loaded.

As reflected in the ksh, the effect of lateral confinement
on bond behavior or bars in structural members should be
considered, since the degree of confinement of a bar affects
both the magnitude of the ultimate bond stress and the bond
stress-slip relationship. Ikki et al. [19] reported significant
results that showed that the bond stress was slightly higher in
specimens that did not have stirrups than it was in specimens
that did have stirrups. Even though Ikki et al. [19] may not
have determined the fundamental cause for the previously
described phenomena, it is assumed that the bond-slip
relationship does not rely on the in-plane restraint (which is
the perpendicular reinforcing bar axis), until splitting cracks
occur. This is because splitting cracks had not occurred
within the range for measuring the maximum bond stress.

Furthermore, the bond stress at any location along a
reinforcing bar is proportional to the slope of the steel stress
distribution curve at that point. The bond stress can be
obtained at any point by using the bond model proposed by
many researchers. However, the bond model is very sensitive,
since the slope of the steel stress distribution curve is a
differential term. Hence, the dispersion of the bond stress test
data is currently unavoidable.

3.3. Parametric Study. In order to estimate the various fac-
tors of the proposed model, a parametric study was
performed by transmuting nondimensional slip (S/ds) to
1 ∼ 4%, relative rib area ( fR) to 0.02 ∼ 0.22, compressive

concrete strength ( f ′c ) to 20 ∼ 50 MPa, and the reciprocal
of the cross sectional area of concrete (100/Ac) to 0.111%,
0.0625%, and 0.04%, respectively. Each specimen is iden-
tified by a numbering system containing a code to help
identify the characteristics of that specimen. The specimen
numbering system is explained in Figure 5.

Figures 6 and 7 demonstrate the effect of the aforemen-
tioned factors on the bond stress-slip relationship for the
specimens with a 0.0625% reciprocal of the cross-sectional
area of concrete and 30 MPa and 40 MPa f ′c compressive
concrete strength, respectively. Due to the scope of this paper,
not all figures are shown.

When using deformed bar, the uniform variation of the
bond stress noted for a general range of the relative rib
area ( fR) was 0.10 ∼ 0.15. However, a very high variation
was seen at 0.16 and above. Based on the above results,
the proposed model in (6) was varied by a fixed ratio for
the nondimensional slip (S/ds) and the compressive concrete
strength ( f ′c ) with small sensitivity for the relative rib area
( fR) at a general range of 0.10 ∼ 0.15. However, sensitive
variation was verified when the size of the concrete cross-
section is relatively small. Nevertheless, such effects would
not be large because the size of the cross-section in a real
application is usually sufficient.

Rehm [27] reported that the upper limit of bond resis-
tance capacity is controlled through shear failure in the case
of fR = hdld > 0.15. This fact was unexpectedly proved
through the parametric study for the general range imposed
on the value fR by the relevant standards or by approval doc-
uments. The results of the parametric study verify that the
parameters considered in the proposed model appropriately
simulate the bond behavior of a reinforced concrete member
under axial tension boundary conditions.

4. Experimental Program

4.1. Specimen and Experimental Conditions. For verification
of the proposed model, the test results performed by
Ikki et al.[18, 19] were used. The experimental conditions
and properties of each specimen are shown in Table 1.

The specimens for the axial tension tests are made up
of two series with different properties, namely, the T-Series
and the D-Series. The concrete cover of all specimens is
40 mm, regardless of the concrete cross-section. In the T-
Series, the square section was used, with the exception of
specimen TV0-50, which was used in the circular section.
The length of each specimen was 764 mm as shown in Figure
8. Concrete was cast in a horizontal direction perpendicular
to the embedded reinforcing bars. However, specimens TV0-
45 and TV0-45 were cast in a vertical direction parallel to
the embedded reinforcing bars. In addition, a stirrup was
arranged only in specimens TH-30 and TH-45. The tensile
reinforcing bar was embedded at the center of the square
and circular sections. Here, D19 bar was used as the tensile
reinforcing bar for all specimens, while the Young’s modulus
of the bar is Es = 181.3 GPa, and the yield stress is fy =
357.8 MPa. The test details of specimen TH1-45 are shown
in Figure 8. In the D-Series, two types of circular sections
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Figure 6: Effects of bond factors ( f ′c = 30 MPa, 100/Ac = 0.0625%).



Advances in Materials Science and Engineering 7

9

6

3

0

0 1 2 3 4

Specimen

S/ds (%)

B
on

d 
st

re
ss

 (
M

Pa
)

-40 Mpa-FR0.02V

-40 Mpa-FR0.04V
-40 Mpa-FR0.06V
-40 Mpa-FR0.08V

-40 Mpa-FR0.10V
-40 Mpa-FR0.11V
-40 Mpa-FR0.12V

(a)

27

24

21

18

15

12

9

6

3

0

0 1 2 3 4

Specimen

33

30

S/ds (%)

B
on

d 
st

re
ss

 (
M

Pa
)

-40 Mpa-FR0.13V
-40 Mpa-FR0.14V
-40 Mpa-FR0.15V
-40 Mpa-FR0.16V

-40 Mpa-FR0.18V
-40 Mpa-FR0.20V
-40 Mpa-FR0.22V

(b)

S/ds (%)

B
on

d 
st

re
ss

 (
M

Pa
)

9

6

3

0

0 1 2 3 4

Specimen
-40 Mpa-FR0.10H
-40 Mpa-FR0.11H
-40 Mpa-FR0.12H

-40 Mpa-FR0.02H
-40 Mpa-FR0.04H
-40 Mpa-FR0.06H
-40 Mpa-FR0.08H

(c)

S/ds (%)

B
on

d 
st

re
ss

 (
M

Pa
)

9

6

3

0

0 1 2 3 4

Specimen

15

12

-40 Mpa-FR0.13H
-40 Mpa-FR0.14H
-40 Mpa-FR0.15H
-40 Mpa-FR0.16H

-40 Mpa-FR0.18H
-40 Mpa-FR0.20H
-40 Mpa-FR0.22H

(d)

Figure 7: Effects of bond factors ( f ′c = 40 MPa, 100/Ac = 0.0625%).



8 Advances in Materials Science and Engineering

Table 1: Properties of test specimen.

Type
(Series)

Specimen Direction of bar on casting
Existence of stirrup

(D6)
Sectional property

[mm]

(1) (2) (3) (4) (5)

T-Series

TH1-30 Horizontal Yes 300 × 300

TH1-45 Horizontal Yes 450 × 450

TH0-30 Horizontal No 300 × 300

TH0-45 Horizontal No 450 × 450

TV0-45 Vertical No 450 × 450

TV0-50 Vertical No φ 500 mm

D-Series
D-30 Vertical No φ 300 mm

D-45 Vertical No φ 450 mm

Stirrup(D6) Concrete

150 150 150 15082 82

40

40

370

Reinforcement
(D19)

150 150

764

Specimen: TH1-45 Unit:  mm

Strain gauge

Figure 8: Sectional properties of the specimen TH1-45 and
positions of strain gauges.
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Figure 9: Bond stress-slip relationship of TH0-30 specimen.
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Figure 10: Bond stress-slip relationship of TH0-45 specimen.

were used, with diameters of 30 cm and 45 cm, respectively.
The length of each specimen was 964 mm. Concrete was
cast in a vertical direction. No stirrup was arranged and the
tensile reinforcing bar was also embedded at the center of
the circular section. Here, D16 bar was used as the tensile
reinforcing bar, with the Young’s modulus of the bar Es =
192 GPa, and the yield stress fy = 390 MPa.

4.2. Determination of Bond Stress and Slip. To obtain the
bond stress and slip from the measured strain, the method
proposed by Yamao et al. [23] was utilized. At any point, the
bond stress derived from an equilibrium condition can be
written as

τb = ds
4
dfs
dx

= dsEs
4

dεs
dx

, (8)
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Figure 11: Bond stress-slip relationship of TH1-30 specimen.

where Es: Young’s modulus of the bar, dεs/dx: slope of the
strain distribution curve.

The function of strain εs = ε(x) is assumed as the strain
distribution curve obtained by connecting every three neigh-
boring point with a second degree polynomial function.
Here, if the three neighboring points are set as (xi−1, εi−1),
(xi, εi), and (xi+1, εi+1), the strain curve can be expressed and
the obtained strain curve shows the strain distribution from
point (i− 1) to point (i) as

εs = ε(x) = ai + bix + cix
2, (9)

where ai, bi, ci: numbers, called coefficients.
By substituting (9) into (8), τbi(x) can be written as:

τbi = Esds(bi + 2cix)
4

, (10)

where τbi: bond stress corresponding to point i.
In the axial tension test, the slip at any point could be

obtained by the integration of the strain from the certain
point (i− 1) with zero slip to the point concerned i as

Si(x) = Si−1(x) +
∫ xi

xi−1

(
ai + bix + cix

2)dx. (11)

5. Validation of the Proposed Model

All the test specimens are calculated by using the proposed
model and the results obtained are compared with the
experimental data given by Ikki et al. [18, 19] and analytical
solutions provided by eminent researchers [18–20] and the
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Figure 12: Bond stress-slip relationship of TH1-45 specimen.

JSCE code [17]. For notational convenience, the analytical
solutions have been designated according to the surname of
the first authors (Ikki, Shima) and of design codes (JSCE).
For example, Shima represents the solution provided by
Hiroshi Shima. Also, the solution obtained from the pro-
posed model is denoted by the present study.

The following equation is the concrete design bond
strength proposed by the JSCE code [17] as

fbdj = 0.28 f ′c
2/3
(
fbdj ≤ 3.2 MPa

)
. (12)

In Figures 9–16, analytical solutions are shown compared
to the experimental data and the proposed model at different
locations along a reinforcing bar. From these figures, it is
verified that the bond stress-slip relationship in a specimen
is the same, independent of the locations along a reinforcing
bar. However, the bond stress in the data obtained from the
right sides of specimens D-30 and D-45 shown in Figures 15
and 16 is underestimated compared to that of the left sides.
For this reason, Ikki and Kiyomiya [18, 19] explained that
the local hardness of the concrete layer in contact with the
ribs of indentation had decreased due to the bleeding of the
concrete.

The important basic factor for the analysis of defor-
mational behavior and the calculation of crack width in
reinforced concrete members is the constitutive law for rein-
forcing bar and concrete. The constitutive law of bond action
between reinforcing bar and concrete is also important for
FEM analysis. Consequently, the JSCE model [17] is always
consistently conservative.

The Shima [20] model yields an over-predicted overall
bond-slip behavior for all specimens, which is not desired.
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Table 2: Comparison results for the maximum bond stress and the associated slip.

Method Type Data of Experiment Present Study Ikki Shima JSCE

S/ds [%] τb,max/ f ′c S/ds [%] τb,max/ f ′c τb,1%/ f ′c τb,1%/ f ′c τbdj/ f ′c
(1) (2) (3) (4) (5) (6) (7) (8)

TH1-30 1.013 0.189 0.852 0.169 0.166 0.264 0.0891

TH1-45 0.813 0.179 0.845 0.159 0.166 0.264 0.0891

TH0-30 0.834 0.230 0.857 0.221 0.166 0.264 0.0891

TH0-45 1.050 0.197 0.850 0.178 0.166 0.264 0.0891

TV0-45 0.847 0.197 0.865 0.201 0.185 0.264 0.0891

TV0-50 0.832 0.196 0.809 0.190 0.185 0.264 0.0891

D-30 0.771 0.199 0.831 0.205 0.207 0.295 0.0999

D-45 0.930 0.180 0.850 0.172 0.207 0.295 0.0999

Mean 0.886 0.196 0.845 0.187 0.181 0.272 0.092
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Figure 13: Bond stress-slip relationship of TV0-45 specimen.

Moreover, the model predicted the maximum bond stress of
τb, 1%/ f ′c as significantly more than the experimental values
for all test specimens. This trend can also be seen in Table 2.
This model is quite erroneous when used for predicting the
bond stress-slip behavior for the axial tension members. This
may be due to the fact that the model was developed based
on the pull-out tests.

The Ikki et al. [18, 19] model, in general, predicts com-
paratively closer to the experimental values for all the test
specimens. For the square specimens, this model slightly
underestimated the maximum bond stress τb,1%/ f ′c , yet the
predictions were very close to the test values. Conversely, this
model slightly overestimated the circular specimens. As for
the Shima [20] model discussed above, this model also did
not give the maximum bond stress and the associated slip.
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Figure 14: Bond stress-slip relationship of TV0-50 specimen.

The model proposed in this study is quite accurate at pre-
dicting the bond stress-slip relationship of test specimens and
its accuracy is not affected by changes in test variables. This
is important since the test variables change rapidly among
different types of reinforcing bars and various concrete
strengths, and so forth. Also, the benefit of this model is that
the maximum bond stress corresponding to the associated
slip can be obtained, which is a core factor in the estimation
crack spacing.

It should be noted that the peak value of the nondimen-
sional bond stress curve τb/ f ′c

2/3, compared to the nondi-
mensional slip index curve S/ds, is of greater significance
when identifying the maximum crack-width-related aspects
of reinforced concrete members. That is, the maximum bond
stress is a main factor in the estimation of crack spacing, so
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direct calculation of the maximum crack width is possible
from the estimation of the maximum bond stress.

Furthermore, in order to consider the predictive assess-
ment in respect of the analytical solutions including the
proposed model, the calculations were carried out for the
nondimensional maximum bond stress and the correspond-
ing nondimensional slip for all specimens. The comparison
results can be seen in Table 2.

However, the bond stress τb,1% when S/ds = 1% was
used, since the estimation of the maximum bond stress
by using the formula proposed by Ikki et al. [18, 19] and
Shima [20] was difficult. Based on the comparison results,
the model proposed by the author showed that the mean
values for the nondimensional maximum bond stress and the
corresponding nondimensional slip were 0.845 and 0.187,
respectively. These values are the nearest values for the
experimental values. Consequently, the model proposed in
this paper is the most accurate model for estimating the bond
behavior of axial tension members.

6. Conclusion

In this paper, an analytical model was proposed to estimate
the bond stress-slip relationship for reinforced concrete
members under axial tension loadings. By extending the
conventional bond stress-slip theory and considering the
relative rib area of deformed bars and the concrete cross-
sectional area, an equation to compute the bond stress was
formulated as a function of the nondimensional factors.
To estimate the various factors of the proposed model, a
parametric study has been performed on each of the bond
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Figure 16: Bond stress-slip relationship of D-45 specimen.

factors. Also, based on the results of the parametric study,
the factors considered in the proposed model appropriately
simulate the bond behavior of reinforced concrete members
under axial tension boundary conditions.

The results of the analysis presented in this paper indicate
that the proposed model can be used to effectively estimate
the bond stress-slip relationships of reinforced concrete
flexural members. The results compared well with the experi-
mental data and validation was obtained.

Although the current design codes and the bond models
proposed by different researchers provide design criteria for
the bond behaviors of reinforced concrete members, these
criteria are not well defined and there is no concurrence
among the different variables affecting the bond behaviors.
Therefore, the proposed model could be of benefit to struc-
tural engineers when analyzing and designing reinforced
concrete members under bending.
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For enhancing the service life of concrete structures, it is very important to minimize crack at surface. Even if these cracks are very
small, the problem is to which extend these cracks may jeopardize the durability of these decks. It was proposed that crack depth
corresponding with critical crack width from the surface is a crucial factor in view of durability design of concrete structures.
It was necessary to deal with chloride penetration through microcracks characterized with the mixing features of concrete. This
study is devoted to examine the effect of high strength concrete and reinforcement of steel fiber on chloride penetration through
cracks. High strength concrete is regarded as an excellent barrier to resist chloride penetration. However, durability performance of
cracked high strength concrete was reduced seriously up to that of ordinary cracked concrete. Steel fiber reinforcement is effective
to reduce chloride penetration through cracks because steel fiber reinforcement can lead to reduce crack depth significantly.
Meanwhile, surface treatment systems are put on the surface of the concrete in order to seal the concrete. The key-issue is to
which extend a sealing is able to ensure that chloride-induced corrosion can be prevented. As a result, penetrant cannot cure
cracks, however, coating and combined treatment can prevent chloride from flowing in concrete with maximum crack width of
0.06 mm and 0.08 mm, respectively.

1. Introduction

Over the last decades, many improvements have been pre-
sented in both measuring techniques and modeling of ionic
flows in the field of chloride penetration. However, the ma-
jority of this research has been performed on sound un-
cracked concrete, even though many in situ concrete struc-
tures have more or less micro-cracks. Although these mi-
crocracks may not degrade the structural safety immediately,
the question is to which extent these cracks may jeopardize
the durability of cracked concrete by permitting penetration
of aggressive substances into concrete easily. To begin with,
moisture penetration through cracks can defeat the purpose
of the surface treatment by allowing localized reinforcement
corrosion [1]. Especially, penetration of chlorides into con-
crete through the micro-cracks can make a significant harm-
ful effect on reinforcement corrosion [2]. There are several
different reasons for not taking the effect of crack on chloride
penetration into account. The most important ones are that
it is difficult to make accurate measurements on the flow

through cracks and that there are many affecting factors and
complexities. Nevertheless, the existent cracks are a reality
and it is necessary to deal with the effect of cracks on chloride
penetration.

In particular, high-performance concrete (high-strength
concrete) can be regarded as a durable material to insure a
long service life, as long as there are no cracks. Barrier func-
tion to protect high-strength concrete is severely broken,
however, if a crack is generated. Since high-strength concrete
is more brittle than ordinary concrete, durability design must
be accomplished for greater safety. Nevertheless, it is very
rare to deal with the issue in the study of high-performance
concrete.

Meanwhile, surface treatment system for small cracks
and epoxy injection for medium or big cracks have been
recommended for crack repair [3]. That is, if the size of the
crack is small, surface treatment system can be considered
as one of the best options to heal the crack in terms of cost
effectiveness versus durability performance and to extend
the service life of concrete structures. However, there seems
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Figure 1: Outline of experimental procedures: from making concrete samples to getting data.
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Figure 2: Effect of size of coarse aggregate on microcracking.

to be no research to explain technical limitation of surface
treatment system, in particular, critical crack width which
can be healed by the system [4, 5]. ACI [6], JCI [7], and
KISTEC [8] just suggested that low solids and low-viscosity
resin-based systems are useful to cure fine cracks. However,
the limitation of surface treatment system as a crack repair
method should be understood. That is, it is necessary to
define the scale of the crack that can be healed by the method,
in order to make sure of the reliability of the crack repair
method.

The purpose of this study is to examine the effect of
microcracks on chloride penetration in cracked HPC and
study the efficiency of certain surface treatments for the
crack healing. Accelerating experiment was carried out to
investigate the effect of surface treatment systems to enhance
service life of cracked concrete. For plain concrete and
surface treated concrete, the critical crack size that can be
healed by surface treatment systems is examined. Cracks
smaller than this critical crack size are considered not to

Table 1: Material properties of penetrant (PT).

Items Value

Main ingredient Silane

Turbidity below 1.0

Ratio of water sorptivity (KSF 4930) 0.05

Color Colorless

pH 8.3

Type Liquid

have a significant influence on the rate of chloride transport
inwards, while chloride penetration does proceed faster
above the critical crack size.

2. Experiment Program

2.1. Program I: Chloride Penetration through Cracks in HPC

2.1.1. Preparation of Concrete Samples and Cracking. All steps
for experiment program are depicted in Figure 1. Mixing
proportion is given in Table 1. For comparison with high-
performance concrete (HPC), OPC samples were made
with ordinary Portland cement, water/cement ratio of 0.50.
OPC samples had two types with maximum size of coarse
aggregate: 8 mm and 16 mm. It is well known that interfacial
transition zone (ITZ) between cement paste and aggregate
forms a more porous framework than bulk cement paste.
Since ITZ is considered as the weakest link of the chain,
cracks are preferentially propagated in concrete under com-
pressive or tensile stress. The crack propagation depends on
the size of coarse aggregate, as shown in Figure 2. Cracking
is very complicated in concrete with the small size of coarse
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aggregate and this is intended in two types of OPC concrete
samples.

HPC samples were mixed with fly ash and silica fume and
its 28-day strength was equivalent to 100.1 Mpa. HPFRC
samples mean high-strength concrete reinforced by steel fi-
ber. Steel fiber can lead to complicated cracks and cracks
bridging in the concrete. This was intended for investigation
on chloride penetration through the complicated cracks in
HPFRC samples.

The concrete was cast into 150 × 150 × 150 mm cube
moulds, which were moist-cured at 20◦C for 48 hours, fol-
lowed by air exposure at a relative humidity of 65% and 20◦C.
Sample series and preparation were set up in such a way that
the specimens could be tested for chloride penetration at an
age of 28 days. In these specimens, a notch was made of 5 mm
wide and 5 mm depth. Next to the notch steel plates were
glued to introduce the tensile forces to create a fracture.

To control the crack formation, two LVDTs were fixed
on each side of the specimen, perpendicular to the loading
direction, to monitor the crack mouth opening displacement
(CMOD). The tests were performed in deformation control
mode up to the target CMOD. Then the specimen was
unloaded and taken out of the machine. Time, force, stroke,
and CMOD were recorded during the test. The effective
CMOD value (i.e., the unloaded value) was used in the
analysis and graphical plots. After unloading but before
performing the RCM test the notch had been cut off, to arrive
at a sample thickness of 50 mm.

2.1.2. Chloride Penetration Experiment. Rapid chloride mi-
gration (RCM) test, standardized in NordTest NT-Build 492
[9], has been used more and more to investigate pene-tration
of chloride into concrete. This is set up as a non-steady-state
migration test. These are then used to help design concrete
materials for long-lasting structures. In such design process
ordinary crack-free concrete was considered; however, this
experiment was effective to quantify the effect of cracks on
chloride penetration. One side of the sample was exposed
to a salt solution, while the other side of the sample was
exposed to a 0.3 N NaOH solution. Using stainless steel
plate electrodes on both sides of the sample, a DC voltage
was applied to force the negatively charged chloride ions
through the sample. After the test the samples were split and
sprayed with 0.01 N AgNO3 solution to visualize the ingress
of chloride into the sample.

Since it is the purpose of this research to investigate the
influence of micro-cracks on the penetration of chloride,
the RCM test has been performed on fractures samples
after 28 days. The introduction and formation of cracks are
described later in this paper. The expected end result of an
RCM test is given in Figure 3. Chloride penetration depth in
the unfractured zone (d1) and the fractured zone (dT) was
measured and the values were used for chloride diffusion
coefficient in the unfractured zone (D1) and the fractured
zone (DT).

2.2. Program II: Crack Healing to Prevent Chloride Penetra-
tion. Surface treatment systems can be classified into three

Crack

Direction of chloride penetration

Chloride penetrated 
area

Non-penetrated area

d1 → D1

dT → DT

d2

Figure 3: Schematic end result of the RCM test on fractured spec-
imen, with different notation codes.

Table 2: Material properties of coating material (CT).

Items Value

Main ingredient Polymer

Bonding strength (Mpa) 2.12

Color Light grey

Type powder + water

types: (a) penetrant, whereby surface near zone is impreg-
nated and dense layer with pore blocker is formed, (b)
coating, whereby in most cases a thin or thick continuous
membrane polymer film is applied, and (c) sealer, whereby
properties of both the penetrant and coating can be expected.
Figure 4 illustrates these three groups of protection.

After generating cracks in OPC samples, surface treat-
ment system was applied in the surface. In the experiment,
penetrant and coating material were used and materials
properties are shown in Tables 2 and 3. For penetrant, the
achievable penetration depth in concrete mainly depends on
four factors: the type of hydrophobic agent applied, the W/C
of the concrete substrate, the initial moisture content, and
the surface preparation of the concrete substrate [10].

Thickness of surface coating was measured by a micro-
scope and the value was about 70 um, as shown in Figure 5.
Samples treated with penetrant were split and sprayed with
water. Then the penetration depth was measured and the
value was 2.8 mm.

3. Result and Discussion

3.1. Chloride Penetration through Cracks. Figure 6 represents
the relative diffusivity (DT/D1) of concrete with various sizes
of coarse aggregate. The relative diffusivity of concrete with
Gmax 16 mm tends to be higher than that of concrete with
Gmax 8 mm, however, the trend is not significant. Although
micro-cracks are concentrated at the surface of coarse
aggregate, the cracks do not influence chloride penetration.
Since the micro-cracks are smaller than 0.012 mm, which
is a critical crack width in accordance with a previous
research of author, the crack is thought not to be effective for
chloride penetration [11]. According to the study, chloride
ions cannot immediately penetrate all the way up to the
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(a) Coating (b) Sealer (c) Penetrant

Surface treatment                     

Concrete

Figure 4: Type of surface treatment systems.

Table 3: Mixing proportion of concrete.

Mix symbol 28-day strength (MPa) W/C Gmax (mm)
Unit weight (kg/m3)

Water Cement Mineral Adx. Sand Gravel

OPC 28.5 0.50 16 185 370 — 720 1021

OPC II 28.5 0.50 8 185 370 — 720 1021

HPC 100.1 0.20 8 128 440
Fly ash 132

1045 485
Silica fume 64

HPFRC∗ 125.5 0.33 — 145 439 — 1912 —
∗

Volume of steel fiber: 175 kg/m3 (length: 16 mm, diameter: 0.13 mm).

Concrete

Coating material

70 µm

Figure 5: Thickness of coating material on surface concrete.

crack tip when the cracked concrete is faced with chloride
solution. The rate of penetration decreases with increasing
crack depth. This rate of penetration is influenced by the
geometrical properties of the cracks. With increasing the
depth of the crack, the crack width decreases and, more
importantly, the crack is tortuous and has more chance to be
unconnected closer to the crack tip, because of crack branch-
ing and bridging. Based on the findings in this research, it is
necessary to make a strong argument to consider the crack
width versus chloride penetration under various tension
conditions.

Figure 7 depicts the relative diffusivity of various con-
crete samples. Compared with OPC, HPC and HPFRC have
a high relative diffusivity as if the durability performance
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Figure 6: Relative diffusivity versus Gmax.

of HPC/HPFRC is worse than that of OPC. The result is
far from previous researches because HPC is recognized as
a-high-durability concrete. The reason can be explained by
Figures 8 and 10.

Figure 8 shows the relationship between chloride pene-
tration depth and crack width. HPC and OPC showed the
same chloride penetration depth if the crack width is higher
than 0.03 mm. Overall, a little chloride penetration is exam-
ined at HPC and HPFRC. This is because high strength leads
to dense micro-structure of concrete and steel fiber inducing
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delay strain induced crack propagation. That is to say, steel
fiber has a function to increase crack depth, d2 − de (see
Figure 9), corresponding with critical crack width 0.012 mm,
and to decrease effective crack depth de.

Figure 10 shows a photo of chloride profile in concrete
contaminated by chloride ions. Compared with OPC, HPC
does not allow chloride penetration. Once cracks are gen-
erated, however, HPC loses its high protection performance
significantly. This is why relative diffusivity (DT/D1) of HPC
is much higher than that of OPC. HPC without cracks has
a very high resistance to deterioration due to chloride pene-
tration; however, HPC is prone to be cracked. If there are

Cl−

d2

Wcri

de

Wcr

d2 − de

Figure 9: Schematic representation of effective crack depth accord-
ing to critical crack depth.

no cracks in HPC, its service life can be overestimated too
much in durability designing. Therefore, the penetration
of harmful substances through cracks must be considered
in establishing the maintenance strategy of HPC structures
under severe conditions.

3.2. Crack Healing Effect. Figure 11 shows chloride diffusion
coefficient for penetrant-treated concrete. As expected, the
chloride diffusion coefficient of cracked concrete is higher
than that of uncracked concrete. From CMOD 0.024 mm,
chloride penetration through crack is found. CMOD
0.024 mm is too small, and, thus, it can be suggested that
penetrant is difficult to expect crack healing.

Figure 12 represents chloride diffusion coefficient for
CT-treated concrete. Compared with PT-treated concrete,
CT-treated concrete showed low diffusion coefficient. This
means that the performance of surface coating is better
than that of penetrant for chloride resistance. Above all, the
experimental result shows obviously that when the crack
width was large, beyond around 0.060 mm, the rate of
increase of chloride penetration increased. In other words,
increasing chloride diffusivity is responsive to 0.060 mm of
CMOD. This means the critical crack opening that can be
healed with coating system is 0.060 mm, and this is higher
than 0.024 mm, which is a limitation of crack width healed
with penetrant. Therefore, it is concluded that coating also
does not have a satisfactory performance although coating is
better than penetrant for crack healing.

Figure 13 illustrates chloride diffusion coefficient for
PCT-treated concrete. Already below a value of CMOD of
0.08 mm the influence of the crack on the chloride transport
starts to become noticeable. The penetrant can lead to dense
fracture; however, space between cracks should still exist. If
penetrant-treated concrete is coated, membrane coating film
is formed and this is effective to protect the concrete from
chloride penetration. The double protective system can be
believed to cure crack with 0.08 mm maximum width. This
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(a) OPC concrete (b) HPC concrete

Figure 10: Comparison of chloride profile of OPC concrete with that of HPC concrete.
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Figure 11: Chloride diffusion coefficient for PT-treated concrete.

is also not a satisfactory performance for healing. Of course,
the critical crack width depends on type of surface treatment
system, quality, the number of treatments, number of layers,
and so on.

Figure 14 represents the effect of type of surface treat-
ment on the prevention of extra chloride penetration
through cracks. There is no doubt that the penetrant cannot
cure cracks. This is because the penetrant cannot fill space
between crack fractures and does not have significant crack-
bridging capabilities, although the hydrophobic nature of the
material may reduce the intrusion of moisture into narrow
cracks. The experimental result shows obviously, however,
that the coating system is effective for healing cracks up
to maximum CMOD 0.06 mm, the so-called critical crack
width that can be healed by surface treatment system. For
combined application of the penetrant and coating system,
when the CMOD was large, beyond around 0.08 mm, the
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Figure 12: Chloride diffusion coefficient for CT-treated concrete.

rate of increase of chloride penetration increased. This means
that there is no extra chloride penetration through the crack
if the crack width is smaller than 0.08 mm. As a matter of
course, the value depends on material properties of surface
treatment; however, the value is much smaller than we have
expected. The value should lead to extremely conservative
criterion. It is difficult to apply to estimation the integrity of
in situ concrete structures with a value. JCI [7] and KISTEC
[8] recommended the surface treatment method including
the penetrant to keep the performance of watertightness for
concrete with maximum crack width 0.20 mm. Obviously
0.20 mm is much higher than the critical crack width of
0.06 ∼ 0.08 mm. It is necessary to examine its effective
application.

Based on the results of this study, it is concluded that
penetrant is not suitable for crack healing and the coating
system should be applied after understanding the limitation
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Figure 13: Chloride diffusion coefficient for PCT treated concrete.
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of its effectiveness. For verification, the crack healing effect
and critical crack width should be examined with the
outcome of chloride immersion testing for long term.

This study is expected to provide us with insight into
developing design criteria for a durable concrete and in
understanding the effect of surface treatment system to repair
cracked concrete structure. It is expected that the outcome
of this study could be an engineering ground to choose the
type of surface treatment system and to judge the durability

performance of surface treated concrete. For more research,
the capacity to bridge and heal cracks should be carefully
studied depending on the type of the surface treatment
system and number of coating layers.

4. Conclusions

(1) Experiment recipe was designed to investigate chloride
penetration through cracks in OPC and HPC concrete.
Compared with OPC, HPC did not allow chloride pene-
tration. However, HPC with cracks lost its high protection
performance seriously. That is, the relative diffusivity of HPC
is much higher than that of OPC. This means that chloride
penetration through cracks must be considered in HPC
structures exposed to sea water. Steel fiber had a function to
increase crack depth and to decrease effective crack depth.

(2) Penetrant cannot cure cracks. However, it was noticed
that concrete with maximum crack width 0.06 mm was
healed by coating system. Combination of penetrant and
coating system made a positive contribution to crack healing
up to maximum crack width 0.08 mm.
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