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Abstract 
This paper describes an attempt to predict the response of shear-critical ECC members that exhibit strong anisotropic 
stress and strain fields. The ECC members investigated include pre-cracked ECC plates under stress field rotation, or-
thogonally-reinforced ECC (R/ECC) panel under pure shear, and shear-critical R/ECC beams under reversed cyclic 
loading. To achieve a simple yet accurate prediction, the mechanics of the ECC are represented by smeared models us-
ing a fixed crack approach. The applicability of these models is demonstrated through a simulation of ECC plates and 
R/ECC panel responses.  This demonstrates the importance of an appropriate shear transfer model in representing essen-
tial behaviors of ECC in an anisotropic field. Predictions of these models were then compared against experimental re-
sults of shear-critical R/ECC beams with a M/Vd ratio of 1.0 and 0.5. For beams with a M/Vd ratio of 1.0, a good 
agreement is observed in terms of hysteretic response, crack pattern, and failure mechanisms. For beams with a 0.5 
M/Vd ratio, the analysis somewhat underestimates the beam capacity, although it does predict a correct failure mecha-
nism. Overall, this paper demonstrates that practical application of nonlinear finite-element analysis to ECC structural 
members is possible. 
 

 
1. Introduction 

Engineered Cementitious Composite is a fiber-
reinforced cement-based material that when pulled ex-
hibits multiple cracking, ductile, and a strain hardening 
response. In the past two decades, a number of experi-
ments have been undertaken to apply ECC to shear-
critical structural members (Li et al 1994; Kanda 1998; 
Fukuyama et al 2000; Shimizu et al 2004; Nagai et al 
2004; Kanakubo et al 2007 among other). These ex-
periments have demonstrated the following advantages 
in using ECC: namely, improvement of structural and 
deformational capacities, ductile failure, and high dam-
age tolerance. However, there is still limited quantitative 
studies available relating to the response of shear-
critical R/ECC members. 

Previous quantitative studies in this area were primar-
ily conducted by Kabele (1995, 1999, 2001, 2003, 2004, 
2006, and 2007). In his pioneering work in 1995, an 
analytical procedure combining the plasticity-based 
theory and the discrete crack approach was proposed. 
The proposed analytical procedure has been observed to 
be advantageous for studying the fracture behavior of 
ECC. Nevertheless, it was less accurate in situations 
where crack slip is dominant. Improvements were made 

in 1999 and 2001 in which a smeared fixed crack ap-
proach was used. This approach allows for the separate 
modeling of tensile and shear stresses at crack locations. 
Cracked ECC in the crack-slip direction were repre-
sented as two ECC bodies connected by a number of 
stocky elastic beams, while cracks in the crack-opening 
direction were modeled according to uniaxial tensile test 
data. Kabele demonstrates that shear stiffness of the 
ECC had to be considerably reduced to replicate a load-
deflection response of shear-critical reinforced ECC 
(R/ECC) beams under cyclic loading. In 2003, 2004, 
2006 and 2007, a multi-scale modeling concept was 
introduced to the analytical procedure. Significant re-
finement was made to the tension model to account for 
the contributions of fiber bridging, while the shear 
model was kept unchanged. The procedure was then 
used to simulate the same beams under monotonic load-
ing. It was found that the opening and the sliding of the 
diagonal cracks at the web of the beam are substantial, 
and hence responsible for the failure of the beam. This 
latest development, while significantly insightful, is still 
limited to a monotonic load and requires information of 
fiber-matrix interface properties that are typically diffi-
cult to obtain. 

As an alternative approach, Suwada and Fukuyama 
(2006b) employed the smeared rotating crack model and 
analyzed the shear-critical elements governed by diago-
nal tensile and compression failure. Analysis results 
showed a strong correlation once the compression-
softening effects due to transverse cracking were con-
sidered. This approach was, however, limited to situa-
tions where monotonic loading is applied. It should be 
noted that although a rotating crack approach offers 
advantages under monotonic loading conditions, it often 
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has poor accuracy when applied to general loading con-
ditions. Another alternative approach was proposed by 
Boshoff and Van Zijl (2007), who developed a computa-
tional scheme that is based on an isotropic damage con-
cept to analyze the results of Iosipescu shear tests. It 
was reported that a further improvement is still neces-
sary to take into account the beneficial effects of biaxial 
loading. This proposed approach is also limited to a 
monotonic load. 

Presented herein is an alternative procedure of the 
smeared, fixed crack approach which provides an in-
sight on the nonlinear mechanics of ECC under arbitrary 
in-plane stress conditions as well as provides accurate 
simulations of ECC responses under reversed cyclic 
loading. Path-dependent compression, tension, and 
shear transfer models of ECC in this context are pro-
posed. All of these were identified from previously re-
ported experiments. The identification of the shear 
transfer model was somewhat indirect because of a lack 
of understanding regarding the behavior associated with 
interface shear transfer in ECC. This was finally accom-
plished by rationalizing the behavior of pre-cracked 
ECC plates subjected to principal stress rotation (Sury-
anto 2009) and R/ECC panel that is subjected to pure 
shear (Xoxa 2003). During the identification, it was 
found that the tensile property of the ECC in a structural 
member differs to some extent from that obtained from 
a uniaxial tensile test. This finding is presented together 
in a discussion of the importance of a proper shear 
transfer model. 

To demonstrate the validity of the proposed models, 
this paper presents a simulation of four shear-critical 
R/ECC beams, both with and without web reinforce-
ment, subjected to reverse cyclic loading. In particular, 
the ability of the models to account for previous loading 
history, to capture the preexisting damage, and to take 
the effects into account for the remaining responses is 
presented. This simulation is expected to provide some 
insight into the behavior of ECC while being subjected 
to complex loading history. The predicted load capacity 
was also compared to the predicted values based on the 
AIJ shear design equation (after somewhat modified to 
include the contribution of ECC in tension), and to those 
reported previously by Kabele (2001, 2006). 

 
2. Material modeling of R/ECC using the 
smeared concept 

The ECC models proposed in this paper were modified 
from the two-dimensional constitutive models of rein-
forced concrete in which full documentation of the 
original models is available in Maekawa et al (2003). In 
general, the ECC models proposed retain all fundamen-
tal features of the original models, including the path-
dependent formulations, and the assumption of average 
stress and average strain rooted in each model. To deal 
with ECC, modifications were made to the formulations 
describing the monotonic response of the models. The 

formulations describing the internal unloading-reloading 
loop were found to be sufficiently accurate and there-
fore were directly adopted. 
 
2.1 Compression model 
The compression model adopted is essentially the same 
as the concrete model referred to as the elasto-plastic 
fracture model. A slight modification was made to the 
strain corresponding to the compression strength εc, 
which represents the peak of the stress-strain curve. This 
strain is modified from a value of about 0.2% to a value 
in the range of 0.4% to 0.6%, which can be approxi-
mated from a cylinder test. As illustrated in Fig. 1(a), 
this modification results in a softer compression re-
sponse, marked by a softer ascending branch of the 
monotonic curve and a lower stiffness of the internal 
unloading-reloading loops. 

An important aspect of the proposed model is the 
compressive strength reduction factor ωc. This factor is 
hypothesized based on the effects of transverse cracking 
and comparable to that considered for cracked concrete. 
Although a comprehensive study has not been carried 
out for ECC, the effects from the available test data re-
ported by Suwada and Fukuyama (2006b) were taken 
into account. Figure 1(b) shows the proposed softening 
model which is derived by: 
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where εt,max is the maximum tensile strain normal to 
cracks and defined in %. 

Figure 1(c) shows a comparison between the cylinder 
responses tested by Xoxa (2003) and Suryanto (2009) 
and the predicted compressive stress-strain obtained 
from the original and modified models of concrete and 
ECC, respectively. For two different compressive 
strength levels investigated, the agreement is good. 

 
2.2 Tension model 
It has been proposed by Kanda (1998) that the tensile 
response of PVA-ECC can be reasonably represented by 
a bi-linear stress-strain relationship up to the peak ten-
sile stress. A similar representation is adopted herein. 
The post-peak response is tentatively assumed to de-
crease linearly from the maximum tensile stress ft,max to 
zero at εt,o. The tension-stiffening effect at the post-peak 
region may be significant and hence should be further 
addressed. 

( )εω itt Ef =      for      crt ,0 εε ≤≤  (2) 
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0=tf        for  ot ,εε >  (5) 

In this model, it is considered that transverse cracking 
also weakens to the tensile strength and stiffness of 
PVA-ECC. These effects are approximated from ex-
periments of PVA-ECC plates containing longitudinal 
pre-cracks on the bottom surface that were tested using 
a four-point bending scheme (Suryanto 2009). This re-
sult suggests that the weakening effects increase as the 
maximum transverse tensile strain increases: namely, 
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To represent the unloading-reloading path of the ten-
sile model, this study adopts the path used in the origi-
nal formulations of concrete, which has a nonlinear 
unloading path and linear reloading path. Test data re-
ported by Kesner  et al (2003) and Suwada and Fuku-
yama (2006a) revealed that both unloading and reload-
ing responses of ECC reinforced with PVA fibers are 
actually nonlinear. The reloading shape, prior to the 
attainment of compressive strength, is nearly linear, and 

hence it is assumed to be linear. 
 

2.3 Verification of the compression and tensile 
models 
This subsection describes the applicability of the pro-
posed models while representing the behavior of ECC 
under reversed cyclic loading. Figure 3(a) presents the 
analysis result of an element subjected to reverse cyclic 
loading, plotted against the response of Specimen PVA1 
tested by Kesner et al (2003). The test specimen was a 
cylinder with a diameter of 50 mm and was tested alter-
nately in compression and in tension at a strain rate of 
0.1% per min. As shown, the correlation until one cycle 
following the attainment of the compressive strength is 
reasonably good, confirming the applicability of the 
models. 

To further examine the applicability of the proposed 
models, consider the cyclic response of a-21-mm-thick 
ECC plate shown in Fig. 3(b). The plate was tested in a 
four-point loading condition at a rate of 1 mm per min. 
The plate span was 340 mm and with a constant mo-
ment span of 170 mm. The cyclic reverse loading was 
done manually by flipping the plate upside down. Nu-
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Fig. 1 Compression model: (a) Cracked concrete model versus the modified model; (b) Strength reduction factor 
due to transverse cracking; (c) Model verification.  

Fig. 2 Tension model: (a) Basic model; (b) Tensile strength reduction factor due to transverse cracking. 
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merical analysis was conducted to predict the response 
of this plate. Eight-node mindlin plates were used with 
mesh and material properties as shown. As can be seen, 
the predicted response provides a reasonable agreement 
with the observed response; both appear to develop a 
higher degree of stiffness degradation, a larger value of 
residual displacement, and an increased degree of pinch-
ing as the maximum displacement at each load cycle 
increases. These results reconfirm the applicability of 
the proposed models. 

 
2.4 Shear transfer model 
The shear model for PVA-ECC proposed herein at-
tempts to account for the inherent contribution of shear 
friction and fiber bridging across cracks. Figure 4(a) 
shows the comparison of a typical shear response of 
cracked concrete (Li et al 1989) and a hypothetical 
shear response of cracked PVA-ECC. In normal-
strength concrete, aggregate interlock enables two rough 
crack surfaces, when they slide over each other and 
when under a sufficient level of lateral confinement, to 

develop a significant degree of shear resistance. In PVA-
ECC, it is postulated that, owing to the absence of 
coarse aggregate, a significantly less shear resistance 
can develop across cracks and hence results in a pro-
nounce crack slip. In this study, the shear transfer model 
adopted is that of Li et al (1989), which is applicable for 
normal-strength concrete. To comply with the reduced 
shear resistance and substantial slip of cracks in ECC, a 
reduction factor A was introduced to the model as given 
by: 
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a value of A=0.25 gives acceptable agreement for ECC 
containing approximately 2% by volume of PVA fibers 
(Suryanto 2009). The average shear stiffness of cracked 
PVA-ECC G can be then obtained by following the pro-
cedure explained in details in Maekawa et al (2003). 

It is also postulated that shear transfer across cracks 
in ECC is influenced by the crack opening as illustrated 
in Fig. 4(b). While the crack opening is small, both 
crack-shear friction and fiber bridging contribute to the 
shear transfer resistance. As the crack opening increases, 
the frictional resistance diminishes, while the contribu-
tion of fiber bridging remains. The loss contribution of 
shear friction is treated as a shear softening phenome-
non. To take this into account, the softening model pre-
viously used by An (1996) is adopted and is given by: 

γGvc =       for uγγ <  (8) 
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where νc is the average shear stress, G is the average 
shear stiffness of cracked PVA-ECC, γu is the average 
shear strain from where the shear softening starts, and c 
is the shear softening coefficient. It is expected that the 
values of γu and c relates to the degree of lateral con-
finement, which partly depends on the type and volume 
of the fibers. For ECC containing approximately 2% by 
volume of PVA fibers, it is proposed that the γu is 1,000 
and 4,000 micron for ECC and R/ECC, respectively. 
The c parameter is suggested to be 0.4. If the volume of 
the fiber in the ECC is less than 2%, a greater c value 
should be used.  
 
2.5 Steel model 
The monotonic stress-strain relation for reinforcing bar 
embedded in ECC is assumed to be linear elastic until 
yielding and then perfectly plastic, similar to the typical 
response of bare reinforcement. This assumption is 
made by the observation of Fischer and Li’s test results 
(2002), who demonstrated a compatible deformation 
between reinforcement and the surrounding ECC. The 
hysteretic response of the bar is modeled after Kato 
(1979). 
 
2.6 Verification of the material models 
To check the suitability of the material models proposed, 
two verification problems were carried out. The first 
verification problem was on a test series of pre-cracked 
ECC plates subjected to principal stress rotation, while 
the second one was on R/ECC panel subjected to pure 
shear loading; with both underwent significant anisot-
ropic stress and strain conditions during loading. The 
former addresses the importance of proper damage iden-
tification and suitable shear transfer representation in 
ECC, while the later addresses the significance of ap-
propriate shear transfer and tensile property of ECC in 
R/ECC member. For the purpose of verification, the 

proposed models were incorporated to a nonlinear fi-
nite-element program COM3 (Maekawa 2003) by which 
all analyses in this paper were performed. The smeared, 
two-way fixed-crack approach based on the active crack 
concept was employed. In this scheme, nearly orthogo-
nal cracks with the strongest nonlinearity are considered 
to be the active cracks. Along these cracks, the stress 
and strain of the ECC are computed. 
 
2.6.1 Verification example 1: Pre-cracked ECC 
plates subjected to principal stress rotation 
Eight ECC plates were tested under a four-point loading 
condition (Suryanto et al. 2010). The test parameters 
and details are listed in Table 1. Of the eight plates 
tested, the first two plates (Plates S1 and S2, 
250×400×20mm), taken as control specimens, were 
loaded to a failure in a span of 340 mm, while the re-
maining six plates (Plate S3 to S8, 420×550×20mm), 
taken as the main plates, were pre-loaded in a span of 
510 mm until the tensile strain at the bottom of the 
plates within the constant moment span reached either 
40 or 70% of ultimate tensile strain εtu [see Step A in 
Fig. 6(b)].  

To eliminate the residual midspan displacement, the 
main plates were flipped upside down (Step B) and then 
re-loaded (Step C). Following this, the main plates were 
cut in a certain orientation and into the size of the con-
trol plates [see Fig. 6(a) and Step E in Fig. 6(b)]. The 
main purpose of the cutting process was to align the 
inclination of the principal stress direction along the 
longitudinal axis of the plate. Following the cutting 
process, the second loading stage began with the plates 
re-loaded until their failure. Since the pre-cracks were at 
a certain angle to the plate width (e.g.: 20, 45, and 70 
deg), it was possible to induce tensile and shear stress 
stresses along the pre-cracks interface.   

At the beginning of the second loading stage, it was 
observed that the response of the plates depended 
largely on the behavior of the pre-existing cracks. This 
observation will be discussed in the following para-
graphs in a comparison with analysis predictions. It was 
also observed that, when the stress condition dictated, a 
new set of cracks formed at a different orientation, 
named here as secondary cracks. For clarity, Fig. 6(c) 
presents the crack pattern of Plates S4, S6, and S8 after 

ε 

f 
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Fig. 5 Assumed average stress-strain relationship of 
reinforcement embedded in cracked ECC. 
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failure and within the constant moment span. It is evi-
dent from this figure that there are two sets of cracks: 
the pre-cracks and the resulting, secondary cracks. 
These two cracks are nearly orthogonal, forming a bi-
directional crack pattern. This orthogonal crack pattern 
suggests that significant anisotropy is exhibited because 
of less stress transfer along the pre-cracks. 

The response of the plates thereafter was dictated by 

the behavior of bi-directional cracks. The observed 
strengths for the eight plates are shown in Fig. 6(d). The 
reduction in strength tends to increase with increasing 
pre-crack orientation and then begins to decrease when 
the orientation of the pre-crack approaches 90 degrees. 

Numerical analysis was then conducted to examine 
the behaviors of the plates. Figure 7(a) shows the mesh 
used in the analysis. Each plate element was divided 

(a) 

Principal stress direction (Stage 1) 
Principal stress direction (Stage 2); along the longitudinal axis of the plate  

(b) 

pre-crack pre-crack 

pre-crack bottom
surface

rs

r

s

sec.-crack sec.-crack sec.-crack

crack localization 

Control Plate Main Plate 

(c) (d) 

#

#

#, refer Suryanto (2009) 

±20o 
±45o ±70o

Fig. 6 Pre-cracked ECC plates experiment: (a) Layout of test plates; (b) Testing procedure, (c) Crack pattern of selected 
plates within the constant moment span at failure, and (d) Variation of load capacity with pre-crack orientation. 

Table 1 Test parameters and results of pre-cracked ECC plates. 

Dimension Initial Damage Test Results 
W L H Angle# Level Pu dPu Plate Designation 

mm mm mm deg % of εtu
& kN mm 

S1 Control 250 400 20 – – 3.69 8.90 
S2 Control 250 400 20 – – 3.76 9.12 
S3 Main 410 550 20 20 40 3.80 10.46 
S4 Main 410 550 20 20 70 3.60 10.24 
S5 Main 410 550 20 45 40 2.98 8.99 
S6 Main 410 550 20 45$ 70 3.25 11.38 
S7 Main 410 550 20 70 40 3.14 6.60 
S8 Main 410 550 20 70 70 2.57 10.48 

#intended average pre-crack angle with respect to the width of the plate after the cut 
&average tensile strain of bottom plate surface within the constant moment span of Plates S1 and S2 at the peak load 
$intended value; the obtained value was approximately 40 degrees 
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into nine layers. The material properties used are as 
shown in Fig. 7(b). The tensile properties were deter-
mined according to the predicted results which fit the 
response of the control plate [see Fig. 7(c)]. 

Similar to the testing procedure adopted, the analyses 
of the main plates were performed in two stages. In the 
first stage, the plates were loaded to a pre-determined 
degree of damage. The load was reversed and then 
unloaded until the midspan displacement of the plates 
was ultimately brought back to approximately zero. 
Figure 7(c), for clarity, shows the response of main 
plates during the first loading stage. Afterwards, the 
cutting process was done by disengaging all the unnec-
essary elements, the non-shaded elements as shown in 
Fig. 7(a). The boundary conditions were also updated so 
as the span and the inner loading span of the plates were 
340 mm and 170 mm, respectively. As a result, the main 
plates were made to be essentially the same as the con-
trol plates. In the second stage, the loading was resumed 

and continued until failure. Note that the response of the 
main plates during the second loading stage is deter-
mined by tensile and shear stress transfer along the bi-
directional cracks. This provides a strict test of the pro-
posed shear model and tension models. 

To investigate the sensitivity of plate response to the 
shear transfer characteristics at the cracks, three types of 
analysis with three different shear transfer models were 
performed. In the first two runs, two different shear 
transfer resistance (A=0.50 and A=0.25) were consid-
ered and no shear softening was allowed. In the last run, 
the shear transfer resistance was assumed to be equal to 
0.25 with a shear softening consideration. 

Figure 7(d) and (e) compares the observed and pre-
dicted response of three plates with an initial damage of 
70% εtu and during the second loading stage in terms of 
applied load-versus-midspan displacement and applied 
load-versus-apparent strain across the cracks, respec-
tively. Note that the apparent strain shown represents the 
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Fig. 7 Details of ECC plates analysis: (a) Mesh for analysis; (b) Comparison of analysis and experiments during stage 
1 loading; (c) Comparison of load-mid displacement response of control plates; (d) Load-mid displacement response of 
pre-cracked plates; and (e) Applied load versus apparent strain at the bottom of the pre-cracked plates within the con-
stant moment span. 
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average crack kinematics at the surface of the bottom 
plate within the constant moment span. All are pre-
sented in x-y coordinates (x-dir aligned with the direc-
tion of the pre-crack opening). It is evident from the 
figures that, at the early stage, both the observed and 
predicted responses of the plates are more sensitive to 
pre-existing damage (crack orientation and damage 
level) and less sensitive to the selection of shear transfer 
models. Specifically, the pre-existing damage results in 
a notable variation of initial stiffness in the load-
displacement response as shown in Fig. 7(d) and in 
various patterns of crack-opening and -slip as shown in 
Fig. 7(e). In one extreme, one can compare the response 
shown in Fig. 7(d) to that previously shown in Fig. 7(c), 
which shows the response of Plate S1 with no initial 
damage. This finding highlights, once again, the need to 
accurately represent the effects of previous load history 
and damage, particularly when the applied load level is 
low. To this end, the predicted responses agree well with 
the observed response, demonstrating the viability of the 
proposed models in tracing damage. 

At more advanced loading, the analysis results pre-
sented emphasize the importance of shear transfer. An 
overestimation of crack shear resistance (e.g.: A=0.50) 
results not only in significantly overestimated load ca-
pacity [see Fig. 7(d)], but also in significantly underes-
timated crack kinematics [see Fig. 7(e)]. This deficiency 
is particularly seen in Plate S6, where the crack-opening 
and -slip are significantly large [see Fig. 7(e)−No. 2, 5, 
and 8]. With a smaller coefficient reduction (e.g.: 
A=0.25), a better correlation is observed. Yet, the pre-
dicted load capacity and crack kinematics are still con-
sistently higher and stiffer than the observed responses. 
The best prediction was obtained once shear softening is 
allowed. The analysis now was capable of capturing the 
observed strength degradation of the eight plates, as 
indicated by the mean of the observed-to-predicted 
strength of 0.99 and a coefficient variation of 8.2%. An-
other significant result is the close relationship obtained 
for the crack kinematics shown in Fig. 7(e). This dem-
onstrates that the proposed models replicate the kine-
matics of bi-directional multiple cracks well. 

In summary, the verification study presented in this 
section shows that: (1) it is crucial to account for the 
previous load history if the behavior of an ECC element 
that has been sustaining damage is to be modeled; (2) 
the analysis results confirm the applicability of the pro-
posed models to represent essential behaviors of  ECC 
with multiple cracks in a strong anisotropy field, as in-
dicated by the representation of the response of ECC 
plates sustaining various initial damage states; (3) an 
appropriate shear transfer model is necessary to predict 
the complete response of ECC when subjected to prin-
cipal stress rotation. 

 
2.6.2 Verification example 2: R/ECC plates sub-
jected to principal stress rotation 
A series of tests of six orthogonally-reinforced ECC 

panels (890×890×70mm) were conducted by Xoxa 
(2003). Of the six panels tested, three panels (Panel PK4 
to PK6) were reinforced with different reinforcement 
amounts in two orthogonal directions, thereby inducing 
an anisotropic condition during loading. Due to this 
difference, these three panels exhibit a more complex 
response. As the applied load increases, new cracks 
form at different inclinations while preexisting cracks 
open and exhibit pronounce slip. This then provides a 
difficult test to the proposed models, in particular, to the 
shear model. In this paper, the verification is focused on 
the responses of Panel PK5. 

Panel PK5 was heavily reinforced in the longitudinal 
direction (ρx=4.56 %) and lightly reinforced in the 
transversal direction (ρy=1.027 %). Since the panel was 
fabricated with an evenly-distributed reinforcement and 
was uniformly stressed over its perimeter, the analysis 
was performed using only one square element as shown 
in Fig. 8(a). A load-controlled scheme was employed. 
The material properties of the ECC and reinforcement 
were as reported by Xoxa (2003), except for the tensile 
property of ECC, which was determined to be close to 
that obtained from the panel test. This assumption was 
made since the tensile property of the ECC obtained 
from panel tests differed remarkably from that obtained 
from a coupon material test [for example, see Fig. 8(b)]. 
The difference was likely due to secondary effects such 
as fiber orientation and shrinkage.  

To substantiate the assumption made regarding the 
tensile property, preliminary analysis was performed of 
which the results are shown in Fig. 8(c). The analysis 
employed tensile property obtained from the reported 
material test [see T#1 in Fig. 8(b)] and three shear trans-
fer models as used in the previous verification problem. 
One can observe from the figure that the accuracy of the 
predictions was poor. That is, the predicted response 
deviates significantly soon after first cracking, achieves 
a higher yield load value, and finally reaches peak load 
and deformation values grossly above the observed val-
ues. The poor prediction, as one may expect, is attrib-
uted to the overestimated tensile property. 

To test this expectation, the panel was re-analyzed 
with a reduced tensile property (T#2, comparable to that 
observed from the panel test) in which the results are 
presented in Fig. 8(d). Compared to the previous results 
shown in Fig 8(c), it is very clear that a closer agree-
ment to the observed response is obtained. Prior to the 
yielding of the transverse reinforcement, the predictions 
with the three shear models provide essentially the same 
response and agree well with the observed response. 
This is expected since the local crack slip during this 
loading phase is still limited. Soon after yielding, the 
difference among the three predictions is significant. 
This indicates that the yielding of transverse reinforce-
ment causes a sudden lateral confinement loss to the 
cracks, leading to a significant crack opening and slip. 
Consequently, the post-yielding response of the panel is 
highly sensitive to the shear transfer model adopted. 
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Important aspects to these differences are summarized 
in the following paragraph.  

The predicted response with A=0.50 shows a better 
agreement at a region directly after first yielding, but 
there was a significant overestimation of load capacity. 
In contrast, the prediction with A=0.25, with and with-
out shear softening, overestimates shear deformation of 
the panel at a region shortly after yielding. However, it 
had a better load capacity prediction. The overestimated 
shear deformation with A=0.25 is likely attributed to 
simultaneous yielding of the transverse reinforcement 
rather than a gradual yielding as reported by Xoxa 
(2003). Hence, the prediction with A=0.50 at a region 
shortly after yielding appears in a better agreement. If 
the load capacity is of concern, accurate quantification 
of the actual shear transfer resistance is important and 
can be achieved with A=0.25, while the consideration of 
shear softening is not significantly important. 

To give some indication of the importance of shear 
softening, consider the plots shown in Fig. 9. The plots 
correspond to the shear stress versus inclination of prin-
cipal stress-strain and principal compressive stress ver-
sus principal compressive strain, respectively. One can 
observe from Fig. 9(a) that although the predictions 
employing the three shear models replicate the 
divergence angle of the principal stress and principal 
strain directions reasonably well, only that accounting 

shear softening can reproduce the turning point of the 
inclination of the stress field. This occurring somewhat 
after yielding of the transverse reinforcement. This 
turning point indicates that the existing crack interfaces 
can no longer sustain the required shear stress, leading 
to an excessive slip along the cracks and eventually to a 
shear sliding failure. This behavior is well presented by 
the proposed shear model in which shear softening is 
allowed. 

The significance of shear softening can also be seen 
from Fig. 9(b), which shows the predicted and observed 
principal compressive stress-versus-compressive strain 
responses, plotted against cylinder test results. The 
agreement of the predicted responses employing the 
three shear models is good, all showing much softer 
responses than that obtained from a cylinder test. This 
soft response appears to be related to the rotation of the 
principal stress direction. Due to stress field rotation 
relative to the orientation of the preexisting cracks, local 
shear stresses are induced at cracks and contribute 
measurably to the compressive response at the principal 
direction. The soft response observed from the figure 
indicates the inadequacy of the cracks to transmit the 
required shear stresses.  

It is evident from the figure that the predicted 
response for A=0.25 and the shear softening 
consideration provides the best correlation to the 

(a) 

longitudinal 
reinforcement 

transverse 
reinforcement 

Average of coupon tensile test (T#1) 

Experiment:  

LVDT, envelope 
Zurich gauge 

Analysis 

Experiment  
Zurich gauge 
LVDT, envelope 0.50      x 

0.25      x 
0.25      √ 

A s.soft. Analysis 

Yielding (exp.) 
Yielding (ana.)

Y 

first cracking 

fc
’    =  50 MPa 

ft,cr  =  1.4 MPa 
ft,u   =  3.9 MPa 
εtu   =  1.5 % 

fc
’    =  50 MPa 

ft,cr  =  3.1 MPa 
ft,u   =  4.8 MPa 
εtu   =  2.6 % 

(14.8, 8.73) 

Y

first cracking 

Panel PK5 at failure (Xoxa 2003) 

(d) (c) 

Assumed (T#2) 

significant overestimation

ε1 (×10-3)

Shear Strain, γxy (×10-3) Shear Strain, γxy (×10-3) 

Sh
ea

r S
tr

es
s,

 v
xy

 (M
Pa

) 

Sh
ea

r S
tr

es
s,

 v
xy

 (M
Pa

) 

(b) 

Fig. 8 Panel PK5: (a) Test panel and finite-element mesh; (b) Tensile stress-strain at the principal coordinate; (c) 
Shear stress-strain response employing tensile property from coupon test; and (d) Shear stress-strain response em-
ploying reduced tensile property. 
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observed response. This is expected since the shear 
softening, as formulated, limits the ability of cracks to 
transmit shear stresses at large shear deformations. The 
best correlation observed validates the applicability of 
the shear softening equation previously shown in Eq. 9 
to replicate essential shear stress transfer behaviors of 
ECC at large shear deformations. 

Some important aspects from the verification 
example presented in this section are summarized as 
follows: 1) Tensile property in a R/ECC member may 
differ considerably from that obtained from uniaxial 
tensile test. The actual tensile property in a R/ECC 
member must be considered to provide accurate 
simulation of response; 2) It appears unnecessary to 
reduce the yield stress of reinforcement while it is em-
bedded in ECC; 3) Accurate estimation of crack-shear 
stress resistance is important to obtain accurate shear 
strength prediction of the R/ECC element. As shown, it 
is the case with A=0.25 that provides an accurate shear 
strength prediction, indicating that the shear transfer 
resistance in cracked ECC is significantly less than that 
typically provided by aggregate interlock in concrete 
(A=1.0); and 4) The results shown validates the 
selection of A=0.25 and the consideration of shear 
softening for accurate representation of shear transfer 
across cracks in ECC. Not only must the model result in 
accurate shear strength prediction, it must also be able 
to represent internal stress carrying mechanism and the 
accompanying strain field. 

To this end, the applicability of the numerical plat-
form employing the proposed material models have 
been verified for element-level behavior under various 
damage states and in-plane stresses. Hereafter, its appli-
cability will be tested for structure-level behavior. 

 
3. Experiments on shear-critical RC and 
R/ECC beams 

The experimental program conducted at the University 

of Michigan by Kanda (1998) was referred to. The ex-
periment involved the testing of six beams with the fol-
lowing three parameters: material type (concrete and 
PVA-ECC), M/Vd ratio (1.0 and 0.5), and amount of 
transverse reinforcement (0% and 1%). The details of 
the six beams are illustrated in Fig. 10 and are summa-
rized in the following paragraph.  

All the beams were 200 mm by 150 mm in cross-
section. The main test region was the middle span; the 
span with maximum shear force V as shown in Fig. 
10(a). To prevent flexural yielding and to promote shear 
failure inside the test region, all the beams were heavily 
reinforced in the longitudinal direction with twelve 
13mm-diameter deformed bars [see Fig. 10(b)]. The 
property of the cement-based materials and the reinforc-
ing bars is listed in Table 2 and Table 3, respectively. 
Beams with transverse reinforcement (labeled -1) were 
expected to fail in shear-compression failure, whereas 
those without transverse reinforcement (labeled -0) were 
expected to fail in shear-tension. All beams were sub-
jected to load-controlled cyclic loading by shifting the 
location of the boundary conditions horizontally as 
sketched in Fig. 10(a). The overview of the test setup is 
given in Fig. 10(c). For additional details regarding this 
experiment, one should refer to Kanda (1998). 

 
Approximate shear capacity 
The approximate shear capacity of the test beams is 
determined from the AIJ shear design equation for RC. 
With different modifications, this equation has been 
used by various researchers for predicting the shear ca-
pacity of R/ECC beams (Kanda 1998; Nagai et al 2004; 
Shimizu et al 2004; Kanakubo et al 2007; among other). 
The modified equations vary, depending on the assump-
tions made on how the ECC contributes. Here, it is as-
sumed that the tensile strength of ECC contributes to the 
truss mechanism after the formation of diagonal crack-
ing, similar to that proposed by Nagai et al (2004). The 
modified equations are given by: 

Fig. 9 Panel PK5: (a) Shear stress versus the inclination of principal stress and strain; and (b) Principal compressive 
stress versus principal compressive strain. 
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where b and D are the width and the depth of the mem-
ber, respectively; jt is the distance between the top and 
bottom longitudinal reinforcement, ρw is the web rein-
forcement ratio, fy,w is the yield stress of web reinforce-
ment, θ is the angle of concrete strut in the arch mecha-
nism, β is the ratio of compressive stress of the concrete 
strut in the truss   mechanism to the effective compres-
sive strength of concrete, ν is a coefficient to account 
the effective compressive strength of the ECC and is 
assumed comparable to that of concrete, fc’ is compres-
sive strength of concrete, and “---“ is a new term, ac-
counting for the tensile strength of ECC. 
 
3.1 Finite element analysis 
Two-dimensional analyses were undertaken. Sixteen 
degree-of-freedom (16 dof) plate elements were used, 
but only its in-plane dof were used due to the two-
dimensional problem concerned. Similar to that used in 
the verification problems presented earlier, the analysis 
employed a two-way fixed-crack approach incorporat-
ing the active crack concept. 

Two typical finite-element meshes used to perform 
the calculation are illustrated in Fig. 11. The longitudi-
nal bars were assumed to be smeared over the two out-
ermost elements, while the transverse bars, if present, 
were smeared over all elements. As no information was 
given regarding the size of loading and support plates, it 
is assumed that the support and loading points are in 
contact with the beam at three nodal points in one ele-
ment (see Fig. 11). The compressive and tensile strength 
of this element is assumed to be 50% higher to avoid 
premature computation termination due to the crushing 
of the ECC.  

The analysis was performed in a manner as close as 

Table 2 Material properties of cementitious material 
(Kanda 1998). 

Tension Compression  
E ftu εtu fc' εc’ 

Beam 
ID 

(GPa) (MPa) (%) (MPa) (%) 
RC1-0 24.4 2.31 - 33.6 0.220
RC1-1 23.9 2.55 - 30.5 0.192
ECC1-0 12.8 2.61 1.40 45.7 0.484
ECC1-1 13.0 3.57 3.34 41.2 0.451
ECC05-0 13.4 3.38 1.21 41.6 0.384
ECC05-1 12.8 3.38 1.21 40.1 0.406

 
Table 3 Material properties of reinforcing bars (Kanda 
1998). 

Es fy ftu Type Bar  
size (GPa) (MPa) (MPa) 

Transverse D6 194 364 406 
Longitudinal D13 192 563 708 

 

b. Typical reinforcement details 

c. Test set-up and instrumentation 
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Fig. 10 Layout and test configuration of the shear beam (Kanda 1998). 
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possible to that in which the reversed cyclic load-
controlled loading experiment was performed. At each 
load cycle, the boundary conditions were modified as 
sketched in Fig. 11 (see Note #1 and #2 in the figure). 
Note that the support points were moved to the top of 
the beam, rather than shifted horizontally as in experi-
ment. This shift is essentially similar and hence has no 
effect. 

 
3.2 Comparison of experimental and analysis 
results of shear-critical beams 
3.2.1 Benchmark analysis: RC beams with and 
without web reinforcement 
To gain insight into the experimental condition and to 

confirm the suitability of the FE modeling, Beams RC-
10 and RC-11 were first analyzed. Since the cross-
sectional size of the beams is small, it was felt that the 
influences of shrinkage, bleeding, and segregation of 
concrete were pronounced. As a result, non-uniform 
tensile concrete strength might exist across the cross-
section of the beams. The heavy amounts of longitudinal 
reinforcement might also restrain the concrete, resulting 
in significant initial tensile stress and, accordingly, a 
lower tensile strength value. In this paper, a uniform 
tensile strength of concrete was assumed and the follow-
ing two tensile strengths were specified to highlight the 
importance of suitable tensile properties: 1) tensile 
strength as reported (ft, hereafter called T#1) and 2) re-
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Fig. 12 Load-midspan Displacement Responses for RC beams with Shear-Span-to-Depth-Ratio 1.0: (a) RC1-0 
(without stirrups); (b) RC1-1 (with stirrups). 

Fig. 11 Finite element mesh and boundary conditions. 
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duced tensile strength (50%ft, T#2). The fracture energy 
of the concrete was assumed to be 0.070 N/mm, corre-
sponding to a value computed for the corresponding 
compressive strength and with a maximum aggregate 
size of approximately 12-mm (Comité Euro-
International Du Béton 1993). 
 
Analysis results 
The load mid-span displacement response of RC1-0 and 
RC1-1 beams is shown in Fig. 12. The summary of the 
predicted and observed load capacity is listed in Table 4. 
The RC1-0 beam fails at the commencement of the third 
load cycle, whereas the RC1-1 beam fails at the fifth 
load cycle; both are similar to the experimental observa-
tion. By comparing the prediction results of T#1 and 
T#2, it is very clear that the beam response is strongly 
dictated by the ability of the concrete in resisting tensile 
stresses. 

Compared to the observed load-displacement re-
sponse, the predicted response employing the T#1 is 
much stiffer, the cracking load is about double and the 
beam capacity is about 50% higher. Employing the T#2, 
the test results now can be reproduced with a better cor-
relation in the following two aspects: a closer capacity 
prediction, which is also comparable to the prediction 
by the AIJ shear design equation, and a better represen-
tation of the unloading-reloading response. This con-
firms the modeling of the beam, and hence it is ready 
for the analysis of the R/ ECC beams. 

Figure 13 shows a close agreement between the 
crack patterns predicted by the analysis and those ob-
served experimentally. In Beam RC1-0, two major shear 
cracks began at the web zone along the main shear span 

[see Fig. 13(a)] and then propagate progressively to-
wards the loading and the support points. At approxi-
mately three-quarter of the central span, these two 
cracks are somewhat horizontal and then divert up-
ward/downward to the region nearby the loading and 
support points. The cracking pattern observed in Beam 
RC1-1 is fairly similar and forms in a wider area. 

 
3.2.2 Analysis on R/ECC shear beams  
Tensile and shear properties for beam analysis 
Given the tensile property of ECC from material test, it 
is still unclear to what extent the data is applicable for 
structural analysis. One difficulty is the uncertainties 
related to the fiber orientation difference; the fiber ori-
entation in a structural member is usually more random 
than in a coupon specimen, especially if the coupon 
specimen is thin and slim. Another difficulty is the way 
to account influencing factors as outlined in the previ-
ous section. At present, two tensile models are assumed 
to approximately represent the ECC in the test beams: 
T#1 and T#2. The T#1 is a model close to tensile stress-
strain measured experimentally from coupon test, while 
the T#2 is T#1 reduced by 50% both at the peak stress 
and the strain corresponding to the peak stress. Note that 
it is more common to use a T#1-like property and prop-
erties of the other models (e.g.: compression, shear 
model) are calibrated to fit the macroscopic response. 
The comparison between the material test result of 
Beam ECC1-0 and the two tensile models is shown in 
Fig. 14. The tensile and compression properties used in 
the analysis are listed in Table 5, while the shear trans-
fer property used were determined according to those 
identified from the verification examples presented in 

(a) (b) 

Courtesy of  
Dr. Kanda (KaTRI) 

Courtesy of  
Dr. Kanda (KaTRI) 

 (T#2)  (T#2) 

Fig. 13 Comparison of principal tensile strain-crack pattern for RC beams with shear-span-to-depth-ratio 1.0: (a) RC1-0 
(without stirrups); (b) RC1-1 (with stirrups). 

Table 4 Comparison of RC shear beam capacity based on FE analysis, experiment, and modified AIJ shear design 
equation. 

RC1-0 RC1-1 
Tensile 
Model Vana 

(kN) 
Vexp 
(kN) 

VAIJ 
(kN) 

expV
Vana  

AIJ

ana

V
V

 Vana 
(kN) 

Vexp 
(kN) 

VAIJ 
(kN) 

expV
Vana  

AIJ

ana

V
V

 

1 91.3 1.46 1.45 183.9 1.44 1.34 
2 64.1 62.7 62.8 1.02 1.02 133.2 128 137.1 1.04 0.97 
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the earlier parts of this paper. The crack-shear transfer 
resistance (A) was set to 0.25 and shear softening was 
allowed. 
 
3.2.3 Result of beam ECC1-0 analysis (without 
web reinforcement) 
The comparison of the numerical and the experimental 
load-displacement response of Beam ECC1-0 are shown 
in Fig. 15(a). The numerical results presented include 
the response predicted by the two tensile properties and 
the results reported by Kabele (2001, 2006). Presented 
in Fig. 15(b) is the predicted and observed crack pattern 
of the beam at failure; both agree and differ considera-
bly from that of Beam RC1-0 previously shown in Fig. 
13(a). 

The predicted response with T#1 shows a stiffer re-
sponse and a higher shear carrying capacity. The beam 
is predicted to fail at a load of about 40 percent more 
than the observed capacity and about 15 percent less 
than the shear capacity predicted by the modified AIJ 
shear design equation (employing ft) and at a corre-
sponding displacement of 2.52 mm, about 20% less than 
the observed value. The predicted response if compared 
to those reported by Kabele (2001, 2006), which em-
ployed a comparable tensile property and a different 
shear model, also shows some discrepancies. The pre-
dicted strength presented here is slightly higher, while 
the predicted response is much stiffer. The discrepancy 
suggests that the shear model proposed herein tends to 
be stronger and much stiffer than those used by Kabele 
(2001, 2006).  

When T#2 is employed in the analysis, a better 
agreement with the experimentally observed response is 
observed. Some notable improvements of the prediction 

2.61 MPa 
1.40% 

1.85 MPa 
(assumed) 

εtu= 3% 
(assumed)

Model #1 
Model #2 

1.31 MPa 
0.70% 
0.91 MPa 

Fig. 14 Tensile models used for analysis Beam ECC1-0 
plotted on the result of uniaxial tensile tests reported by 
Kanda (1998). 

Table 5 Material properties used in the analysis of the 
ECC beams. 

Tension Compression
fcr ftu εtu fc' εc’ 

Beam 
ID Model

(MPa) (MPa) (%) (MPa) (%)
1 1.80 2.61 1.40 

ECC1-0
2 0.90 1.30 0.70 

45.7 0.484

1 1.80 3.57 3.34 
ECC1-1

2 0.90 1.79 1.67 
41.2 0.451

1 2.70 3.38 1.21 
ECC05-0

2 1.35 1.69 0.60 
41.6 0.384

1 2.70 3.38 1.21 
ECC05-1

2 1.35 1.69 0.60 
40.1 0.406

Fig. 15 Beam ECC1-0: (a) Load-displacement responses; (b) Crack pattern analytically predicted and experimentally 
obtained (Courtesy of Dr. Kanda, KaTRI). 

MAIJ, 0.5 ft

MAIJ, 1.0 ft

Courtesy of Dr. Kanda (KaTRI) 

Experiment
Analysis, ft
Analysis, 0.5ft

Analysis, ft (Kabele 2001)

+++++++

��������� 
 

Analysis, ft (Kabele 2006)
Beam deformation at failure 

Magnified 10×

3rd 

1st 
Model

#1
#2

#1 #2 #1 #2 

2nd  

4th 

(a) (b) 

with T#2 



 B. Suryanto, K. Nagai and K. Maekawa / Journal of Advanced Concrete Technology Vol. 8, No. 2, 239-258, 2010 253 

are summarized as follows: 1) Shear capacity. The 
beam fails at 94.15 kN, which is about 5% higher than 
the observed value and about 15 percent less than the 
predicted value by the modified AIJ (employing 0.5ft); 
2) Maximum displacement. The predicted displacement 
at the peak is 3.34 mm, which is about 5 percent more 
than the experimental value; 3) Hysteretic loop. The 
hysteretic loop is thick and in a close agreement with 
the observed loop. A more remarkable degree of pinch-
ing and stiffness degradation is observed; 4) Residual 
displacement. The residual displacements are significant 
and in the same order as the observed values. 

To gain a sense regarding the involved mechanisms 
during cyclic loading, the plots of the principal tensile 
strain contour and the numerical crack pattern of the 
beam at the peak of each load cycle are given in Fig. 16. 
The color scale shown corresponds to the range of the 
maximum and minimum principal strain values at each 
load cycle. One can observe from the plots that the 
stress carrying mechanism during the loading changes 
remarkably, particularly after cracking (Plot A onwards). 
Compared to the crack pattern of Beam RC1-0 shown 
previously in Fig. 13(a), it is very obvious that Beam 
ECC1-0 transmits stresses in a comparatively more 
complex manner. It is observed in Beam ECC that new 
cracks form at different locations and orientations while 
the preexisting crack propagates. Redistribution of 
stresses due to substantial damage at the web region is 
also evident (see Plot D), emphasizing that principal 
stress and strain directions during loading always rotate. 
At failure, a notable Z-crack pattern at the web region 
and shallow crack localization nearby the support points 
are observed; both are in a close agreement to the ob-
served crack pattern [see Fig. 15(b)]. 

 

3.2.4 Result of beam ECC-11 analysis (with web 
reinforcement) 
The comparison of the observed and predicted response 
of Beam ECC1-1 is shown in Fig. 17 and is summarized 
in Table 6. Presented in Fig. 17(b) is the predicted and 
observed crack pattern of the beam at failure. The 
agreement is good; both show a comparable pattern and 
differ remarkably from that of Beam RC1-1 shown in 
Fig. 13(b). Similar to the previous beam, the use of re-
duced tensile property T#2 again results in a better cor-
relation. Here is the summary:  
1) Shear capacity. The shear capacity of the beam is 
predicted at 207 kN and 194 kN, with T#1 and T#2, 
respectively. The values are approximately 10% and 5% 
higher than the observed value, and consistently less 
than the predicted values of the modified AIJ equation 
(about 15% and 5% less, employing ft and 0.5ft, respec-
tively);  
2) Degradation of shear strength. The degradation of 
shear strength occurring between load cycles 5 and 7 
can be successfully simulated only with the T#2. The 
analysis predicts that the degradation occurs due to the 
yielding of the stirrups at the mid-height of the web re-
gion, preventing complete closure of the surrounding 
ECC. With T#1, the yielding of the stirrups is delayed 
and thereby no strength degradation is observed. This 
finding emphasizes the need to reduce the tensile prop-
erty of the ECC;  
3) Displacement at the maximum and ultimate loads. 
The displacement at the maximum shear load for the 
two tensile models has a predicted-to-observed ratio of 
about 0.5 and 0.8, respectively, while at ultimate of 
about 0.4 and 0.6, respectively. This significant underes-
timation is probably due to the flat response around the 
peak load, which is problematic for load-control compu-
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Fig. 16 Damage progress in beam ECC1-0 at the peak load of each load cycle. 
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tation;  
4) Hysteretic loop. The predicted hysteretic loop of the 
beam is thin and narrow. From load cycle 5 onwards, 
only the T#2 can develop a notable amount of pinching 
and stiffness degradation, although the magnitudes are 
still smaller than the observed response;  
5) Residual displacement. Notable residual displace-
ment is observed only with the use of T#2, particularly 
once the stirrups have yielded.  

Figure 18 presents the principal tensile strain values 
of Beam ECC1-1 from loading cycle 3 onward. It is 
very evident from the figure that location of damage 
changes, particularly after the yielding of the web rein-
forcement (Plot C onwards). At the last loading cycle, 
the strain fields next to the support and the loading 
points are dominant, being slightly larger nearby the 
loading point. Although the failure may occur at both 
locations, the analysis shows that failure is ultimately 

dictated by the crushing of the ECC next to the point 
load. The failure of the test beam tends to occur near to 
the support [see Fig. 17(b)]. 
 
3.2.5 Result of beam ECC05 series analysis 
(without and with web reinforcement) 
This section briefly outlines the results of an analysis of 
short R/ECC beams with M/Vd ratio 0.5. Figure 19 
shows the observed behavior and the computed re-
sponse for Beams ECC05-0 and ECC05-1. In this series, 
the analysis always underestimates the load capacity of 
the beams. 

For Beam ECC05-0, the prediction result with both 
T#1 and T#2 predicts shear capacity consistently lower 
than the observed value, and higher than the modified 
AIJ shear design equation (see Fig. 19). The displace-
ment at the peak load is approximately equal to that of 
the observed value. The predicted response by Kabele 

Table 6 Comparison of beam capacity based on FE analysis, experiment, and modified AIJ shear design equation. 

Max. Shear Load Disp. at Max. Shear 

Beam Tensile 
Model Vana 

(kN) 
Vexp
(kN)

VM-AIJ
(kN)

expV
Vana

AIJM

ana

V
V

−

dPu, ana
(mm)

dPu, exp 
(mm) 

exp,

,

Pu

anaPu

d
d

 

1 125.8 144.2 1.41 0.87 2.52 0.79 ECC1-0 2 94.2 89.4 110.6 1.05 0.85 3.34 3.17 1.05 
1 207.3 244.6 1.11 0.85 2.0 0.34 ECC1-1 
2 194.1 

186
198.6 1.04 0.97 3.3 

5.8 
0.55 

1 179.3 193 151.2 0.93 1.19 0.99 1.19 0.83 ECC05-0 
2 165.2  139.1 0.86 1.19 1.09  0.92 
1 227.2 262 213.7 0.87 1.06 1.33 1.32 1.00 ECC05-1 2 190.8  186.6 0.73 1.02 1.62  1.23 
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Fig. 17 Beam ECC1-1: (a) Load-displacement response; (b) Principal tensile strain versus crack pattern at failure 
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(2001) is better and in a closer agreement to the ob-
served response.  

For Beam ECC05-1, the use of T#1 and T#2 also un-
derestimates the beam capacity. The tendency is also 
similar to the previous beam. Unlike Beam ECC05-0, 
however, which the failure mode is expected to be due 
to extensive shear sliding at the diagonal compression 
strut [see Fig. 20(a)], the strain field of Beam ECC05-1 
shown in Fig. 20(b) suggests that failure is dominated 
by the crushing of the ECC nearby the loading and sup-
port points. It appears that the predicted failures agree 
with the observed crack pattern from the test beams. 

There might be two possibilities for the underesti-
mated load capacity. The first possibility is the support 

conditions. In the experiment, it is possible that the test 
rig restrained longitudinal deformation of the beam, 
allowing the direct compressive struts form from load-
ing to support points, and thereby leading to an appar-
ently higher shear capacity. To check this possibility, 
both beams were re-analyzed with pinned supports. The 
analysis results show that the shear capacity of the 
beams slightly increases from 165 kN and 191 kN to 
170 kN and 200 kN, for Beams ECC05-0 and ECC05-1, 
respectively, indicating that the boundary conditions 
might not be the sole responsible factor. Another possi-
bility is plate size. For a small M/Vd ratio, it is known 
that beam capacity is governed by the size of the diago-
nal compressive strut, which relates to the size of the 
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Fig. 18 Numerical crack evolution in Beam R/ECC1-1 from load cycle 3 onwards. 

Fig. 19 Comparison of Load-Displacement Responses for: (a) Beams ECC05-0; and (b) ECC05-1. 
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loading plates. The influence of plate size becomes sig-
nificantly high as the shear span decreases. As larger 
plate size decreases the effective shear span, higher 
shear strength may result. Nevertheless, no additional 
analysis was performed since the actual size of the plate 
used was not reported, and hence it would be difficult to 
come up with a definite conclusion. 

 
4. Conclusions 

This paper presents the systematic development of 
nonlinear finite-element procedure in the context of a 
smeared, fixed crack approach for R/ECC members 
subjected to arbitrary loading. The smeared context em-
ployed allows a simple yet accurate representation of 
the fundamental behaviors of ECC without considering 
all details at every single crack in the ECC. Compres-
sion, tension, and shear transfer models of ECC in the 
context are proposed. Significant attention was paid to 
the modeling of shear transfer, which has received com-
paratively little attention in the past two decades, and 
the accuracy of the path-dependent formulations 
adopted in the models proposed. Two verification ex-
amples at an element level are presented to validate the 
proposed models, demonstrating that the models repli-
cate various responses of cracked ECC in highly anisot-
ropic stress and strain conditions. After confirming the 
applicability of the proposed models at an element level, 
the analysis procedure was used to simulate the behav-
ior of a test series of shear-critical R/ECC beams sub-
jected to reverse cyclic loading. Conclusions derived 
from all the simulations performed include the follow-
ing: 
1. Path-dependent, smeared models proposed are 

capable of providing reasonable characterization of 
damage progress and damage accumulation of 
ECC during reversed cyclic loading. In particular, 
the ability of the models to portray a higher degree 
of stiffness degradation, a larger value of residual 
displacement, and an increased degree of pinching 
in the load-displacement relationship as the degree 
of damage increases is verified. 

2. The proposed models perform well in simulating 

the response of pre-damaged ECC plates subjected 
to stress field rotation. Load-displacement re-
sponse and average strain across bi-directional 
cracks are equally well simulated, indicating that 
the proposed models are viable to account for the 
existing damage and to comply with non-
proportional loading. Proper modeling of shear 
transfer plays a significant role for accurate simu-
lation. 

3. The result of an R/ECC panel test suggests that the 
tensile property of ECC in R/ECC and in a repre-
sentative coupon, which is smaller in size and 
without embedded reinforcement, is considerably 
different. It is shown that the use of the tensile 
property as extracted from a panel test significantly 
increases the accuracy of the prediction, underscor-
ing the need to estimate the actual ECC tensile 
property in  the R/ECC member. The detail re-
sponse of the panel can be explained in a rational 
way. Further, it is demonstrated that shear soften-
ing consideration is necessary to reproduce the ob-
served shear sliding failure. 

4. Accurate analysis of an R/ECC beam relies on a 
proper representation of tensile and shear stress 
transfers of ECC at the cracks. When the identified 
shear transfer property was employed, it was found 
that the tensile property of ECC for analysis of the 
beams should not be simply obtained from a mate-
rial test. Detail experimental investigations are in 
progress regarding this finding. 

5. For R/ECC beams with M/Vd ratio of 1.0 and 
150×200 mm cross-sectional size, with and with-
out web reinforcement, the analysis shows that the 
influencing factors such as ECC shrinkage and ma-
terial non-uniformity to tensile property of the 
ECC contributes measurably to the response of the 
beams. A reduced tensile strength and ductility of 
approximately 50% is appropriate for this experi-
mental series to obtain reasonably accurate predic-
tions of the loading capacity, hysteretic response, 
crack pattern, and failure mechanisms. In particular, 
the correlation of the observed-and-predicted hys-
teretic response and load capacity of the beams 

(a) (b) 

in %

Fig. 20 Computed crack pattern of Beams ECC05-0 and ECC05-1 and the corresponding experimental crack pattern 
(Kanda 1998). 
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improves significantly with a reduced tensile prop-
erty. 

6. The analysis shows that the governing failure 
mechanisms of the R/ECC beams are not only due 
to the breakdown of tensile stress transfer at cracks, 
but also of shear transfer mechanisms. Work is cur-
rently progressing on a possibility to improve in-
terface shear transfer of a ductile cement-based 
material, likewise, ECC. 

7. In a very short shear-critical R/ECC beam, having 
M/Vd ratio 0.5, it is shown that the modeling of 
the beams is more difficult. The proposed proce-
dure somewhat underestimates the observed load 
capacity, although it predicts a correct failure 
mechanism. The cause of the underestimation ap-
pears to be the inaccuracy in modeling the loading 
plate. 
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