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For several decades, numerous studies on the development
of polymer-based construction materials for civil engineer-
ing applications have been conducted. In recent years, the
polymer-based materials are mainly classified into three
groups: (1) synthetic fiber-reinforced (cement) composites
(FRC), (2) fiber-reinforced polymer (FRP), and (3) poly-
mer concrete. The FRC includes several types of discontin-
uous fibers made of polypropylene, polyethylene, polyvinyl
alcohol, polyester, and so on. It can be effectively adopted
for civil structures and buildings to improve postcracking
tensile performance, plastic shrinkage crack resistance, fire
resistance (preventing spalling), and durability of concrete.
In addition, several types of FRPs, that is, FRP reinforcing
bar, FRP sheet, and sprayed FRP, have been studied for
reinforcing and strengthening civil structures. In spite of
their many advantages such as a noncorrosive nature, high
specific strength, and electromagnetic neutrality, due to
some drawbacks of FRPs, such as high brittleness, poor
fire resistance, weak bond characteristics, and excessive
creep, their wider practical applications have not occurred.
Lastly, a polymer concrete has recently gained attention
from engineers to achieve excellent mechanical properties
and durability.

Several numbers of experimental and numerical papers
addressed new research findings with regard to FRP
strengthening systems. Y. Lu et al. investigated the effects of
moisture on the initial and long-term bond behavior between
a carbon fiber-reinforced polymer (CFRP) and a wet concrete
with a water content of 4.73%. They found an important
finding that the CFRP and concrete interface under moisture

condition increased during the first few months and then
decreased or fluctuated over time in terms of the shear
strength and slip capacity. The models suggested by the
authors well predicted the interfacial fracture energy and
ultimate load of specimens. J.-Y. Lee et al. evaluated the
effects of CFRP sheet, steel fiber content, and amount of
shear reinforcement on the blast resistance and residual
flexural performance of blast-damaged reinforced concrete
beams. Using small-diameter steel bars for stirrups with
small spacing could decrease the local damages more effec-
tively than the large-diameter steel reinforcement. CFRP
retrofitting showed insignificant enhancement in ductility of
damaged specimens, but it distributed the blast load and
protected debris scattering. Steel fibers resulted in increased
ductility and enhanced blast resistance against local damages.
Therefore, it can be concluded that replacing a damaged
concrete cover with steel fiber-reinforced cement composites
is adequate for repairing the blast-damaged RC members.
J. Slaitas et al. studied a prediction model of crack width
and load-carrying capacity of RC beams strengthened with
FRP, based on fracture mechanics of solids. Since, at the
ultimate stage of crack propagation, the load-carrying
capacity of the element is achieved, the load capacity could
also be estimated according to the ultimate crack depth.
Based on a comparison of experimental and numerical
results, the proposed analytical crack model can be consid-
ered to be used for more precise predictions of flexural
crack propagation and load-carrying capacity.

A novel polymer-based repairing system for RC struc-
tures has been developed by T. Abe et al. They particularly
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adopted a novel polymer repairing system for enhancing
fatigue resistance of RC slabs. In the repair method, two types
of adhesives, i.e., a penetrable adhesive and a high-durability
adhesive, were applied, and the fatigue resistance of repaired
RC slabs was evaluated using wheel load running tests. The
repair method proposed provided significantly better fatigue
resistance than the conventional construction method, and
this study thus proposed two wet repair cycles and one dry
repair cycle with reinforcement measures to improve the
load-bearing performance.

Discontinuous polymeric fibers were also considered for
enhancing the mechanical properties of concrete by T.-F.
Yuan et al. They investigated the effects of polyethylene
(PE) and steel fibers on the compressive and flexural perfor-
mance of no-slump high-strength concrete (HSC) and
reported that the hybrid use of steel and short PE fibers in
the no-slump HSC was most effective in improving the com-
pressive and flexural strengths, energy absorption capacity,
and fiber synergy.

Lastly, H.-S. Jung et al. have conducted experimental and
numerical studies on evaluating the feasibility of using
concrete-filled steel tube (CFT) columns from Korean Build-
ing Code (KBC2016). They adopted a high-strength steel
with a yield strength of 800MPa and a steel fiber-reinforced
high-strength concrete and reported that due to the relatively
large contribution of steel to strength, a filled concrete did
not to bring any significant changes of strength and strain.
In addition, the maximum strain of a core concrete increased
and became larger than that of the steel tube as 100MPa
concrete and steel fibers were used. The maximum permissi-
ble width-to-thickness ratio of CFT was found to decrease
as the concrete strength increased and increased after steel
fiber reinforcement.

We hope that readers of this special issue can obtain use-
ful experimental and numerical results and discover recent
research trends with regard to polymer-based construction
materials for civil engineering. Hopefully, their academic
curiosities and difficulties can also be solved by the valuable
research results in this special issue.
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This paper presents experimental investigations on the mechanical properties of no-slump high-strength concrete (NSHSC), such
as the compressive and flexural strength. First, to determine the proper NSHSC mixtures, the compressive and flexural strength of
three different water-to-binder ratios (w/b) of specimens with and without polyethylene (PE) fiber was tested at test ages. Then, the
effect of hybrid combinations of PE fiber and steel fiber (SF) on the compressive strength, flexural strength, flexural toughness, and
flexural energy dissipation capacity was experimentally investigated. Furthermore, the various hybrid fiber-reinforced NSHSCs
were evaluated, and their synergy was calculated, after deriving the benefits from each of the individual fibers to exhibit a
synergetic response. The test results indicate that a w/b of 16.8% with or without fibers had lower strength and flexural strength
(toughness) than those of other mixtures (w/b of 16.4% and 17.2%). Specimens with a hybrid of SF and short PE fibers
exhibited a higher compressive and flexural strength, flexural toughness, energy dissipation capacity, and fiber synergy in all
considered instances.

1. Introduction

No-slump concrete, also known as zero-slump concrete, is
defined as concrete with 0-25mm slump by the American
Concrete Institute (ACI 211.3) [1]. It is widely used for the
production of paving blocks, masonry blocks, concrete slabs,
and prestressed concrete (PC) elements. To achieve adequate
internal cohesion of the granular matrix, the water-to-binder
ratio (w/b) must be low [2, 3]. The inclusion of the properties
of self-compacting concrete (SCC) in no-slump to create
self-compacting no-slump concrete (SCNSC) has been
widely researched [4]. There are cases of no-slump concrete
fabricated and used in structures, such as a no-slumpmixture
used at Alpe Gere dam in Italy and at Manicougan-I in
Canada with the aid of large internal vibrators mounted
on backhoes or bulldozers [3, 5]. However, all of those

no-slump concrete mixtures are low or normal-strength
concrete (20-60MPa) and do not exceed 100MPa of com-
pressive strength. There has also been a lack of research
on no-slump high-strength concrete with a compressive
strength of over 120MPa at 28 days.

The design method of no-slump high-strength concrete
was based on that of ultra-high-performance cementitious
materials, which have a very low water-to-binder ratio and
can achieve good mechanical properties through controlling
the packing density of the solid. However, cementitious
composites are brittle, with a low tensile strength (flexural
strength) and strain capacity. Hence, reinforcing concrete
with randomly discontinuous fibers can improve ductility,
toughness, and resistance to crack growth, and two or more
types of fibers can be included to exploit their complemen-
tary and maximize the improvement [6]. Most of the
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conventional fiber-reinforced cementitious materials involve
the use of individual fiber types or hybrid single fiber types
with different sizes. The individual fiber reinforcement
method is effective in an only limited range of strain and
crack opening and improved strength or ductility [7]. To
improve strength and ductility, hybrid single fiber types with
different sizes are generally used for ultra-high-performance
cementitious materials [8, 9]. The hybrid fiber-reinforced
composites have benefited from each of the individual fibers
and exhibit a synergetic response. The various methods of
hybridization include hybrids with different aspect ratios
(lengths, diameters) and fiber types (tensile strength, modu-
lus). The hybrid based on fiber aspect ratios results in a
higher strength and improved fracture toughness of the com-
posites, which control their microcracks and macrocracks,
respectively. Hybrids based on fiber types use different
properties of flexibility, in which a stiffer fiber provides the
strength (first-crack strength, postcrack strength) and the
other improves the toughness and strain capacity [10–14].

To date, there has been a lack of research on the combi-
nation of different fiber hybridizations in no-slump high-
strength concrete. In this study, in order to filter out the
effects on compressive strength, three different water-to-
binder ratio (w/b) values with a fiber volume fraction of
0.0%, and 1.5% were fabricated and evaluated. In order to
improve the tensile strength and strain capacity of NSHSC,
the mixtures are hybrid polyethylene (PE) fibers and/or steel
fibers (SF), and the compressive strength and flexural
strength at test ages were evaluated. Additionally, the flexural
toughness and the synergy of hybridization were evaluated.
Therefore, this study is provided and used as a basic data to
fiber-reinforced no-slump high-strength concrete.

2. Experimental Program

In this study, concrete with three values of water-to-binder
ratios was prepared using no-slump high-strength concrete
(NSHSC) hybrid polyethylene or/and steel fibers. The vari-
able specimens were used with a fiber volume fraction of
0.0%, and 1.5%, with which two different lengths or types
of fibers for suitable hybridization (0.0, 0.5, and 1.0) were
adopted. All the variable specimens were tested for compres-
sive strength according to test ages and flexural strength
under four-point flexural loads. Furthermore, the absorbed
flexure energy and synergy in the flexure of NSHSC by
adding hybrid fibers were investigated. The detailed mixture
proportions, materials, and mechanical test setup performed
in this study are as follows.

2.1. Mixture Proportions and Materials. The cementitious
materials of NSHSC in this study were Type I Portland
cement (specific surface area of 3,492 cm2/g, density of
3.15 g/cm3) and silica fume produced in Norway (specific
surface area of 200,000 cm2/g, density of 2.20 g/cm3). The
sand grain size was smaller than 0.5mm, and 10μm diam-
eter filler (specific surface area of 2.65 cm2/g, density of
0.75 g/cm3) including 99% SiO2 was used in the mixture.
To provide suitable workability, liquid polycarboxylate
superplasticizer (SP) was used. Three different water-to-

binder ratio (w/b) values and two different fiber lengths and
types with several volume fractions were adopted in the
mixture, as described in Tables 1 and 2. Table 3 shows the
chemical and physical properties of these materials. The
high-strength polyethylene fibers and high-strength straight
steel fibers were used to prevent fiber fracture before the fiber
slip occurred between the fiber and the matrix. Two different
lengths of PE fibers were adopted, and the fiber exhibited the
following characteristics: an equivalent diameter of 31μm, a
length of 12 or 18mm, and a nominal tensile strength of
2,900MPa. The SF used had an equivalent diameter of
0.2mm, a length of 19.5mm, and a nominal tensile strength
of 2,650MPa. The physical and geometric properties of the
fibers are separately listed in Table 4. All variable specimens
were designed based on the relative density method [15]
and mixing procedure as shown in Figure 1. Furthermore,
the specimens were cured after casting and demolding for
24 hours in a room with steady temperature and humidity
until the testing date (28 days), at a temperature of 20 ± 1°C
and a relative humidity of 60 ± 5%.

2.2. Details of the Mechanical Test and Setup

2.2.1. Slump and Compressive Strength Test. The slump tests
were carried out according to ASTM C1437 [16]. Each vari-
able specimen was tested after adding SP to obtain the target
slump which was 0mm of slump according to trial and error
(Figure 1), then compacted by the exertion of pressure after
pouring the concrete into test molds, and surface finishing
was performed. This method is according to the previously
published researches [17, 18], the use of a modified steel plate
to compact the concrete into molds to produce specimens of
the same density.

The compressive strength tests were carried out accord-
ing to ASTM C39 [19], and the test setup is shown in
Figure 2(a). Six cylindrical specimens for each variable were
fabricated and used in the compressive strength tests. The
cylindrical specimens with a diameter of 100mm and height
of 200mmwere used and tested at 7 and 28 days after casting.
The test used a universal testing machine (UTM) with a
maximum capacity of 250 tons under the monotonic rate
of 0.2mm/min.

2.2.2. Flexural Strength Test. Three prismatic specimens for
each variable were fabricated and tested under four-point
flexure according to ASTM C1609 [20]. The prismatic
specimens used for measuring flexural strength had a width
of 100mm, height of 100mm, and length of 400mm. Each
prism specimen was turned 90° from the casting surface
and then failed completely at midspan. To eliminate the
midspan deflection capacity of the prismatic specimens, a
specialized steel frame with two linearly variable differential
transformers (LVDTs) were attached to the side of the

Table 1: The proportion of materials in the NSHSC mixture by
cement weight ratio.

Cement Silica fume Filler Sand Water Fiber w/b

1.00 0.25 0.30 1.10 0.20-0.22 Table 2

2 International Journal of Polymer Science



prismatic specimens. The tests were performed using the
UTM described above, switched to displacement control at
a rate of 0.3mm/min (Figure 2(b)). The curing conditions
were the same as those of the cylindrical specimens in the
compressive strength test.

According to ASTM C1609, a load versus deflection
curve was obtained, which can be calculated based on

different toughness indices I5, I10, and I30. The toughness
index defined by ASTM C1018 [21] is calculated from the
area under the flexural load-deflection curve up to a given
deflection divided by the first cracking in the area under the
same curve. Furthermore, the energy absorbed and tough-
ness factor of the various fiber-reinforced specimens can be
further analyzed. The calculation method for the flexural

Table 2: Details of various w/b of specimens and fiber hybridization.

w/b (%) w/c (%) PE fibers (12mm/%) PE fibers (18mm/%) Steel fibers (19.5mm/%)

U16.4-NF 16.4 0.20 — — —

U16.8-NF 16.8 0.21 — — —

U17.2-NF 17.2 0.22 — — —

U16.4-18PE1.5 16.4 0.20 — 1.5 —

U16.8-18PE1.5 16.8 0.21 — 1.5 —

U17.2-18PE1.5 17.2 0.22 — 1.5 —

U16.4-PP1.5 16.4 0.20 0.5 1.0 —

U17.2-PP1.5 17.2 0.22 0.5 1.0 —

U16.4-12SP0.5 16.4 0.20 0.5 — 1.0

U17.2-12SP0.5 17.2 0.22 0.5 — 1.0

U16.4-18SP1.0 16.4 0.20 — 1.0 0.5

U17.2-18SP1.0 17.2 0.22 — 1.0 0.5

Table 3: Chemical compositions and physical properties of cementitious materials.

Surface area (cm2/g) Density (g/cm3)
Chemical composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

Cement 3,492 3.15 21.16 4.65 3.14 62.79 2.81 2.13 — —

Silica fume 200,000 2.20 96.00 0.25 0.12 0.38 0.10 <0.2 — —

Filler 2.65 0.75 99.60 0.31 0.025 0.010 0.006 — 0.009 0.004

Table 4: Properties of polyethylene and steel fiber.

Diameter, df Length, l f (mm) Aspect ratio (l f /df ) Density (g/cm3) Tensile strength (MPa) Elastic modulus (GPa)

Polyethylene fiber 31 μm
12 387

0.97 2,900 100
18 580

Steel fiber 0.2mm 19.5 97.5 7.8 2,650 200

Steel fiber PE fiber

Pan-type mixer
(20 L, 60 rpm)

Cement+silica fume+silica filler
(3 min)

Water+½ superplasticizer
(3 min)

½ superplasticizer
(3 min)

or

Fiber
(3 min)

Total mixing time: 14 min

Slump
(ASTM C1437)

Air-conditioned room
(20±1 °C, 60±5 %)

(ASTM C1069)

(ASTM C39)

Cement Silica fillerSilica sand Silica fume

Water

Superplasticizer

Antifoaming agent

Figure 1: Mixing, curing, and test method of NSHSC.
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toughness factor (FTδ) was defined by the Japan Society of
Civil Engineers (JSCE) [22] and the details of the equation
is as follows:

FTδ =
Tb,δL

δbd2
, 1

where Tb,δ denotes the area under the curve to a flexural
specimen displacement of δ, L denotes the span of the
specimen, and b and d denote the width and depth of
the specimen.

3. Experimental Results and Discussion

3.1. Compressive Strength. Table 5 summarizes the average
strength and coefficient of variation at test ages based on

the compressive strength test. A minimum of three concrete
cylinders were prepared and tested at 7 and 28 days after
curing conditions.

The NSHSC specimen with a w/b of 17.2% and without
fibers had slightly higher compressive strength with a small
coefficient of variation among the specimens. The exhibited
values of compressive strength (and coefficient of variation)
were 91.9 (0.6%) and 122.0 (1.80%) MPa at 7 and 28 days,
respectively. The NSHSC specimens with a fiber volume
fraction of 1.5% of 18mm PE fibers showed similar behavior
and strength at 28 days to NSHSC without fibers, and speci-
men U17.2-18PE1.5 demonstrated a slightly high strength
with a small value of the coefficient of variation as well.
Furthermore, the addition of PE fibers improved the energy
dissipation capacity, which inhibits crack propagation and
development in the concrete matrix, and ensured that the

Load cell

Cylinder specimen
(Ø 100 x 200 mm)

(a)

Load cell

Yoke

Pin-type
support 

LVDT
Prismatic
specimen

(b)

Figure 2: Mechanical test setup: (a) compressive test (ASTM C39) and (b) flexural test (ASTM C1609).

Table 5: Test results of compressive and flexural strength.

Compressive strength Flexural strength
7 days (MPa) 28 days (MPa) 28 days (MPa) Toughness index

Mean COV Test results Mean COV Test results Mean COV Test results I5 I10 I30
U16.4-NF 90.9 4.0% 92.9 85.9 94.1 120.9 4.3% 126.8 114.3 121.5 6.0 29.0% 8.3 5.6 4.1 — — —

U16.8-NF 89.1 2.3% 90.9 86.2 90.2 109.1 2.3% 109.2 105.9 112.1 3.6 18.6% 4.3 3.7 2.7 — — —

U17.2-NF 91.9 0.6% 92.1 91.2 92.4 122.0 1.8% 125.0 119.7 121.3 5.7 15.7% 5.3 4.9 6.9 — — —

U16.4-18PE1.5 80.9 4.7% 80.3 76.6 85.7 121.9 4.5% 120.1 129.4 116.2 15.3 4.0% 15.8 15.5 14.4 4.9 11.0 43.3

U16.8-18PE1.5 79.0 4.2% 83.3 75.2 78.5 120.8 3.1% 125.0 116.0 121.4 15.2 15.4% 18.2 14.7 12.6 5.2 11.2 41.9

U17.2-18PE1.5 81.0 1.5% 82.3 81.3 79.4 124.9 0.1% 125.0 124.7 125.0 23.1 19.3% 23.1 28.6 17.7 5.3 12.2 62.2

U16.4-PP1.5 81.2 1.7% 80.9 79.7 83.1 116.2 3.1% 118.9 111.1 118.4 19.6 17.0% 13.4 20.5 16.8 4.9 10.4 32.4

U17.2-PP1.5 81.9 1.6% 80.2 83.3 82.1 117.3 1.6% 119.5 117.2 115.0 22.1 11.6% 19.2 24.3 22.8 5.5 11.8 48.4

U16.4-12SP0.5 86.0 3.9% 82.5 85.0 90.6 123.2 0.7% 122.9 124.5 122.3 19.0 8.6% 20.3 28.1 19.5 5.5 17.1 71.1

U17.2-12SP0.5 86.3 5.0% 82.6 92.3 84.0 123.4 0.3% 123.9 123.1 123.1 21.9 8.5% 24.1 19.6 22.1 5.4 12.2 58.8

U16.4-18SP1.0 85.9 1.5% 80.9 79.7 83.1 123.3 0.7% 122.0 123.9 123.9 14.7 5.1% 13.9 14.3 15.8 4.8 11.2 51.5

U17.2-18SP1.0 86.0 1.6% 80.2 83.3 82.1 122.9 3.5% 128.4 122.2 118.1 18.5 10.5% 21.0 18.3 16.3 5.3 15.7 59.3

Note: mean =mean value of test strength; COV= coefficient of variation.
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PE fiber-reinforced specimens were not completely crushed
[23]. A w/b of 16.8% with or without fibers resulted in low-
strength behavior; hence, it was eliminated from the evalua-
tion of the mechanical performance of fiber hybridization.

The compressive properties of hybrid PE fibers and SF-
reinforced NSHSC at 7 and 28 days are shown in Figure 3.
The specimens included PE fibers with an aspect ratio of
387 and 580 (U16.4-PP1.5, U17.2-PP1.5), respectively, and
exhibited low compressive strength, approximately 4.8-6.1%
lower than that of specimens with different fiber types. The
specimens with different lengths of the PE fibers and SF were
found to have similar compressive strengths of over 85 and
123MPa at 7 and 28 days, respectively.

3.2. Flexural Properties of Specimens with Combined Fibers

3.2.1. Flexural Behavior. In the flexural strength test, the
specimens without PE fibers had a sudden load drop imme-
diately after the first crack occurred. This means that the
values of the first-cracking strength and postcracking
strength were the same in the specimens without fibers, as
the load-carrying capacity of those specimens decreased to
almost zero immediately after matrix cracking. Specimen
U16.8-NF exhibited lower flexural strength, in a manner sim-
ilar to compressive strength. Because of the fiber bridging
with the matrix and the propagation of cracks in the loading
process, specimens reinforced by 1.5 vol.% of PE fibers
(18mm) were found to have an increased load-carrying
capacity after matrix cracking, which was approximately
1.5-3.1 times the postcracking strength of the specimens
without fibers. Otherwise, midspan deflection increased con-
tinuously during the loading the process, and eventually,
a localized crack occurred due to the sharply decreasing
load in the prismatic specimens. Of those, specimen
U17.2-18PE1.5 showed the most enhanced postcracking
strength among the specimens with PE fibers.

Based on the load-deflection curve, the different tough-
ness indices I5, I10, and I30 of the fiber-reinforced NSHSC
specimens were calculated. Specimens with w/b of 16.4%
and 16.8% using 1.5 vol.% of PE fibers had similar toughness
indices values at the same deflection. Toughness index values
as high as 62.2 were measured with a w/b of 17.2% containing

1.5 vol.% PE fibers. According to recent studies [24], the
fiber-reinforced cementitious composites with toughness
indices I5 > 5, I10 > 10, and I30 > 30 can be defined as
strain-hardening composites. Specimens with PE fibers
studied in this investigation were based on the above criteria
and can, therefore, be defined as strain-hardening materials,
as shown in Table 5. In addition, NSHSC with 1.5 vol.% PE
fibers exhibited high ductility along with high toughness
indices; thus, the average midspan deflection was over
6mm, which was about 2% of the specimen’s span length.
This is because the PE fibers induced a delay in localized
cracking and ensured the formation of multiple cracks due
to the increased energy absorption capacity [25].

3.2.2. Flexural Behavior of Hybrid Fiber-Reinforced NSHSC.
Figure 4 shows the flexural load versus midspan deflection
curve of hybrid fiber-reinforced NSHSC. Because the com-
bination of two or more fibers provides different responses
to the cracking process during different stages of loading,
the flexural strength was increased by specimens contain-
ing a composite with hybrid fibers, rather than single fiber
reinforcement. Moreover, all of the specimens show strain-
hardening behavior based on the above criteria, and the
values are noted in Table 5. The hybrid PE fibers with
different lengths (U16.4-PP1.5, U17.2-PP1.5) exhibited a
somewhat low flexural strength but similar strain capaci-
ties (high strain capacities) to those of the specimens with
hybrid PE fibers and SF. This is due to the low modulus
of the PE fibers, which leads to low strength and the high
strain capacity, and the high strength is due to the high
modulus of the SF [26, 27]. Furthermore, in the hybrid
SF and PE fiber specimens, the hybrid method with long
SF and short PE fibers exhibited higher flexural strength,
toughness, and strain capacity than those of the combined
long SF and long PE fibers (Figure 4). For example,
specimen U16.4-12SP0.5 exhibited a high postcracking
strength and toughness index at 15.5δ, which were approxi-
mately 29.3%, and 37.9% higher than those of specimen
U16.4-18SP1.0, respectively. In terms of the different sizes
of the fibers, the short fibers bridge microcracks and control
their coalescence into macrocracks, whereas the long fibers
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Figure 3: Compressive strength of hybrid fibers reinforced NSHSC.
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contribute to arrest and prohibit the propagation of macro-
cracks [28, 29]. Hence, specimens achieved high strength,
toughness, and strain capacity according to the control of
micro- and macrocracks.

The flexural strength versus w/b of hybrid fiber-
reinforced NSHSC is shown in Figure 4 and Table 5. Speci-
mens with w/b of 17.2% and hybridization fibers PP1.5,
12SP0.5, and 18SP1.0 had the average postcracking strength
of 22, 22, and 19MPa, respectively. These values are approx-
imately 29.4%, 15.8%, and 58.3% higher than specimens with
a w/b of 16.4% and hybridization fibers, respectively. How-
ever, specimens with a w/b of 16.4% and hybridization fibers
exhibited high toughness and over 2% of the specimen’s span
length in the deflection. Because specimen U17.2 had slightly
higher compressive strength than specimen U16.4, the post-
cracking strength increased with the increasing interfacial
bond strength between the fiber and the matrix and was

strongly influenced by the fiber orientation and dispersion
in the specimens [30, 31].

3.2.3. Flexural Energy Absorption and Toughness Factor. The
energy absorption was calculated for flexural deflections of
0.5, 1.0, 2.0, 4.0, and 6.0mm in order to evaluate the effect
of fiber hybridization, especially for the energy dissipated
under four-point flexure and plotted in Figure 5. All of the
specimens with hybrid fibers exhibited multiple growths
during 0.5mm to 2.0mm in the flexural energy absorption,
and then, the amount of absorbed flexural energy decreased
from 4.0mm. Among these specimens, the hybrid short PE
fiber and SF exhibited higher energy absorption values at
all the considered deflection levels. The energy absorption
capacity of two w/b values was shown to be similar before
2.0mm of midspan deflection, and the U17.2 specimens
distinctly enhanced the energy absorption capacity to
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Figure 4: Flexural load-deflection curves: (a) w/b of 16.4% and (b) w/b of 17.2%.
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more than that of the U16.4 specimens from 4.0mm of mid-
span deflection, as shown in Figure 5. It can be concluded
that the different type and different lengths of hybridization
fibers can significantly improve the flexural strength, tough-
ness, and energy absorption capacity.

In order to evaluate the synergy in flexure and the effect
of fiber hybridization, the flexural toughness factor (FTδ)
was calculated at flexural deflections of 0.5, 1.0, 2.0, 4.0, and
6.0mm according to equation (1). The behavior was similar
to flexural energy absorption, for which the NSHSC hybrid
with a short PE fiber and SF exhibited a higher toughening
ability at each deflection (Figure 6).

3.3. Synergy in Flexure according to the Various Hybrid
Fiber-Reinforced NSHSC. The hybrid fiber-reinforced
cementitious composite derives the benefits from each of
the single fibers and exhibits a synergetic response [30–33].
Therefore, the various hybrid fibers of NSHSC were evalu-
ated and the synergy was calculated in this study, based on
equation (2). Because the materials were nonuniform, a
simplistic method was used to evaluate the effect of hybridi-
zation on toughness, fracture mechanisms, and the interplay
between each fiber within the matrix [33, 34].

Synergy =
FThybrid,a+b

FTa + FTb
− 1, 2

where FThybrid,a+b denotes the flexural toughness factor to a
deflection of various hybridizations and FTa and FTb denote
the flexural toughness factor to a deflection of individual
fiber-reinforced composites.

The method for the synergy analysis was defined based
on the concepts of positive synergy, negative synergy, and
zero synergy. The positive synergy (synergy > 0) denotes that
properties of hybrid fiber-reinforced composite were numer-
ically greater than the sum of the properties produced by the
single fiber types, and the negative synergy (synergy < 0)
denotes that the properties of the hybrid fiber-reinforced
composite were poorer than the sum of the properties

produced by the single fiber types, and the zero synergy
indicates no synergy in hybridization.

3.3.1. Flexural Behavior of Individual Fiber-Reinforced
NSHSC. In order to further evaluate the synergy for the var-
ious hybrid fiber-reinforced NSHSCs, specimens with two
w/b and a single fiber type (fiber volume fraction according
to hybridization) were fabricated and evaluated. The average
flexural load-deflection is shown in Figure 7. In the speci-
mens with a fiber volume fraction of 0.5%, NSHSC with SF
showed higher postcracking strength and toughness com-
pared with specimens using PE fibers, where the length of
the SF was longer than that of the PE fibers. Due to the effect
of the PE fiber on multiple-cracking behavior, in the speci-
mens with similar length fibers of 1.0 vol.%, specimens with
PE fibers exhibited higher postcracking strength and strain
capacity at peak load than those using SF. The flexural behav-
ior of individual fiber-reinforced NSHSC exhibited similar
flexural strength to that of fiber hybridization, for which
w/b of 17.2% showed more improvement in the properties
than a w/b of 16.4% for all of the specimens considered.

3.3.2. Synergy of Hybrid Fiber-Reinforced NSHSC. As previ-
ously stated, synergy associated with various NSHSCs has
been evaluated. For the striking contrast between specimens
hybrid fiber-reinforced and individual fiber-reinforced
NSHSCs, the average flexural load-deflection curve by vari-
ous conditions was shown in Figures 8 and 9, respectively.
Furthermore, the synergy of various hybrid fiber-reinforced
NSHSCs was calculated and shown in Figure 10.

In the w/b of 16.4%, the specimen hybrid with SF and
short PE fibers had positive synergy in all instances (in
this study), and the synergy significantly increased with
increasing deflection. The toughness of the specimen with
0.5 vol.% exhibited a low value and decreased rapidly from
2.0mm of deflection, as shown in Figure 8(b). Short PE fibers
with low modulus bridged microcracks and improved multi-
cracks in the matrix, whereas long SF arrested the propaga-
tion of macrocracks. In contrast, specimen hybrid with
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different lengths of PE fiber had negative synergy in all
cases, and there was almost no variation from 0.5mm to
6.0mm. The specimen hybrid with SF and long PE fiber
exhibited the negative synergy between 0.5mm and 4.0mm,
and the synergy gradually approached zero synergy with
increasing deflection, before exhibiting positive synergy at

6.0mm of deflection. Zero synergy occurred in specimens
U16.4-12SP0.5 at 0.5mm of deflection.

In samples with a w/b of 17.2%, there is an indication of
the negative synergy before 1.0mm of deflection in all
instances (in this study). The specimen hybrid with SF and
short PE fibers indicated positive synergy after 2.0mm of
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Figure 7: Average flexure load-deflection behavior by individual fibers: (a) various specimens of U16.4 and (b) various specimens of U17.2.
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deflection, and the synergy significantly increased with
increasing deflection. The specimen hybrid with steel fiber
and long fibers showed positive synergy at 6.0mm of deflec-
tion, and the hybrid with different lengths of PE fiber

exhibited negative synergy in all instances, which was a
similar behavior to the specimen with a w/b of 16.4%. From
the above, the result can be inferred according to the flexural
load-deflection curves shown in Figures 8 and 9.
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Figure 9: Average flexural load-deflection behavior by various conditions of w/b of 17.2%: (a) U17.2 based on PE fibers with different lengths,
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An attempt is made here to identify the hybrid fiber
combinations with which NSHSC displayed positive syn-
ergy using SF and PE fibers, compared with different
lengths of PE fibers based on the flexural toughness. This
may be a consequence of hybridizing with PE fibers, whose
fiber length and type were weak in the bridging of micro-
cracks. The fiber bridging effect of fiber-reinforced compos-
ites was influenced by fiber size (length, diameter), fiber
type (modulus), and the bond strength between the fiber
and the matrix. However, among those influence factors,
the bond strength between the fiber and the matrix should
be sufficient to fracture the fiber, which leads to the
fiber-reinforced composite exhibiting great ductile behavior.
Thus, an increase in the strength of matrix may strengthen
the bond between the fiber and the matrix and, in turn,
provide increased reinforcement efficiency and toughness.
It is possible that, for this reason, NSHSC with SF and PE
fiber exhibited better synergy in this study than the hybrid
with different lengths of PE fiber-reinforced composite,
which had significantly higher compressive strength than
the hybrid with different lengths of PE fiber-reinforced
composite (Table 5).

4. Conclusions

An experimental investigation was performed to evaluate the
mechanical properties of no-slump high-strength concrete
with various fiber hybridizations. The three different water-
to-binder ratios of various specimens with steel fiber and
PE fiber using a fiber volume fraction of 0.0, 1.5% were fabri-
cated and tested compressive strength and under four-point
flexure loading at plan age. Furthermore, the flexural
toughness and the synergy based on the fiber hybridization
were evaluated.

Based on the results of this investigation, the following
concluding remarks are obtained:

(1) The specimens with a water-to-binder ratio of 17.2%
exhibited a higher compressive strength and low
coefficient of variation in all instances. In contrast,
the water-to-binder ratio of 16.8% exhibited low
properties and not only compressive but also flexural
strength, which used 18mm of polyethylene fibers;
hence, it was eliminated at the evaluated mechanical
performance of fiber hybridization under study

(2) Flexural strength of hybridization in specimens with
fibers had improved over 1.5 times higher postcrack-
ing strength than that in specimens without fibers.
Due to the PE fibers having low modulus that leads
to low strength and high strain capacity and high
strength due to high modulus of steel fibers, the
specimen hybrid PE fibers with different lengths
exhibit a slightly low flexural strength but similar
strain capacities (high strain capacities) compared
with the specimen hybrid PE fibers and steel fibers.
And the water-to-binder ratio of 17.4% of specimens
showed a higher flexural strength compare with that
of specimens at the same fiber volume fraction

(3) And the exhibited strain hardening based on eval-
uated toughness, with toughness indicesI5 > 5
,I10 > 10, andI30 > 30, can be defined as a
strain-hardening-type composite. However, speci-
men hybrid with steel fiber and short PE fibers exhib-
ited a higher flexural strength and toughness than
that of other various hybridizations, which based on
the short fibers that bridge microcracks and control
its coalescence to macrocracks; in contrast, the long
fibers are aimed at arresting and prohibiting the
propagation of macrocracks

(4) A specimen hybrid with steel fiber and short PE fiber
indicates positive synergy, and a hybrid with different
lengths of PE fiber exhibited the negative synergy in
all instances. This may be the consequence of PE fiber
length, and the type was weak in the bridged macro-
cracks due to hybridization with different lengths of
PE fibers
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In this repair method, two types of adhesives, such as a penetrable adhesive and a high-durability adhesive, were applied to the
adhesion interface of the materials to be repaired, and then cast. The repair method was then evaluated for fatigue resistance
using wheel load running tests. It was developed to ensure the long-term integrity of the repair material and RC slabs. The results
of the experiments confirmed that this repair method provides significantly better fatigue resistance than the conventional
construction method. Moreover, this study proposes two wet repair cycles and one dry repair cycle with reinforcement measures
to improve the load-bearing performance.

1. Introduction

Most of the Japanese road bridges were built between 1950
and 1970. By 2026, 46% of these bridges will be 50 years
old or older, making the maintenance and management of
aging bridges an important issue [1, 2]. Furthermore, imple-
mentation of waterproofing for the RC slabs was delayed. In
fact, waterproofing in the design and during maintenance
was required for expressways in 1988, but it was required
for general national roads only after the road bridge specifi-
cation was revised in 2002 [3]. For this reason, the upper
surface of RC slabs covered with about 80mm of asphalt
pavement gets wet from rainwater and the damage from
traffic load is accelerated. It was left untouched, and the
damage due to cracks and potholes in the asphalt pavement
has been left unrepaired. Japan is an elongated archipelago
surrounded by water and has a varied climate with cold and
temperate regions. As a result, bridges are affected by air-
borne salt near the coastline and by damage by salt attack.
Bridges are also affected by freezing damage from the
snow-melting and antifreezing agents that are used in snowy

areas. Particularly in snowy cold regions, reinforcing bars
become corroded, and the spraying of snow-melting agents
and antifreezing agents causes daily freeze-thawing action.
These factors accelerate damage to the concrete. As a result,
the top surface concrete of RC slabs has been degraded into
aggregate due to corrosion of the reinforcement caused by
salt damage and due to freeze-thaw damage, and some of
them have been removed after about 30 years of service.
Moreover, a repair site can be redamaged and the damage
can spread, resulting in the need to replace the RC slabs.
The method for repairing a part of an RC slab when cracking
has occurred or limestone has exuded from the asphalt is to
remove the asphalt paving, and the part of the concrete that
has degraded into aggregate is removed using a paving
breaker. After removing the concrete, repair of the damaged
part is carried out using a cementitious material such as an
ultrarapid hardening nonshrink polymer cement mortar or
ultrarapid hardening concrete. Finally, curing and water-
proofing are carried out, and the asphalt paving is replaced.
However, RC slabs are repaired with a thin layer of thickness
of about 30mm, so cracking is quickly caused by wheel loads
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due to the difference in elastic coefficients of the RC slab
concrete and the repair material. Also, there have been many
examples where peeling or cracking has occurred at the
boundary between the existing RC slab and the repair layer,
so repair was carried out again. Therefore, there is an urgent
need to develop repair materials suitable for top surface
damage of RC slabs and repair techniques capable of ensur-
ing durability, because there is a concern that new cracks
may occur due to the impact of a breaker used for cutting
concrete in repair work. In this study, we examined the
soundness of the adhesion interface of the existing RC slabs,
the adhesion strength between repair materials and existing
RC slabs, and the measures to be taken with attention to
the repair materials. Wheel load running tests were con-
ducted to evaluate the fatigue resistance of the repair material
used in the conventional repair method and in the repair
method proposed in this research. The repair technique
using repair material developed exclusively for repairing RC
slabs (fiber-reinforced, ultrahard, nonshrink, and polymer
cement mortar) and the two types of adhesive (penetrable
primer and highly durable epoxy resin adhesive) can rein-
force the fine cracks in the RC slabs and integrate the repair
material and the RC slabs. The repair technique ensures
long-term durability and extends the repair cycle, thereby
extending the service life of the bridge.

2. Materials and Methods

2.1. Material Properties of Repair Materials

2.1.1. Ultrarapid, Hardening, Nonshrink Polymer Cement
Mortar. In Japan, road maintenance and repair work is
restricted to about 8 hours. Rapid construction is required
to demolish and remove road materials, repair the road,
and release traffic from regulation within 8 hours. For this
reason, an ultrarapid, hardening, nonshrink polymer cement
mortar is used for the partial repair of conventional RC slabs.
The materials of this cementitious mixture were mainly
ultrarapid hardening cement and calcium hydrate, but in

addition silica sand and water reducer were used. The curing
characteristics of this repair material are as follows: initial
setting time, 17minutes; initial strength development,
45.2N/mm2 after 3 hours of aging; and static elastic modulus,
43.7 kN/mm2 after 28 days of aging. Since this pot life is 30
minutes or less, prompt work is required. Note that this
repair material is described as U-M-36 and is a conventional
construction material. The compounding conditions are
listed in Table 1. The expression intensity of U-M-36 is
shown in Table 2.

2.1.2. Ultrahard, Fiber-Reinforced Polymer Cement Mortar.
The ultrahard, fiber-reinforced polymer cement mortar is a
new repair material. The materials of this cementitious mix-
ture were mainly ultrarapid hardening cement and calcium
hydrate, but in addition silica sand, water reducer, and acrylic
polymer powder were used. This repair material is called U-
FM-45. The compounding conditions are listed in Table 1.
This repair material was premixed with high-strength
vinylon fiber (fiber length: 12mm). By setting the elastic coef-
ficient to about the same as that of the existing RC slabs,
resistance to cracking was improved. The material properties
are as follows: curing, 45minutes at setting completion time;
compressive strength at 3 hours, 24.5N/mm2; and static
elastic modulus at 28 days, 23.8 kN/mm2. Therefore, com-
pared with the ultrafast, hard, nonshrink mortar, adequate
construction time is secured and cracking of thin-layer
repairs is reduced. Table 2 shows the strength development
of U-FM-45, and Figure 1 shows the relationship between
compressive strength and static elastic modulus.

2.1.3. High-Durability Epoxy Resin Adhesive. A highly dura-
ble epoxy resin adhesive (hereinafter referred to as “bonding
agent for placing”) is applied to a penetrable adhesive that
strengthens the adhering surface after damage. This firmly
fixes the repairing material to the slab. This adhesive for
adhesion was developed to help prevent fatigue in the steel
deck [4, 5]. As reinforcement of the RC slab, it has been
evaluated for its reinforcing effect by the bonding agent for

Table 1: Composition of repair materials.

Unit content of water (kg/m3) Water bonding ratio (%)

U-M-36

Premix powder

Mixed material
Ultrarapid hardening cement 925

36

Calcium hydrate 13

Other

Water reducer 2

Acrylic polymer powder 0

Silica sand 937

Fiber —

Water 338

U-FM-45

Premix powder

Mixed material
Ultrarapid hardening cement 581

48

Calcium hydrate 37

Other

Water reducer 1

Acrylic polymer 6

Silica sand 1225

Fiber 5

Water 296
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placing technique [6, 7]. An epoxy resin is a general term for a
compound that contains two or more epoxides (oxiranes) in
one molecule, and epoxy resin adhesives are epoxy resins in
which denatured hardening agents and subsidiary materials
are added and adjusted. The main features of the harden-
ing agents used for epoxy resin adhesives and examples of
typical subsidiary materials are summarized in Tables 3
and 4, respectively.

In the civil engineering field, bonding technologies using
epoxy resin adhesives are applied in the precast concrete
block method, in construction joints, in the steel plate
bonding method, and in the CFRP bonding method. Also,
the hardening agent used in these cases is almost always
a polyamine type or a polyamine type combined with a
polythiol (mercaptan) type. Table 5 lists the material prop-
erty values of the adhesive for joining.

2.1.4. Penetrable Adhesive. When repairing the RC slab, a
breaker is used to remove the damaged and associated fragile
areas. The periphery becomes fragile due to fine cracks
generated by the impact vibration of this breaker. A perme-
able adhesive has been developed and applied in order to
reinforce the fine cracks generated by the shock vibration of
this breaker [8]. This permeable adhesive was newly devel-
oped specially for the repair of RC slabs, with the viscosity
adjusted so as to permeate fine cracks without using

special equipment. The penetrative adhesive was com-
pounded using as the main component a highly durable
epoxy resin adhesive developed for fresh concrete con-
struction joints, and adjusted so that the viscosity is low-
ered. The material properties of the permeable adhesive
are listed in Figure 1. Figure 2 shows the status of the
penetration in the test specimen U-M-36 that was coated
with a permeable adhesive, after destruction.

2.2. Specification of Slab Specimen. A 3/5-scale model of the
actual bridge has the following slab dimensions: length,
1600mm; spacing, 1400mm; and slab thickness, 150mm.
Based on the road bridge specifications for 2002 issued by
the Japan Road Association, the reinforcing bars were made
of SD 295A D13 as a double reinforcing bar arrangement.
Then, D13 was arranged at 120mm intervals in the direction
perpendicular to the axis of the tensile side and in the axial
direction, and 1/2 of the amount of tensile reinforcement
was placed on the compression side. Figure 3 shows the
dimensions of the slab, the rebar arrangement map, and the
wheel load running fatigue testing machine. The concrete
consisted of ordinary Portland cement, crushed sand (5mm
or less), and crushed stone (5mm to 20mm). The compres-
sive strength of the concrete is 35N/mm2, the yield strength
of the reinforcing bar is 377N/mm2, and the tensile strength
is 511N/mm2.

2.3. Wheel Load Running Tests

2.3.1. Wheel Load Running Test Method. For the evaluation
of fatigue resistance, the equivalent number of wheel loading
cycles in a fatigue testing machine is used. In the wheel load
running tests, a wheel load is repeatedly applied to the upper
surface of the RC slabs and the repaired RC deck plate within
a width of 300mm for 1000m in the axial direction. The
wheel load starts traveling with an initial load of 100 kN.
Loads are then added in increments of 20 kN every 20,000
runs. Deflection is measured for every 5000 runs when wheel
loading runs are once, 10 times, 100 times, 1000 times, 5000
times, and more. A frame 600mm in width and 1200mm in
length was placed around the wheel’s traveling position to be
filled with water. Wheel loading is performed under wet
conditions after the first and second repairs. Holes 9mm in
diameter were drilled in several repair interfaces in order
to observe fluctuations in the water level and check for

Concrete's age (Days) Compressive strength (N/mm2)
0.125 29 23.8
1 36.4 24.1
7 51.4 26
28 52.7 26.4
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Figure 1: Relationship between compressive strength and static
elastic modulus.

Table 2: Characteristic values of repair materials.

Test items U-M-36 U-FM-45

Setting time
Initial setting 17min 35min

Final setting 25min 45min

Compressive strength

2 hours 25.1N/mm2 19.1N/mm2

3 hours 45.2N/mm2 24.5N/mm2

4 hours 52.3N/mm2 27.1N/mm2

28th 62.3N/mm2 49.9N/mm2

Young’s modulus 28th 43.7 kN/mm2 23.8 kN/mm2
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delamination. The specifications for the water filling is
shown in Figure 4.

2.3.2. Repair Method and Repair Cycle. The specimen used in
this experiment reproduced the damaged state in the actual

RC slab. In the place where damage such as potholes repeat-
edly occurred on the asphalt pavement of the RC slab, when
the asphalt pavement is removed, the concrete is separated
into aggregate and sand (Figure 5(a)) and is in a fragile state.
This weakened area was scraped off with a breaker accompa-
nied by striking and vibration (Figure 5(b)) and was finished
into a healthy and strong surface (Figure 5(c)). This area was
then repaired with an ultrarapid hardening nonshrink
polymer cement mortar or ultrarapid hardening concrete
agent (Figure 5(d)), and water proofing was carried out. In
order to reproduce such a state, the initial loading of the slab
specimen was added to reproduce the condition requiring
repair. From the previous research, it was determined that
repair is required when a deflection corresponding to 1/400
of the span length occurs and two-way cracking is developed
on the lower surface of the slab [9–11]. The repair method
was verified using a slab surface test specimen subjected to
this initial loading. The experimental situation is shown in
Figure 6. Using the repair material U-M-36 of the conven-
tional construction method, a breaker was used to break the

Table 3: Classification of hardening agents used for epoxy resin adhesives.

Classification Features

Polyamine type hardening agents

Aliphatic polyamine: the reaction is fast and heat generation is remarkable. Durable to water
and organic solvent. Good adhesion.

Aliphatic polyamine: the reaction is fast and heat generation is remarkable. Durable to water
and organic solvent. Good adhesion.

Polyamide: long pot life and low cost

Epoxy-adducted polyamine: high viscosity (useful to viscosity control).

Mannich-modified polyamine: good to low-temperature hardening.

Polythiol: good to low-temperature hardening polymer network structures are looser than
those of polyamine. High water adsorption. Low durability to water.

Catalysts
Tertiary amine: catalyst of polyamine and as catalysts of polyamine and polyamide amine.

Imidazole: reacts as hardening agents and as catalysts of anhydride hardening agents.

Table 4: Typical submaterials for epoxy resin adhesive.

Classification

Additives to give functions
Aliphatic polyamine: the reaction is fast and heat generation is remarkable. Durable to water and organic

solvent. Good adhesion.

Others Pigments, dyestuff

Table 5: Material characteristic value of adhesive.

Test items Penetrable adhesive High-durability adhesive

Appearance
Base compound Transparent liquid White paste

Curing agent Transparent liquid Blue liquid

Mixing ratio (main agent: curing agent) 10 : 3 5 : 1

Specific gravity of cured product 1.2 1.42

Compressive strength 104.4N/mm2 102.9N/mm2

Compressive modulus of elasticity 3172N/mm2 3976N/mm2

Flexural strength 92.8N/mm2 41.6N/mm2

Tensile shear strength 58.2N/mm2 14.9N/mm2

Concrete adhesion strength 2.6N/mm2 3.7N/mm2 or more of destruction in
the base material

Repair spot
18 mm

50 mm

Penetration
depth Rebar

Figure 2: Result of permeation verification after specimen RC-U-36
destruction. (1) Diameter 50mm. (2) Diameter 100mm.
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repair area (Figures 6(a) and 6(b)), clean the surface, apply
the repair material U-M-36, and then finish the surface. Next,
in the work procedure of the repair method using the repair
material U-FM-45 proposed in this research, a permeable
adhesive is applied first to the adhesion interface which was
scratched and cleaned, and the bonding agent for joining is
repeatedly painted (Figures 6(c) and 6(d)). Then, the repair
material U-FM-45 was poured onto the surface and the finish
was the applied (Figure 6(e)). The cycle of repair and running
wheel load tests was conducted twice under wet conditions
and once under dry conditions. In the two wet-condition
cycles, repair was performed when the wheel load caused
unevenness or scaling or when the deflection reached 1/400
of the slab span L. The dry-condition cycle was performed
until punching shear fracture occurred. Fatigue resistance is
determined from the cumulative number of equivalent cycles
obtained from these three tests.

2.3.3. Number of Equivalent Cycles in Running Fatigue Test.
The wheel load running fatigue test uses a step load that
increases every twenty thousand runs, and the equivalent
running number is calculated to evaluate fatigue resistance.
Assuming that the Miner’s rule is applicable to the number
of equivalent cycles, it is given by (1) [12]. Reference load
P in (1) is set at 72 kN, which takes into consideration a
safety factor of 1.2 based on 3/5 of the design active load, to
calculate the equivalent traveling number. The value of
12.7, as proposed by Matsui, is applied to the absolute value
of the reciprocal m of the slope of the SN curve.

Neq = 〠
n

i=1
Pi/P m × ni 1

The equation is expressed as follows: Pi is the loaded load
(kN), P is the reference load (=72 kN), ni is the number of
experiment runs (times), and m is the reciprocal of the slope
of the SN curve.

3. Results

3.1. Number of Equivalent Cycles. Table 6 lists the number of
equivalent cycles and the reinforced equivalent running
number used in this study.

3.1.1. Specimen RC-U-36 Using Conventional Repair Material
U-M-36. The number of equivalent cycles of the initial
loading is 7.865× 106. With the repair material U-M-36 with
wheel loading under wet conditions in the first cycle, the
number of equivalent cycles in the running wheel load
running tests is 1.685× 106. Similarly, the number of equiva-
lent cycles of the 2nd repair cycle is 1.621× 106. The number
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Figure 4: Appearance of running load fatigue testing machine and
the specifications for the water filling.
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of equivalent cycles for the third repair performed under dry
conditions was 10.493× 106, which resulted in punched shear
failure. The cumulative number of the equivalent cycle count
from 1 repair cycle to 3 repair cycles was 21.665× 106, which
resulted in a repair effect of 1.57 for the unrepaired slab plate.
Wheel load data in Table 6 shows the number of equivalent
cycles in the running wheel load running tests.

3.1.2. Specimen RC-UM-45 Using New Repair Material
U-FM. The number of equivalent cycles of repairs using
the proposed repair material U-FM and two kinds of adhe-
sives was 3.685× 106 in the first cycle of repair, 3.250× 106
in the second cycle of repair, and 42.35× 106 in the third
cycle. This is 2.19 times more in the first cycle under dry
conditions than with the conventional repairing method,
2.01 times in the second cycle, and 11.49 times in the third
cycle. Also, the cumulative number of equivalent cycles until

destruction in the 3rd cycle was 57.152× 106. A reinforce-
ment effect of 2.64 times that of the conventional construc-
tion method was obtained.

3.2. Relation between Deflection and Number of
Equivalent Cycles

3.2.1. Specimen RC-U-36 Using Conventional Repair Material
U-M-36. The residual deflection under initial loading was
1.42mm. For repairs with repair material U-M-36, in the
first cycle, the cumulative number of equivalent cycles is
9.551× 106, the cumulative deflection is 3.44mm, and the
residual deflection is 1.96mm. The cumulative number of
equivalent cycles in repair cycle 2 is 11.172× 106, the cumu-
lative deflection is 4.10mm, and the residual deflection is
2.74mm. In the third repair performed under dry conditions,
damage on the repair surface was suppressed. Therefore, the
cumulative number of equivalent cycles is 21.655× 106 and

(a) (b) (c) (d)

Figure 5: Example of thin-layer repair of upper layer of RC slab. (a) Degraded into aggregate. (b) Removal of damaged parts. (c) Removal of
injured site. (d) Thin-layer repair.

(a) (b) (c) (d) (e)

Figure 6: Procedure for manufacturing the RC slab specimen. (a) Removal of damaged parts. (b) Grinding of damaged parts. (c) Application
of penetratable adhesive. (d) Application of bonding agent for placing. (e) Placing repair material and finish.

Table 6: The number of equivalent cycles and the reinforced equivalent running number used.

RC-U-36 RC-UF-45

RC slab 7,865,598 7,865,598

Primary repair (wet state)
Equivalent runs, number of times 1,685,974 3,685,775

Reinforcement effect — 2.2

Secondary repair (wet state)
Equivalent runs, number of times 1,621,127 3,250,670

Reinforcement effect — 2.0

Tertiary repair (dry state)
Equivalent runs, number of times 10,493,077 42,350,384

Reinforcement effect — 4.0

Total until tertiary repair
Equivalent runs, number of times 21,665,776 57,152,427

Reinforcement effect — 2.64
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the cumulative deflection is 6.65mm. Figure 7(a) shows the
relationship between deflection and the number of equivalent
cycles. Figure 7(b) shows the condition of damage caused on
the upper surface.

3.2.2. About the Slab Using the Proposed Repair Material
U-FM Punching Shear Strength. Residual deflection due to
the initial loading of the proposed repair material U-FM-45
and the test specimen to which two types of adhesives are
applied is 1.31mm. The cumulative number of equivalent
cycles in the first cycle of repair is 11.551× 106, the cumula-
tive deflection is 3.39mm, and the residual deflection is
1.90mm. Figure 8(a) shows the relationship between deflec-
tion and the number of equivalent cycles. As shown in
Figure 8(a), the damaged upper surface of the specimen after
the runs showed irregularities due to wear, but no cracks are
observed. The cumulative number of equivalent cycles in
repair cycle 2 is 14.802× 106, the cumulative deflection is
4.85mm, and the residual deflection is 2.53mm. The only
damage is the unevenness of the road surface. The cumula-
tive number of the equivalent cycles of repair cycle 3 under
dry conditions is 57.152× 106, and the cumulative deflection
is 9.33mm. Since repair cycle 3 was conducted until the test
specimen was destroyed by punching shear fracture, cracking
occurred in the direction perpendicular to the axis on

the upper surface of the test specimen. However, the
number of equivalent cycles was four times that when
using the conventional reinforcement method. These
results confirm that the proposed repair method provides
fatigue resistance and is practical for repairs using con-
ventional reinforcement materials.

4. Discussion

4.1. Evaluation of Fatigue Resistance by the Number of
Equivalent Cycles. A higher repair effect was obtained for
RC slab test specimens repaired with the repair material U-
FM-45 by applying 2 types of adhesive at the top surface
repair boundary of the RC slab than the repair effect for RC
slab test specimens repaired with the conventional repair
material U-M-36, by a factor of 2.2 for the first repair, a factor
of 2 for the second repair, a factor of 4 for the third repair
under dry conditions, and a factor of 2.64 at failure.

4.2. Evaluation of Crack Resistance. In these tests, after the
deflection of the RC slab reached 1/400 of the span L, 2 cycles
of repair were carried out under wet conditions and one cycle
under dry conditions. After the wheel load running tests,
multiple cracks were observed extending in the direction
normal to the axial direction in the top surface of the slab that

10
9
8
7
6
5
4
3
2
1
0

1 E + 00 2 E + 00 4 E + 00
Equivalent number of runs (N)

D
efl

ec
tio

n 
(m

m
)

RC.
RC.U-36(1)

RC.U-36(2)
RC.U-36(3)

(a)

1st time 2nd time 3rd time

Se
pa

ra
tio

n

Se
pa

ra
tio

n

Se
pa

ra
tio

n

(b)

Figure 7: RC-U-36. (a) Relationship between deflection and number of equivalent cycles. (b) Condition of damage caused on the
upper surface.

10
9
8
7
6
5
4
3
2
1
0

1 E + 00 2 E + 00 4 E + 00 6 E + 00
Equivalent number of runs (N)

D
efl

ec
tio

n 
(m

m
)

RC.
RC.U-45(1)

RC.U-45(2)
RC.U-45(3)

(a)

1st time 3rd time2nd time

(b)

Figure 8: RC-UF-45. (a) Relationship between deflection and number of equivalent cycles. (b) Condition of damage caused on the
upper surface.

7International Journal of Polymer Science



was repaired using the conventional repair material U-M-36.
However, on the top surface of the test specimens repaired
with the repair material U-FM-45 after applying the two
types of adhesive to the boundary, the number of cracks in
the direction normal to the axial direction was greatly
reduced compared with the repair material U-M-36,
although damage due to wear could be seen on the running
surface. As a result, the fatigue durability was increased.

5. Conclusions

In this study, we investigated countermeasure technologies
presuming that redamage is caused by delamination of the
adhesion interface and cracking of the repair material, fur-
ther supposing that rainwater and others, intrude and induce
damage. The first countermeasure technology is a permeable
adhesive for strengthening the adhesion interface. The sec-
ond countermeasure technology is an adhesive for fresh
concrete that firmly bonds the existing repair material with
the new repair material. Finally, the third is the development
and application of a repair material that has an elastic mod-
ulus equivalent to that of existing slabs and further improves
resistance to cracking by using resin fibers to add toughness.
In this research, we proposed a repair method that combines
these technologies and confirmed that the method provides
much greater fatigue resistance than the conventional con-
struction method. The repair method using the repair mate-
rial U-M-45 after applying the two types of adhesive obtained
the same repair effect as was verified in the tests when applied
to a real bridge. Namely, the fragile concrete surface was
strengthened by applying the penetrable adhesive, and the
repair material was firmly bonded to the existing slab at the
joint by applying the epoxy adhesive. Therefore, for repairing
thin layers of RC slabs, a repair method that applies dedicated
repair material for repairing the slab after application of two
types of adhesive is practical.
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The present study focuses on a prediction of crack width and load-carrying capacity of flexural reinforced concrete (RC) elements
strengthened with fibre-reinforced polymer (FRP) reinforcements. Most studies on cracking phenomena of FRP-strengthened RC
structures are directed to empirical corrections of crack-spacing formula given by design norms. Contrary to the design norms, a
crack model presented in this paper is based on fracture mechanics of solids and is applied for direct calculation of flexural crack
parameters. At the ultimate stage of crack propagation, the load-carrying capacity of the element is achieved; therefore, it is
assumed that the load-carrying capacity can be estimated according to the ultimate crack depth (directly measuring concrete’s
compressive zone height). An experimental program is presented to verify the accuracy of the proposed model, taking into
account anchorage and initial strain effects. The proposed analytical crack model can be used for more precise predictions of
flexural crack propagation and load-carrying capacity.

1. Introduction

Retrofitting of existing structures is one of the main chal-
lenges for civil engineers today. One of the most advanta-
geous material types for strengthening is fibre-reinforced
polymers (FRP) due to their corrosion resistance and high
strength to low weight ratio [1–5]. Anticorrosion properties
are particularly relevant in aggressive environments, for
example, bridge structures [6]. Strength properties could be
used even more efficiently and economically by prestressing
the FRP material [7, 8]. However, the effectiveness of
strengthening can be compromised by loss of composite
action, which can be delayed by using the additional anchor-
age [9]. There is a large quantity of researches made on
the behaviour of the joint of concrete and FRP material
[10–14], and the bond stiffness-reduction techniques are
proposed [15–17], but none of the researches analysed by
the authors was applied for prediction of concrete crack
propagation. In accordance with design provisions [18, 19],
the cracks in concrete open when a limiting tensile strain of

concrete is reached; therefore, the crack width can be calcu-
lated by multiplying the mean values of a difference between
tensile reinforcement and concrete strains with crack spac-
ing. The researchers working on cracking phenomena of
FRP-strengthened structures are trying to correct the empir-
ical formulas to calculate crack spacing given by the design
norms [20–22]. A different approach is proposed in this
paper, that is, a crack model for direct calculation of flexural
crack parameters which neglect the crack spacing. At the ulti-
mate stage of crack propagation, the load-carrying capacity
of the element is achieved. Therefore, it is assumed that the
load-carrying capacity can be estimated according to ulti-
mate crack depth (directly measuring concrete’s compressive
zone height). The experimental program is presented to ver-
ify the accuracy of proposed crack propagation model, taking
into account anchorage and initial strain effects. An extended
database is used for comparison of numerical and experi-
mental results of crack width under service load and load-
carrying capacity of the element. In total, 98 RC beams,
strengthened with externally bonded (EBR) and near
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surface-mounted (NSM) carbon fibre-reinforced polymer
(CFRP) and glass fibre-reinforced polymer (GFRP) sheets,
plates, strips, and rods were tested. The experimental results
were collected from different scientific publications.

2. Analytical Model

2.1. CrackWidth according to Design Standards. In this chap-
ter, the estimation methods of the crack width and the mean
crack spacing proposed in design standards [18, 19] are pre-
sented. The crack width of a RC structure can be calculated
by following equation proposed in EC2 [18].

wEC2 = sr max εsm − εcm , 1

where sr max is the maximum crack spacing and εsm and εcm
are the mean strains in reinforcement and in concrete
between cracks, respectively.

The mean value of crack spacing can be defined as
follows [18]:

sr m = Sr max
1 7 = 2c + 0 25k1k2ϕ

ρp ef f
, 2

where k1 is a coefficient which evaluates the bond properties
of the bonded reinforcement: 0.8 for high bond bars and 1.6
for bars with an effectively plain surface (e.g., prestressing
tendons); k2 is a coefficient which takes into account the dis-
tribution of strain: 0.5 for bending and 1.0 for pure tension.

Assuming stabilized cracking, the characteristic value of
the crack width of FRP-strengthened RC structures is calcu-
lated according to fib bulletin 14 [19] recommendations:

wFIB = 1 7sr mζε2, 3

where ζ is a tension-stiffening coefficient and ε2 is the
reinforcement strain in the fully cracked state.

The mean crack spacing, taking into account the effect of
both the internal and the external reinforcement, can be
calculated as [19]

sr m = 2f ctmAc ef f
τsmus1

Es1As1
Es1As1 + ξbEf Af

= 2f ctmAc ef f
τfmuf

ξbEf Af

Es1As1 + ξbEf Af
,

4

where f ctm is a mean value of concrete tensile strength; Ac ef f
is an effective area of concrete’s tensile zone; As1 and Af are
the areas of steel and FRP reinforcements, respectively; Es1
and Ef are the elasticity modules of steel and FRP reinforce-
ments, respectively; us1 and uf are the bond perimeters of
steel and FRP reinforcement, respectively; τsm = 1 8f ctm and
τfm = 1 25f ctm are the mean bond stresses of steel and FRP
reinforcement; and ξb is a bond parameter given as

ξb =
τfmEs1As1uf

τsmEf Af us1
5

Neglecting the tension-stiffening effect and initial strain,
the characteristic crack width is as follows [19]:

wFIB2 = 2 1ρc ef f
Ma

Es1dρeq

1
us1 + 0 694uf

, 6

where Ma is the acting moment in a cross-section, ρc ef f is a
ratio of the effective area in tension, and ρeq is the equivalent
reinforcement ratio.

Hence, a denser cracking and the smaller crack widths are
obtained for RC beams strengthened with FRP; the crack
widths estimated by the methodology proposed in [19] were
used for further analysis.

2.2. Proposed Methodology

2.2.1. Crack Width. In accordance with Jokūbaitis and Jukne-
vičius and Jokūbaitis et al.’s [23, 24] proposed crack develop-
ment model for RC structures, a flexural reinforced concrete
element crack has two peaks; one leads to the crack spread
toward the beam neutral axis, and the other refers to the ten-
sile reinforcement. The width of the crack apex closer to the
neutral axis is critical for further crack spread. The bond
strength of concrete and reinforcements, which is equal to
the tensile strength of concrete (f ct), stresses of FRP, and steel
reinforcements (σs and σf , respectively), resist crack propa-
gation. Parts of the element separated by the crack rotates
about the intersection point of the crack surface and neutral
axis (see Figure 1(a)).

The proposed crack model is presented in Figure 1(a),
whereAs1,As2, andAf are the inner tensile, compressive steel,
and external FRP reinforcements, respectively; d1 and d2 are
the distances to centroids of inner reinforcements; hcr and
hct are the crack depth and the depth of tensile zone above it,
respectively; and wcr and δcr are the crack width and the crit-
ical width of a normal crack tip, respectively. Strain distribu-
tion in a cross-section is reflected in Figure 1(b), where xe is
a depth of compression zone of concrete; εctu and εf are the
ultimate tensile strain of concrete and the FRP strain, respec-
tively. The crack depth and width dependence can be
expressed from a condition of similarity of triangles:

δcr
wcr

≈
hct
hcr

≈
εctu
εf

7

General expression of ultimate value of concrete’s tensile
strain is used for analysis:

εctu =
f ctm

νplEcm
≈
2f ctm
Ecm

, 8

where νpl is concrete plasticity factor (νpl ≈ 0 5); Ecm is a
secant modulus of elasticity.

The mean value of concrete’s tensile strength and secant
modulus of elasticity are estimated in accordance with
EC2 [18]:

f ctm = 0 30 f cm − 8 23 ,

Ecm = 22 f cm
10

0 3 9

The ratio of ultimate strain of concrete in tension and the
strain of FRP reinforcement can be calculated as follows:
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where αs1, αs2 , and αf are the ratios of elasticity modules of
steel reinforcements and FRP reinforcement, respectively;
εp is the FRP prestressing strain and ε0 is the initial strain;
Mp and M0 are the bending moment caused by the preten-
sioning force and the initial bending moment, respectively;
and x0 is the initial depth of the concrete compressive zone.

A wide range of experimental research was conducted by
Jokūbaitis et al. [23–28], and the empirical expression of the
critical width of a normal crack tip was derived for flexural
RC elements:

δcr 0 ≈ 0 00012d1 ϕ3 μ, 13

where d1 is the distance to the tensile steel reinforcement
resultant (see Figure 1), ϕ is the diameter of tensile steel rein-
forcement, and μ is the parameter, which evaluates the influ-
ence of different factors (cross-section, bond between
concrete and reinforcement, and reinforcement ratio) on
the relation between the crack parameters.

Below is the same expression with some modifications
which could be used for FRP-strengthened structures:

δcr ≈ 0 00012d1 ef f ϕeq
3 μ, 14

where ϕeq is the equivalent factor of tensile zone; μ is the
parameter evaluating the influence of the cross-section of
the element and bond between concrete and FRP

reinforcement (the reinforcement ratio is already taken into
account estimating the equivalent factor of the tensile zone):

μ = βϑ b, h
ψf

, 15

where β = 2 and 1 for long-term and short-term loading,
respectively; ϑ b, h is the empirical function of cross-
sectional parameters; and ψf is the reduction factor of stiff-
ness in the interface between the RC member and FRP based
on the built-up-bar theory [12, 16, 17]:

ψf = 1 − sh λ ⋅ Ls ⋅ ch λ ⋅ L/2 − Ls
λ ⋅ Ls ⋅ ch λ ⋅ L /2 16

Factor λ evaluates the stiffness of the interface and could
be calculated as follows:

λ = ξ ⋅ γ 17

Stiffness of the interface between separate members:

ξ =
uf Gef f

a
, 18

where a is the distance between the centroids of the RC beam
and FRP; Geff is the effective shear modulus [12]:

Gef f = 0 001 ⋅ K ⋅ Ecm, 19

εctu
εf

≈
2f ctm αs1As1 d − xe / df − xe d − xe/3 + αf Af df − xe/3 + αs2As2 xe − d2 / df − xe xe/3 − d2

Ma − Af Ef εp − ε0 df − xe/3
, 10

xe =
B2
e + 2 b − 2αf Af Mp −M0 /Max0 αs2As2d2 + αs1As1d + αf Af df − Be

b − 2αf Af Mp −M0 /Max0
, 11

Be = αs2As2 + αs1As1 + αf Af , 12

hct

hcr
𝛿cr

𝜎s

𝜎f

d2

d1

Wcr

Ma Ma

Neutral
axis

Geometrical
axis

As1

Af

As2

f
ct

d
df

(a)

hct

hcr

𝜀f

𝜀ctu

xe

(b)

Figure 1: The model for calculation of normal crack propagation: (a) crack model; (b) strain distribution.
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where K is the coefficient evaluating the anchorage of FRP.
K = 1 when FRP is not anchored, K = 1 5 when steel plates
are used for the anchorage, and K = 2 0 when FRP wraps or
interlocking grooves are used for the anchorage.

Factor γ could be calculated as follows:

γ = 1
EcmAc ef f

+ 1
Ef Af

+ a2

EcmIc ef f
, 20

where Ac ef f and Ic ef f are the area and the moment of inertia
of a cracked concrete cross-section, respectively. For rectan-
gular cross-sections

Ac ef f = bxe, 21

Ic ef f =
bx3e
3

22

The distance to tensile steel and FRP-reinforcement
resultant (in mm) (see Figure 2) is as follows:

d1 ef f = d1 −
Afσf df − d

Afσf + As1σs1

= d1 −
Af Ef df − d

Af Ef + As1Es1 d − xe / df − xe

23

In EC2, the effective reinforcement ratio of tensile zone of
concrete is expressed as follows:

ρt ef f =
As1 + ξ1Ap

Act ef f
, 24

where Ap is the area of pre- or posttensioned tendons
within Act ef f and ξ1 is the adjusted ratio of bond strength
taking into account the different diameters of prestressing
and reinforcing steel.

As proposed in [21] for FRP-strengthened RC structures,
Ap = Af and ξ1 = Ef /Es1; then the effective reinforcement
ratio of the tensile zone of concrete will be as follows:

ρt ef f =
As1 + Af Ef /Es1

Act ef f
, 25

where Act ef f is the effective area of concrete in tension:

Act ef f = bhct ef f = min

2 5bd1 ef f ,
b h − xe

3 ,

h
2

26

The equivalent factor of the tensile zone, taking into
account both steel and FRP reinforcements, can be derived
from (2) and (4):

ϕeq =
8ρt ef fAct ef f f ctmξbEf Af

τfmuf EsAs + ξbEf Af k1k2
, 27

where the bond perimeter of FRP reinforcement uf is deter-
mined from Figure 3.

Subsequently, the crack width is derived from (7)
and (10):

h

b
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d
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1

d

d
f
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1.
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h
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f
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Figure 2: Effective tension area: (a) EBR; (b) NSM.

wcr f =
δcr Ma − Af Ef εp − ε0 df − xe/3

2f ctm αs1As1 d − xe / df − xe d − xe/3 + αf Af df − xe/3 + αs2As2 xe − d2 / df − xe xe/3 − d2
, 28
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where d and df are the depths of inner and external rein-
forcements, respectively. If the structure was already cracked
at the strengthening moment, the initial crack width should
be added to calculation:

wcr =wcr f +wcr 0, 29

wcr 0 =
δcr 0M0

2f ctm αs1As1 d − x0/3 + αs2As2 x0 − d2 / d − x0 x0/3 − d2

30

2.2.2. Relation between Crack Depth and Load-Carrying
Capacity. The same relation in (7) relates the crack depth
with the acting bending moment and the depth of the con-
crete tensile zone, whose relation with crack parameters can
be expressed as follows:

hct ≈
δcr
wcr

hcr 31

Furthermore, there will always be a retained condition:

h = hcr +
δcr
wcr

hcr + xe 32

Therefore, the crack depth can be expressed as follows:

hcr =
h − xe

1 + δcr/wcr
= h − xe
1 + εctu/εf

33

When the load of the RC element strengthened with FRP
is close to its ultimate value, the strain in tensile steel
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Figure 4: State of stress in RC beam strengthened with (a) EB FRP reinforcement and (b) NSM FRP reinforcement.
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Figure 3: Bond perimeter of FRP reinforcement: (a) FRP rods; (b) FRP strips; (c) EBR.
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Figure 5: Limit state of strain in the flexural member.

5International Journal of Polymer Science



reinforcement, in most cases, shall exceed the yield strength
and large plastic deformations will occur in the element
(δcr/wcr → 0, εctu/εf → 0, and hct → 0). Therefore, the tensile
zone of concrete above the crack can be disregarded, and
the ultimate crack depth of the element could be evaluated
according to Figure 4, by using the equivalent rectangular
concrete compressive stress diagram.

Although FRP stress is unknown, the equilibrium condi-
tion between the ultimate crack depth and the FRP stress can
be reached iteratively. This way, the ultimate crack depth
could be evaluated by the following:

hcr u i ≈ h −
As1 f y + Afσf i

ηλf cmb
, 34

where f y and f cm are the yield strength of tensile steel rein-
forcement and the mean value of concrete compressive
strength, respectively, and η and λ are the reduction factors
of concrete compressive strength and compressive zone
height, respectively (in accordance with EC2 [18]: η = 1 0,
λ = 0 8 for concrete strength f ck < 50MPa). The FRP stress
of ith iteration can be found, assuming the linear elastic
stress-strain relationship, but it must be lower than the
design strength:

σf i = Ef εf i ≤ f f , 35

where εf.i is a FRP strain, which could be determined from
Figure 5.

In accordance with EC2 [18], the ultimate strain of the
compressive concrete εcu could be taken as 3.5‰, when
f ck < 50MPa. Iterations are repeated until equilibrium
condition is achieved:

σf n ≈ σf n−1 36

Afterwards, the compressive reinforcement stress is cal-
culated and the ultimate crack depth is revised, evaluating
the impact of compressive reinforcement and reduced stiff-
ness in the interface between the RC member and the FRP
reinforcement.

σs2 = Es2ψf εfe
h − hcr u − d2
df − h + hcr u

≤ f y s2, 37

hcr u = h −
As1 f y + Afψfσf − As2σs2

2

ηλf cmb As1 f y + Afψfσf

, 38

where the reduction factor ψf is taken from (16), (17), (18),
(19), (20), (21), and (22), only that Ac ef f = b h − hcr u and
Ic ef f = b h − hcr u

3/3.
Real reduction coefficients of a concrete compressive

zone stress diagram can be determined using the modified
technique proposed by Dulinskas et al. [29] (see Figure 6).

The areas of separate parts and the whole curvilinear con-
crete’s compressive zone diagram [30]:

Aasc =
1
2 2xasc

2
3 f cm = 2

3 f cm h − hcr u
εc1
εc2

, 39

Adesc2 = f cmxdesc = f cm 1 − εc1
εc2

h − hcr u , 40

Adesc3 = Asum − Aasc − Adesc2, 41

Asum =
As1 f y + Afψfσf − As2σs2

b
, 42

where the concrete strain at peak stress [18] is εc1 = 0 7f 0 31
cm

≤ 2 8 and the concrete ultimate strain εc2 = εfe h − hcr u /
df − h − hcr u .

When Adesc3 < 0, the descending part of concrete’s com-
pressive zone diagram exists and it is possible to calculate
its parameters.

λ = 2xc
h − hcr u

≤ 1 0, 43

η = Asum

f cmλ h − hcr u
≤ 1, 0 ; 44

where xc is a coordinate of centroid of curvilinear concrete’s
compressive zone stress diagram:

xc =
〠Aixci
Asum

45

If εc2< εc1, there will not be any descending part and the
area of the ascending part would be equal to the area of the
whole curvilinear concrete compressive zone diagram. The
strength of compressive concrete will not be reached (see
Figure 7), and maximum stress in the most compressed fibre
can be determined by stress-strain relation for nonlinear
structural analysis proposed in EC2 [18]:

σc = f cm
kεc2/εc1 − εc2/εc1 2

1 + k − 2 εc2/εc1
, 46

k = 1 05Ec εc1
f cm

47

Next, the ascending part of the concrete stress diagram is
divided into the simpler figures, and the parameters of equiv-
alent stress diagram are calculated by (43) and (44).

Subsequently, the flexural strength of the strengthened
member can be expressed as

Mu calc = ηf cmbλ h − hcr u h −
λ h − hcr u

2
+ As2σs2 h − d2

48

A simplified methodology proposed by Slaitas et al.
[31] could be used for nonstrengthened RC structures,
using a triangular concrete compressive zone stress
diagram.
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The analytical model proposed above could be used for
more reliable prediction of concrete crack parameters and
flexural strength for FRP-strengthened RC structures.

2.3. Analysed Beams. Four-point bending tests were carried
out on seven full-scale beams (see Figure 8). The experi-
mental beams varied by length, material properties,
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Figure 7: Stress distribution diagrams for concrete in compression, when mean value of concrete compressive strength is not reached:
(a) strains in cross-section; (b) curvilinear concrete compressive zone stress diagram; (c) rectangular stress diagram.
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reinforcement ratio, and strengthening. Beam CB served as
a control beam. Beams B1-0 and B2-P were strengthened,
and the CFRP layer was additionally anchored with steel
clumps. Beams B5-7 and B6-7 were strengthened under
an external load action. Beams B3-0 and B4-0 were

strengthened without an external load action. The CFRP
layer of beams B3-0, B4-0, B5-7, and B6-7 was unanchored.
The properties of tested beams are listed in Table 1.

Additionally, an extended database of 27 beams total
was used for comparison of numerical and experimental

L

F/2 F/2

h

b

As1 As1

Af
bf

As2

As2

Af

L/3 L/3 L/3

Figure 8: Loading scheme of tested beams.

Table 1: Properties of specimens and materials.

Beam ID b (m) h (m) L (m) As1 (mm2) fy (MPa) Af (mm2) ff (MPa) As2 (mm2) M0 (kNm) fcm (MPa) Anchored

CB 0.15 0.3 2.7 308 569 — — 226 0 25.40 —

B1-0 0.15 0.3 2.7 308 569 144 2334 226 0 25.40 Yes

B2-P∗ 0.15 0.3 2.7 308 569 144 2334 226 0 25.40 Yes

B3-0 0.1 0.2 1.2 226 318 16.7 4800 100 0 28.70 No

B4-0 0.1 0.2 1.2 226 318 16.7 4800 100 0 28.70 No

B5-7 0.1 0.2 1.2 226 318 16.7 4800 100 7 28.70 No

B6-7 0.1 0.2 1.2 226 318 16.7 4800 100 7 28.70 No
∗FRP was prestressed, σp = 120MPa.

Table 2: Properties of additional beams for serviceability stage [21].

Beam ID b × h (mm) L (mm) As1 (mm2) fy (MPa) Af (mm2) ff (MPa) As2 (mm2) Ms
∗ (kNm) Anchored

1-A2 180× 100 2000 157 456 16.70 3450 100 10.63 No

1-A3 180× 100 2000 157 456 33.40 3450 100 11.90 No

1-A4 180× 100 2000 157 456 33.40 3450 100 11.05 No

1-A5 180× 100 2000 157 456 16.70 3450 100 12.33 No

1-A7 180× 100 2000 157 456 16.70 3450 100 12.75 No

1-A8 180× 100 2000 100 513 16.70 3450 157 7.86 No

1-B2 180× 100 1800 226 432 16.70 3450 100 12.75 No

1-B3 180× 100 1800 226 432 33.40 3450 100 12.00 No

1-B4 180× 100 1800 226 432 33.40 3450 100 10.50 No

1-B5 180× 100 1800 226 432 16.70 3450 100 12.75 No

1-B7 180× 100 1800 226 432 16.70 3450 100 13.13 No

2-A2 150× 100 1800 100 530 18.15 3450 100 4.61 No

2-A3 150× 100 1800 100 530 18.15 3450 100 4.80 No

2-A4 150× 100 1800 100 530 16.50 3450 100 4.91 No

2-B2 150× 100 1800 157 570 18.15 3450 157 6.45 No

2-B3 150× 100 1800 157 570 18.15 3450 157 6.45 No

2-B4 150× 100 1800 157 570 33.00 3450 157 6.19 No

2-C3 100× 150 1800 100 530 13.20 3450 100 4.46 No

2-C4 100× 150 1800 100 530 13.20 3450 100 4.01 No

2-D3 100× 150 1400 157 570 13.20 3450 157 7.34 No

2-E3 100× 150 1800 314 570 33.00 3450 157 10.01 No
∗Crack width checking moment.
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results. Additional 21 beams were taken from a research
conducted in [21]. The properties of extra beams are listed
in Table 2.

A number of additional RC beams, strengthened with
carbon fibre-reinforced polymer (CFRP) and glass fibre-
reinforced polymer (GFRP) sheets, plates, strips, and rods,
tested by different researchers, were analysed in a compari-
son of numerical and experimental results of load-carrying
capacity (sample size: 98 beams). The properties of extra 71
beams are listed in Table 3.

3. Results and Discussion

3.1. Crack Pattern. The crack pattern of the higher beams
(B1-0 and B2-P) is presented in Figure 9. It can be seen in

both beams that the spacing of primary cracks was similar
(sr m P B1‐0 ≈ sr m P B2‐P ≈ 130mm), but the spacing of sec-
ondary cracks was denser in beam B1-0, although the
crack widths were smaller in the prestressed beam (B2-P),
taking into account secondary cracks: sr m P‐S B1‐0 ≈ 56mm
and sr m P‐S B2‐P ≈ 71mm, and crack widths under service
load: wcr B1‐0 ≈ 0 200mm and wcr B2‐P ≈ 0 075mm. The max-
imum crack width was reduced by 2.67 times by prestressing
the external reinforcement. This was evaluated in the pro-
posed method (calculated crack width of B1-0 was 2.55 times
bigger than B2-P).

The crack pattern of smaller beams (B3-0, B4-0, B5-7,
and B6-7) is presented in Figure 10.

In beams without initial strain, the crack distribution was
denser, because from the start the beams had higher

Table 3: Properties of additional beams for load-carrying capacity.

Ref. As1/bd (%) fy (MPa) Af /bdf (%) ff (MPa) Ef (GPa) σp (MPa) EBR/NSM

[32] 0.85 400 0.11 3100 165 1000 EBR

[32] 0.85 400 0.13 ÷ 0.14 2068 131 0 ÷ 1000 NSM

[33] 0.40 426 0.04 ÷ 0.12 2453 ÷ 3479 165 ÷ 230 0 EBR

[33] 0.40 426 0.04 ÷ 0.11 1878 ÷ 2453 121 ÷ 165 0 NSM

[34] 0.45 436 0.04 ÷ 0.22 1500 ÷ 2483 100 ÷ 167 0 NSM

[35] 0.29 ÷ 1.19 466 ÷ 501 0.08 2850 165 0 ÷ 1323 EBR

[36] 0.50 ÷ 0.75 525 ÷ 531 0.11 3263 251 0 EBR

[37] 0.58 545 0.12 ÷ 0.26 1350 ÷ 2350 64 ÷ 170 0 NSM

[38] 0.58 540 0.13 ÷ 0.26 1350 ÷ 2500 64 ÷ 170 0 NSM

[39] 0.77 475 0.08 2167 130 0 ÷ 1241 NSM

[40] 0.54 ÷ 0.94 730 0.16 ÷ 0.24 2740 159 0 NSM

[41] 0.39 585 0.06 1922 164 0 ÷ 823 NSM

Primary cracks
Secondary cracks

Figure 9: Experimental crack pattern of beams B1-0 and B2-P.
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reinforcement ratios. Until the strengthening moment, the
beams B5-7 and B6-7 were acting as ordinary RC beams
and the primary cracks had already developed; after strength-
ening, the crack development was slower, but the spacing
remained the same as earlier; that is, the distribution and
propagation of cracks are different if the stiffness of beams
at the moment of strengthening is different. As a result, crack
widths of the beams strengthened under external load action
(B5-7, B6-7) were 2 times higher than those strengthened
without it (B3-0, B4-0). This validates the evaluation of
the initial crack width in (29).

It should be mentioned that in smaller beams, mainly
primary cracks were developing and the absence of
anchorage has led to the horizontal cracks in the contact
zone of concrete and FRP, which appeared when the
external load has reached about 80% of the load-carrying
capacity. The failure result of these beams was concrete
cover separation.

3.2. Function of Cross-Sectional Parameters. The function of
cross-sectional parameters ϑ b, h in (15) could be
expressed as a polynomial of the ratio of width and height

for a rectangular cross-section (as it has only these 2
parameters):

ϑ b, h = C1
b
h

2
+ C2

b
h

+ C3, 49

where C1, C2, and C3 are constant values, which could be
determined empirically from Figure 11.

The constants C1, C2, and C3 in (49) could be determined
from Figure 11, and the values of the function ϑ b, h could
be calculated by the following expression (coefficient of
correlation 0.89):

ϑ b, h = −0 53 b
h

2
+ 0 38 b

h
+ 1 6 50

3.3. Crack Width. The comparison of experimental and
numerical results of the crack widths is presented in
Figure 12 and Table 4. The statistical parameters are shown
in Table 4:

Figure 10: Experimental crack pattern of beams B3-0, B4-0, B5-7, and B6-7.
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xi =
wexp i
wcalc i

,

x = 1
n
〠
n

i=1
xi,

s = 1
n − 1〠

n

i=1
xi − x 2,

cv =
s
x
⋅ 100%,

ci = x ± 1 96 s

n

51

Crack widths calculated by design provisions while eval-
uating the tension-stiffening effect and without it were over-
estimated with up to 85% (mean 32%) and 86% (mean 40%)
errors (Δ = 1 −wexp/wcalc ⋅ 100%), respectively. Besides, the
coefficient of variation was very high, over 100%; its scatter is
2 times higher than in the proposed method by the authors
without evaluation of the influence of cross-sectional param-
eters and 5 times higher with it. Moreover, the proposed

method in comparison with the design norms had a low aver-
age error (3%, 0%), low standard deviation (0.53 and 0.22),
and low coefficient of variation (51.44% and 21.62%), which
led to the much better confidence intervals (ci). It means that
the FRP-strengthened RC elements could be designed with
more rational cross-sections and reinforcement ratios if the
proposed methodology is being used.

3.4. Load-Carrying Capacity. Generally, the numerical cal-
culations of the load-carrying capacity without reduction

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

ϑ (b,h)

b,h

ϑ b,h = −0.53 b/h2 + 0.38 b/h + 1.6
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Figure 11: The function of cross-sectional parameters ϑ b, h .
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Figure 12: Comparison of the crack width estimation results with experimental ones at service load: (a) ϑ b, h = 1; (b) ϑ b, h from (50).

Table 4: Statistical parameters of crack width estimation.

wcalc
(Eq. (29),
ϑ b, h = 1)

wcalc
(Eq. (29),
ϑ b, h
Eq. (50))

wFIB
(Eq. (3))

wFIB2
(Eq. (6))

x 1.03 1.00 0.68 0.60

s 0.53 0.22 0.70 0.64

cv (%) 51.44 21.62 103.59 107.50

ci 0 83,… ,1 23 0 92,… ,1 08 0 41,… ,0 95 0 36,… ,0 84
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of FRP stress (due to the slippage between concrete and
FRP, ψf = 1 0) had lower mean error (0% to 14%) but
higher scatter (coefficient of variation cv 24.07% to 20.84%).
However, it should be noted that in some cases, the beams
actually failed at loads close to 60% of the calculated ones
(marked red in Figure 13) which is critically unsafe. Thus,
it is vital to choose the correct calculation method. The
main statistical parameters of the analysis are presented
in Table 5.

The statistical parameters in Table 5:

xi =
Mu exp i
Mu calc i

,

x = 1
n
〠
n

i=1
xi,

s = 1
n − 1〠

n

i=1
xi − x 2,

cv =
s
x
⋅ 100%,

ci = x ± 1 96 s

n

52

The analysis of experimental and numerical results
proves that this calculation method allows the accurate
evaluation of the load-carrying capacity of the normal section
of flexural RC beams strengthened with FRP.

The proposed calculation method could be treated as
appropriate for practical application when choosing the
most effective strengthening material and when determin-
ing the crack width and load-carrying capacity of the
strengthened member.

4. Conclusions

A crack width propagation and load-carrying capacity pre-
diction model was presented in this paper. The conclusions

of the analysis of experimental and numerical results are
presented below.

(i) The crack width calculation techniques proposed in
the design recommendations overestimate the crack
width with up to 86% (average 32% and 40%) error
and very high scatter (coefficient of variation more
than 100%).

(ii) The predicted crack widths by the proposed model
agreed very well with experimental results (with 0%
average error and a rather low coefficient of varia-
tion: 21.62%), even for beams without additional
anchorage and with initial strain (common situation
in practice).

(iii) The crack propagation analysis revealed that pre-
stressing of the strengthening material reduced the
maximum crack width 2.67 times. This was evalu-
ated in the proposed calculation method (calculated
crack width of the non-prestressed beam was 2.55
times bigger than that of the prestressed one).

(iv) The propagation of cracks differs if the stiffness of
the beams at the moment of strengthening is differ-
ent. In the beams strengthened under external load
action (with initial strain), the cracks had developed
as in RC beams. After strengthening, further devel-
opment of the cracks has slowed down, but the spac-
ing remained the same. As a result, the crack widths
of the beams strengthened under external load
action (B5-7, B6-7) were 2 times higher than those
strengthened without it (B3-0, B4-0). This validates
the evaluation of the initial crack width in (29).

(v) The results of numerical calculations of the load-
carrying capacity without reduction of FRP stress
(due to the slippage between concrete and FRP,
ψf = 1 0) had lower mean error (0% comparing
to 14%) but higher scatter (coefficient of variation
cv equals to 24.07% and 20.84%, resp.) than those
with it. However, it should be noted that in some
cases, the beams actually failed at loads close to
60% of the calculated ones which is critically unsafe.
Thus, a calculation method with reduced FRP stress
and a rather low (average 14%) reserve could be
treated as appropriate for the practical application
when choosing the most effective strengthening
material and when determining the load-carrying
capacity of strengthened member.
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Figure 13: Comparison of experimental and numerical results of
load-carrying capacity.

Table 5: Statistical parameters of load-carrying capacity.

Mu.calc (Eq. (48), ψf = 1 0) Mu.calc (Eq. (48), ψf< 1.0)
x 1.00 1.14

s 0.24 0.24

cv (%) 24.07 20.84

ci 0 95,… ,1 05 1 09,… ,1 19
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This study was conducted to evaluate the applicability of concrete-filled steel tube (CFT) columns made from high-performance
construction materials. KBC2016, South Korea’s current building code, limits the maximum compressive strength of concrete at
70MPa and the maximum yield strength of steel at 650MPa. Similar restrictions to material properties are imposed on major
composite structural design parameters in other countries worldwide. With the recent acceleration of the pace of development in
the field of material technology, the compressive strength of commercial concrete has been greatly improved and the problem of
low tensile strength, known to be the major limitation of concrete, is being successfully addressed by adding fiber reinforcement to
concrete. Therefore, the focus of this study was to experimentally determine the strength and ductility enhancement effects, which
depend on material composition. To this end, we performed concentric axial loading tests on CFT stub columns made from steel
with a yield strength of 800MPa and steel fiber-reinforced high-strength concrete. By measuring the strain at the yield point of
CFT steel during the test, we could determine whether steel yields earlier than ultimate failure load of the member, which is a key
design concept of composite structures. The analysis results revealed that the yield point of steel preceded that of concrete on the
stress-strain curve by the concurrent action of the strain increase at the maximum strength, attributable to the high compressive
strength and steel fiber reinforcement, and the strain increase induced by the confining stress of the steel tube. Additionally, we
performed parametric study using ABAQUS to establish the broad applications of CFT using high-performance materials, with the
width-to-thickness ratio as the main parameter. Parametric study was undertaken as experimental investigation was not feasible,
and we reviewed the criteria for limiting the width-to-thickness ratio as specified in the current building code.

1. Introduction

In line with the continuous trend toward high-rise buildings
and long-span structures, it is becoming increasingly nec-
essary to develop high-strength and high-performance
materials. Development of high-performance construction
materials is an essential factor enabling the construction
industry to build ultrahigh buildings and ultra-long-span

structures and can contribute to fundamentally solving
the issue of securing usable floor space, caused by
increased member sizes. In particular, for ultrahigh build-
ings requiring vertical members with large cross-sections,
high-performance materials can allow this cross-section
to be reduced. This is reflected in the recent trend of
column cross-section design for large-scale structures based
on the use of high-performance materials and increasing
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demand for composite cross-sections designed to maximize
material performance.

However, current design codes [1–4] prescribe the upper
and lower limits of material strength in the design of com-
posite members, as well as systems combining structural steel
and streel-reinforced concrete. This can be ascribed to the
conservatism of design codes, which basically apply conser-
vative requirements and criteria on the basis of various
research reports when evaluating untested design elements
[5–10]. The reason for such restrictions on material strengths
is the change in strain at the maximum strength when the
compressive strength of concrete exceeds 70MPa in the ulti-
mate strength calculation, according to existing research
results. Furthermore, a maximum allowable yield strength
is applied to members subjected to compressive loads to
reflect the difficulty of inducing the yield of steel before that
of concrete at a design yield strength exceeding 650MPa. In
cases where the material strength levels deviate from those
of the test results from previous studies as reviewed by the
building code, it is recommended to ensure security through
separate testing or to reduce the design yield strength and
compressive strength to the imposed limits. To err on the
side of safety, it is general practice to opt for the latter
method; however, this approach is tantamount to losing the
advantages gained by using high-performance materials as
described above. In order to leverage the advantages of
high-performance materials, it is therefore of paramount
importance to perform experiments to test the actual
effects of high-performance materials when their strengths
exceed the maximum strength allowed by the building
code. This is especially important for high-strength steel,
given the necessity to use it along with high-strength concrete
(HSC) to enhance the performance of the compressive
strength of concrete.

The major problem associated with the use of high-
strength steel for rectangular CFT is the strain capacity of
concrete. In general, the strain capacity of concrete in CFT
is greatly enhanced owing to the enlarged confinement zone
in concrete compared with steel-reinforced concrete.
According to EC2 [11], however, as the compressive strength
of concrete increases, the local strain in specific sections
decreases during maximum strength development, which
may make it difficult to apply CFT to HSC.

There has been continuous research into steel-reinforced
concrete since its development in the 1960s [12], and it is
now a common construction material. The ultimate failure
of concrete subjected to uniaxial compression is caused not
only by compressive stress but also by cracks triggered by lat-
eral expansion under compressive loads. In this process, steel
fiber-reinforced concrete contributes to increasing the initial
strength of crack generation by tensile force, whereas HSC
contributes to preventing spalling through high density
owing to the crosslinking effect of steel fiber [13–16].

With this background, this study was conducted to
investigate the applicability of HSC for high-strength steel
rectangular CFT. The study aimed to evaluate the possible
contribution of steel fiber reinforcement to solving the prob-
lem of insufficient strain capacity of concrete that may result
from the use of HSC. To this end, we performed experiments

on rectangular CFT stub columns made from high-
performance materials. Additionally, finite element analysis
was performed to investigate the effect of CFT using high-
performance materials depending on the width-to-thickness
ratio, which is one of the important factors by which the yield
strength is influenced in the design standards.

2. Limitation of Material Strength and Axial
Strength according to Code Provisions

According to South Korea’s current building code (KBC
2016) [1], the compressive strength of CFT columns can be
calculated from the flexural buckling limit state depending
on the slenderness ratio. Specification for Structural Steel
Buildings of the American National Standards Institute
(ANSI/AISC 360-16) [3] also sets forth an approach to
calculating the strength of members taking account of the
slenderness ratio. Specifically, when the ratio of the strength
of section to the elastic critical buckling load, which repre-
sents the slenderness ratio of the member, is less than or
equal to 2.25, (2) is used to calculate the compressive
strength, and if it exceeds 2.25, (3) is to be used. This is
identical to the calculation method presented in KBC 2016.
For noncompact sections, the compressive strength of
composite columns is to be calculated in two categories
of local buckling and its absence. For slender members,
since the slenderness of steel is determined by the width-
to-thickness ratio, the compressive strength of the section
is to be calculated according to the slenderness ratio of
each component part.

The strength of compact sections, whose width-to-
thickness ratio is smaller than 2 26 E/Fy, is to be
calculated using

Pn0 = Pp = AsFy + AsrFyr + 0 85Ac f ck, 1

where Pn0 is the nominal axial compressive strength of the
section (N), Pp is the superimposed strength of the section
(N), Fy is the yield strength of steel (MPa), As is the area of
steel cross section (mm2), f ck is the compressive strength of
concrete (MPa), Ac is the area of concrete cross section
(mm2), Asr is the area of continuous rebar (mm2), and Fyr
is the yield strength of the rebar (MPa).

The strength of the noncompact section, whose width-to-
thickness ratio falls within the range of 3 00 E/Fy and
5 00 E/Fy, is to be calculated using

Pn0 = Pp −
Pp − Py
λr − λp

λ − λp
2, 2

where λ is the slenderness ratio of the element, λp is the
limiting width-to-thickness parameter for compact element
2 26 E/Fy , λr is the limiting width-to-thickness param-
eter for noncompact element 3 00 E/Fy . Py denotes the
axial yield strength of the column (N) and is to be
calculated using
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Py = FyAs + 0 7f c′ Ac + Asr
Es
Ec

, 3

where Es and Ec denote the moduli of elasticity (MPa) of steel
and concrete, respectively.

The nominal strength of the slender section, whose
width-to-thickness ratio exceeds 3 00 E/Fy (lower limit)

and smaller than or equal to 5 00 E/Fy (upper limit), is to
be calculated using

Pn0 = FcrAs + 0 7f c′
Es
Ec

, 4

where Fcr is the critical stress, which is determined as follows
in case of a rectangular cross-section:

Fcr =
9Es
b/t 2 , 5

where b is the width of element exposed to compression
(mm) and t is the thickness of plate (mm).

A strength reduction factor of 0.75 is to be applied and
the percentage of steel in the total cross-sectional area must
exceed 1%.

It was found that the same limits are applied to concrete
compressive strength in KBC2016 [1] and ANSI/AISC 360-
16 [3]: the lower and upper limits are 21MPa and 70MPa,
respectively, for normal-weight concrete, and the upper limit
for lightweight concrete is 42MPa. As for the yield strength
of steel, however, the two codes set forth different upper
limits: KBC2016 [1] prescribes the design yield strength of
structural steel used for calculating the strength of composite
columns not to exceed 650MPa and ANSI/AISC 360-16 [3]
limits the maximum yield strength of structural steel and
steel reinforcement to 525MPa and 550MPa, respectively.

3. Compression Test of Rectangular CFT Stub
Columns Using High-Performance Materials

3.1. Experiment Design. To determine the applicability of
rectangular CFT made from high-performance materials in
view of the provisions of the design codes as reviewed above,
compression testing was performed on rectangular CFT col-
umns made from high-performance materials. A total of
eight experiments were performed, with the compressive
strength of concrete, type of steel, and content level of steel
fiber as independent variables. The specifications of the spec-
imens are shown in Figure 1, and those of each variable are
outlined in Table 1.

Two types of steel that differed in yield strength, SM490
and HSB800, were used to evaluate the effect of enhanced
yield strength on the compressive strength development.
The design compressive strength of HSC was set at
100MPa, and ultra-high-strength concrete (UHSC) imple-
menting the concept of reactive powder concrete (RPC)
was fabricated in an attempt to induce a compressive
strength development exceeding 100MPa [17]. Table 2 pre-
sents the concrete blending ratios for fabricating the test
specimens. As steel fiber reinforcement, we used straight

brass-coated fibers (13mm length and 0.2mm diameter)
with a tensile strength of 2600MPa, mixing them at a 2% vol-
ume ratio normally applied to UHSC. A hollow rectangular
steel tube specimen was additionally fabricated for each steel
type in order to determine the effect of concrete filling on
strength enhancement. We applied additional reinforcement
to the end parts of the specimens to prevent early failure at
both ends during buckling. For the HSB800 steel, specially
designed welding rods were used.

3.2. Material Test. The main objective of this study was to
evaluate the applicability of high-performance materials.
Therefore, it is important to define the properties of the
high-performance materials used. To this end, we performed
tests on each of the steel and concrete materials to be used for
the compression test. The experiments on the mechanical
properties of steel were carried out in compliance with KS
B 0801 and 0802 [18, 19]. Specifically, in order to investigate
the increase in compressive strength and tensile strength
induced by mixing steel fibers into HSC, we measured
experimentally the compressive strength, splitting tensile
strength, and flexural tensile strength among the mechanical
properties of concrete, in compliance with the test methods
stipulated in KS F 2405 [20], KS F 2423 [21], and JCI-S-001
[22], respectively.
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Figure 1: Details of test specimens.

Table 1: Variables and details of test specimens.

Specimen b/t f c′(MPa) Fy (MPa)
Partial concrete
strength (χ)

Pcal

HS-800 6.7 0 879 NA 5472

CS-800-3 6.7 30 879 0.05 5725

CS-800-10 6.7 102 879 0.14 6328

CS-800-F10 6.7 102 879 0.14 6328

HS-490 6.7 0 360 NA 2165

CS-490-3 6.7 30 360 0.11 2418

CS-490-10 6.7 102 360 0.29 3024

CS-490-F10 6.7 102 360 0.29 3024

b: width of column section; t: thickness of steel; f c′: compressive strength of
concrete; Fy : yield strength of steel; χ = Ac f c′ / AsFy ; Ac: sectional area of
concrete; As: sectional area of steel; Pcal: calculated strength of test
specimen based on KBC2016.
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The results of the tests on steel types used in the experi-
ments are outlined in Table 3. The stress-strain relationship
of the high-strength steel HSB800 was compared with that
of SM490 and SM570TMC, and the results are plotted in
Figure 2. As shown in Figure 2, steel HSB800 is no-yield-
point steel, that is, it does not show any clear yield point as
does SM570TMC steel, and has a higher yield ratio than
SM490. Consequently, its yield strength was calculated using
the 0.2% offset method used for defining the yield strength of
typical high-strength steel.

Table 4 outlines the measurement results of the compres-
sive strength, splitting tensile strength, and flexural tensile
strength of concrete. Specifically, the results of compression

test are expressed by the stress-strain relationship as plotted
in Figure 3. Three matrices were used in total. In the concrete
matrix with a compressive strength of 30MPa, generally clas-
sified as ordinary strength concrete, the load supporting
capacity was found to decrease slowly without occurrence
of any sudden decrease in load supporting capacity after the
maximum strength development. In contrast, HSC was
observed to lose the entire load supporting capacity due
to spalling which occurred concurrently with the maximum
strength development. However, no spalling appeared when

Table 2: Mix proportions of concrete.

ID
W/B (HSC)
W/C (NSC)

C W SF S F G SP StlF

(%) Unit weight (kg/m3)

3 0.25 809 222 80 1052 162 3.01

10/F10 63.2 348 220 1065 666 2.85 157 (100F)

W/B: water binder ratio;W/C: water cement ratio; C: cement;W: water; SF: silica fume; S: fine aggregated; F: filler; G: coarse aggregate; SP: super plasticizer; StlF:
steel fiber (volume fraction %).

Table 3: Mechanical properties of steel.

Steel Fy (MPa) Fu (MPa) Fy/Fu Elongation (%)

HSB800 879 944 0.93 22

SM490 360 506 0.70 26

Fy : yield strength of steel; Fu: ultimate strength of steel.
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Figure 2: Stress-strain relation of steel.

Table 4: Mechanical properties of concrete.

ID
Ec f c′ f sp f r Remarks

(MPa)

3 29041 33.02 5.02 7.62 No fiber

10 36233 102.38 7.86 11.54 No fiber

F10 38099 104.87 10.50 16.50 V f = 2 0%
f c′: compressive strength tested according to KS F 2405; f sp: splitting
strength tested according to KS F 2423; f t: flexural tensile strength tested
according to JCI-S-001-2003.
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Figure 3: Stress-strain relation of concrete.
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HSC was reinforced by steel fibers; although the load sup-
porting capacity was considerably reduced after the maxi-
mum strength was reached, a complete loss did not occur.
It was also found that the steel fiber reinforcement con-
tributed to increasing the splitting tensile strength and
flexural tensile strength by a factor of 1.33 and 1.42,
respectively, when compared with the specimens not rein-
forced by steel fiber.

3.3. Test Setup and Measurement Plan. For the experiments,
we used a universal testing machine (UTM) with a capacity
of 10000 kN, taking account the axial strength of the speci-
mens. Experiments were carried out in the form of uniaxial
compression testing of each specimen. Figure 4 shows the test
setup of the specimens. The load acting on the specimen was
obtained with the load cell of the UTM, and the values of the
vertical displacement at the top of the specimen and the lat-
eral expansion at the center were obtained using linear vari-
able differential transformer (LVDT) sensors. Strain gauges
were installed at the center part to obtain the strain of the
steel. The measurement plan is outlined in Figure 5.

4. Test Results and Discussion

Figure 6 illustrates the failure modes of the specimens at each
load increment. All specimens (HS-800, HS-490, CS-800
series, and CS-490 series) went through the same pattern of
failure modes. The load increased from the initial elastic slope
up to the postyielding strain hardening zone and then
decreased with the onset of local buckling. Ultimately, the
load on the specimen decreased sharply with the onset of weld
fracture. In all four specimens, no weld fracture was observed
until the ultimate strength was reached. Figure 6 shows the
specimens after the completion of the experiments [23].

The composite section of the HSB800 CFT stub col-
umn tested does not undergo fracture unlike brittle mate-
rials due to the effect of its perfectly plastic stress-strain
behavior b/t = 6 7 < λp,HSB800 = 17 . Accordingly, the yield
strength was determined by the 1/3 stiffness method, tan-
gential method, and 0.2% offset method for the efficient
analysis of the test results. The three yield strength deter-
mination methods are presented in Figure 7. Of them,
the 1/3 stiffness method was regarded as being most
appropriate from the safety point of view and was used
for calculating the yield strength of the members and

the analysis of the experimental results. Table 5 outlines
the yield strengths of the specimens obtained using these
three methods.

4.1. Load-Displacement Relation. The load-displacement
relations are plotted in Figure 8. The load-displacement
curves were used for calculating the maximum strength. All
three specimens with composite sections (CS-800-3, CS-
800-10, and CS-800-F10) showed an approximately 10%
increase in strength when compared with the hollow steel
tube specimen (HS-800). However, they showed no signifi-
cant intergroup differences in the load-displacement rela-
tions. This is assumed to be the result of the small ratio of
contribution of the steel-governed composite section to
strength due to the width-to-thickness ratio and material
strength. However, with regard to the material strength com-
position, it was found that the high-strength steel section did
not show any significant differences in strength at a width-to-
thickness ratio of 6.7 regardless of whether filled with low-
strength concrete (LSC) or HSC. In other words, in the case
of high-strength steel CFT, it is not necessary to fill the tube
with HSC because it demonstrates the same strength
enhancement effect when filled with LSC. This finding is
based on a small width-to-thickness ratio and is not enough
for drawing general conclusions.

CS-490 series specimens showed different patterns of
load-displacement relations depending on the concrete
strength. The CS-490-F10 specimen exhibited superior
values compared with other specimens in both strength and
strain, demonstrating that the strength of the steel fibers
mixed into concrete contributes to enhancing its strength
and strain. These results lead to the assumption that the ratio
of contribution of concrete to the strength is higher than that
of CS-800 series specimens in such a way that concrete con-
tributed to the strength enhancement. Table 5 outlines the
initial stiffness, yield strength, and ultimate strength of each
specimen and their respective displacements.

4.2. Effect of High-Strength Concrete.As a result of comparing
the yield strength and ultimate strength increase rates among
all specimens depending on the concrete type, as presented in
Table 5 and based on the load-displacement relations, the
combination of HSB800 and HSC showed a higher increase
rate in the yield strength in comparison with the combina-
tion of HSB800 and LSC. The same result was obtained when
SM490 was used. In the ultimate strength, however, a higher
strength increase rate was demonstrated by the combination
of HSB800 and LSC compared with the combination of
HSB800 and HSC. This is assumed to be ascribable to the
decrease in the effect of confinement with the increase in con-
crete compressive strength, as demonstrated by earlier stud-
ies on the confinement effect of HSC [23–26]. In both steel
types, HSC800 and SM490, the increase rate of strain capac-
ity from the onset of yield of the member to the ultimate state
was found to be similar regardless of whether the steel was
combined with LSC or HSC.

4.3. Effect of Steel Fiber. In an attempt to solve the problems
of HSC-inherent brittle fracture behavior and strain

Figure 4: Test setup.
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decrease at the maximum strength, we performed experi-
ments on steel fiber-reinforced specimens. As shown in
Figure 3, the strain was found to increase at the maximum
strength. HSC specimens did not show any significant
strength enhancement in both steel types despite the steel
fiber reinforcement. In the case of the ultimate strength,
however, SM490 exhibited a higher increase rate after the
steel fiber reinforcement. On the other hand, the displace-
ment ratio of the ultimate strength to the yield strength
was found to increase after steel fiber reinforcement.

4.4. Change of Failure Pattern. The steel tube used for the
specimen fabrication was a 15mm-thick panel with a small
cross-sectional area (130mm); that is, the composite section
of the CFT stub column tends to show steel-governed behav-
ior. Drawing on this, on the assumption that the steel tube
part hardly undergoes any change in strength regardless of
whether it is filled with concrete or not on the composite sec-
tion of steel tube and concrete, the value obtained by sub-
tracting the pure strength of the steel tube from the
strength of the composite section was defined as the strength
under concrete confinement.

As explained in the introduction, the reason for limiting
the material strength in the current building code is to enable
a design that induces the exterior steel tube to yield earlier
than the compression fracture of core concrete. If high-
strength steel is used, concrete failure can occur first depend-
ing on the strain rate. This is not desirable from a safety point
of view and is therefore a point that must be checked when
designing HSB800 steel composite members. Given the
nature of concrete that increased strength and confinement
bring about increase in maximum strain, the strain of the
core concrete under confinement explained in the preceding
section was indirectly measured and compared with the steel
tube strain in order to examine the yield pattern, that is,
whether the steel tube yields first. As shown in Figure 9, the
maximum strain of the core concrete was found to grow
larger than that of the HSC-filled steel tube. This result devi-
ates from the EC2 model, in which the maximum strain
decreases as the concrete compressive strength increases,
and may be explained by the comparatively low modulus of
elasticity of the HSC used in this study, which was fabricated
according to the RPC concept. This confirmed the possibility
of maintaining the pattern of earlier steel yield complying
with the conventional design concept of filling the steel tube
with RPC-based 100MPa concrete. Additionally, as could be
confirmed from steel fiber-reinforced material tests, the
strain exhibited a higher value at the maximum strength.
This is another factor conducive to inducing the earlier yield
of steel. From these findings, it may be concluded that rectan-
gular CFTs made from high-strength steel may find safe
applications in construction sites when combined with
high-strength fiber-reinforced concrete.

5. Finite Element Analysis of Test Specimens
and Parametric Study

As mentioned above in Section 4, the CFT-related effect of
concrete could not be clearly demonstrated due to the mate-
rial properties and the limitations of the test equipment [23].
Therefore, we performed numerical analysis to investigate
the width-/thickness-dependent behavior changes of the
CFT made from high-performance materials, using the com-
mercial finite element analysis (FEA) program ABAQUS
[27]. The adequacy of the FEA was tested by comparing the
numerical and experimental results obtained in this study,
followed by parametric analysis.
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Figure 5: Measurement plan.
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Figure 6: Failure of test specimens.
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5.1. Modeling and Verification. Concrete and steel modeling
was performed using 3D solid elements. It was judged to be
most efficient to model steel with solid elements to directly
reflect the changes in the width-to-thickness ratio. As solid
elements, we used the eight-node linear brick element
C3D8R element provided by ABAQUS [27]. The model
was constructed in a manner to express the deformation
due to local buckling by using a nonlinear geometry option.
As the constitutive law, it was decided to follow the isotropic
hardening rule for steel, and for the uniaxial stress-strain
relationships, we used the results of experiment performed
on each specimen, as presented in Figure 2.

As for the concrete constitutive law, we used the concrete
damaged plasticity model [28]. The concrete damaged

plasticity model is a model designed to describe the contin-
uum plasticity-based concrete damage; for the purpose of
this study, the major failure of concrete was assumed to arise
from tensile cracking and compressive fracture. The plastic
flow rule, nonassociated, can constitute an asymmetric stiff-
ness matrix and is thus known to express rock-like brittle
materials fairly well. Although it cannot express the cracks
directly, it was selected for failure modeling because cracks
do not play any significant role in this study.

Concrete material behavior can be modeled by inputting
the uniaxial loads or the stress-strain relationships in the ten-
sile state. In order to reflect the concrete strength changes, the
compressive stress-strain model of Collins and Porasz [29]
was used to enable the application of HSC. For modeling
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Figure 7: Determination method for yield strength of member.
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concrete tensile, the widely used Okamura–Maekawa [30]
model was used and the effect of steel fibers was taken from
the research results of Lok and Xiao [31]. The modulus of
elasticity of concrete was calculated according to the methods
provided in the Concrete Design Code (2012) [32], taking
account of the link to KBC2016 [1]. The concrete-steel inter-
face was modeled using the contact element. In the tangential
direction, the frictional force between concrete and steel was
modeled by inputting the friction coefficient of 0.25 proposed
by Korea Concrete Institute [33] and modeling in the normal
direction, with the mutual nodes of concrete and the steel
configured to not permeate. This enabled the modeling of
the confinement effect caused by the difference in the
Poisson’s ratio between steel and concrete. The general
displacement control method was used for loading, and the

boundary conditions of the both ends of the column analyzed
were entered as fixed ends.

Validation of the proposed model is an indispensable
part of the process of FEA-based parametric analysis per-
formed for the evaluation of the applicability of high-
strength steel. This was done by analyzing the experimental
results obtained in this study as well as the experimental
results obtained in an earlier study [34] using specimens
with compressive strength exceeding 800MPa. The speci-
mens used in the earlier study were rectangular CFTs
(110× 110mm) made from HSS2 with a steel yield
strength of 750MPa, concrete compressive strength of
28MPa, and panel thickness of 5mm. The length of the
specimens was 300mm. The analysis results of the mea-
sured values obtained from the HSS2 specimens in the

Table 5: Strength of test specimens.

Specimen Pcal (kN) Py (kN) Pu (kN) dy (mm) du (mm) du/dy k (kN/mm)

HS-800 6007 6038 7632 7.00 28.88 4.13 875

CS-800-3 6261 7025 8402 7.03 31.16 4.43 1062

CS-800-10 6862 7400 8442 8.05 35.76 4.44 1120

CS-800-F10 6862 7627 8553 8.50 38.98 4.59 1125

HS-490 2473 2849 5620 3.79 57.70 15.22 880

CS-490-3 2726 3423 6127 4.50 106.50 23.67 882

CS-490-10 3332 3951 6745 4.68 112.16 23.97 960

CS-490-F10 3332 3958 7322 5.12 139.40 27.23 1040

Pcal: calculated test specimen strength based on the code provisions (KBC2016); Py : yield strength of test specimen; Pu: ultimate strength of test specimen;
dy : axial shortening of test specimen experiencing yield strength; du: axial shortening of test specimen experiencing ultimate strength; k: initial stiffness.
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Figure 8: Load-displacement relation.
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previous study and those obtained in the present study
were compared with the numerical analysis results and
presented in Figure 10. The comparison of the analysis
results between the experimental and numerical values of
all tested parameters revealed that the errors in the maxi-
mum load modeling were within the range of 10%, thus
demonstrating that FEA model can be applied when ana-
lyzing the behavior of CFTs made from high-strength
materials. The numerical and experimental results
obtained from each specimen are outlined in Table 6.

5.2. Failure Pattern with a Different b/t Ratio and
Effectiveness of Matrix Strength and Steel Fiber Inclusion.
Figure 11 shows the analysis results of two specimens per-
formed in this study, the CSS-800-10 and CSS-800-10, which
used high-strength concrete and iron fiber-reinforced high-
strength concrete for high-strength steels. Figure 11 showed
the stress distribution diagram in the state in which the spec-
imen was about to yield. It is confirmed that if it is not rein-
forced with steel fibers, as shown in Figure 11(a), the concrete
can be converted into a tensile stress without resisting expan-
sion due to compression stress. At the same time, it was
found that the compression stress was about to be converted
to tensile stress in the steel. On the other hand, it was found
that, when mixed with steel fibers, there was no tensile stress
on both concrete and steel, but only compressed stress
appeared. As can be found in the material test results, this
is judged to be the result of increased tensile strength by steel
fibers. Accordingly, it is judged that the use of steel fiber may
be delayed to buckling by the expansion force due to
increased tensile strength of concrete.

The effect of the width-to-thickness ratio of high-
strength steel panel on strength and strain was investigated,

and the load-displacement relations were normalized for
the use of LSC and that of HSC based on the design formulae
provided by the current design code; the results of which are
plotted in Figures 11(a) and 11(b). It can be confirmed that
the maximum strength point varied according to the width/
thickness change. As the latter increased, the former
occurred earlier. In the case of LSC, in particular, the maxi-
mum loads were found to fall short of the calculated values
when the width-to-thickness ratio exceeded 50. In the case
of HSC, the strength was found to be lower than the design
strength when the width-to-thickness ratio exceeded 70.
From this, it can be inferred that when high-strength steel
is used, the maximum permissible width-to-thickness ratio
needs to be reviewed to reflect different levels of concrete
compressive strength. Figure 12(c) presents the analysis
results for the steel fiber-reinforced HSC obtained to investi-
gate the effect of steel fibers. The steel fiber reinforcement was
found to increase not only the maximum load but also the
crushing strain of concrete, thus increasing the maximum
permissible width-to-thickness ratio when HSC is used. This
highlights the need to consider the effect of steel fibers as well
when reviewing the maximum permissible width-to-
thickness ratio.

6. Conclusion

The main purpose of this study was to evaluate the feasi-
bility of the application of rectangular CFTs made from
high-performance materials, as well as their behavior. To
this end, we performed experiments on rectangular CFT
stub columns using high-strength steel and steel fiber-
reinforced ultra-high-strength concrete and performed
numerical analysis to investigate the relationship between
the width-to-thickness ratio and high-performance con-
crete, which could not be tested experimentally. From
these experimental and numerical processes, the following
conclusions could be drawn.

(1) It was confirmed by the experimental results that
none of the specimens underwent weld fracture
until their ultimate strength was reached and were
thus shown to have sufficient strain capacity to
resist the ultimate strength of steel, demonstrating
that high-strength steel and steel fiber-reinforced
high-strength concrete may be used within the
test range.

(2) Comparison of the experimentally obtained ultimate
loads with the calculated loads led to the finding that
experimental values exceeded the values prescribed
as per design formulas. Therefore, it is considered
reasonable to apply existing design formulas to the
composite section of SB800 steel.

(3) Because of the relatively large contribution of steel
to strength, concrete filling was not found to bring
about any significant degree of strength changes. In
the case of using high-strength concrete, only the
specimen using SM490 and all specimens using
HSB800 showed yield strength enhancement rates
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Figure 9: Stress-strain relation of concrete through the test results.
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similar to those of normal strength concrete. In
strain capacity as well, no significant changes were
observed when high-strength concrete was used,
presumably because of a low confinement effect
in enhancing its strength.

(4) Steel fiber reinforcement was found to have little
influence on strength enhancement in all specimens
using HSB800 and SM490. This may be ascribable
to the negligible strength change in concrete by the

steel fiber reinforcement. By contrast, the effect of
steel fiber reinforcement was clearly demonstrated
in the strain capacity.

(5) Given the nature of concrete that increased strength
and confinement bring about increase in maximum
strain, the strain of the core concrete under confine-
ment was indirectly measured and compared with
the steel tube strain in order to examine the yield pat-
tern, that is, whether the steel tube yields first. As a
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result, it was found that the maximum strain of the
core concrete was found to grow larger than that of
the steel tube when it was filled with 100MPa con-
crete and reinforced with steel fibers.

(6) Finite element analysis was performed to investigate
the effect of the width-to-thickness ratio of steel,
which could not be investigated experimentally. As
a result of this numerical analysis, it was found that

Table 6: Comparison between analysis results and test results for CFT specimens.

Specimen Pcal−code (kN) Py−test (kN) Py−mum (kN) Pu−test (kN) Pu−mum (kN)

CS-800-3 6261 7025 6560 8402 7984

CS-800-10 6862 7400 7056 8442 8040

CS-800-F10 6862 7627 6943 8553 8386

CS-490-3 2726 3423 3277 6127 5077

CS-490-10 3332 3951 3779 6745 5402

CS-490-F10 3332 3958 3944 7322 5380

Pcal−code: code-based strength; Py−test: yield strength-test results; Py−mum: yield strength-analysis results; Pu−test: ultimate strength-test results; Pu−mum: ultimate
strength-analysis results.

+2.972e + 01

S, S33
(Avg: 75%)

−4.786e + 01

−1.254e + 02

−2.030e + 02

−2.806e + 02

−3.582e + 02

−4.357e + 02

−5.133e + 02

−6.685e + 02

−7.461e + 02

−8.236e + 02

−9.012e + 02

−5.909e + 02

+2.972e + 01

S, S33
(Avg: 75%)

−4.225e + 00

−3.817e + 01

−7.211e + 01

−1.061e + 02

−1.400e + 02

−1.739e + 02

−2.079e + 02

−2.758e + 02

−3.097e + 02

−3.437e + 02

−3.776e + 02

−2.418e + 02

−1.002e + 01

S, S33
(Avg: 75%)

−8.429e + 01

−1.586e + 02

−2.328e + 02

−3.071e + 02

−3.814e + 02

−4.556e + 02

−5.299e + 02

−6.784e + 02

−7.527e + 02

−8.269e + 02

−9.012e + 02

−6.041e + 02

(a) Analysis results of CS-800-10

−6.679e + 01

S, S33
(Avg: 75%)

−1.578e + 02

−2.489e + 02

−3.399e + 02

−4.309e + 02

−5.219e + 02

−6.130e + 02

−7.040e + 02

−8.861e + 02

−9.771e + 02

−1.068e + 03

−1.159e + 03

−7.950e + 02

−7.045e + 01

S, S33
(Avg: 75%)

−9.661e + 01

−1.228e + 02

−1.489e + 02

−1.751e + 02

−2.013e + 02

−2.274e + 02

−2.536e + 02

−2.059e + 02

−3.321e + 02

−3.582e + 02

−3.844e + 02

−2.797e + 02

−6.679e + 01

S, S33
(Avg: 75%)

−1.578e + 02

−2.489e + 02

−3.399e + 02

−4.309e + 02

−5.219e + 02

−6.130e + 02

−7.040e + 02

−8.861e + 02

−9.771e + 02

−1.068e + 02

−1.159e + 02

−7.950e + 02

(b) Analysis results of CS-800-F10

Figure 11: Failure aspect of SFRC-filled high-strength steel tube column.

11International Journal of Polymer Science



the maximum width-to-thickness ratio permissible
for the strength limit set forth by the current building
code varied depending on the concrete properties.
The maximum permissible width-to-thickness ratio
decreased as the concrete strength increased and
increased after steel fiber reinforcement.
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This study presents the effects of blast-induced local damages on the flexural strength of blast-damaged and repaired specimens. In
the experimental program, blast-damaged specimens were repaired with steel fiber reinforced cementitious composite (SFRCC) as
well as carbon fiber-reinforced polymer (CFRP) sheets and tested for flexural strength measurements. The test parameters included
shear reinforcement (amount and spacing), steel fiber content (0, 1.0 vol%), and retrofitting with CFRP sheets. The test results
indicated that the use of higher amounts of stirrups demonstrated insignificant benefits in preventing local damages. However, it
was shown that the use of small-diameter steel bars for stirrups with small spacing could decrease the local damages more
effectively compared to the large-diameter steel reinforcement. For the residual strength of the damaged specimens, the
specimens using more stirrups could resist over 60% of their original flexural strength. CFRP retrofitting showed insignificant
enhancement in ductility of intact, damaged, and repaired specimens. However, it distributed the blast load and protected debris
scattering. The addition of steel fibers results in increased ductility and enhanced blast resistance against local damages. All
specimens, excluding control specimen, that repaired with SFRCC showed higher flexural strength to their original strength.
Therefore, it can be concluded that replacing damaged concrete cover with SFRCC is adequate for repairing the blast-damaged
RC members.

1. Introduction

The most effective method to protect a structure from a blast
risk is to maintain an adequate stand-off distance from the
source of the blast. In other words, a structural member is
extremely vulnerable from a close-in blast. If such a blast
causes a local damage on the structure, it may lead to a
progressive collapse. Therefore, vehicles are not allowed near
important structures in the United States in order to prevent
the structures from damage by close-in blasts [1]. When
maintaining a stand-off distance is difficult, the structures
should be constructed by using the reinforcing method that
can protect themselves from blasts. Therefore, numerous
researchers [2–21] have conducted studies to suggest the
enhanced reinforcing method against a blast and evaluate

the blast resistance of the suggested method. The conven-
tional method to increase the blast resistance is to use a
considerable amount of shear reinforcement. Fujikake and
Aemlaor [9] experimentally and numerically analyzed the
blast resistance of the RC (reinforced concrete) columns by
considering not only the shear reinforcement ratio but also
the concrete strength and reported that the shear-
reinforcing bars confining the core concretes of the RC
columns significantly affect the damage of the specimens.
Burrell et al. [5] also reported that seismic detailing improves
blast performance of RC columns. Despite the results of the
abovementioned research, considerably little experimental
studies have been devoted to examining the role of shear
reinforcement in RC beams under blast load. Therefore, in
this study, the blast test on RC beams considering the
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amount and spacing of shear reinforcements as variables was
conducted. A better understanding of the mechanics associ-
ated with the effects of shear reinforcement on the local

damages and residual strength could allow the designer to
determine the shear reinforcement that is most desirable
for the blast-resistant structures.
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(a) Cross section specimens
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Figure 1: Details of test specimens.

Table 1: Test variables.

Notation Concrete Shear reinforcement Av (mm2) FRP

NC-D10-S100

Normal concrete

D10, s = 100mm 998

Not retrofittedNC-D10-S50 D10, s = 50mm 1854

NC-D13-S100 D13, s = 100mm 1774

NC-D10-S100-F D10, s = 100mm 998 CFRP sheet

SFRC-D10-S100 SFRC with 60mm steel fiber D10, s = 100mm 998 Not retrofitted
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Recent research has shown that using SFRC and retrofit-
ting with FRP composites can improve the strength and
ductility of RC members [22–28]. The effectiveness of using
FRP sheet to improve blast behavior of RC members has
been demonstrated experimentally and numerically by
Saatcioglu et al. [21]. Ross et al. [14] also reported that
FRP retrofitting is effective in increasing blast resistance.
In case of SFRC, some limited research has been conducted
on RC members under blast load. Lan et al. [29] conducted
a field blast test on RC slabs and noted that SFRC panels
demonstrated improved damage tolerance. However, most
previous studies focused on the blast resistance at the
moment; the blast load was imparted on the specimens
without considering the structural behavior after the blast.
In this context, few studies were performed to evaluate
residual strength of blast-damaged specimens, although
the effect of local damages on the structural strength of
the specimens is an important factor that could lead to
progressive collapse. Moreover, limited research has been
conducted on the repaired RC beams using steel fiber-
reinforced cementitious composite (SFRCC) and carbon
fiber-reinforced polymer (CFRP) sheet.

Accordingly, in this study, blast-induced local damages
and static flexural strength of intact, damaged, and repaired
specimens were examined. The test data of the flexural test
on intact specimens and blast test was cited from previous
studies [11, 12]. The amount and spacing of shear reinforce-
ments, the addition of steel fiber, and FRP retrofitting were
considered as test variables to investigate the effect of the
various reinforcing methods on blast-local damages. For the
flexural test on repaired specimens, the specimens were fab-
ricated by using SFRCC, CFRP sheet, and blast-damaged
specimens that were tested in the previous study and tested

to investigate the effect of repairing materials on flexural
strength of repaired specimens.

2. Experimental Program

2.1. Details of Test Specimens. The experimental program
consisted of four phases: (1) static tests on intact specimens,
(2) blast tests on intact specimens, (3) static tests on blast-
damaged specimens, and (4) static tests on repaired speci-
mens. Five reinforced RC beams were tested, and the test data
of ten specimens were cited to investigate the effect of CFRP
sheet, steel fibers, and shear reinforcement in RC beams
under blast load [11, 12]. The details of the specimens are
shown in Figure 1 and Table 1.

The types of concrete (NC, SFRC), CFRP retrofitting, and
details of shear reinforcement were considered as variables.
As illustrated in Figure 1, all specimens were 160mm in
width, 290mm in height, and 2200mm in length. In addition,
longitudinal reinforcements consisted of four 15.26mm
diameter-deformed steel-reinforcing bars (denoted as D16).
NC-D10-S100 (control specimen), NC-D10-S100-F, and
SFRC-D10-S100 were designed according to the minimum
shear requirements of ACI 318-14 [30] and composed of
10mm deformed reinforcing bars (denoted as D10). They
were conventional rectangular stirrups and spaced at
100mm along the middle zone of the beams. In case of NC-
D10-S50 and NC-D13-S100, the stirrups, composed of D10
and D13 rebars, were spaced at 50 and 100mm, respectively.
For the FRP retrofitting, two layers of CFRC sheets were
bonded with epoxy on the bottom of the beam. After the blast
test, blast-damaged specimens were repaired with SFRCC.
The details of the repaired specimens are presented in
Figure 1(b). A 30mm thick SFRCC layer was used to wrap

Table 2: Mix proportions of NC, SFRC, and SFRCC [12].

Type of concrete Water (kg/m3) Cement (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Steel fiber (%)a

NCb 140 350 792 1015 0.0

SFRCb 140 350 792 1015 1.0

SFRCC 140 350 1807 0 1.0
aVolume fraction of fibers. bData cited from [12].

Table 3: Strength of NC, SFRC, and SFRCC [12].

Concrete Compressive strength (MPa) Flexural strength (MPa)

NCa 38.7 4.7

SFRCa 31.0 6.4

SFRCC 42.3 6.2
aData cited from [12].

Table 4: Properties of steel fibers.

Type of fiber
Length
(mm)

Diameter
(mm)

Aspect
ratio
(L/D)

Tensile
strength
(MPa)

End-hooked
steel fiber

60 0.75 80 1196

Table 5: Properties of reinforcement.

Deformed
bar

Nominal
diameter
(mm)

Area
(mm2)

Yield
strength
(MPa)

Ultimate
strength
(MPa)

D10 9.53 71.3

508.5 605.3D13 12.7 126.7

D16 15.9 198.6

Table 6: Typical mechanical properties of FRP composite [11].

Thickness
(mm)

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Ultimate
strain
(%)

CRFP sheet 1.4 2400 131 1.87
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the damaged specimens after eliminating a damaged concrete
cover. In the case of NC-D10-S100-F, the repaired specimen
was retrofitted with CFRP sheet again.

2.2. Material Properties. The concrete properties and mix
proportions are summarized in Tables 2 and 3. All specimens
were fabricated with an identical mixture that had a water-to-
cement ratio of 0.4 and maximum aggregate size of 20mm.
However, in the case of SFRCC, coarse aggregate was not
used in order to gain better structural performance under
static and blast loadings. For SFRC and SFRCC, 60mm
hooked-end steel fibers were used in the cement paste and
the fiber content was 1.0 vol%. The properties of steel fiber
are shown in Table 4. The compressive and flexural strengths
were measured based on ASTM C39 and C1609 [31, 32], on
cylinders with a diameter of 100mm and height of 200mm
and beams with a cross section of 100× 100mm and a length
of 400mm. The compressive strength of NC, SFRC, and
SFRCC was approximately 39, 31, and 42MPa, respectively.
In case of flexural strength, NC exhibited an average strength
of 4.7MPa, while the SFRC and SFRCC exhibited an average
strength of approximately 6.3MPa. For steel reinforcements,
Grade 400 Korean Standard (KS) deformed reinforcing bars
were used. The properties are presented in Table 5. Woven
carbon fiber sheets were used for FRP retrofitting, and typical
properties of FRP composite are shown in Table 6.

2.3. Test Procedure

2.3.1. Static Test. Static three-point flexural tests were carried
out on five repaired specimens with a quasi-static loading
rate of 0.02mm/s using a universal testing machine (UTM)
with maximum load capacity of 2800 kN. The mid-span
deflection, excluding the support settlement, was measured
by linear variable differential transducers (LVDTs). The
specimens were simply supported, and clear span was
1900mm. The steel bearing plates were placed at the loading
and support points to prevent local crushing of the concrete.

Static flexural tests on the intact and damaged specimens
were performed by Lee et al. [11, 12], and the test results were
cited to evaluate the effect of CFRP sheet, steel fibers, and
shear reinforcement in RC beams. All of the tests on intact,
damaged, and repaired specimens were conducted using
identical instrumentation.

2.3.2. Close-In Blast Test. Close-in blast tests on specimens
were carried out by Lee et al. [11, 12]. The local damages
and effect of CFRP sheet, steel fibers, and shear reinforce-
ment were investigated by analyzing the test results. After
the blast tests, the residual strength of blast-damaged speci-
mens and flexural strength of repaired specimens were
measured. Test set-up of the blast test is presented in
Figure 2. For the blast tests, New-emulite150, emulsion
explosive, was used to impart the blast load on the specimens.
The TNT equivalent factor of this explosive is 1.01, and the
properties of explosive are presented in Table 7. Charge
weight of explosive was 1 kg, and stand-off distance was
0.1m. The imparted blast pressure was calculated by AT-
Blast software and shown in Table 8.

3. Experimental Results and Discussion

3.1. Evaluation of Blast-Induced Local Damages

3.1.1. Effect of Shear Reinforcement on Local Damages.When
a blast occurs, the main types of local damage on concrete
specimen can be classified into three types: crater, spall, and
breach. As shown in Figure 3, crater occurs at the front side
of the specimen when the specimen is directly exposed to
the blast pressure, while the spall is a rear side damage
induced by tensile stress. Breach occurs when the specimen
is totally penetrated [33]. In addition, shear plug also occurs
when the impact or blast load is imparted on the concrete
beams because the velocity of the crack propagation is higher
than the load transfer velocity. After the close-in blast test,
the fracture behaviors of the specimens were observed.
Diameter and depth of local damages, angle of shear crack,

Explosive: New-emulite150
Charge weight: 1 kg
Stand-off distance: 0.1 m 

NC

Support anchors

1900 mm

Figure 2: Test set-up of a blast test.

Table 7: Properties of explosive [12].

Detonation
velocity
(m/s)

Volume
density
(g/cc)

Energy of
explosion
(kcal/kg)

Drop
sensitivity

(cm)

Amount
of gas
(L/kg)

5900 1.18∼ 1.50 1140 100 820

Table 8: Anticipated blast load.

Charge
weight
(kg)

Stand-off
distance
(m)

Peak
pressure
(MPa)

Peak
impulse
(MPa/ms)

Duration for
positive phase

(ms)

1.0 0.1 38.6 1.42 0.07
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and weight loss were measured. These are presented in
Table 9 and Figure 4. The average crack angle was 25° in
blast-damaged specimens. In the case of NC series, there
were no significant differences in size of crater and spall,
because most of the fracture occurred at the concrete cover.
However, for the weight loss, NC-D10-S50 showed the smal-
lest weight loss among the NC series except NC-D10-S100-F.
On the other hand, NC-D13-S100 showed same weight loss
with NC-D10-S100, even though it had 1.8 times of shear
reinforcement compared with NC-D10-S100. From the
above results, it was confirmed that the space of stirrups is
a more important factor in protecting the concrete core than
the amount of shear reinforcements.

3.1.2. Effect of FRP and Steel Fiber on Local Damages. As pre-
sented in Table 9 and Figure 4, retrofitting with CFRP sheets
and adding fibers enhance the blast resistance against local
damages. Particularly, spalling did not occur in SFRC speci-
men because of a fiber bridging capacity at the rear side of
the specimen. Moreover, the smallest amounts of crater and
weight loss were observed. Therefore, it was verified through
the experimental tests that the addition of steel fibers can be
an effective method to enhance blast resistance against local
damages. In case of NC-D10-S100-F, weight loss was reduced
compared to control beam, NC-D10-S100, even though there
were no significant differences in size of crater and spall. In
addition, CFRP sheet distributed the blast load and protected
debris scattering before bonding failure between CFRP sheet
and concrete.

3.2. Static Response of Intact Specimens. The load-
displacement curves and summary of test results obtained
from the static tests on intact, blast-damaged, and repaired
specimens are presented in Figure 5 and Table 10. In the static
flexural test, all of the intact specimens failed in flexure-
critical mode, because every specimen had identical details
in longitudinal reinforcement. NC series except NC-D10-

S100-F sustained an average flexural strength of 183.1 kN·m.
The addition of fibers and retrofitting with CFRP sheet
resulted in an increase of 13% and 8% in the flexural strength,
respectively, compared to the average strength of NC series.
Although these specimens failed at similar maximum loads,
SFRC-D10-S100, which was reinforced with steel fibers,
exhibited the highest ductility index calculated as follows:

Ductility index = Φu
Φy

1

In case of NC-D10-S100-F, the brittle bonding failure
between CFRP sheet and concrete occurred, while it showed
the highest flexural strength. In addition, it exhibited the low-
est ductility index. Therefore, it is recommended to use FRP
sheet on RC members with caution.

3.3. Residual Strength of Blast-Damaged Specimens. After the
blast test, static flexural test on damaged specimens was car-
ried out to investigate the residual strength of the specimens
[11, 12]. From these test results, the effect of local damages on
residual strength was examined. In the damaged NC series,
flexural strength of NC-D10-S100, NC-D10-S50, and NC-
D13-S100 decreased by 59%, 30%, and 39%, respectively,
compared to the original strength of intact specimens. The
residual strength was significantly decreased because of buck-
ling of compressive reinforcing bars when the concrete cover
at compression zone was fractured. On the other hand, NC-
D10-S50 and NC-D13-S100, which were the specimens rein-
forced with more amounts of shear stirrups than the control
specimen, showed relatively less decrease in residual
strength because of the effect of confinement by stirrups.
SFRC specimens showed the highest residual strength
because relatively small local damages at the front and rear
sides occurred. Thus, it can be concluded that the addition
of steel fibers is the most effective method to maintain resid-
ual strength of a structural member after blast. In the case of
NC-D10-S100-F, flexural strength was decreased by 33%,
compared to original strength.

3.4. Flexural Strength of Repaired Specimens. As plotted in
Figure 5, all repaired specimens showed ductile behavior
and higher flexural strength than the strength of intact
specimens. In the case of the control specimen, NC-D10-
S100, the flexural strength increased by 11%, while the
ductility index decreased by 44%, compared to test results
of the intact specimen. These results are because the
concrete cover was replaced with SFRCC that had a higher
compressive and tensile strength than that of normal
concrete, and the longitudinal reinforcements yielded

C

S

Cd

Cd: depth of crater

Crater

Spall

Sd Sd: depth of spall

C: diameter of crater
S: diameter of spall 

Shear plug

𝛼, 𝛽: angle of shear crack

𝛽𝛼

S

Figure 3: Blast-induced local damages.

Table 9: Local damages of specimens [11, 12].

Variables
Local damages

C (cm) Cd (cm) S (cm) Sd (cm) α (°) β (°)

NC-D10-S100 77 14 89 6 26 29

NC-D10-S50 72 16 74 7 23 32

NC-D13-S100 70 14 88 9 26 28

NC-D10-S100-F 79 15 103 5 30 25

SFRC-D10-S100 48 12 0 0 34 25
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during the blast load was imparted on the specimen. For
NC-D10-S50 and NC-D13-S100, these two specimens
had similar flexural behavior. The flexural strength of
these specimens increased by 6% and 14%, respectively.
Moreover, these beams showed an increase in the ductility
index approximately 27% and 19%, respectively. From
these results, it can be concluded that sufficient shear rein-
forcement can provide considerable blast resistance against
local damages and yielding of the longitudinal reinforce-
ment. As a result of the decrease in local damages, the
flexural strength of repaired specimens can regain the
design-intended structural performance.

The NC-D10-S100-F, CFRP-retrofitted specimen, dem-
onstrated significant increase in flexural strength and ductil-
ity. Although bonding failure between CFRP sheet and
concrete occurred during the test, the specimen still showed
ductile behavior with higher flexural strength than the
strength of the intact specimen. However, further research
is required to study the bond failure between FRP and con-
crete under blast-loading condition.

As mentioned previously, adding fibers enhances the
blast resistance against local damages under the blast loads.
However, it led to an increase in load ratio that was resisted
by the longitudinal reinforcement. This was due to the
increase in maximum displacement at maximum load of
SFRC specimen over the yield point of steel rebars. As a
result, the ductility index of repaired specimen decreased
because the longitudinal reinforcement was yielded when
the blast load was imparted on the specimen, whereas the
structural behavior of blast-damaged specimen was relatively
ductile. Therefore, there is the need to consider the design

goals of structural members when the SFRC is applied on
the members.

4. Conclusions

This study investigated the effects of stirrups, FRP retrofit-
ting, and adding steel fibers on intact, blast-damaged, and
repaired RC beams. From the above discussions, the follow-
ing conclusions are drawn:

(1) When blast load was imparted on RC beams by
close-in detonation, critical local damages on RC
beams occurred even if the charge weight was
small. It was verified through the experimental
tests that the progressive collapse could have
occurred because the residual strength of the dam-
aged control specimen, NC-D10-S100, was below
40% of its original strength. Therefore, it is neces-
sary to apply the protective design using more stir-
rups and SFRC and retrofitting with FRP on the
structural members, if the members are vulnerable
to a blast.

(2) The use of higher amounts of stirrups demonstrated
insignificant benefits in preventing local damages.
However, it was shown that the use of small-
diameter steel bars for stirrups with small spacing
could decrease the local damages rather than the
use of large-diameter steel reinforcements, when the
volume of stirrups was fixed. For the residual
strength of the damaged specimens, both specimens
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Figure 4: Weight loss of blast-damaged specimens.
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Figure 5: Load-displacement curves of intact, blast-damaged, and repaired specimens.

Table 10: Static flexural test results.

Variables
Max. load (kN) Flexural strength (kN·m) Ductility index (Фu/Фy)

Intact Damaged Repaired Intact Damaged Repaired Intact Damaged Repaired

NC-D10-S100 196.5 79.3 217.6 186.7 75.3 206.7 7.9 1.3 4.4

NC-D10-S50 194.6 134.6 205.8 184.9 127.9 195.5 4.8 3.1 6.1

NC-D13-S100 186.9 113.3 212.3 177.6 107.6 201.7 7.3 1.4 8.7

NC-D10-S100-F 217.5 105.9 258.4 206.6 100.6 245.5 3.3 1.9 9.1

SFRC-D10-S100 207.5 137.2 225.3 197.1 130.3 225.3 11.5 2.7 5.5
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using more stirrups could resist above 60% of the
original flexural strength. Therefore, it can be con-
cluded that although the use of higher amounts of
stirrups was not adequate to prevent the blast-
induced local damages, it can increase the residual
strength because of improved confinement.

(3) The addition of steel fibers results in increased
ductility and enhanced blast resistance against local
damages. However, the ductility index of repaired
specimen decreased, because the longitudinal rein-
forcement experienced flexural yielding when the
blast load was imparted on the beam. Therefore,
it is recommended to design the steel reinforcements
with consideration of the characteristics of SFRC,
while designing the structures subjected to extreme
loadings. In case of FRP retrofitting, it demonstrated
significant increase in flexural strength. Moreover, it
showed benefit in protecting debris. However,
bonding failure between CFRP sheet and concrete
occurred in the intact and repaired specimens. There-
fore, further research is needed to increase the bond
strength between FRP sheet and concrete.

(4) All specimens that repaired with SFRCC showed
higher flexural strength than the original strength,
except the control specimen. In the case of ductil-
ity, all specimens demonstrated ductile behavior,
although the ductility index was slightly decreased
in control and SFRC specimens. Therefore, it can
be concluded that replacing the damaged concrete
cover with SFRCC is adequate to repair the blast-
damaged members if the longitudinal reinforce-
ments were not failed.
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The use of carbon fiber-reinforced polymer (CFRP) composite materials to strengthen concrete structures has become popular in
coastal regions with high humidity levels. However, many concrete structures in these places remain wet as a result of tides and
wave-splashing, so they cannot be completely dried before repair. Therefore, it is vital to investigate the effects of moisture on the
initial and long-term bond behavior between CFRP and wet concrete.This research assesses the effects of moisture (i) during CFRP
application and (ii) throughout the service life. Before CFRP bonding, the concrete blocks are preconditioned with a water content
of 4.73% (termed “wet-bonding”). Three different epoxy resins are applied to study the bond performance of the CFRP-concrete
interface when subjected tomoisture (95% relative humidity). A total of 45 double-lap shear specimens were tested at the beginning
of exposure and again after 1, 3, 6, and 12 months. All specimens with normal epoxy resins exhibited adhesive failure. The failure
mode of specimens with hydrophobic epoxy resin changed from cohesive failure tomixed cohesive/adhesive failure and to adhesive
failure according to the duration of exposure. Under moisture conditioning, the maximum shear stress (𝜏max) and corresponding
slip (𝑠max) of the bond-slip curve first increased and then decreased or fluctuated over time. The same tendency was seen in the
ultimate strain transmitted to the CFRP sheet, the interfacial fracture energy (𝐺𝑓), and the ultimate load (𝑃𝑢). Analytical models of𝐺𝑓 and 𝑃𝑢 for the CFRP-concrete interface under moisture conditioning are presented.

1. Introduction

The use of fiber-reinforced polymer (FRP) composites has
emerged as one of the most promising techniques in the
field of concrete structural strengthening [1–4] due to their
well-established advantages, which include a high strength-
weight ratio, fatigue resistance, ease of installation, and cost-
effectiveness [5–9]. Of the various types of FRP composites,
carbon fiber-reinforced polymer (CFRP) is used extensively
for rehabilitation of concrete structures. It has shown out-
standing performance when used for strengthening concrete
structures, providing improvement of load carrying capacity,
stiffness, or ductility. Although CFRP composites provide
an effective method to strengthen concrete structures, the
effectiveness of strengthening system mainly depends on the
durability of adhesive bond between CFRP and concrete
substrate [10–12].

In coastal regions such as southern China, Hong Kong,
many concrete structures are wet at the time of repair and

the CFRP-strengthened systems are subjected to moisture,
under the influence of tides and wave-splashing. Therefore,
the performance of CFRP in strengthening wet concrete
should bewell recognized for further application, and various
methods have been studied. Zhou andLucas [13] revealed that
water sorption could modify the mechanical properties of
epoxy resins. Tatar and Hamilton [14] reported that moisture
had a negative effect on the adhesion properties of epoxy
resin. Choi et al. [15] studied the CFRP bond capacity under
hygrothermal exposure using a new three-point bend beam
test. The results suggested that CFRP-concrete bond systems
using different epoxies showed significant differences in
durability, although the same type of fibers and the same type
of concrete specimens were used. Tuakta and Büyüköztürk
[16] conducted cyclic moisture conditioning tests and found
that the adhesive bond cannot regain its original bond
strength after successivewet-dry cycles at both roomandhigh
temperatures.Wan et al. [17] usedmodified double cantilever
beam (MDCB) specimens to study the effects of water on
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Figure 1: Test arrangement: (a) details of specimen; (b) photograph of test setup.

the CFRP-concrete bond during CFRP application and after
CFRP curing.The results indicated that the presence of water
during primer application caused a significant decrease in
the bond quality. When a water-tolerant primer was applied,
the bond strength increased, but it was not comparable to
that of a dry-bonded specimen using the normal primer.
The bond performance continued to degrade with exposure.
The presence of water also changed the mode of failure
from cohesive within the concrete to adhesive along the
concrete-to-primer interface. Dai et al. [18] studied the effects
of moisture on the initial and long-term bonding behav-
ior of the CFRP-concrete interface using various primers
and concluded that moisture strongly influenced the bond
performance and that the application of an appropriate
primer can eliminate the effects of concrete surface moisture
on short-term interfacial bond performance. The failure
mode changed from cohesive failure to interfacial failure,
and the bond strength continued to degrade with moisture
exposure. However, previous research studies have focused
on the performance and duration of concrete members
strengthened with conventional CFRP composites. Recently,
a few studies have been conducted on the use of high
modulusCFRP to strengthen concrete structures. Richardson
[19] investigated the use of high modulus CFRP plate to
strengthen damaged reinforced concrete beams. The results
showed that the 400GPa CFRP of reinforcement ratio 0.17%
increased the ultimate strength of concrete beam by up to
51% and enhanced flexural stiffness in the elastic and plastic
ranges by 8% and 12%. He also developed an analytical
model to predict the performance of high modulus FRP-
strengthened slender RC columns. Sadeghian and Fam [20]
introduced a technique that aims at controlling second-order
lateral deflection using longitudinal high modulus bonded
reinforcement. Therefore it was encouraging to investigate
the duration of high modulus CFRP-strengthened concrete
structures.

This paper presents the experimental results from a
series of high modulus CFRP-concrete double-lap specimens

with the following purposes: (i) characterize the debonding
process using mechanical parameters after moisture con-
ditioning and (ii) provide reference for the establishment
of relative strengthening codes. Three ambient-cured epoxy
resins obtained from different suppliers, two conventional
types (WSX [represented by A] and MA [represented by
B]) and a hydrophobic type (CH-3 [represented by C]), are
used in this study. Epoxy resin WSX is popularly used for
dry concrete substrate and epoxy resin MA can be used
for dry and wet concrete substrate, whereas epoxy resin
CH-3 is particularly formulated for use in wet, damp, or
moist concrete substrates and is used to verify whether
the hydrophobic epoxy resin can better cope with moisture
at the CFRP-concrete interface over both short and long
terms. Comparisons are presented on failure modes, bond-
slip relationships, interfacial fracture energy, and ultimate
loads.

2. Experimental Program

2.1. Test Specimen. The 45 conditioned specimens were me-
chanically tested to failure in standard laboratory conditions.
The duration of exposure to moisture was the only variable
that was changed during the experiment. Because three dif-
ferent epoxy resins were used, these specimens were divided
into three main groups. Each group was conditioned for 0,
1, 3, 6, and 12 months. All double-lap shear specimens are
named in the form of RH-𝑥-𝑦-𝑧. For example, RH-A-6-2 is
specimen number 2 with epoxy resin A subjected to 95%
relative humidity (RH) for 6 months before testing.

2.2. Preparation of Specimen. Figure 1(a) shows a schematic
view of the CFRP-concrete double-lap shear specimen. The
25mm CFRP sheet is centered along the longitudinal axis of
the 75mm concrete block, leaving two 25mm shoulders on
the side of the bond to remove edge effects. The bond length
is 150mm, and a 35mm unbonded zone is left to avoid the
loss of a concrete chunk by shearing near the loaded end
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Table 1: Material properties of CFRP coupon and epoxy resin.

Material Young’s modulus
(GPa)

Ultimate strength
(MPa)

Shear strength
(MPa)

Failure strain
(%)

CFRP 245 3870 — 1.74
CFRP-A 266 3933 — 1.48
CFRP-B 268 3968 — 1.48
CFRP-C 292 4428 — 1.52
Epoxy A 2.4 33 21 1.40
Epoxy B 2.7 45 22 1.84
Epoxy C 4.5 48 26 1.65
Note. CFRP-A: CFRP coupon using epoxy resin A; CFRP-B: CFRP coupon using epoxy resin B; CFRP-C: CFRP coupon using epoxy resin C.

[21, 22]. The concrete blocks are cast using wooden molds,
demolded after 24 hours, and cured for 28 days. Afterwards,
all concrete blocks are submerged in salt water for 1 year
so that the concrete’s compressive strength remains stable
during moisture exposure. The bonding sides of the concrete
blocks are then sandblasted with a hand grinder to provide
appropriate rough surfaces for bonding, and any debris,
grease, laitance, and loose material at the surface are cleaned
with acetone using a cotton cloth. To investigate the effects
of the presence of water before bonding the CFRP sheets, the
concrete substrate surfaces are preconditioned to simulate the
construction conditions that may be encountered in a moist
environment. All concrete blocks are submerged in deionized
water for 3 days, removed, andwiped tomeasure the absorbed
water. The difference in the weight of the concrete before
and after conditioning represents the moisture mass uptake.
In this process, the measured average moisture content of
the concrete is 4.73%. After measurement of moisture, the
fully saturated CFRP sheet is carefully placed on the designed
region of the concrete block upon which epoxy has been
applied. A roller is used to squeeze out excessive epoxy until
a uniform bonding layer is formed. In a similar manner,
two 30mm-wide CFRP hoops with the fibers oriented in
the transverse direction are wrapped to provide sufficient
anchorage so that failure takes place at the bonded zone. All
specimens are then cured in the laboratory for 1 week at
ambient temperatures. It should be noted that, in the wet-
layup system, epoxy resin is used to bond the CFRP sheet to
concrete and at the same time serves as saturation resin for
the CFRP sheet.

2.3. Moisture Conditioning. All specimens are conditioned
at 20∘C ± 1∘C and 95% ± 3% RH inside a conditioning
chamber in a laboratory with moisture control. At each
target exposure duration (i.e., 0, 1, 3, 6, and 12 months),
three randomly chosen specimens for each epoxy resin are
removed periodically for testing.

2.4. Material Properties. The concrete blocks are made from
grade 42.5 Portland cement and aggregates with a maximum
size of 15mm. The blocks are cast and cured following
GB50010-2010 [23]. The average concrete cube strength after
1 year of immersion is 33.5MPa, determined with three
150 × 150 × 150mm concrete cubes. The CFRP sheet with

a thickness of 0.167mm is “NG” brand and supplied by
Wuda Jucheng, a company in China. Table 1 presents its
material properties according to the product data sheet. The
properties of flat coupons made with different epoxy resins
are determined from tensile tests in accordance with ASTM
D3039 [24] and are shown in Table 1. CFRP coupons are
made using the wet lay-up process. First, the CFRP sheets
are brushed with mixed epoxy resin. Second, the CFRP
sheets are cut into 15mm wide × 250mm long sections
after 7-day curing at ambient temperature. Third, CFRP
tabs and aluminum tabs are bonded at the two ends. Each
coupon is tested using a universal testing machine at a
speed of 1mm/min, with a strain gauge adopted on the
center. The three commercial two-part epoxy resins chosen
for the current program, both as CFRP matrices and as
adhesives, are (1) WSX epoxy resin (represented by A), (2)
MAepoxy resin (represented by B), and (3)CH-3 epoxy resin
(represented by C). Table 1 summarizes their material prop-
erties according to the material data sheet supplied by their
manufacturers.

2.5. Test Setup and Instrumentation. Before testing, all speci-
mens are fittedwith nine quarter-bridge strain gauges bonded
to theCFRP’s outer surface. Seven strain gauges in the bonded
zone with a spacing of 20mm are used to measure the
strain distribution along the CFRP sheet at various loading
levels, and the other two in the unbonded zone are used
to record the tensile load. Strain measurement is recorded
by an electronic acquisition system. The double-lap shear
tests are carried out in standard laboratory conditions with
a universal hydraulic testing machine (capacity of 100 kN)
displacement controlled at 0.5mm/min. After the specimen
is rigidly clamped by steel rods at both ends, preliminary
testing is conducted to carefully adjust the alignment of
two symmetric CFPR sheets and clamps so the load can be
transferred uniformly into the CFRP-concrete interface. The
specimen is then tested individually in direct tension until the
CFRP sheets are entirely pulled off (as shown in Figure 1).
It should be noted that, for this double-lap specimen, the
CFRP sheets of two sides would be peeled off in sequence.
After one side is peeled off, the total load is suddenly applied
eccentrically on the opposite side. Therefore, only the strain
measurements of the first failure side are reported in this
study.
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Figure 2: Typical failure modes: (a) adhesive failure; (b) cohesive failure; (c) mixed cohesive/adhesive failure.

3. Experimental Results

3.1. Failure Mode. Three predominant failure modes were
observed: adhesive failure, cohesive failure, and mixed cohe-
sive/adhesive failure. Adhesive failure occurs between the
epoxy and the concrete substrate, with or without loose
concrete remaining on the CFRP sheet. Cohesive failure
occurs inside the concrete block near the epoxy-concrete
contact surface, and many particles of coarse and fine
aggregate are attached to the surface that failed. Mixed
cohesive/adhesive failure is a combination of cohesive failure
and adhesive failure. Table 2 summarizes the failure modes of
all specimens, and Figure 2 presents selected images of failed
specimens (the left part shows substrates after peeling, and
the right part shows peeled CFRP sheets).

When the concrete substrates are wet, specimens RH-
A-0-z and RH-B-0-z are representative of adhesive failure
(Figure 2(a)). The peeled part consists of the CFRP sheet and
an almost-intact adhesive layer without adhering aggregates.
This failure mode differs from that observed in other studies
when concrete is dry [25, 26], which indicates that the initial
wet concrete substrate has a negative effect on the bond
between epoxy resin and concrete because the hydrogen
bonds between the epoxy and the concrete substrate may
be disturbed by the presence of water molecules at the
interface [27]. With the increase in moisture exposure, all
series RH-A-𝑦-𝑧 and RH-B-𝑦-𝑧 specimens show adhesive
failure. This means that the effectiveness of mechanical bond
wasweakened. And it can be contributed to the residual water
within concrete surface and the degradation properties of
epoxy resins [28, 29].

In contrast, most samples with hydrophobic epoxy speci-
mens exhibit various degrees of cohesive failure (Figure 2(b)).
The failure begins near the loaded end and then cracks
kinks into the concrete substrate and propagates parallel
to the interface until CFRP sheets are pulled off. Many
aggregates are attached to the CFRP sheet. Nevertheless, after
3 months of exposure, one conditioned specimen displays

a mixed cohesive/adhesive failure in the concrete, with a
relatively small amount of island-like residual aggregates
remaining (Figure 2(c)). Fewer aggregates are attached on
the CFRP sheet as the duration of exposure increases. When
conditioning up to 12 months, the failure of specimen RH-C-
12 is characteristic of adhesive failure. The negligible amount
of mortar or fine aggregate bonded on the CFRP sheet is
indicative of the poor bond between the epoxy and the con-
crete.This result indicates that, after long exposures, moisture
could greatly influence the durability of the epoxy-concrete
interface. The failure shift is thought to be due to (i) the
possibility of resin degradation because of moisture reaction
or chain scission and (ii) the reduction of interface bonding
caused by water presence via water absorption or moisture
diffusion. Therefore, for long exposures, this deterioration
renders the epoxy-concrete interface the weakest link of
the CFRP-strengthened system, resulting in adhesive failure
between the epoxy and the concrete.

3.2. Bond-Slip Relationship. Based on the linear elastic as-
sumption and Hook’s law, the average bond shear stress
between two adjacent strain gauges (𝜏av) can be obtained via
strain measurement along the CFRP sheet by the following
equation:

𝜏av = 𝐸𝑓𝑡𝑓 (𝜀𝑖 − 𝜀𝑖−1)Δ𝑥 𝑖 ∈ (2, . . . , 7) , (1)

where 𝐸𝑓 and 𝑡𝑓 are the elastic modulus and thickness of
the CFRP sheet and 𝜀𝑖 − 𝜀𝑖−1 is the axial strain difference
between adjacent CFRP strains at locations 𝑖 and 𝑖 − 1, which
are separated by a distance Δ𝑥.

Neglecting the concrete strain, the relative slip (𝑠𝑖) at
gauge location 𝑖 can be written as

𝑠𝑖 = Δ𝑥2 (𝜀1 + 2𝑖−1∑
𝑗=2

𝜀𝑗 + 𝜀𝑖) 𝑖 ∈ (2, . . . , 7) , (2)
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Table 2: Test results of all specimens.

Specimen
ID

Exposure
(month)

𝜏max
(MPa)

Average𝜏max

𝑆max
(mm)

Average𝑆max

𝐺𝑓
(N⋅mm/mm2)

Average𝐺𝑓 𝑃𝑢
(kN)

Average𝑃𝑢 Failure
mode

RH-A-0-1
0

5.464
5.670

0.034
0.038

0.229
0.277

3.619
4.364

AD
RH-A-0-2 5.875 0.041 0.348 4.508 AD
RH-A-0-3 5.670 0.039 0.254 4.964 AD
RH-A-1-1

1
7.422

6.021
0.057

0.043
0.625

0.406
5.255

4.786
AD

RH-A-1-2 6.337 0.033 0.375 4.462 AD
RH-A-1-3 4.304 0.038 0.219 4.641 AD
RH-A-3-1

3
4.999

6.036
0.066

0.051
0.363

0.395
3.931

4.468
AD

RH-A-3-2 7.475 0.048 0.493 4.657 AD
RH-A-3-3 5.636 0.037 0.328 4.817 AD
RH-A-6-1

6
4.640

5.103
0.045

0.038
0.262

0.274
3.639

4.023
AD

RH-A-6-2 5.709 0.040 0.320 4.324 AD
RH-A-6-3 4.960 0.027 0.240 4.105 AD
RH-A-12-1

12
5.057

4.192
0.039

0.035
0.253

0.206
3.887

3.898
AD

RH-A-12-2 3.315 0.036 0.164 4.311 AD
RH-A-12-3 4.204 0.031 0.200 3.497 AD
RH-B-0-1

0
5.521

5.685
0.039

0.042
0.252

0.287
3.820

4.179
AD

RH-B-0-2 6.179 0.041 0.324 4.587 AD
RH-B-0-3 5.355 0.044 0.285 4.130 AD
RH-B-1-1

1
5.215

5.491
0.049

0.043
0.404

0.350
4.666

4.453
AD

RH-B-1-2 5.649 0.038 0.336 4.111 AD
RH-B-1-3 5.609 0.041 0.311 4.582 AD
RH-B-3-1

3
6.144

6.249
0.039

0.040
0.397

0.376
4.734

4.667
AD

RH-B-3-2 5.708 0.036 0.267 4.417 AD
RH-B-3-3 6.894 0.044 0.463 4.850 AD
RH-B-6-1

6
5.084

5.598
0.052

0.046
0.366

0.365
4.671

4.590
AD

RH-B-6-2 4.913 0.035 0.286 4.451 AD
RH-B-6-3 6.797 0.051 0.443 4.649 AD
RH-B-12-1

12
3.560

4.519
0.036

0.037
0.224

0.243
4.127

4.134
AD

RH-B-12-2 5.478 0.037 0.263 4.141 AD
RH-B-12-3 — — — AD
RH-C-0-1

0
7.819

8.842
0.048

0.050
0.499

0.572
5.307

5.662
CO

RH-C-0-2 9.841 0.053 0.710 6.532 CO
RH-C-0-3 8.865 0.050 0.507 5.146 CO
RH-C-1-1

1
8.172

9.600
0.056

0.058
0.850

0.887
7.148

6.725
CO

RH-C-1-2 10.495 0.056 0.864 6.562 CO
RH-C-1-3 10.132 0.062 0.948 6.464 CO
RH-C-3-1

3
8.067

7.163
0.057

0.063
0.517

0.554
5.345

5.747
CO

RH-C-3-2 5.895 0.049 0.368 4.997 C/A
RH-C-3-3 7.528 0.082 0.776 6.900 CO
RH-C-6-1

6
5.868

7.492
0.051

0.064
0.563

0.611
5.941

6.212
AD

RH-C-6-2 7.778 0.088 0.671 6.145 C/A
RH-C-6-3 8.830 0.054 0.597 6.551 C/A
RH-C-12-1

12
9.332

8.182
0.050

0.051
0.471

0.487
5.601

5.586
AD

RH-C-12-2 — — — — AD
RH-C-12-3 7.032 0.052 0.504 5.571 AD
Note. AD: adhesive failure; CO: cohesive failure; C/A: mixed cohesive/adhesive failure.
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Figure 3: Representative bond-slip curves at the loaded end: (a) RH-A-𝑦-𝑧 specimens; (b) RH-B-𝑦-𝑧 specimens; (c) RH-C-𝑦-𝑧 specimens.
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Figure 4: Comparison of 𝜏max for specimens: (a) RH-A-𝑦-𝑧 specimens; (b) RH-B-𝑦-𝑧 specimens; (c) RH-C-𝑦-𝑧 specimens.

where 𝜀1 is the strain at the free end of the CFRP sheet; 𝜀𝑗 is
the strain of 𝑗th gauge attached to theCFRP sheet; and 𝜀𝑖 is the
strain at the loaded end of theCFRP sheet. Combining (1) and
(2) yields the 𝜏-𝑠 curve along the CFRP-concrete interface.

Plotting all of the curves in one figure may result in
overlapping, so it is difficult to characterize the effects of
moisture. For simplicity, therefore, only one representative
curve for specimens at each target exposure time is presented
in Figure 3, in which all 𝜏-s curves exhibit a bilinear shape.
It is found that the exposure has little effect on the initial
stiffness of the upward section, but it significantly influences
the maximum shear stress (𝜏max), the corresponding slip
(𝑠max), and the area under the curve. To characterize the
effects of moisture exposure, all values of 𝜏max and 𝑠max
are plotted in Figures 4 and 5, respectively. For the RH-A-𝑦-𝑧 specimens, a synchronous change of 𝜏max and 𝑠max is
observed, increasing in the first 3 months and decreasing
with longer exposure. For the RH-B-𝑦-𝑧 specimens, after a
slight inverse variation at 1 month of exposure, 𝜏max and 𝑠max
increase at 3 months and then decrease gradually. For the
RH-C-y-z specimens, 𝜏max reaches a maximum at 1 month of
exposure and then fluctuates over time, whereas 𝑠max shows

progressive growth up to 6 months with a final drop at 12
months. The values increase in the first few months because
the postcuring effect of adhesive layer enhances the interfacial
bonding even in a moist environment. However, due to the
different properties of these three epoxy resins, the highest𝜏max and 𝑠max values are achieved after different exposure
durations, because the mechanical properties of CFRP sheet
remain almost unaffected under accelerated conditioning
[30, 31] and the concrete compressive strength is almost
unchanged. One possible reason for the decreasing trend is
that the absorbedwater, acting as a plasticizer, usually reduces
both mechanical and adhesion properties of epoxy resin
during conditioning [17]. This phenomenon would increase
the porosity and flaws within the epoxy resin, which in
turn would have a detrimental effect on the interfacial shear
strength.

Figure 6 compares the CFRP strain distribution along the
bond length with some representative examples. In general,
all specimens behave similarly, showing a more or less
exponential trend in the strain distribution profile.The strain
initially transfers within 20mm of the loaded end and then
transfers towards the free end. Generally, the strain of the
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Figure 5: Comparison of 𝑠max for specimens: (a) RH-A-𝑦-𝑧 specimens; (b) RH-B-𝑦-𝑧 specimens; (c) RH-C-𝑦-𝑧 specimens.

CFRP sheet decreases with an increase in the distance from
the loaded end.

With the increase in the applied load, the longitudinal
strain of the CFRP sheet increases. However, when the
applied load reaches the failure load, the ultimate strain of
the CFRP sheet is lower than 6000 𝜇𝜀, which is less than half
of the elongation of CFRP sheet. This means that the tensile
capacity of the CFRP sheet in the CFRP-to-concrete joint
cannot be fully used.

With the increase in the exposure time, almost all the
longitudinal strains of the CFRP sheet beyond 80mm from
the loaded end are very limited, implying that the exposure
time on the transfer length is limited. However, the spec-
imens’ ultimate strains show various trends. The ultimate
strain of specimens RH-A-𝑦-𝑧 achieves the highest value at
1 month and then decreases over time. The ultimate strain of
specimens RH-B-𝑦-𝑧 reaches the maximum at 3 months and
then drops.Theultimate strain of RH-C-𝑦-𝑧fluctuateswithin
a range of 3500 𝜇𝜀 to 5500 𝜇𝜀 and does not show the trend of
monotonic change.

3.3. Interfacial Fracture Energy. Figure 7 presents the values
of interfacial fracture energy (𝐺𝑓) in a moist environment.
For RH-A-𝑦-𝑧 specimens, 𝐺𝑓 increases rapidly in the first
month and remains almost unchanged until 3 months and
then decreases sharply over time. For RH-B-𝑦-𝑧 specimens,𝐺𝑓 increases until 6months and then decreases. For RH-C-𝑦-𝑧 specimens,𝐺𝑓 peaks at 1 month, and the general trend over
the next few months is decreasing-increasing-decreasing.
With respect to the maximum value of 𝐺𝑓, +31.77%, 0.00%,−2.71%, −32.51%, and −49.26% variation for RH-A-𝑦-𝑧 speci-
mens; +23.67%, +6.91%, +0.00%, −2.93%, and −35.37% varia-
tion for RH-B-𝑦-𝑧 specimens; and +35.51%, 0.00%, −37.54%,−31.12%, and −45.10% variation for RH-C-𝑦-𝑧 specimens are
observed. This phenomenon could be explained by (i) the
solidification of epoxy resins in the first few months and (ii)
the reduction of the mechanical and adhesion properties of
epoxy resin caused bywater infiltration anddiffusion through
microcracks and voids with longer exposure. According to
the variation trend shown in Figure 7, a Gaussian function

that relates the interfacial fracture energy after conditioning
(𝐺𝑓,moisture) to the exposure time (𝑡, months) is obtained by
curve fitting:

𝐺𝑓,moisture = (𝐴 + 𝐵𝐶√𝜋/2𝑒−2((𝑡−𝑡𝑐)
2/𝐶2))𝐺𝑓, (3)

where 𝐴 is the residual factor, B and C are constants, 𝑡𝑐 is
the time when the highest fracture energy is attained, and 𝐺𝑓
is the interfacial fracture energy of the 0-month specimens.
For the RH-A-𝑦-𝑧 specimens, 𝐴, 𝐵, 𝐶, and 𝑡𝑐 achieved by
regression analysis are 0.84, 2.70, 3.37, and 3.19, respectively.
For the RH-B-𝑦-𝑧 specimens, 𝐴, 𝐵, 𝐶, and 𝑡𝑐 are 0.83, 3.81,
5.78, and 4.24, respectively. For the RH-C-𝑦-𝑧 specimens, 𝐴,𝐵, 𝐶, and 𝑡𝑐 are 0.85, 3.23, 4.32, and 2.56, respectively.

3.4. Ultimate Load. Figure 8 shows the values of the ultimate
load (𝑃𝑢) under moisture conditioning. The average 𝑃𝑢 of
the RH-A-𝑦-𝑧 specimens increases in the first month and
then decreases progressively. The average values of RH-A-
0-𝑧 (4.364 kN), RH-A-3-𝑧 (4.468 kN), RH-A-6-𝑧 (4.023 kN),
and RH-A-12-𝑧 (3.898 kN) vary by +8.82%, −6.64%, −15.94%,
and −18.55%, respectively, from that of RH-A-1-𝑧 (4.786 kN).
For the RH-B-𝑦-𝑧 specimens, the 𝑃𝑢 values show similar
variation, and the maximum value occurs at 3 months
(4.677 kN). With the duration of exposure, 𝑃𝑢 of RH-
B-6-z (4.590 kN) and RH-B-12-z (4.134 kN) decrease by
1.65% and 11.42%, respectively. For the RH-C-𝑦-𝑧 speci-
mens, cohesive failure inside the concrete substrate results
in the highest 𝑃𝑢. However, 𝑃𝑢 shows a different trend,
attaining its maximum value after 1 month and then fluc-
tuating over time. The decrease in strength is associated
with a change in the failure mode from cohesive failure to
mixed cohesive/adhesive failure or adhesive failure. When
the duration of exposure reaches 12 months, about 16.94%
loss of the ultimate load associated with adhesive failure is
observed.
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Figure 6: Continued.



International Journal of Polymer Science 9

(a5) (b5) (c5)

0

1000

2000

3000

4000

5000

CF
RP

 st
ra

in
 (

)

100 12060 8020 400

Distance from loaded end (mm)

0

1000

2000

3000

4000

5000

CF
RP

 st
ra

in
 (

)

100 12060 8020 400

Distance from loaded end (mm)
100 12060 8020 400

Distance from loaded end (mm)

0

1000

2000

3000

4000

5000

6000

CF
RP

 st
ra

in
 (

)

1 kN
2 kN
3 kN

4 kN
5.571 kN

1 kN
2 kN

3 kN
4.127 kN

1 kN
2 kN

3 kN
3.497 kN

Figure 6: Representative CFRP strain distribution along the bonded length: (a1) RH-A-0-2; (b1) RH-B-0-3; (c1) RH-C-0-3; (a2) RH-A-1-2;
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Figure 7: Comparison of Gf for specimens: (a) RH-A-𝑦-𝑧 specimens; (b) RH-B-𝑦-𝑧 specimens; (c) RH-C-𝑦-𝑧 specimens.
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Figure 8: Comparison of 𝑃𝑢 for specimens: (a) RH-A-𝑦-𝑧 specimens; (b) RH-B-𝑦-𝑧 specimens; (c) RH-C-𝑦-𝑧 specimens.
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Figure 9: Comparison of 𝑃𝑢 between prediction and experiments.

This phenomenon could be explained by the relationship
between 𝑃𝑢 and 𝐺𝑓. According to mode in [32, 33], the
ultimate load is given by

𝑃𝑢 = 𝑏𝑓√2𝐸𝑓𝑡𝑓𝐺𝑓. (4)

Because 𝐸𝑓 of the CFRP sheet is nearly unchanged after
moisture conditioning in this study (as well as 𝑡𝑓 and 𝑏𝑓),
the variation of 𝑃𝑢 is similar to that of 𝐺𝑓, as discussed in
Section 3.3.

Figure 9 plots a comparison of the ultimate load deter-
mined by (4) and the average value obtained experimentally
for each exposure duration.The results demonstrate satisfac-
tory agreement, with deviations of less than 25%.

4. Conclusions

An experimental study was conducted with 45 wet-bonded
specimens fabricated by three different epoxy resins to
investigate the effects ofmoisture on the initial and long-term
interface behavior. The following conclusions are reached
within the scope of this study.

(1) All RH-A-𝑦-𝑧 and RH-B-𝑦-𝑧 specimens exhibited an
adhesive failure mode, but, for RH-C-𝑦-𝑧 specimens,
the failure mode was obviously affected by moisture
exposure. It likely changed over time from cohesive
failure to mixed cohesive/adhesive failure and to
adhesive failure.

(2) A bond-slip relationship was obtained from strain
reading.TheCFRP-concrete interface undermoisture
conditioning increased during the first few months
and then decreased or fluctuated over time in terms
of 𝜏max and 𝑠max.

(3) Moisture exposure tended to increase the ultimate
strain of specimens initially, followed by a progressive
decrease or fluctuation.

(4) The interfacial fracture energy increased first and
then decreased gradually or fluctuated over time.The
ultimate load exhibited a similar trend of variation.
Models are proposed to predict the interfacial fracture
energy and ultimate load for specimens.
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