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ABSTRACT: Strain Hardening Cementituous Composite (SHCC) shows Pseudo Strain Hardening behavior 
(PSH behavior) under tensile stress. The purpose of this study is to verify the influencing factors on shear 
strength and deformation capacity of dampers using SHCC. In this study, the structural tests using SHCC 
dampers are conducted to obtain the basic data on shear behavior. The test variables are shear reinforcement 
ratio, depth to width ratio of cross sectional area, width span ratio, presence of flexural yielding, and the in-
fluence of hysteresis cyclic loading. On that basis, the shear resistance properties of dampers using SHCC are 
examined based on the results of experiments. The test results offer the following conclusions. When the 
shear failure occurs without flexural yielding, the value of shear strength is the same as that of RC member 
using SHCC tensile stress instead of shear reinforcement. When it occurs with flexural yielding, the value of 
deformation capacity is larger than RC members with the same condition. In case of cyclic loading, the larger 
difference between two values of each can be observed. 

1 INTRODUCTION  

High Performance Fiber Reinforced Cementitious 
Composite (SHCC) 1)~5)exhibits Pseudo Strain Hard-
ening Behavior (PSH behavior, hereafter) by Multi-
ple Crack under tensile stress. These days, there has 
been an increase of research6) in order to use this 
newly developed material into structural members. 
Aiming mainly the damage control of Reinforced 
Concrete Structures (RC structures, hereafter), au-
thors have been engaged in the development of a 
new damper. The damper should have the higher 
shear stress over 5N/mm2 than the conventional RC 
columns, have more enhanced deformation capacity 
(drift angle at 10%), and bear an axial force (Figure 
1)7)~9). In order to apply members like this into struc-
tures, the evaluation method on the shear strength 
and deformation capacity in addition to rigidity and 
bending strength of the member is needed. There-
fore, one of the most important issues is to clarify 
how SHCC’s characteristics influence on shear 
strength and deformation capacity of structural 
members. 

Nagai et al.10) performed bending-shear tests of 
beams using SHCC. They proposed the shear 
strength evaluation which increased the tensile stress 
of SHCC by using Design Guidelines for earthquake 
resistant reinforced concrete buildings based on ul-
timate strength concept (hereafter the guideline on 
ultimate strength concept)13). Kasahara et al.11) per-

formed bending –shear tests of beams and columns 
using SHCC. They added the tensile stress of SHCC 
into the force of a pair of shear reinforcements and 
assumed the cross sectional area would increase 
compare to the shear reinforcement. As a result, they 
proposed shear strength evaluation using guideline 
on ultimate strength concept. 

Shimizu et al. 12) performed bending-shear test of 
beams using SHCC. They proposed shear strength 
evaluation which added the same value of shear 
stress as uniaxial tensile strength into guideline on 
ultimate strength concept, assuming that the shear 
stress on the cracking surface plays a dominant role 
in the stress of SHCC against acting shear force.  

Compare to the conventional RC structural mem-
bers, however, many factors which could influence 
the shear strength and deformation capacity of 
SHCC members still remain to be investigated. Ad-
ditionally, the evaluation method has not yet stan-
dardized. Therefore, in order to establish the stan-
dard method for evaluation, it is essential to collect 
the experimental data on broader facts.  

Based on the above background, in this study, the 
experiments will be implemented to investigate the 
various factors which influence the shear strength 
and deformation capacity on dampers under bending 
shear force, and to collect the basic data. 

 
 
 

Fracture Mechanics of Concrete and Concrete Structures -
High Performance, Fiber Reinforced Concrete, Special Loadings and Structural Applications- B. H. Oh, et al. (eds)

ⓒ 2010 Korea Concrete Institute, ISBN 978-89-5708-182-2



 
 
2 EXPERIMENT 

2.1 Test Specimens 
The lists of test specimens classified by experimen-
tal parameters are shown in Table 1 and the bar ar-
rangements of all the specimens are shown in Figure 
2. The total number of specimens is 17. The speci-
mens from series I to series IV are planned to inves-

tigate the effects of shear-span ratio (M/DQ), cross 
section (b/D), shear reinforcement ratio (pw), and ax-
ial force, by focusing on the shear ultimate strength. 
Those from series V and VI are planned to investi-
gate the effects of shear failure after flexural yield-
ing, and cyclic loading hysteresis. No.2 specimen is 
planned as a standard specimen for those from series 
I to series IV which are aimed to be the type of shear 
failure prior to flexural yielding. No. 11,12,15,16 
and 17 specimens are planned to compare to SHCC 
specimens and examine the shear resistant mecha-
nism. In this case, the SHCC tensile resistance is 
converted into shear reinforcement pwσwy (pw: shear 
reinforcement ratio, σwy: yielding stress of shear re-
inforcement) and is added as shear reinforcement for 
RC test specimen. As a calculation process, three 
methods proposed by Nagai, et al. 10), Kasahara et 
al. 11), and Shimizu et al 12) were employed, re-
spectively. To obtain the shear ultimate strength of 
the SHCC specimen (pw＝0.28%), σwy was substi-
tuted into 392.3N/mm2 （ 4000kg/cm2） ，
compressive strength of SHCC was substituted into 

SHCC dampers 

Stub 

Figure 1. Application of SHCC dampers. 

Table 1. Test specimens. 
Series Ⅰ （M/QD ）

Specimen L  (m m) M /Q D b/D p w (%) n
Axial

reinforcement
Loading

type
Material

N o.1 300 0.5 0.75(225/300) 0 .28(D6@100)
N o.2 400 1.0
N o.3 600 1.5

Series Ⅱ （b/D ）

Specimen L  (m m) M /Q D b/D p w (%) n Axial
reinforcement

Loading
type

Material

N o.4 600 0.5(150/300)
N o.2 400 0.75(150/200)
N o.5 300 1.0(150/150)

Siries Ⅲ  （p w ）

Specimen L  (m m) M /Q D b/D p w (%) n Axial
reinforcement

Loading
type

Material

N o.6 0.00
N o.2 0 .28(D6@150)
N o.7 0 .43(D6@100)
N o.17 0.64(D6@67) Concrete

Siries Ⅳ  （n ）

Specimen L  (m m) M /Q D b/D p w (%) n Axial
reinforcement

Loading
type

Material
N o.2 0
N o.8 0.4

Siries Ⅴ  （Yield s tress of axial reinforcement）

Specimen L  (m m) M /Q D b/D p w (%) n Axial
reinforcement

Loading
type

Material
N o.9 400 1.0
N o.10 600 1.5
N o.11 400 1.0
N o.12 600 1.5

Siries Ⅵ  （Loading type）

Specimen L  (m m) M /Q D b/D p w (%) n
Axial

reinforcement
Loading

type Material
N o.13 400 1.0
N o.14 600 1.5
N o.15 400 1.0
N o.16 600 1.5

L : Length
M/QD : Shear span ratio
b/D : Depth thickness ratio
p w : Shear rainforcement ratio
n  : A xial force ratio

Concrete

SH CC

Concrete

Cyclic
SH CC

0.75(150/200)
0 .28(D6@150) 6-D 13

(SD295)

Monotonic

0.64(D6@67)

0

0

SH CC

0.75(150/200)
6-D 13

(SD295) Monotonic
0.64(D6@67)

0 .28(D6@150)

400 0.75(150/200)

1.0 0 .28(D6@150)400 0.75(150/200)

1.0

1.0 6-D 13
(SD785)

6-D 13
(SD785)

0

0

0.28(D6@150) 6-D 13
(SD785)

Monotonic

SH CC

SH CC

Monotonic

SH CC0.75(150/200) 0 .28(D6@150) Monotonic6-D 13
(SD785)

0
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



68.6N/mm2（700kg/cm2）and tensile strength was 
substituted into 1.96N/mm2（20kg/cm2）. In order 
to have the equivalence of the average of calculated 
values and the value obtained by guideline on ulti-
mate strength concept, shear reinforcement ratio of 
RC specimens was determined. The list of calculated 
values is shown in Table 2. The tested area of 
specimen were made of precast concrete, and after 
prescribed care period, loading stubs were arranged 
and concrete was cast. The shear cotters were pro-

vided on the boarder between tested area and load-
ing stubs in order to transmit shear force. 

The used materials for SHCC are shown in Table 
3. The results of the material tests are shown in Ta-
ble 4. SHCC used in this study is hybrid type. The 
volume fraction of polyethylene fiber and steel code 
is 0.75 %, respectively. In this study, the different 
type of fiber are used from those tested by Nagai, 
Kasahara and Shimizu et al, however, there is not a 
big difference when to evaluate the resistant mecha-
nism of material which shows PSH behavior under 
tensile stress. 

2.2 Test Methods 
The outline of the loading apparatus for anti-
symmetrical moment condition is shown in Figure 3. 
In Series VI focusing on cyclic loading, deformation 
angle R is used as control parameter, the test proce-
dure is follows; R=±1/400rad. is loaded one time, 
R=±1/100, ±1/67, ±1/50, ±1/33, ±1/25 are loaded 
twice, respectively. Relative deformation between 
top and bottom loading stubs is measured with a 
high sensitive displacement measure (measuring 
length 100mm) through aluminum measuring jig. 
The strain on the critical section of main bar and the  

Figure 2. Configuration and bar arrangement of specimens.

No.2, 8, 9, 13 No.4

No.11, 15, 17 No.12, 16

No.3, 10, 14 No.1

No.5 No.6 No.7

L f d f E f σ u V f W/B S/B
mm µmm GPa MPa vol.%

Polyethylene 6 12 88～123 2600 0.75
Steel cord 32 405 200 2700 0.75

L f  : Fiber length E f  : Fiber elastic modulus V f : Fiber volume fraction
d f  : Fiber diameter σ u  : Nominal fiber strength

0.45 0.45

Fibers

0.15

Silica fume
/B

Table 3. Mixture proportions of SHCC. 

Control specimen
（ p w =0.28%）

Nagai's Eq
[10]

Kasahara's Eq
[11]

Shimizu's Eq
[12]

Average Value obteined by Ref.
[13]（ p w =0.64%）

No.2 (M/QD =1.0) 132 168 158 153 153
No.10 (M/QD =1.5) 113 159 138 137 141

Shear strength

Table 2. List of calculated values. 

Table 4. Material properties. 

E c σ B ε B

(N/mm2) (N/mm2) (%)
Concrete 3.61? 04 78.5 0.306

SHCC 1.47? 04 64.9 0.520

E s σ wy ε wy

(N/mm2) (N/mm2) (%)
D13（SD785） 2.03? 05 858※ 0.624※

D13（SD295） 1.90? 05 360 0.193
D6（SD295） 1.83? 05 422 0.244

E c  , E s  : Young's modulus σ wy  : Yield stress
σ B  : Compresive strength ε wy  : Yield strain
ε B  : Strain at compresive strength ※ :  0.2% offset

Cementitious material

Reinforcement
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
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relativity humidity. The shape of the sorption 
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especially those that influence extent and rate of the 
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curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
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reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
strain of shear reinforcement are measured with a 
strain gage. 

2.3 Test results 
Horizontal force-drift angle relationship (Q - R rela-
tionship hereinafter) of all the specimens are shown 
in Figure 4, and the final failure mode are in shown 
in Photograph 1, respectively. 
(1) Series I (Shear-span-ratio used as a test parame-

ter) 
In the tests of series I, No.1 specimen 

(M/QD=0.5) didn’t attain the failure because of the 
overcapacity of the loading system. No.3 specimen 
(M/QD=1.5) experienced the shear failure after the 
flexural yielding when a part of the main bar on ten-
sion side yielded before the ultimate strength, which 
was not the shear failure expected by the failure 
mode. No.2 specimen (M/QD=1.0) which was the 
standard specimen showed the expected shear failure 
mode along with the strength reduction before the 
yield of the main bar on the tension side. The main 
factors of the strength reduction of No. 2 and 3 
specimens were the crack localization and the crack 
extension. 
(2) Series II (Cross section properties used as a test 

parameter) 
In the test of series II, No.4 specimen (b/D=0.5) 

experienced the shear failure after the flexural yield-
ing when a part of the main bar on tension side 
yielded before the ultimate strength, which was not 
the shear failure expected by the failure mode. No.5 
specimen (b/D=1.0) showed the expected shear fail-
ure mode with the decrease of strength before the 
yielding of a main bar on the tension side. The main 
factors of the strength reduction of No.4 and 5 
specimens were the crack localization and the crack 
extension. 
(3) Series III (Shear reinforcement ratio used as a 

test parameter) 
In the test of series III, No. 6 specimen (pw=0%), 

No. 2 specimen (pw=0.28%) and No.17 (RC) speci-

men (pw=0.64%) showed the expected shear failure 
mode with the strength reduction before main bars 
on the tension side yielded. On the other hand, in 
No.7 specimen (pw=0.43%), the strain of the main 
bar on the tension side at the ultimate strength was 
almost the same as the yield strain obtained from the 
material test. No. 17 specimen was reinforced in or-
der to compare with No. 2 specimen reinforced with 
SHCC tensile resistance. In this case, the ultimate 
strength of No. 17 specimen was almost the same as 
that of No.2 specimen. The main factors of the 
strength reduction of all the specimens in Series III 
test were the crack localization and the crack exten-
sion. 
(4) Series IV (Presence or absence of axial force 

used as a test parameter) 
In the test of series IV, compare to No. 2 speci-

men without axial force, No. 8 specimen with axial 
force showed the remarkable increase of rigidity and 
the ultimate strength. The strength of No. 8 speci-
men, however, drastically decreased after the ulti-
mate strength. At the ultimate strength of No. 8 
specimen, main bar on the tension side didn’t yield 
and showed the expected failure mode. The main 
factors of the strength reduction of No.8 specimen 
were the crack localization and the crack extension 
as well as those of No. 2 specimen’s.  
(5) Series V (Deformation capacity after the flexural 

yielding focused) 
In series V, the specimens (M/QD=1.0 and 

M/QD=1.5) were picked up, and the performance 
between SHCC specimens and RC specimens were 
compared. Among all the specimens, RC specimens 
(No. 11 and No.12) were reinforced more than 
SHCC specimens (No. 9 and No.10), because the ef-
fect of the tensile resistance of SHCC was consid-
ered as the effect of the shear reinforcement.  

No. 9 specimen (M/QD=1.0) didn’t show the 
strength reduction until the end of the load-
ing(R=1/8rad.). On the other hand, No. 11 specimen 
(M/QD=1.0) showed the strength reduction due to 
the shear failure (the crack extension) at R=1/11rad. 
No.10 specimen (M/QD=1.5) didn’t show the 
strength reduction until the end of the loading 
(R=1/10rad.). No. 12 specimen (M/QD=1.5) showed 
the strength reduction due to the shear failure (the 
crack extension) at R=1/13rad. Photo 1 shows that 
SHCC specimens (No. 9 and No. 10) showed the ex-
cellent reduction effects including the multiple 
cracking at the major deformation, compare to RC 
specimens (No. 11 and No.12). 
(6) Series VI (Cyclic loading hysteresis focused) 

In Series VI, the specimens with the same con-
figuration as that of Series V were made. The com-
parison test between specimens under cyclic loading 
and those under the uniaxial monotonic loading was 
complemented. And the comparison test between  

Figure 3. Loading setup. 
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



SHCC and RC of cyclic hysteresis behaviors was 
also carried out.  

In comparison test of loading methods, with ei-
ther M/QD, SHCC specimens didn’t show the 
strength reduction neither under the cyclic loading 
(No. 13 and No.14) nor under the uniaxial mono-
tonic loading (No. 9 and No. 10) until the same level 
of the deformation angle. On the other hand, RC 

specimens (No. 15 and No.16) under the cyclic load-
ing showed the strength reduction at the smaller de-
formation angle than the specimens (No. 11 and No. 
12) under the uniaxial monotonic loading.  
 In the comparison of hysteresis behaviors between 
SHCC specimens and RC specimens, with either 
M/QD, RC specimens showed the remarkable slip 
behavior around where the loading was 0, and 

No.1 (SHCC) No.2(SHCC) No.3(SHCC) No.4 (SHCC) No.5 (SHCC) No.6(SHCC) No.7(SHCC) No.8(SHCC) No.17(RC) 

Series Ⅰ～Ⅳ (failure mode : shear failure） 

No.9(SHCC) No.10(SHCC) No.11(RC) No.12(RC) No.13(SHCC) No.14(SHCC) No.15(RC) No.16(RC) 

Series Ⅴand Ⅵ (failure mode : shear failure after flexural yielding） 

Photograph 1. Final failure mode. 
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Figur 4. Shear force (Q)- deflection angle (R) relationships.
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



SHCC specimens showed the excellent hysteresis 
loop. According to Photo 1, SHCC specimens (No. 
13 and No.14) can control the localization and ex-
tension of cracks, and the separation of covering 
concrete, whereas RC specimens (No.11 and No. 12) 
cannot. The damage reduction effect due to SHCC 
can be more remarkably observed when specimens 
are under the cyclic loading than when under the 
uniaxial monotonic loading.  

3  INVESTIGATION 

Nagai et al. conducted the bending shear test of 
beams using SHCC. Based on the test results, it is 
assumed that SHCC tension stress resists the shear 
cracks which are the main factor for the strength re-
duction in the orthogonal direction. The shear 
strength evaluation method that employs in order to 
increases the tension stress of SHCC is proposed.  
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1cot =φ                                   (4) 
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where， ( ) 2/Btwywp νσσσ ≤+  

Kasahara et al. conducted the bending shear test 
of beams and columns using SHCC. Based on the 
test results, it is assumed that cross sectional area in-
creases in size compare to the conventional shear re-
inforcement by adding the SHCC tension stress into 
the stress of a pair of shear reinforcements. The 
shear strength evaluation method using the guideline 
on ultimate strength concept is proposed.  

twyws bxaT σσ +=                           (6) 

wysw Ta σ/' =                               (7) 
where, 
aw : cross sectional area of a pair of shear reinforce-
ments,   
b : member width, 

x : spacing of shear reinforcements 

σwy : yielding strength of shear reinforcements 
σt : tension stress of SHCC 
aw’ : cross sectional area of shear reinforcement 

with SHCC tension stress added. 
Shimizu et al. conducted the bending shear test of 

beams using SHCC. Based on the test results, it is 
assumed that the shear stress on the cracking surface 
plays a dominant role in the stress of SHCC against 
acting shear force. The shear strength evaluation 
method which added the same value of shear stress 
as uniaxial tensile strength is proposed using guide-
line on ultimate strength concept. 
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333.068.3 −= Bσν  (The unit of σB is kgf/cm2)     (12) 

where,  
b: member width, 
jt: center to center distance of main bars, 
pw: shear reinforcement ratio, 
σwy: yielding strength of shear reinforcements, 
σt: tension stress of SHCC, 
D: member depth, 
ν: effective coefficient of compressive strength, 
σB: compressive strength, 
L: member length. 

 
The relationships of proposed methods and the 

test results mentioned in the previous chapter are 
shown in Figure 5. According to this, all the pro-
posed formulas can lead to estimation on the safe 
side. It needs more consideration for accuracy im-
provement. These proposed methods don’t consider 
the compatibility condition of strain because they are 
based on the lower-bound theorem of the theory of 
plasticity. Therefore, the fluctuation of the ultimate 
tensile strain cannot be considered. It also needs 
more consideration on this point. It is important for 
the future projects to obtain more research examples 
on the evaluation method for the deformation capac-
ity after the flexural yielding. 

Figure 5. Relationships of proposed methods and test results.
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



4 CONCLUSION 

Bending shear tests were conducted to verify the 
main factors on the shear strength and the deforma-
tion capacity of dampers with SHCC. Shear span ra-
tio, cross sectional properties, shear reinforcement 
ratio, presence or absence of axial force, shear fail-
ure after the flexural yielding and cyclic loading 
hysteresis were focused on. The following conclu-
sions were obtained, 
1) SHCC specimens and RC specimens were com-

pared. In the tests, the effect of the reinforcement 
of RC specimens was considered to be the effect 
of the tensile resistance of SHCC. When the 
specimens experienced the shear failure before 
the flexural yielding, both SHCC and RC speci-
mens showed almost the same level of the ulti-
mate strength. On the other hand, when the 
specimens experienced the shear failure after the 
flexural yielding, SHCC specimens showed the 
larger deformation capacity. 

2) In the test of the specimens which experienced the 
shear failure after the flexural yielding under cy-
clic loading, SHCC specimens showed the same 
level of the ultimate strength as the ones under 
uniaxial monotonic loading. On the other hand, 
RC specimens showed the decreased deformation 
capacity compare to the one under uniaxial mono-
tonic loading. The hysteresis loop of SHCC 
specimens was more excellent than the one of RC.  

3) In the test of the specimens which experienced 
the shear failure after the flexural yielding, 
SHCC specimens showed the better damage re-
duction effects at the major deformation than RC 
specimens.  The effects include the multiple 
cracking, and the control of the crack localiza-
tion and the separation of covering concrete. The 
effect worked more remarkably under cyclic 
loading than under uniaxial monotonic loading. 

All the proposed formulas can lead to estimation 
on the safe side. It needs more consideration for ac-
curacy improvement. These proposed methods don’t 
consider the compatibility condition of strain be-
cause they are based on the lower-bound theorem of 
the theory of plasticity. Therefore, the fluctuation of 
the ultimate tensile strain cannot be considered. It 
also needs more consideration on this point. It is im-
portant for the future projects to obtain more re-
search examples on the evaluation method for the 
deformation capacity after the flexural yielding. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 


	Main
	Return



