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A B S T R A C T   

To enhance the structural and seismic resistance, as well as durability of concrete structures, an ultra ductile fiber 
reinforced cementitious composites called Engineered Cementitious Composite (ECC), also known as Strain 
Hardening Cementitious Composite (SHCC), was developed. ECC has a similar compressive and tensile strength 
to conventional concrete, but it exhibits a pseudo-strain-hardening behaviour under uniaxial tension with 
excellent crack control ability. The ultimate tensile strain of ECC can reach 3–12%, which is 300–1200 times 
higher than that of concrete. It is reported that ECC can also exhibit at least twice as high shear carrying capacity 
compared to traditional concrete, signifying a potential to use ECC material in shear-resistance elements. 
However, the shear resisting mechanism of reinforced ECC (R/ECC) members is still not clear. In most existing 
codes and models, the shear strength of reinforced structural members (Vu) is divided into two parts, i.e., shear 
resistance coming from the matrix (Vc) and from the transverse reinforcement (Vs). To quantify accurately Vc and 
Vs and also their development throughout the loading, a well-designed testing method consisting of continuous 
strain quantification along the stirrups, was used in this research. Six steel reinforced beams incorporating 
different matrix (ECC, concrete and mortar) were tested under four-point bending. The test results indicated that 
Vc changed continuously with the propagation of shear crack, whereas the stirrups that crossed the critical shear 
crack, did not always yield at the ultimate shear resistance.   

1. Introduction 

Engineering Cementitious Composite (ECC) is a fiber reinforced 
material tailored with a special micromechanical design to enable 
steady state cracking with small crack widths [1,2]. As a result, ECC 
exhibits pseudo strain hardening behaviour with multiple cracking 
under uniaxial tension. Compared to traditional concrete, ECC has 
similar compressive and tensile strength, but has hundreds times higher 
tensile strain capacity (ranging from 3 to 12%) [2]. Due to outstanding 
deformation capacity, utilizing ECC in structural members can prevent 
catastrophic collapse, for example during earthquakes, enabling lives 
savings and reducing repair costs [3,4]. Additionally, the maximum 
crack width in ECC can be limited to less than 0.1 mm until its ultimate 
strain, revealing a potential to enhance the durability of reinforced 
concrete structures under severe environmental conditions [5–8]. ECC 
has already been widely applied for various field constructions including 
buildings, transportation, water and other infrastructures [9–16]. 

However, there is still lack of comprehensive understanding about 
structural behaviour and, more specifically shear transfer mechanism of 
reinforced ECC (R/ECC) members and reliable models to predict this 
behaviour. 

For shear behavior of structural members, the assumption that ‘plane 
remains plane’ for cross-sectional analysis does not hold as in the case of 
flexure. For conventional reinforced concrete (RC) members, different 
shear failure modes including shear-tension, shear-compression and 
diagonal compression would happen depending on its member di-
mensions and loading conditions, reinforcement distribution, material 
strength, aggregate size, etc. Over twenty parameters influence its ulti-
mate shear strength. In order to provide simplified design rules, various 
analytical models for predicting shear strength of RC members have 
been established over the past century, including the early truss model 
proposed by Ritter [17] and Mörsch [18,19], modified compression field 
theory (MCFT) [20–22], rotating-angle softened-truss model (RA-STM) 
[23,24], fixed-angle softened-truss model (FA-STM) [25,26], strut and 
tie model [27,28], among others. Until now, there is no unified theory, 
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Nomenclature 

Vu total shear carrying capacity 
Vc shear force carrying by matrix 
Vs shear force carried by transverse reinforcement 
Vcd dowel force of longitudinal tensile reinforcement 
Va shear force carried by intact matrix in shear compression 

zone 
C resultant compressive force of intact matrix in shear 

compression zone 
T resultant tensile force of longitudinal tensile reinforcement 
S aggregate interlock force along diagonal shear crack 
σfiber fiber bridging stress along diagonal shear crack 
ϕ inclination angle of diagonal shear crack 

n total number of transverse rebars 
Vsi force of ith stirrup leg 
f ’
c compressive strength of matrix 

fty nominal tensile yield strength of ECC 
ftu tensile strength of ECC 
εtu ultimate tensile strain 
ρl tensile reinforcement ratio 
ρt shear reinforcement ratio 
a shear span length 
d effective depth of beam section 
v average shear stress 
V shear force 
b beam width  

Fig. 1. Components of shear resistance for (a) RC beams; (b) R/ECC beams.  

(a) 

(b) 

unit: mm 

unit: mm 

Fig. 2. Details of beam specimens: (a) C-N, E-N and M− N; (b) C-S, E-S and M− S.  

D. Gu et al.                                                                                                                                                                                                                                       
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code or specification for shear design of RC members that is worldwide 
accepted. Large discrepancy among various codes sometimes exists 
when estimating shear strength of RC members, signifying potential 
waste of resources or sometimes dangerous overestimation of structural 
safety [29]. 

Due to the characteristic strain hardening behavior and crack control 
ability, steel reinforced ECC exhibits different shear transfer mechanism 
compared to RC. When referring to the material itself, the shear strength 
and ultimate shear strain of ECC was reported to be over 2 and 22 times, 
respectively, that of plain concrete [30]. In an Iosipescu shear test, 
rotation of principal stress was observed due to fiber’s bridging across 
shear cracks, which resulted in ECC’s nominal shear strength exceeding 
its direct tensile strength by up to 50% [31]. When reinforced with steel, 
incorporating ECC can alter the brittle shear failure into ductile flexure 
failure [32–34]. Multiple cracking behavior can also be observed, with 
crack width being 3 to 5 times smaller than those in RC at similar load 
level [35]. For beams without stirrups, the shear strength and ultimate 
displacement of R/ECC can be 1.5 and 2 times that of RC [36]. When 
mixed with different quantity of PVA fiber, it was found that the shear 
carrying capacity of R/ECC beams almost linearly increased with fiber’s 
volume fraction, revealing significant contribution from fibers in 
resisting shear force [37–39]. 

Until now, very limited theoretical or empirical models, codes or 
specifications have been established for the shear design of R/ECC 
members. For conventional concrete, the superposition methodology 
has been most widely adopted for shear design in various design regu-
lations, in which the total shear carrying capacity (Vu) is divided into 
resistance from concrete (Vc) and stirrups (Vs), as shown in Fig. 1 
[40–43]. The same idea is adopted by the ECC standard specification 
JSCE 08 [44], in which the fiber’s contribution is also considered in 
calculating Vc. Based on regression analysis of test data, Hou et al. 
[33,34] proposed an empirical formulation for calculating Vc and Vs for 

R/ECC members. When stirrups are used, a negative effect was found 
between shear resistance from ECC (Vc) and transverse reinforcement 
(Vs) [34]. Kanakubo et al. [37–39] proposed an analytical model for 
estimating Vc and Vs in R/ECC based on truss-arch shear transferring 
mechanism, where Vc is composed of fiber bridging stress across shear 
cracks and shear resistance from ECC compression zone. Although these 
models have been acknowledged as effective for calculating the total 
shear strength of R/ECC beams under certain circumstances, no research 
has been reported to evaluate Vc and Vs separately to enable in-depth 
verification of models. 

In this research, a continuously-distributed strain gauging system is 
adopted, which can help measure the strain along full length of stirrups 
and longitudinal rebars for evaluating the variation of Vc and Vs in R/ 
ECC members during loading. It provides a new insight into the me-
chanical interaction between ECC and steel reinforcement when shear 
failure predominates. As a pilot work, a total of six reinforced beams 
incorporating three types of matrices (ECC, concrete and mortar) with or 
without stirrups are tested under four-point bending. The 
load–deflection behavior, crack propagation, strain development in 
rebar, and variation of shear strength components are studied in detail. 
Finally, the existing models for predicting shear transfer mechanism are 
evaluated and critically assessed. 

2. Experimental program 

2.1. Details of beam specimens 

Two ECC beams with and without stirrups and two concrete coun-
terpart beams were fabricated. To evaluate the shear resisting contri-
bution from fibers in ECC and coarse aggregates in concrete, another two 
reference mortar beams were cast. All beams had the same geometry, 
with cross section of 200 mm in width, 400 mm in height and 2360 mm 

Fig. 3. Strain gauging system for stirrups: (a) cavity inside stirrup legs; (b) assembled stirrups; (c) layout of strain gauges.  

D. Gu et al.                                                                                                                                                                                                                                       
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in length. The shear span to effective depth ratio was 2.5, with a rela-
tively high tensile reinforcement ratio of 3.2% to prevent undesired 
flexural failure during loading. To reduce the cost, half of the beam span 
was designed as monitoring zone to exhibit shear failure and equipped 
with the continuously-distributed strain gauging system. Detailed rein-
forcement configuration for all specimens is shown in Fig. 2. For the 
specimen notation, C-N, E-N and M− N represent the reinforced con-
crete, ECC and mortar beam without stirrups, respectively; C-S, E-S and 
M− S represent the same sequence of beams reinforced with stirrups, 
with a spacing of 250 mm and shear reinforcement ratio of 0.38%. 

2.2. Continuously-distributed strain gauging system for rebars 

For evaluating shear strength components, Vs can be calculated by 
summation of transverse forces in stirrups which intersect the critical 
shear crack. The transverse force for each stirrup leg should be deter-
mined by its strain at the shear crack location. However, it is hard to 
predict the shear crack path prior to experiments, therefore it is almost 
impossible to catch the stirrup strain exactly along the critical shear 
crack by installing only one strain sensor on surface of stirrup leg, no 
matter at mid-height or along assumed cracking path as depicted in most 
literatures [45–50]. Hence, the governing mechanisms that lead to shear 

Fig. 4. Strain gauging system for longitudinal reinforcement: (a) cavity on rebars; (b) full view of rebars; (c) layout of strain gauges.  

Fig. 5. Typical reinforcement cage.  

D. Gu et al.                                                                                                                                                                                                                                       
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failure can be misunderstood due to the lack of accuracy of the tradi-
tional strain detecting scheme. To obtain more accurate Vs, the use of 
distributed Fiber-Optic strain Sensors (FOS) is a promising way. By 
installing distributed FOS on surface of longitudinal and transverse 
reinforcement, Poldon et al. [51,52] identified and quantified a number 
of mechanisms for RC members with a new level of detail, including the 
strain variations along tensile and shear rebars, bending of longitudinal 
rebars from stirrup hook anchorage. Wu and Hu [53–55] also proposed a 
new methodology for measuring the strains along the full length of 
stirrups without disturbing the bond between concrete and steel. That is, 
cutting the stirrup leg into two halves, and installing strain gauges 
continuously inside a small cavity at the center of the bar. With such a 
full record of strain, Vc and Vs can be assessed accurately throughout the 
loading process. To evaluate two shear strength components Vc and Vs 

Table 1 
Mixture proportions (kg/m3).   

Concrete ECC Mortar 

Cement (P.O 42.5) 584 426 426 
Fly ash (grade II) –- 647 647 
Cenosphere –- 162 162 
Silica fume 31 43 43 
Quartz powder –- 256 256 
Sand 0–5 mm 596 –- –- 
Aggregate 5–10 mm 100 –- –- 
Aggregate 10–20 mm 964 –- –- 
Water 185 332 332 
PVA fiber –- 26.8 (2.0%) –- 
Superplasticizer 0.5 1.6 1.6 
Hypromellose –- 0.5 0.5  

Fig. 6. Test setup: (a) schematic illustration; (b) front view indicating DIC monitored zone; (c) back view indicating LVDTs and monitoring devices from the 
opposite side. 

Table 2 
Summary of beam specimens and test results.  

Specimen ID  Matrix type Testing age 
(days) 

f ’
c fty ftu εtu ρl ρt a/d Vu  

(days) (MPa) (MPa) (MPa) (%) (%) (%) (kN) 

C-N Without Stirrup Concrete 66  56.6 –-  –-  3.2  0.00 2.5  172.7 
E-N ECC 85  56.4 6.4  8.0 3.5  3.2  0.00  289.5 
M− N Mortar 70  55.4 –-  –-  3.2  0.00  144.4  

C-S With Stirrup Concrete 86  53.0 –-  –-  3.2  0.38 2.5  359.8 
E-S ECC 100  54.7 6.1  7.5 3.8  3.2  0.38  421.4 
M− S Mortar 86  60.2 –-  –-  3.2  0.38  236.6 

Note: f ’
c = compressive strength; fty = nominal tensile yield strength of ECC; ftu = tensile strength of ECC; εtu = ultimate tensile strain; ρl = tensile reinforcement ratio; 

ρt = shear reinforcement ratio; a/d = shear span to effective depth ratio; Vu = shear carrying capacity.  
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Engineering Structures 261 (2022) 114282

6

for R/ECC beams, such strain measuring system is adopted in this work. 
The stirrup legs with diameter of 12 mm were cut into two halves 

longitudinally, and a cavity of 6 mm in width and 1.5 mm in depth was 
made at the center of each half-bar, as shown in Fig. 3(a). A set of strain 
gauges with length of 5 mm and spacing of 70 mm were attached in the 
cavity. The position of strain gauges for each stirrup leg is illustrated in 
Fig. 3(c). Since the heat of welding can cause the damage of strain 
gauges, two half-bars were connected by high strength epoxy resin 
instead of being welded together. The cavity was then filled with silicon 
sealant to prevent that water penetrates during casting of concrete or 
ECC. After that, two stirrup legs were assembled by a U-shaped steel bar 
with two connecting rings and a set of nuts, as shown in Fig. 3(b). With 
such strain gauging scheme, the shear strength components can be 
determined by following equation: 

Fig. 7. Stress–strain relationship for: (a) ECC under uniaxial compression; (b) ECC under uniaxial tension; (c) steel rebars under uniaxial tension.  

Fig. 8. Shear force–deflection curve for all beam specimens.  

Fig. 9. Crack pattern at ultimate failure for beam specimens.  

D. Gu et al.                                                                                                                                                                                                                                       
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Vu = Vc +Vs = Vc +
∑n

1
Vsi (1) 

where Vsi is the force of i th stirrup leg and n represents the total 
number of transverse rebars crossing the critical shear crack. It should be 
noted that the Gauge 1 in Fig. 3(c) is installed in the region with screw 
threads outside. Therefore, when calculating the tensile force of stirrup 
leg at this position, the reduced nominal diameter of 10.4 mm should be 
used instead of 12 mm. 

To measure the strain distribution along the full length of longitu-
dinal reinforcement, strain gauges were also attached to these rebars. 
Steel rebars with diameter of 22 mm were used as top and bottom 
reinforcement, and a cavity of 8 mm in width and 4 mm in depth was 
made on their surface, as shown in Fig. 4(a). Strain gauges with length of 
5 mm were attached in the cavity, which was also filled with silicon 
sealant, as shown in Fig. 4(b). As mentioned before, only half-span of the 
beam was equipped with such strain gauging system, and the other span 
was reinforced with dense stirrups to prevent shear failure. To enhance 

the anchorage of longitudinal rebars, steel plates with prefabricated- 
holes and a set of nuts were used to fix and anchor the rebar ends, as 
shown in Fig. 5. It should be mentioned that, since cavities were made 
inside stirrup legs and on the surface of longitudinal reinforcement, the 
actual cross-sectional area 95.10 mm2 (stirrup leg) and 348.13 mm2 

(longitudinal reinforcement) should be used in the calculation of tensile 
reinforcement ratio, shear reinforcement ratio and yield strength. 

2.3. Material preparation 

The mixture composition of concrete, ECC and mortar used in this 
study is listed in Table 1. The maximum size of coarse aggregate for 
concrete is limited to 20 mm. For ECC, the short Polyvinyl Alcohol (PVA) 
fiber with length of 12 mm and diameter of 40 μm developed by Kuraray 
Co., Ltd. (type RECS15) is used for reinforcing the matrix. The tensile 
strength, Young’s modulus and strain capacity of the PVA fiber is re-
ported as 1560 MPa, 41 GPa and 6.5%, respectively, by the producer. To 
enhance the ductility and robustness of ECC, 20% of the fly ash is 

Fig. 10. Principal strain distribution in RC, R/ECC and R/mortar beams at different average shear stress.  

Fig 11. Cracking patterns at selected load levels for C-N.  Fig. 12. Cracking patterns at selected load levels for E-N.  

D. Gu et al.                                                                                                                                                                                                                                       
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replaced by light-weight cenosphere, which can help to lower the matrix 
toughness and homogenize its pore distribution [56]. The mortar used in 
this study has the same mix composition as ECC except the addition of 
PVA fibers. 

Deformed steel bars with diameters of 12 mm and 22 mm were used 
as stirrups and longitudinal reinforcement respectively, with the 
yielding strength of 440 MPa and 635 MPa. 

2.4. Test setup 

Four-point bending test was adopted for all beam specimens, using a 
3000 kN electro-hydraulic servo testing machine. The load was 

monotonically applied with a displacement control at a rate of 0.4 mm/ 
minute. To keep the reaction at two supports equal to each other, a steel 
distributive beam was equipped between the loading cell and specimen 
with load applied at its mid-span. Three linear variable displacement 
transducers (LVDTs) were employed to monitor the mid-span deflection 
and settlement of two supports. Another two LVDTs are employed along 
the cross section of mid-span to detect its rotation during loading which 
would be induced by the asymmetry configuration of reinforcement, as 
illustrated in Fig. 6. A data logger was used to record the displacement 
and strain data from LVDTs and strain gauges with a frequency of 2 Hz. 
The three-dimensional Digital Image Correlation (3D-DIC) system 
PMLAB developed by Shao and He et al. [57–60] was utilized to detect 

Fig. 13. Cracking patterns at selected load levels for E-S: (a) full-field strain map; (b) shear-slipping behaviour of ECC at peak load.  

Fig. 14. Strain distribution along longitudinal rebars for concrete beam C-N: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  

D. Gu et al.                                                                                                                                                                                                                                       
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Fig. 15. Strain distribution along longitudinal rebars for mortar beam M− N: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  

Fig. 16. Strain distribution along longitudinal rebars for ECC beam E-N: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  

D. Gu et al.                                                                                                                                                                                                                                       
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Fig. 17. Strain distribution along longitudinal rebars for concrete beam C-S: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  

Fig. 18. Strain distribution along longitudinal rebars for concrete beam M− S: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  
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full-field deformation of beam surface. 

3. Experimental results and discussion 

3.1. Material tests 

For each beam, at least six cylinders with diameter of 100 mm and 
height of 200 mm were prepared and tested under uniaxial compression 
at the same testing day. Besides, for each R/ECC beam, dumbbell-shaped 
specimens with a representative cross section of 15 mm × 30 mm were 
prepared for uniaxial tensile tests, following the standard test method 
provided by JC/T 2461–2018 and JSCE-08 [44,61]. Several cylinders 
were selected to measure the compressive stress–strain relationship for 

different matrices. The material test results, along with the shear ca-
pacity of the beams, are summarized in Table 2. Under uniaxial 
compression, the elastic modulus for concrete, ECC and mortar was 
tested to be 33.2 GPa, 21.5 GPa and 22.4 GPa, respectively and the 
corresponding Poisson’s ratio was 0.20, 0.21, 0.23, respectively. The 
nominal tensile yield strength fty and ultimate tensile strength ftu for ECC 
are also determined by tests and listed in Table 2 following their defi-
nitions in JSCE 08 [44]. Fig. 7a, 7b and 7c shows the stress–strain 
relationship under uniaxial compression and tension of selected ECC 
specimens and steel rebars. 

3.2. Failure mode and shear force–deflection curves of beams 

The shear force to deflection curves of beam specimens are exhibited 
in Fig. 8, and the post-peak crack patterns (0.8Vu after the peak load) are 
shown in Fig. 9. Typical shear-compression failure was observed in all 
specimens, during which diagonal cracks formed in shear span and 
propagated to the support and loading plate, with load increasing. The 
peak load was achieved due to the crushing of matrix in the shear 
compression zone near loading plates. 

Due to the absence of coarse aggregates, ECC and mortar would have 
a reduced elastic modulus and higher shrinkage compared to concrete, 
therefore obvious lower stiffness in reinforced ECC and mortar beams 
could be found at their initial loading stage, as shown in Fig. 8. However, 
this situation changed when first shear crack formed in concrete beam C- 
N at load of 125 kN. Significant decline of stiffness for the concrete beam 
occurred with rapid increase of deformation, but the counterpart ECC 
beam E-N could steadily sustain the shear force without sudden drop of 
member stiffness. When comparing the ECC and mortar beams, although 
they had similar elastic modulus, the R/ECC specimen exhibited an 
enhanced stiffness in the beginning, which highlights that the addition 
of PVA fibers in ECC could effectively mitigate the effect of shrinkage 
cracks on the stiffness of members. Comparing beams with and without 
stirrups, it was observed that the configuration of transverse 

Fig. 19. Strain distribution along longitudinal rebars for concrete beam E-S: (a) outer row of tensile rebars; (b) inner row of tensile rebars; (c) compressive rebars.  

Fig. 20. Designation for stirrup legs and strain gauges (SGs) at 
different positions. 
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reinforcement would not influence their initial stiffness since the 
deformation mainly resulted from flexure at the onset of loading. 
However, after the development of shear crack, an enhanced post- 
cracking stiffness could be achieved by shear crack-restriction from 
these shear reinforcements. 

3.3. Crack propagation and ultimate shear strength 

With 3D-DIC system, the full-field strain spectrum could be illus-
trated, as shown in Fig. 10. The crack position can be linked with the 
region where high principle strains were identified. The average shear 
stress v = V

bd is adopted when discussing the cracking behaviour at 
different load stage, where V is the shear force and b, d is the width and 
effective depth of the beam respectively. 

3.3.1. Beam specimens without stirrups (C-N, M− N and E-N) 
For beams without stirrups, flexural cracks were first found in pure 

bending region since it experiences the maximum bending moment. 
Different from ECC and mortar, the concrete beam C-N experienced a 
sudden but small drop of load at a shear stress v of approximately 
1.9 MPa. The crack patterns of C-N at the critical locations over load- 

deformation response are shown in Fig. 11. At point A (v = 1.7 MPa), 
the extreme left flexural cracks changed its vertical orientation and 
started to rotate towards the loading plate, which could be named 
flexure-shear crack. When reaching point B (v = 1.9 MPa), the flexure- 
shear crack widened. After that, there was a load drop at point C with 
a crack clearly extending to both loading and supporting plates. With 
further increasing deflection, the stresses redistributed and new equi-
librium of internal force was established. After point C (v = 1.8 MPa), 
the load did not decrease further and a secondary load-carrying stage 
followed, during which the load increased but stiffness reduced signif-
icantly. From point C (v = 1.8 MPa) to point E (v = 2.0 MPa), a splitting 
crack quickly formed along the longitudinal rebars, indicating the loss of 
rebar bonding and dowel action, and activating the arch action [62]. 
Finally, the RC beam without stirrup reached its ultimate shear carrying 
capacity due to crushing of concrete close to the loading plate, with a 
maximum average shear stress v = 2.6 MPa. 

For the mortar beam M− N, the first shear crack was found at the 
shear stress v = 0.7 MPa, which was earlier than in RC beam. This crack 
propagated rapidly to the load and support points with very little load 
increase. Unlike with concrete beam where only one critical shear crack 
formed, more shear cracks were generated in the mortar beam before 

Fig. 21. Shear force versus strain in each stirrup leg for the concrete beam C-S (damaged strain gauges are not presented).  
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reaching its shear carrying capacity (Fig. 10). At the shear stress v =

2.3 MPa, due to the narrow shear compression zone, the mortar beam 
could not sustain anymore the load increase. 

For the ECC specimen E-N, the first shear crack initiated from the 
mid-height of the beam section at around v = 1.5 MPa. Unlike sudden 
crack appearance and localization in RC beam, the shear crack in ECC 
exhibited more steady development. Until v = 3.5 MPa (Point A, 
Fig. 12), the localization of major shear crack in ECC was firstly 
observed. When shear stress reached around v = 3.6 MPa, a small load 
drop was observed, corresponding to the moment between point A and 
point B as illustrated in Fig. 12. As shown by the selected crack pattern, 
such fluctuation of load resulted from a sudden widening of the critical 
shear crack, probably accompanied with local fiber pull-out and/or 
rupturing. With further increase in load, the shear crack gradually and 
stably extended towards the loading and supporting plates. When the 
shear stress increased to v = 4.1 MPa, an obvious drop of load was found 
(corresponding to point C to D in Fig. 12), during which the shear 
resistance from fiber bridging across the critical shear crack was almost 
lost. Beyond point D, the beam sustained again the increasing shear 
force. This indicates that other shear transfer mechanism, like dowel 
action of tensile rebar and shear resistance from intact ECC matrix in 
compression zone, could still resist the further increase of load. The 
ultimate shear stress v = 4.4 MPa was reached along with compressive 

failure of ECC underneath the loading plate, which was 1.7 and 1.9 times 
higher than that of concrete and mortar reference beams. 

3.3.2. Beam specimens with stirrups (C-S, M− S and E-S) 
When reinforced with stirrups, all three beam specimens exhibited 

remarkably increased shear strengths and denser crack pattern. For the 
concrete beam with stirrups C-S, the first shear crack appeared at v =

1.8 MPa, which was almost the same as that of C-N. However, unlike in 
C-N beam, C-S beam, did not experience any drop of load when initial 
shear crack happened. Stirrups could be activated immediately to un-
dertake the increasing load upon the formation of shear cracks. Instead 
of only one major shear crack, more shear cracks formed during load 
increase. Besides, no obvious splitting crack was found along longitu-
dinal tensile reinforcement, signifying an enhanced dowel action due to 
effective crack restriction from transverse reinforcement. When the 
shear stress reached v = 5.4 MPa, the beam could not sustain further 
increase of load due to the crushing of concrete in compression, 
achieving nearly twice as high shear strength compared to the specimen 
without stirrups. For the mortar beam M− S with stirrups, more satu-
rated crack pattern was observed compared with the concrete ones. 
However, although reinforced with same number of stirrups, the ulti-
mate shear strength of mortar beam was only 67% that of concrete. This 
might be attributed to the absence of aggregate interlock in mortar 

Fig. 22. Shear force versus strain in each stirrup leg for the ECC beam E-S (damaged strain gauges are not presented).  
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beams. 
For the ECC beam with stirrups E-S, the shear crack was first 

observed at shear stress v = 1.2 MPa, which was a bit earlier than the 
concrete ones. Compared with E-N, more diagonal cracks could be found 
during the loading process. Similarly as observed in C-S, the localization 
of critical shear crack was also postponed compared to E-N. As Fig. 13(a) 
shows, until the first peak load was reached (point B, v = 6.4 MPa), no 
visible major crack was observed. From point B to point C, a small drop 
of load happened due to the sudden widening and localization of one 
shear crack. After that, a new equilibrium of internal force was estab-
lished and the shear stress could increase again to v = 6.3 MPa (point D). 
At this moment, the major shear crack suddenly widened, probably 
accompanied with fiber pull-out and/or rupture, resulting in a rapid 
drop of load from point D to point E. The crack extended to the loading 
and supporting points, causing a reduced height of shear-compression 
zone. At the same time, the shear-slipping happened in ECC matrix 
underneath the loading plate, as shown in Fig. 13(b). The ECC 
compression zone could not undertake the increasing load any more, 
which led to the ultimate failure of the beam. Compared with the 
reference mortar beam M− S, the shear carrying capacity was about 80% 
higher due to addition of PVA fibers. However, the shear strength gap 
between ECC and concrete beam was narrowed when reinforcing with 
certain number of stirrups. It showed that only 17% increase of shear 
strength was obtained when substituting concrete with ECC, revealing 
an altered shear transfer mechanism and contribution of different 
components when stirrups were incorporated. 

3.4. Strain in longitudinal reinforcement 

The strain distribution along longitudinal reinforcement for all 
beams under selected load levels is illustrated from Figs. 14-19. For each 

strain gauging position, the strains of three rebars at the same level are 
averaged and shown. The relative position of rebars and strain gauges 
can be found in Fig. 4 and Fig. 9. It should be noted that the strain gauges 
9 and 10 were installed within the pure bending region of constant 
moment, which should exhibit the same strain value before cracking. 

For beams without stirrups, due to a higher load carrying capacity, 
the longitudinal rebars of ECC specimen E-N exhibited higher strain than 
C-N and M− N at peak loading level. Just before cracking, the strain 
distribution in longitudinal reinforcement was approximately equal in 
the constant moment region and linear in the constant shear stress re-
gion, which was consistent with the moment diagram. However, when 
the critical shear crack formed, a strain concentration was found for all 
beams in tensile rebars at the location where the shear crack crossed the 
rebar. When referring to tensile rebars at inner layer, it is interesting to 
find a sharp increase of tensile strain near the support, as shown in 
Fig. 14(b), Fig. 15(b) and Fig. 16(b). It is known as tension-shifting effect 
due to the sudden reduced tensile stress along the inclined shear 
cracking surface [63]. Besides, due to the formation of splitting crack 
and rebar debonding, the strains of tensile rebars at the support were 
non-zero, which justified a demand of effective anchoring to prevent 
premature anchorage failure under shear. Furthermore, it also revealed 
the degradation of beam action and the formation of strut-and-tie [62]. 
For longitudinal compressive rebars, around the peak load, some strain 
gauges exhibited positive values which meant tensile stress was detec-
ted. This tensile stress was induced by the buckling of top rebars, which 
caused bending of rebar and tension to be found on one side of the rebar 
section. However, such buckling was significantly postponed in the ECC 
beam E-N and could be observed only in the last loading step. This could 
be possibly attributed to the better confinement effect of fiber reinforced 
matrix compared with concrete and mortar. 

When reinforcing with stirrups, the tension-shifting effect was 

Fig. 23. Strain distribution along stirrups for concrete beam C-S: (a) stirrup near support; (b) stirrup in the middle of shear span; (c) stirrup near loading plate.  
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delayed for all three beams. The configuration of stirrups could effec-
tively restrict the development of shear-splitting cracks along longitu-
dinal reinforcement, bringing significant enhancement of bonding 
between matrix and rebars [64]. Besides, the tensile strain was not 
observed in top compressive rebars since closed stirrups could also 
restrict them from bulking. For the E-S beam, yielding of tensile rebar 
occurred at peak load, as shown in Fig. 19(a) (the strains along constant 
moment region were lost due to data logger error). However, and the 
shear failure is still critical due to shear crack localization and shear- 
slipping of ECC matrix underneath the loading plate prior to flexure, 
as depicted in Fig. 13. By incorporating the analytical method for 
evaluating flexure behavior of R/ECC beam proposed by [65], the 
flexure carrying capacity of E-S is calculated to be around 1050 kN, with 
a corresponding shear force of 525 kN. Compared to the ultimate shear 
force of 421.4 kN, the beam E-S was still far from its flexural strength 
when ultimate failure happened, which proved again that its ultimate 
strength is controlled by shear. 

3.5. Strain in transverse reinforcement 

Fig. 20 illustrates the distribution of stirrup legs and their strain 
gauges (SG) in the beams. Fig. 21 and Fig. 22 depict the shear force 
versus strain in each stirrup leg for concrete and ECC beams with 
stirrups. 

For the concrete beam, before the shear crack occurred, quite limited 
strain could be observed in stirrup legs (Fig. 21). During this stage, 
almost all the shear force was resisted by the concrete part Vc. Upon the 
shear crack forming at 120 kN, the transverse rebars were activated, 
indicating an increased contribution of shear resistance by Vs. After that, 
most of the stirrup strain increased at a certain rate until the yielding. As 
illustrated in Fig. 21(b), when the shear force reached around 220 kN, 

the yielding of SG7 in stirrup 2 occurred. After this moment, the strain of 
SG7 increased at a higher rate but the strain growth at other position was 
slowed down, which revealed the widening and localization of the 
critical shear crack. After the peak load, most of the stirrup strain 
stopped increasing due to reduced external load. However, the strain 
gauges where the critical shear crack intersected exhibited rapidly 
increasing tensile strain despite the dropping load, which meant a 
continuous growth of crack width and constant shear resistance from Vs 
with the increasing deformation. It was also observed that the stirrup 
strain in front and back legs would not be the same during loading due to 
the three-dimensional nature of cracking surface. Therefore, assuming a 
fixed shear cracking path for attaching strain gauges before experiments 
would lead to inaccurate and unreliable estimation of Vs. 

Different from brittle fracture in concrete, the shear cracks generated 
and propagated quite mildly in the ECC specimen E-S, which could also 
be evaluated by the strain development in stirrups. Before the first shear 
crack observed at about 80 kN, very small tensile strain in stirrup legs 
could be detected, as shown in Fig. 22. However, unlike an obvious 
turning point in concrete and mortar after shear cracking, the stirrup 
strain increased gradually at an accelerated rate. The stirrups in concrete 
and mortar firstly yielded at a shear force of 190 kN and 170 kN, 
however, the yielding of stirrups in ECC was retarded a lot to 350 kN due 
to synergistic deformation between ECC and steel rebars. The stirrup 
strain in ECC kept increasing in a stable manner until the shear force 
reached around 95% the maximum shear carrying capacity, at which 
moment the shear crack localized with fiber pulling out and rupturing. 
After that, the stirrup strain grew rapidly with very little increase in the 
load, which marked the failure of beam. 

The strain distribution along stirrups under selected loading levels 
for all three beams is shown from Fig. 23 to Fig. 25, and the average 
strain of two stirrup legs in front and back is plotted. No matter for 

Fig. 24. Strain distribution along stirrups for mortar beam M− S: (a) stirrup near support; (b) stirrup in the middle of shear span; (c) stirrup near loading plate.  
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concrete, mortar or ECC, the strains along stirrup legs in all beams were 
not uniform because of the bond between stirrups and matrix. When 
comparing stirrup strain distribution in Figs. 23-25 with the crack pat-
terns in Fig. 10, it was found that the peak strain of stirrups happened 
where the shear crack was crossed. Since the diagonal shear crack would 
cross the stirrup legs at any height, the maximum strain along stirrups 
was not always at the mid-height of beam, so measuring the strain at 
mid-height of stirrups could not give their true shear resisting contri-
bution. For the mortar beam M− S, it could be observed that the stirrups 
were activated earlier than other two beams. Owing to the superior 
deformation capacity and crack control of ECC material, stirrups in E-S 
exhibited lower strain distributions at peak load compared with the 
concrete reference beam. When the peak load was reached, the critical 
shear crack formed and crossed the stirrup row 1, stirrup row 2 and 
stirrup row 3 at SG9, SG5 and SG1 separately in the ECC beam E-S, as 
shown in Fig. 26. When referring to the stirrup strain exhibited in Fig. 25 
(c), the strain gauge SG9 in stirrup row 1 detected a strain of only 1285 

με, which was far from yielding (2200 με). It indicated that not all the 
stirrups crossed by critical shear crack would yield at the onset of shear 
strength, and calculating Vs with yielding strength for all stirrups 
intersecting the critical shear crack would lead to unsafe prediction of 
shear strengths. 

3.6. Variation in Vs and Vc 

With stirrup strain obtained from the strain measuring system, Vs and 
Vc can be calculated. In the following evaluation, the critical shear crack 
with maximum crack width at peak load would be analyzed, and the 
stirrup strain gauges intersected by the critical shear crack were selected 
for calculating Vs, as marked in Fig. 9. With the measured strains and 
stress–strain relationship obtained from rebar tensile tests in Fig. 7(c), 
the transverse force for each stirrup along the critical shear crack could 
be calculated. Then, Vs can be determined by summing up all these 
transverse forces, and Vc can be derived by subtracting Vs from V 

Fig. 25. Strain distribution along stirrups for mortar beam E-S: (a) stirrup near support; (b) stirrup in the middle of shear span; (c) stirrup near loading plate.  

Fig. 26. Crack pattern for the ECC beam E-S: (a) at peak load; (b) at 0.8Vu after peak load.  
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following Eq. (1). The variations in Vs and Vc against deflection for the 
beam C-S, M− S and E-S are illustrated in Fig. 27. 

For the concrete beam C-S, almost all shear force was resisted by 
concrete Vc until the first shear crack formed. After that, the stirrups 
were fully activated and a quick increase of Vs was observed then. 
Meanwhile, a continuous drop of Vc was observed with crack widening 
and propagating, until stirrups started to yield at the deflection of 4.5 
mm. Afterwards, the internal redistribution of stress occurred in con-
crete and a new equilibrium was achieved, resulting in a secondary 
growth of Vc. When Vc reached around 133 kN, which was somewhat 
higher than the first shear cracking load, the beam could not take the 
increasing shear force anymore. The ultimate shear failure happened 
due to the crushing of concrete in shear compression zone, and stirrups 
contributed around 70% to total capacity. When referring to the mortar 
beam M− S, the stirrups were activated quite early at a shear force of 37 
kN due to premature formation of shear crack. After that, the Vc dropped 
rapidly and even to zero due to the absence of aggregate interlocking. 
The shear force was almost solely taken by the steel reinforcement. 
When the peak load was reached, the matrix contribution Vc only 
accounted for about 6.3% of the total shear force, revealing the poor 
damage tolerance of mortar without fiber reinforcement. 

As depicted in Fig. 27(c), the activation of Vs in ECC was not really 
linear with shear force, like that in concrete and mortar, which delayed 
yielding of the stirrup. Without any resistance drop like in concrete and 
mortar, the shear resistance of ECC matrix kept increasing until the ul-
timate shear strength was reached, and the final failure was attributed to 
the shear-compression failure of ECC matrix beneath the loading plate. 
As mentioned before, it was found that not all stirrups which intersected 
with shear crack yielded at peak load, which indicates that superposition 
of yielding force of stirrups that intersects with diagonal crack would 
overestimate the shear contribution from transverse reinforcement. 

Overall, the Vc of ECC beam E-S was about 1.9 times that of concrete 
beam C-S, but 16% reduction in Vs at peak load was found due to the 
incomplete yielding of stirrups crossing the critical shear crack. As a 
result, the total shear carrying capacity of the ECC beam E-S is only 13% 
higher than that of the concrete beam C-S. Nevertheless, until the peak 
load was reached, no obvious opening crack was found in the ECC beam, 
which revealed significantly smaller crack width than that of concrete 
and mortar under the same load level. The future research will focus on 
more detailed analysis of crack width kinetics based on DIC. 

4. Conclusion 

To individually evaluate the shear transfer mechanism and contri-
bution from transverse reinforcement Vs and matrix Vc in reinforced 
structural beams, a well-designed experimental methodology is adopted 
in this work. Stirrup legs are cut into two halves and strain gauges are 
continuously installed inside, by which the continuous distribution of 
strain can be detected without disturbing the bonding between rebar 
and matrix. Then the Vs can be determined by the stirrup strain where 
shear crack crossed, and Vc can be calculated by subtracting Vs from the 
total shear force. A total of six reinforced beams incorporating different 
matrix (traditional concrete, mortar and ECC) were tested under four- 
point bending, and following conclusions can be drawn:  

• The strain gauging system in this work was proved to be effective, 
and it could identify the development and variation of Vc and Vs 
throughout the whole loading process.  

• Shear compression failure was found for all tested beam specimens 
with crushing of matrix in compression zone. Unlike sudden and 
rapid shear crack propagation in reinforced concrete and mortar 

(a)  Concrete  (b)  Mortar 

(c)  ECC 

Fig. 27. Variation in Vs and Vc against deflection for the beam: (a) C-S; (b) M− S; (c) E-S.  
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beams, steady and multi-cracking behavior was observed in ECC 
beams.  

• For all samples, R/ECC, RC or R/mortar, Vc was found not constant 
after first shear cracking. For the RC beam, the Vc experienced a 
significant degradation after the shear crack appeared. When the 
stirrups started yielding, Vc increased again to around the initial 
cracking value. However, for the R/ECC beam, Vc kept increasing 
after shear crack happened until the ultimate shear failure, exhibit-
ing 90% increase when compared with the RC ones. When removing 
addition of fibers, Vc in the R/mortar beam was almost lost after the 
formation of shear crack, although mortar had a similar compressive 
strength as concrete and ECC. This signifies the aggregate interlock 
contribution in shear resistance.  

• The maximum strain along stirrups was found to be coincident with 
the location where critical shear crack crossed. The strain in front 
and back legs of stirrup was observed to be different due to 3D nature 
of shear cracking surface. Besides, stirrups crossed by shear crack did 
not always yield when ultimate shear strength was reached. There-
fore, assuming yielding for all the stirrups along shear cracking path 
would lead to overestimation on Vs.  

• Significant tension-shifting effect along longitudinal reinforcement 
was found for all the beams without stirrups after the formation of 
shear cracks. The non-zero strain in tensile rebars at supporting 
points revealed the demand of effective anchorage. Besides, config-
uration of transverse reinforcement could restrict the compressive 
rebars from buckling.  

• The shear strength of R/ECC without stirrups was found to be 170% 
that of the reference concrete beam. However, when reinforced with 
stirrups (ρt = 0.38%), the shear strength of R/ECC beam was found 
only 13% higher than that of concrete ones, which resulted from 
incomplete yielding of stirrups at ultimate shear failure. It revealed 
that strengthening the shear strength for structural members by 
substituting concrete with ECC would not be an economic and effi-
cient way if the beams are reinforced with stirrups. However, for 
those structural members which could not be configured with 
transverse reinforcement like slabs, R/ECC would be a good alter-
native for enhancing their shear carrying capacity. 
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