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ABSTRACT 
Ultra High Performance Strain Hardening Cementitious Composites (UHP-SHCC) is a new strain 

hardening composite with outstanding mechanical and protective performance. In this study, 

UHP-SHCC was applied to RC beams as a tensile strengthening material, and the beams were tested 

under four-point bending setup. It was clarified that strengthening by UHP-SHCCs significantly 

contributed to increasing the load carrying capacity. And stress-strain relation obtained from the 

tensile tests can well simulate the response of the strengthened beams.   
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1. INTRODUCTION 
  

 In the last decade, fiber reinforced cementitious 

composites with higher ductility such as Strain 

Hardening Cementitious Composites (SHCC) have 

been developed. These new kind of materials are very 

effective in transferring the stress across a crack, and 

also provide multiple cracking and strain hardening 

behavior in tension. Several researches have been 

carried out using SHCC as a structural material instead 

of the ordinary concrete. For examples, Kanda et al.[1] 

applied SHCC to the production of shear resistant 

structural elements. Fukuyama et al. [2] tested SHCC 

elements under seismic loading. 

 An application on strengthening or repairing 

using SHCC is one of the attractive ones. For examples, 

Horii et al.[4], Li[5], and Li et al.[6] tried to apply 

SHCC to repair or retrofit of concrete structures, and 

confirmed the effect of the ductility of repair materials 

on the structural performance. Shin et al. [7] also 

investigated the strengthening effect of ductile fiber 

reinforced cementitious composite (DFRCC) that was 

applied to plain concrete beams. Most researches on 

strengthening using SHCC revealed that load carrying 

capacity of SHCC itself provided additional load 

carrying capacity to strengthened structures. Kunieda et 

al. [8] developed Ultra High Performance Strain 

Hardening Cementitious Composites (UHP-SHCC) 

with ultra high strength and strain hardening in tension. 

Especially, tensile strength of UHP-SHCC is 

significantly larger (twice or more) than that of 

ordinary SHCC. So, UHP-SHCC might be one of the 

effective materials for strengthening of concrete 

structures. 

 In this paper, the strengthening effect of RC 

beams with UHP-SHCC in tension side was assessed 

through four-point bending tests. The results were 

compared with beams strengthened by ordinary 

reinforced concrete (RC). In addition, analysis to 

predict moment-curvature relations was carried out and 

compared with the experimental results. 

 

2. EXPERIMENTAL PROGRAMS 
 

2.1 Materials 
(1) Ordinary concrete for substrate beams 

 Table 1 shows the mix proportions of the 

concrete used for substrate beams. Water to cement 

ratio was 0.57. By conducting compressive tests on 6 

cylindrical specimens with the size of ø100x200mm, 

the averaged compressive strength at the age of 28days, 

which was the date on casting of strengthening layer, 

was 22.7MPa. The compressive strength of the concrete 

at the age of 56days, which was the date on loading 

tests of strengthened beams, was 24MPa. 

(2) Strengthening material 

UHP-SHCC was used as a strengthening 

material in this study. Table 1 shows the mix 

proportions of UHP-SHCC. Water to binder ratio (W/B) 

was 0.22. Low heat Portland cement (density: 

3.14g/cm
3
) was used, and 15% of the cement content 

was substituted for a silica fume (density: 2.2g/cm
3
). 

The quartz sand (less than 0.5mm in diameter, density: 

2.68g/cm
3
) was used as the fine aggregate. High 

strength polyethylene (PE) fiber was chosen for 

UHP-SHCC and the fiber volume in the mix was 1.5%. 

The diameter and length of the PE fibers were 

0.012mm and 6mm, respectively. Superplasticizer was 

used to enhance the workability of the matrixes. 

Uniaxial tensile tests were conducted by using 6 

dumbbell-shaped specimens (tested cross section: 

10x30mm) for UHP-SHCC. Fig.1 illustrates the 

stress-strain relationship for the tensile tests. The 

averaged tensile strength and strain at the tensile 
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strength of the UHP-SHCC at the age of 28days were 

10.5MPa and 1.7%, respectively. For compressive 

properties, 5 cylindrical specimens having the size of 

ø50x100mm were tested at the age of 28days. The 

averaged compressive strength was 86.7MPa. 

For comparison, ordinary reinforced concrete 

was placed as a strengthening material. Table 1 shows 

the mix proportions of the concrete used for the 

strengthening layer. The averaged compressive strength 

of the concrete at the age of 28days, which was the date 

on loading tests of strengthening beams, was 20.6MPa. 

Two or three rebars were placed in the RC 

strengthening layer. D10 (SD295A, fy=362N/mm
2
) and 

D13 (SD295A, fy=362N/mm
2
) were used.  

 
2.2 Specimens and test setup 

Fourteen reinforced concrete (RC) beams with 

length of 1800mm and cross section of 150 x 200mm 

were prepared using substrate concrete shown in Table 
1. Two rebars of D10 (SD295A, fy=362N/mm

2
) were 

used as reinforcement of each beam. Stirrups of D6 

(SD295) were used in the shear span at the interval of  

Table 2 Type of strengthening layers 

Strengthening layer
Thickness 

t=
(mm)

Reinforcement
Reinforcement 

 ratio in 
strengthening 

layer (%)

No. of 
tested 
beams

Non. (control beam) 0 --- --- 2
30 --- --- 2
50 --- --- 2
70 --- --- 2
70 2 D10 (SD295A) 1.36 2
70 3 D10 (SD295A) 2.04 2
70 3 D13 (SD295A) 3.62 2

UHP-SHCC

Reinforced concrete
 

 

90mm, as shown in Fig. 2. After the casting of concrete, 

the specimens were demoulded at the age of 2days, and 

the bottom surface of the beams, which was the 

interface between the strengthening layer and the 

substrate, was washed out using a retarder to obtain a 

roughed surface. Then the specimens were covered 

with wet towels for 28days in a constant temperature 

room (20C). After 28days, strengthening layers were 

placed at the bottom side of the substrate beams. Six 

beams were strengthened using UHP-SHCC with the 

thickness of 30, 50, and 70mm (two beams for each 

case). And six beams were strengthened using 

reinforced concrete with different reinforcement ratios. 

Table 2 shows the type, dimensions, reinforcement and 

reinforcement ratios in strengthening layer, and the 

number of tested specimens for each case. In addition 

to these specimens with strengthening, two substrate 

beams were tested as control beams. The strengthened 

beams were demoulded at the age of 2days after casting 

of strengthening layer. The specimens were covered 

again with wet towels for 26days additionally.    
 At the age of 28days after casting of 

strengthening layer, loading tests were carried out by 

means of a four-point bending. In all tests, the lengths 

of the moment and shear spans were 600mm and 

450mm, respectively, as shown in Fig.2. Displacements 

at loading points and mid point, and load were 

measured by displacement transducers (stroke: 50mm, 

Fig.1 Stress-strain curves of UHP-SHCC in 
uniaxial tensile test 
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Fig.2 Reinforcement details of strengthened beams and test setup. 
 

Table 1 Mix proportions of UHP-SHCC, substrate and strengthening concrete 
 

Water Cement
Silica 

fume
Sand Coarse agg.

Chemical 

admixture

Super-

plasticizer

Fiber 

content 

(6mm)

UHP-SHCC 0.22 312.1 1342.5 237 158 --- --- 31.6 14.55

Substrate & 

strengthening concrete
0.565 176 312 --- 860 882 1.5 --- ---

* Binder means cement + silica fume

Material
Water/

Binder* 

Unit content (kg/m
3
)
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sensitivity: 0.005mm) and load-cell (capacity: 294kN, 

sensitivity: 98N), respectively. The curvature of the 

moment span was determined by computing the 

measured deflection at loading and mid points. The 

loading test was terminated when compressive failure 

of concrete on the top surface of the specimens was 

visually recognized or sudden drop in the load was 

observed.   

 

3. EXPERIMENTAL RESULTS 
 

3.1 Moment-curvature relation 
 Figs.3 and 4 show the moment-curvature curves 

of the beams strengthened by UHP-SHCC and RC. 

Table 3 tabulates obtained values on first cracking 

moment, yielding moment, maximum moment and 

curvature at maximum moment. The relation between 

the amount of strengthening materials (i.e. thickness of 

UHP-SHCC and reinforcement ratio in RC) and 

maximum moment are summarized in Figs. 5 and 6, 

respectively. In case of using UHP-SHCC as a 

strengthening layer, the load carrying capacity and 

initial stiffness of the strengthened beams were 

increased with increasing of the thickness of 

UHP-SHCC. After the localization of fracture on 

UHP-SHCC was observed, the moment became equal 

to that of the control beams, as shown in Fig.3. 

 

 
Fig.3 Moment-curvature curves of strengthened 

beams using UHP-SHCC 
 

 
Fig.4 Moment-curvature curves of strengthened 

beams using RC 
 

3.2 Crack patterns 
 Fig.7 shows the crack patterns of beams with 

UHP-SHCC (thickness: 30mm) and RC (As: 1.36%), 

respectively. In the specimen with RC, cracks in the 

strengthening layer (RC) propagated to the substrate 

continuously, and the number of cracks in the 

strengthening layer (RC) was almost the same as that of 

substrate. For the beams with UHP-SHCC, distributed 

fine cracks were observed, and the number of cracks in 

UHP-SHCC was dramatically increased comparing to 

the specimen strengthened by RC. No delamination at 

the interface between UHP-SHCC layer and the 

substrate was observed. 

 
Table 3 First cracking, yielding, maximum 

moments, and curvature at maximum moment 
First 

Cracking 

moment 

(kN.m)

Yielding 

moment 

(kN.m)

Maximum 

moment 

(kN.m)

Curvature at 

max. moment

(10
-3

/mm)

5.47 9.21 11.26 0.331
t=30mm 9.02 14.00 14.84 0.077
t=50mm 11.42 16.97 18.68 0.060
t=70mm 11.10 20.13 21.09 0.031

2 D10 6.28 20.34 24.71 0.138

3 D10 8.65 26.15 30.24 0.124

3 D13 8.87 37.62 42.40 0.079R
ei

n
fo

rc
e-

m
en

t

UHP-SHCC

Strengthening case

Non. (control beam)

Reinforced 

concrete 

(t=70mm)
 

 

 
Fig.5 Effect of UHP-SHCC thickness on maximum 

moment 
 

 
Fig.6 Effect of reinforcement ratio within RC 

maximum moment 
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Fig.7 Crack pattern obtained in UHP-SHCC layer 

compared with that of RC layer 
 

3.3 Deformation capacity and location of localized 
fracture of UHP-SHCC 
 As shown in Figs.3 and 4, the deformation 

capacity of the strengthened specimens that was 

represented by the curvature at maximum moment 

decreased by increasing the amount of strengthening 

materials, which was thickness of UHP-SHCC or 

reinforcement ratio in RC. The relation between the 

amount of strengthening materials (i.e. thickness of 

UHP-SHCC and reinforcement ratio in RC) and 

curvature at maximum moment are summarized in 

Figs.8 and 9, respectively. 

 For the specimens with RC strengthening layer, 

curvature at maximum moment was governed by the 

compressive failure of substrate concrete. However, the 

failure mode of the beams strengthened by UHP-SHCC 

depends on the fracture of the UHP-SHCC itself not on 

the compressive failure of the substrate concrete. In 

addition, in the case of using smaller thickness of 

UHP-SHCC (especially 30 and 50mm), tensile failure 

of UHP-SHCC was obtained in the moment span, as 

shown in Fig.10. In the case of UHP-SHCC with 

thickness of 70mm, that was the thickest layer in this 

experiment, however, the localization of fracture of 

UHP-SHCC was observed within the shear span not the 

moment span, as shown in Fig.10.  

 Table 4 describes the moment computed from 

the shear capacity of the control beam comparing to the 

maximum moment of the beams strengthened by 

UHP-SHCC. The shear capacity was calculated by the 

procedure specified in JSCE specification (Structural 

Performance Verification) [9], and the obtained moment 

value computed from the shear capacity was 

20.07kN.m. As shown in Table 4, the maximum 

moment of the beam specimen strengthened by 

UHP-SHCC with the thickness of 70mm was similar to 

the moment computed from the shear capacity of the 

control specimen. In fact, a diagonal crack within the 

shear span was opened widely, as shown in Fig.10. It 

seems that the diagonal crack within the shear span 

initiated the localization of fracture on UHP-SHCC, 

before a tensile fracture of UHP-SHCC within the 

moment span. 

Table 4 Comparison between the shear capacity 
moment of control specimen and the maximum 

experimental moments of UHP-SHCC specimens 
Shear capacity moment 

of the control beam

(kN.m) 

t=30mm 14.84
t=50mm 18.68
t=70mm 21.09

20.07

Maximum experimental moment 

of UHP-SHCC specimens

(kN.m)

 
 

  
Fig.8 Effect of UHP-SHCC thickness on the 

deformation capacity 
 

 
Fig.9 Effect of reinforcement ratio within the RC on 

the deformation capacity 
 

 

Fig.10 Effect of UHP-SHCC thickness on its failure 
mode  

UHP-SHCC 30mm case UHP-SHCC 70mm case 
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4. ANALYSIS TO PREDICT RESPONSE OF 
BEAM  
 
4.1 Analysis flow  
 Moment-curvature analysis was carried out to 

predict moment-curvature relations for the beams 

strengthened by UHP-SHCC. The analysis depended on 

the assumption that “plane sections remain plane”. 

Analysis flow is as follows: 

 The input data include the specimen size, and stress 

strain relationships of the concrete, UHP-SHCC, and 

reinforcement.  

 Give the strain at extreme compression fiber as the 

increment parameter.  

 Compute the stress corresponding to the strain at each 

fiber level (according to stress-strain relationships of 

the materials).  

 Determine the depth of the neutral axis that causes the 

equilibrium.  

 Compute the moment and curvature at equilibrium 

stage, and then repeat the same procedure after giving 

new strain increment. 

 The analysis was terminated if any of these cases 

happened: compression failure of the ordinary concrete, 

or tension failure of UHP-SHCC. 

 

4.2 Materials models 
About the stress-strain relationships of the 

materials used in analysis: 

(1) UHP-SHCC: From the stress-strain curves of 

UHP-SHCC in uniaxial tensile test, using the 

averaged first cracking stresses and averaged 

maximum tensile strengths and corresponding 

strains, the averaged stress-strain curve, shown in 

Fig.1, was used for the material response of 

UHP-SHCC in tension. 
(2) Ordinary concrete: Fig.11 illustrates the 

compressive stress-strain relationship of the 

ordinary concrete for the substrate used in the 

analysis. The concrete stress value was governed by 

Eq.1 up to strain value equal to 0.002. The stress 

value after the strain exceeds 0.002 is equal to 85% 

of compressive strength of the concrete 

(f ’c=24MPa). When the strain value of concrete 

exceeded 0.0035, the analysis was terminated. The 

material response in tension of the ordinary concrete 

was neglected in the analysis.  
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1 c
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 where, 

                 : compression stress of concrete 

   fc’        : compressive strength of concrete 

                 : compression strain of concrete 

  1 1 0.003 ' 0.85ck f  
  

 

(3) Reinforcement: Fig.12 shows tensile stress-strain 

relationship of the reinforcement used in the 

analysis. Bilinear stress-strain relationship was used  
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Fig.11 Compressive stress-strain curve of ordinary 

concrete used in moment curvature analysis 
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Fig.12 Tensile stress-strain curve of the 

reinforcement used in moment curvature analysis 
 

   in the analysis, as described in Fig.12 and Eq.2.  
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 where, 

         : tensile stress of reinforcement 

         : Young’s modulus of reinforcement 

         : tensile strain of reinforcement 

         : yield strength of reinforcement 

 

 Fig.13 shows a comparison between the 

moment-curvature curves obtained from the analysis 

and experiment for the beams strengthened by 

UHP-SHCC. In case of beams with UHP-SHCC having 

the thickness of 30mm, the analysis showed that tensile 

failure of UHP-SHCC was obtained before the 

compressive failure of substrate concrete, and this 

behavior was well agreed with the experimental failure 

mechanism. In the cases of 50 and 70mm thickness, the 

analysis showed that the compressive failure in 

concrete was occurred before the failure of UHP-SHCC. 

The comparison showed good agreement between 

experimental and analytical results up to reinforcement 

yielding point in all cases, as shown in Fig.13. For 

beams with 70mm thickness of UHP-SHCC, the 

difference between the analytical and experimental 

curves increases rapidly after the yielding point. As 

mentioned before, a major diagonal crack in shear span 

was observed in the experiment, and the crack might 

initiate the (shear) failure of UHP-SHCC, before tensile 

failure of UHP-SHCC itself. 

 Generally, the experimental results of beams 

with UHP-SHCC can be roughly simulated by the 

(2) 

 s
sE

s
yf

(1) 

c

c
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analysis using the above material response, except for 

the beams with UHP-SHCC having the thickness of 

70mm. From this analysis and study, it was revealed 

that the material response of UHP-SHCC obtained from 

the tensile tests can be used to predict the response of 

strengthened beams, except for the deformation 

capacity of beams with thicker UHP-SHCC (70mm in 

this study). 
 
5. CONCLUSIONS 
 

 In order to discuss the strengthening effect of RC 

beams with UHP-SHCC, four-point bending tests were 

carried out, in addition to the analysis to predict 

moment-curvature relations. The following conclusions 

were obtained: 

(1) The load carrying capacity and initial stiffness of 

the strengthened beams were increased with 

increasing of the thickness of UHP-SHCC. 

(2) For the beams with UHP-SHCC, distributed fine 

cracks were observed, and the number of cracks in 

UHP-SHCC was dramatically increased comparing 

to the specimen strengthened by RC. In addition, 

no delamination at the interface between 

UHP-SHCC layer and the substrate was observed. 

(3) The failure mode of the beams strengthened by 

UHP-SHCC depends on the localized fracture of 

the UHP-SHCC itself not on the compressive 

failure of the substrate concrete. In the case of 

using smaller thickness of UHP-SHCC (especially 

30, and 50mm), tensile fracture of UHP-SHCC was 

obtained in the moment span.  

(4) The localized fracture of UHP-SHCC was 

observed within the shear span not the moment 

span in the case of UHP-SHCC with thickness of 

70mm. It seems that the diagonal crack within the 

shear span initiated the localization of fracture on 

UHP-SHCC, before a tensile fracture of 

UHP-SHCC within the moment span. 

(5) The experimental results of beams with 

UHP-SHCC can be roughly simulated by the 

analysis using the material response obtained from 

the tensile test. 
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