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A B S T R A C T

Engineered cementitious composite (ECC) has been effectively applied in shear-critical structures due to its high 
ductility under tension and fiber bridging effect to resist crack opening and sliding. This study employed a novel 
monitoring system incorporating distributed strain gauges to investigate the shear resistance mechanism in 
reinforced ECC beams. The system enabled the measurement of full-length strain distribution along the stirrups 
and longitudinal reinforcement. By capturing stirrup strains precisely along the critical shear cracking path, the 
shear contributions from transverse reinforcement (Vs) and ECC matrix (Vc) could be accurately quantified. A 
total of 20 reinforced ECC beams were tested under shear, and the role of governing parameters (e.g., shear span- 
to-depth ratio, stirrup and longitudinal reinforcement ratio) was analysed. Based on the observed shear failure 
mechanism, a modified truss-strut model and a simplified equation for predicting shear strength are proposed for 
the shear design of reinforced ECC beams.

1. Introduction

Concrete has been the most widely used construction material in civil 
engineering due to its excellent compressive strength, durability, ease of 
production, and the widespread availability of its ingredients. However, 
its inherent brittleness and limited energy dissipation capacity can lead 
to significant damage or even structural collapse during earthquakes, 
resulting in the loss of property and lives [1]. To improve the ductility of 
concrete, a type of engineered cementitious composites (ECC) was 
developed [2]. By incorporating a high volume percentage (typically 
1–2 %) of synthetic fibers and tailored fiber-matrix interface, ECC ex
hibits strain-hardening behavior under tension, characterized by the 
formation of multiple fine cracks, as illustrated in Fig. 1 [3,4]. Its ulti
mate tensile strain varies between 3 % and 12 %, which is 300–1200 
times higher than that of traditional concrete [5]. Consequently, ECC 
exhibits ductile deformation similar to steel rather than brittle fracture 
during four-point bending, as demonstrated in Fig. 2, earning it the 
nickname “bendable concrete”. Substituting brittle concrete with ECC in 
key structural elements can significantly enhance the seismic perfor
mance of structure by increasing energy dissipation capacity [6–9], 
reducing story drifting [10] and/or preventing collapse [11].

Due to its high tensile ductility, ECC also exhibits outstanding shear 
resistance. Its shear strength can be up to twice that of conventional 
concrete, with unique ductile deformation characteristics [12]. In recent 
years, extensive experimental and analytical work has been conducted 
to understand the shear-resisting mechanism in ECC material, including 
the impressive shear test of Iosipescu beam by van Zijl [13], shear 
transfer under combined crack opening and sliding by Kanakubo et al. 
[14] and Wu et al. [15], and so on. Given its excellent shear resistance, 
ECC has been utilized in various shear-critical elements, such as 
coupling beams in high-rise structures to enhance seismic performance 
[16], beam-column joints [17,18], shear walls [19,20], shear strength
ening of existing structures [21,22], etc. Reinforced ECC (R/ECC) ele
ments and structures have demonstrated high shear strength, superior 
ductility, and effective energy dissipation [23–29].

Several shear strength prediction models for R/ECC members have 
been proposed, which can be categorized into two main types: (i) 
mechanics-based models, such as the truss-strut model [14,25,30,31]
and modified compression-field theory [32], and (ii) empirical models 
[28,29]. Both types decompose the total shear resistance (Vu) into two 
components: the shear contribution from the ECC matrix (Vc), and the 
shear contribution from the stirrups (Vs), as illustrated in Fig. 3 and 
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expressed by Eq. (1). Accurate quantification of Vc and Vs during shear 
tests is critical for developing and validating reliable shear design 
models for R/ECC members. Nevertheless, direct measurement of Vc 
poses significant challenges due to the complex interplay of mechanisms 
such as fiber bridging across shear cracks, the contribution of ECC in the 
shear-compression zone, and the dowel action of longitudinal rein
forcement. A practical alternative is to measure Vs, with Vc determined 
by subtracting Vs from Vu. The stirrups’ contribution to shear resistance 
(Vs) can be expressed as 

∑n
1 Vsi, where Vsi is the tensile force in the i-th 

stirrup leg intersecting the critical shear crack, and n is the number of 

intersected stirrup legs. Therefore, accurately capturing stirrup strains 
along the critical shear cracking path is vital for determining Vs. 

Vu = Vc + Vs = Vc +
∑n

1
Vsi (1) 

Traditional methods often measure stirrup strain by attaching strain 
gauges at the stirrup’s mid-height [25,26,33,34], as shown in Fig. 4(a). 
However, due to the bond between the stirrups and ECC, stirrup strain 
distribution can vary along the height of the beam. Consequently, 
mid-height measurements may not reflect the actual strain at the critical 
crack intersection. Alternatively, strain gauges can be attached along an 
assumed shear crack path [35,36], as illustrated in Fig. 4(b). Yet, due to 
the heterogeneity of ECC, accurately predicting the crack path before 
testing remains a challenge.

To address these limitations, a distributed strain gauging approach 
along the reinforcement is ideal, as depicted in Fig. 4(c) [37,39–41]. A 
promising approach involves dividing the stirrup into two halves to 
create internal cavities and attaching strain gauges continuously along 
the stirrup legs, a method demonstrated to be effective in a pilot 
experimental work [24]. As a follow-up to the work by Gu et al. [24], a 
total of 20 R/ECC beams were tested under shear to further evaluate the 
effects of shear span-to-depth ratio, stirrup ratio, and longitudinal 
reinforcement ratio on the shear strength components Vc and Vs. The 
existing shear strength prediction models for R/ECC were then system
atically evaluated, and modifications to the mechanics-based truss-strut 
(or arch) model were proposed to establish a more accurate shear design 
methodology.

2. Experimental program

2.1. Beam design

A total of 20 R/ECC beams were fabricated for the shear test. The 
investigated parameters include stirrup ratio (ρt), longitudinal tensile 
reinforcement ratio (ρl) and shear span-to-effective depth ratio (a/d), as 
listed in Table 1. The geometric and reinforcement details of three 
typical beams with different shear span-to-effective depth ratios 
(a/d=2.0, 2.5, 3.0) are shown in Fig. 5. All beams had an ECC cover 
thickness of 20 mm. The distributed strain gauging scheme along rein
forcement was employed only within the left span of each beam, while 
the right span was configured with closely spaced stirrups to prevent 
shear failure.

2.2. Distributed strain gauging system along reinforcement

A distributed strain gauging system was utilized to accurately mea
sure the contribution of stirrups to the shear resistance of the beams. 
Strain gauges were embedded within the stirrup legs, allowing precise 
measurement of stirrup strain at the critical shear crack without dis
rupting the bond between the stirrups and the matrix. Steel reinforce
ment of grade HRB400 with a diameter of 12 mm was used to fabricate 
the stirrups through the following steps: (1) Screw threads were created 
at both ends of the straight rebars; (2) The rebars were then cut into two 
halves, and cavities with a depth of 1.5 mm and a width of 6 mm were 
machined into each half using Computer Numerical Control (CNC) 
techniques; (3) Five strain gauges were mounted inside each cavity 
along each half bar, resulting in a total of 10 strain gauges distributed 
along the length of each stirrup leg (Fig. 6(a)). Detailed layouts of the 
strain gauges are provided in Fig. 6(b); (4) The strain gauges were sealed 
with epoxy resin, and the cavities were filled with silicone sealant to 
prevent water infiltration during the ECC casting process; (5) The two 
half bars were re-joined using high-strength epoxy resin, with mechan
ical tightening rings fixed to enhance the bonding strength between the 
bars (Fig. 7(a)); (6) After 72 hours’ healing, the rings were removed, and 
the stirrup leg fabrication was done. To avoid damaging the strain 

Fig. 1. Schematic stress-strain relationship of ECC under uniaxial tension.

Fig. 2. Ductile deformation of ECC under four-point bending.

Fig. 3. Shear resistance components in R/ECC beams.
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gauges during welding, a prefabricated U-shaped bar with coupling 
rings, serving as connectors, was used (Fig. 7(b)). The two legs of the 
stirrup were then secured by the U-shaped connector, and a closed 
stirrup with distributed strain gauges embedded inside was done (Fig. 7
(c)).

For the longitudinal reinforcement, steel bars of grade HRB600 with 
a diameter of 22 mm were used, and a similar strain gauging system was 
installed on all longitudinal rebars. Initially, a cavity with a depth of 
4 mm and a width of 8 mm was machined on the side surface of the 
rebar, and ten strain gauges were installed inside this cavity, as shown in 
Fig. 8(a). To avoid disrupting the bond between the rebar and concrete, 
the cavity was placed in a rib-free section of the bar. Strain gauges were 
installed on half of the longitudinal reinforcement within the designed 
shear failure span. The layout and position of the strain gauges for 
different beams are shown in Fig. 8(b). Considering that the bending 
(dowel action) or buckling of longitudinal reinforcement can cause a 
strain gradient along the rebar section [40], the cavity with strain 
gauges was oriented towards the beam side to accurately measure the 
axial strain of the rebar, as illustrated in Fig. 9(a). The cavity was sealed 
with silicone sealant to protect the strain gauges, and steel plates with a 
thickness of 10 mm were used for anchoring longitudinal reinforcement, 
as shown in Fig. 9(b). After assembling the steel reinforcement cage, the 
ECC was cast from the side of the beam to facilitate vibration, as shown 
in Fig. 9(c).

2.3. Material preparation

The composition of ECC mixture is detailed in Table 2. The ECC 
incorporated short Polyvinyl Alcohol (PVA) fibers, specifically the 
RECS15 type developed by Kuraray Co., Ltd., with a length of 12 mm, a 
diameter of 40 μm, and a volume fraction of 2 %. According to the 
manufacturer, the tensile strength and Young’s modulus of the fibers are 
1560 MPa and 41 GPa, respectively. As ECC’s ductility can be enhanced 
by reducing the fracture toughness and cracking strength of its cemen
titious matrix, cenosphere, as a by-product of fly ash, was incorporated 
into the ECC matrix [42]. Fig. 10 presents the SEM micrograph of the 
cenosphere within ECC, while Fig. 11 displays the cumulative percent
age distribution of the raw material. For each beam, four standard 
dumbbell-shaped specimens were prepared to characterize the uniaxial 
tensile stress-strain behavior of ECC, following JC/T 2461–2018 [43]
and JSCE-08 [44], as shown in Fig. 12(a) and (b). In addition, six cyl
inders with a diameter of 100 mm and a height of 200 mm for each beam 
were prepared to test the compressive strength following ASTM C 39 
[45], and some of these specimens were selected to assess the uniaxial 
compressive stress-strain behavior of ECC, as shown in Fig. 12(c) and 
(d).

Fig. 4. Three schemes for measuring stirrup strains: (a) attaching strain gauges at the mid-height of the stirrup [25,26,28,34]; (b) attaching strain gauges along the 
predicted cracking path [35,36]; (c) attaching a set of strain gauges along the stirrup [24,37–39].

Table 1 
Summary of tested beam specimens.

Specimen ID a/d Stirrup Bottom reinforcement Top reinforcement ρl (%) ρt (%)

SN4 2.0 – 4D22 3D22 2.1 0.00
SN5 – 5D22 3D22 2.6 0.00
SN6 – 6D22 3D22 3.2 0.00
SS6–250 D12@250 6D22 3D22 3.2 0.38
SS6–150 D12@150 6D22 3D22 3.2 0.63
SS6–100 D12@100 6D22 3D22 3.2 0.95
MN4 2.5 – 4D22 3D22 2.1 0.00
MN5 – 5D22 3D22 2.6 0.00
MN6 – 6D22 3D22 3.2 0.00
MS4–250 D12@250 4D22 3D22 2.1 0.38
MS5–250 D12@250 5D22 3D22 2.6 0.38
MS6–250 D12@250 6D22 3D22 3.2 0.38
MS6–150 D12@150 6D22 3D22 3.2 0.63
MS6–100 D12@100 6D22 3D22 3.2 0.95
LN4 3.0 – 4D22 3D22 2.1 0.00
LN5 – 5D22 3D22 2.6 0.00
LN6 – 6D22 3D22 3.2 0.00
LS6–250 D12@250 6D22 3D22 3.2 0.38
LS6–150 D12@150 6D22 3D22 3.2 0.63
LS6–100 D12@100 6D22 3D22 3.2 0.95

Notes: ρl = bottom (tensile) reinforcement ratio; ρt = stirrup ratio; a/d = shear span-to-effective depth ratio. For the specimen ID, the first letter ‘S’, ‘M’ and ‘L’ 
represent the short, medium and long beams with a/d = 2.0, 2.5 and 3.0, respectively; the second letter ‘S’ and ‘N’ represent the beams with stirrups and with no 
stirrups respectively; the third number ‘6’, ‘5’and ‘4’ represent the number of bottom (tensile) reinforcements; the fourth number ‘250’, ‘150’ and ‘100’ represent the 
stirrup spacing distance (unit: mm).
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2.4. Test setup and measurement program

The beam specimens were subjected to four-point bending through 
an electro-hydraulic servo testing system, as shown in Fig. 13. Steel 
plates with a thickness of 10 mm were used as anchorage for the stirrups 
on the top of the beam. A three-dimensional digital image correlation 
(3D-DIC) system was employed to capture the full-field strain in the left 

shear span. To monitor potential rotation of the mid-span cross-section 
due to the asymmetric configuration of stirrups, two linear variable 
displacement transducers (LVDTs) were positioned horizontally along 
the cross-section. Additionally, three LVDTs were employed to detect 
beam deflection and settlement at the supports. Strains and displace
ments from the strain gauges and LVDTs were recorded using multiple 
data logging systems with an acquisition frequency of 2 Hz. The loading 

Fig. 5. Size and reinforcement details of selected beams: (a) SS6–150; (b) MS6–150; (c) LS6–150.

Fig. 6. Distributed strain gauges along the stirrup legs: (a) cutting the rebar into two halves, making cavities, and attaching strain gauges inside; (b) position of strain 
gauges relative to the beam dimensions.
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process was controlled by displacement at a rate of 0.4 mm/min.

3. Experimental results

3.1. Material tests

The reinforced ECC beams and the corresponding cylinders and 
dumbbell-shaped specimens, were tested at the same day. Table 3
summarizes the measured average compressive strength fʹc, average 
nominal yielding strength fty, tensile strength ftu and ultimate tensile 
strain εtu of ECC following their definition by JSCE-08 [44]. The results 
of all tests with respect to different testing ages are shown in Fig. 14.

As commonly observed for fiber reinforced materials, there is sig
nificant variability in both the tensile and compressive strengths of ECC 
(Fig. 14(a)), with particularly high variability in its strain capacity under 
tension (Fig. 14(b)). The mechanical behavior of ECC is notably time- 
dependent. With increased curing age, ECC generally exhibits higher 
compressive and first-cracking strengths but lower tensile strain ca
pacity, attributed to the ongoing hydration of the cementitious matrix 
[5,46]. Selected typical stress-strain relationships for uniaxial 
compression and tension are presented in Fig. 15. Although it is 
important to consider the substantial scatter in ECC material properties, 
a normalized shear strength factor will be introduced in a later section to 
eliminate the effect of material strength when evaluating the 
shear-carrying capacity of the beam.

The original, re-joined rebars (used as stirrup legs) and grooved re
bars (used as longitudinal reinforcement) were tested under uniaxial 
tension, and the stress-strain curves are plotted in Fig. 16. Comparison of 
the different types of rebars shows that the cutting or grooving process 
did not significantly affect their mechanical properties. The yielding 
strengths of the HRB400 rebar (used as stirrups) and the HRB600 rebar 
(used as longitudinal reinforcement) were measured to be 440 MPa and 
635 MPa, respectively.

3.2. Failure modes and shear force-deflection response

All the beam specimens failed in shear except MS6–100, LS6–150 
and LS6–100, which reached flexural capacity prior to shear failure, as 
shown in Fig. 17. Although the shear span-to-effective depth ratio varied 
from 2.0 to 3.0, the shear-compression failure tended to be the dominant 
failure mode in those beams failing in shear, i.e., the shear-carrying 
capacity was reached due to the crushing of ECC in shear-compression 
zone beneath the loading plate.

The shear force-deflection curves for all tested beams are plotted in 
Fig. 18(a) to (d), and a comparison is made between R/ECC and refer
ence R/C beams (specimen details can be found in [47]) as shown in 
Fig. 18(e). From the initial loading to the peak load, almost linear shear 
force-deflection behavior could be found in most beams without obvious 
stiffness degradation, although multiple cracking took place during the 
loading. This differs from the conventional R/C beam, in which the 

Fig. 7. Fabrication of closed stirrups: (a) recombination of the two half bars using tightening rings; (b) components of the closed stirrup; (c) assembly of the 
closed stirrup.

Fig. 8. Longitudinal reinforcement equipped with distributed strain gauges: (a) strain gauges and cavity on the rebar; (b) position of strain gauges relative to 
beam dimensions.
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Fig. 9. Beam fabrication: (a) detailed view of the steel reinforcement cage; (b) cavity filled with silicon sealant; (c) ECC casting.

Table 2 
Mixture proportions of ECC (kg/m3).

Cement (P.O 42.5) Fly ash (grade II) Cenosphere Silica fume Quartz powder Water PVA fiber Superplasticizer Hypromellose

426 647 162 43 256 332 26.8 1.6 0.5

Fig. 10. SEM micrographs of cenosphere incorporated in ECC. Fig. 11. Cumulative percentage distribution of ECC’s raw material.
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initial cracking can cause significant stiffness loss. For the beams 
SS6–100, MS4–250 and LN4, it is interesting to find a ductile yielding 
phase before the peak load, instead of a typical brittle shear failure. Such 
failure mode could happen when the longitudinal reinforcement yielded 
before reaching the beam’s ultimate shear strength, which was some
what lower than the ultimate flexural capacity of the beam. In other 
words, it was a special transitional failure mode between the flexure and 
shear (named as ‘flexure-shear failure’ in Table 3), when the longitu
dinal reinforcement yielded but the peak load was reached due to a lack 
of shear resistance.

3.3. Crack propagation

Using 3D-DIC, the full-field displacement of the beam could be ob
tained, and the principal strain of selected beams was further analysed 
and plotted in Fig. 19. Then, the cracks in ECC could be identified as the 
region with concentrated tensile strain [48,49]. Due to camera de
viations, some images exhibited unrealistically high strain values at the 
corners or edges of the beam (e.g., SN6, SS6–250 and LS6–150). 
Nevertheless, the propagation of shear cracks within specific areas could 
still be distinguished.

Fig. 12. Material test scheme: (a) specimen size of uniaxial tension test; (b) test setup of uniaxial tension test; (c) specimen size of uniaxial compression test; (d) test 
setup of uniaxial compression test.

Fig. 13. Four-point bending test setup of the beam.
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In consistency with the observation in ECC under direct tension, all 
tested R/ECC beams exhibited multi-shear cracking behavior. To exhibit 
the crack propagation at different loading levels, the nominal shear 
stress v (v = V/bd) is given besides the strain spectrum in Fig. 19. For all 

beams, one or more vertical flexural cracks appeared at the beam bottom 
near the mid-span when v reached 1.0 MPa. As v increased to 2.0 MPa, 
additional flexural cracks formed with some beginning to rotate toward 
the loading plate, indicating the initial formation of shear cracks. At v 

Table 3 
Summary of beams and test results.

Specimen a/d Testing age fʹc fty ftu εtu ρl ρt Vu vu Failure mode
(days) (MPa) (MPa) (MPa) (%) (%) (%) (kN) (MPa)

SN4 2.0 123 54.7 5.8 7.5 3.6 2.1 0.00 295.3 4.5 Shear
SN5 120 56.7 6.5 8.0 3.2 2.6 0.00 344.9 5.2 Shear
SN6 110 55.8 5.6 7.9 3.8 3.2 0.00 377.9 5.7 Shear
SS6–250 108 54.8 6.9 8.0 2.9 3.2 0.38 477.0 7.2 Shear
SS6–150 100 45.3 5.4 7.0 4.3 3.2 0.63 557.9 8.4 Shear
SS6–100 104 45.1 5.2 7.2 4.5 3.2 0.95 628.0 9.5 F-S
MN4 2.5 106 67.1 6.9 8.1 1.9 2.1 0.00 286.4 4.3 Shear
MN5 107 61.7 6.5 8.2 2.6 2.6 0.00 295.3 4.5 Shear
MN6 85 56.4 6.4 8.0 3.5 3.2 0.00 289.5 4.4 Shear
MS4–250 98 54.1 5.8 7.4 2.6 2.1 0.38 385.5 5.8 F-S
MS5–250 95 54.3 5.9 7.6 3.2 2.6 0.38 404.0 6.1 Shear
MS6–250 100 54.7 6.1 7.5 3.8 3.2 0.38 421.4 6.4 Shear
MS6–150 91 51.9 5.9 7.0 3.5 3.2 0.63 462.4 7.0 Shear
MS6–100 101 51.0 4.7 6.6 3.6 3.2 0.95 524.3 7.9 Flexure
LN4 3.0 127 73.9 7.2 8.0 1.5 2.1 0.00 302.4 4.6 F-S
LN5 125 58.4 6.2 7.7 3.1 2.6 0.00 261.4 3.9 Shear
LN6 113 59.1 6.4 7.6 2.8 3.2 0.00 302.0 4.6 Shear
LS6–250 112 57.0 5.3 7.4 3.1 3.2 0.38 365.7 5.5 Shear
LS6–150 101 44.8 5.2 6.5 4.2 3.2 0.63 421.9 6.4 Flexure
LS6–100 101 45.2 5.5 6.9 4.2 3.2 0.95 427.2 6.5 Flexure

Notes: a/d = shear span-to-effective depth ratio; fʹc = compressive strength; fty = nominal tensile yielding strength (first cracking strength); ftu = tensile strength; εtu =

ultimate tensile strain; ρl = bottom (tensile) reinforcement ratio; ρt = stirrup ratio; Vu = shear-carrying capacity; vu = nominal shear strength; F-S represents the 
flexure-shear failure.

Fig. 14. Material test results of ECC: (a) compressive strength and tensile strength with respect to testing ages; (b) first cracking strength and ultimate tensile strain 
with respect to compressive strength.

Fig. 15. Tested stress-strain curves of ECC under uniaxial: (a) compression; (b) tension (E45, E50, E55 and E60 represent material samples of different compressive 
strength, which correspond to the beam specimens LS6–150, MS6–100, SN6 and LN6 respectively).
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values of 3.0 and 4.0 MPa, plenty of diagonal shear cracks generated, 
and shear crack localization was observed in beams without stirrups (e. 
g., SN6, MN6, LN5). Before v reached 5.0 MPa, ultimate shear failure 
happened in the beam MN6 and LN5, whereas the other beams could 
still sustain the increasing load. In general, beams with higher stirrup 
ratio or lower shear span-to-depth ratio exhibited higher shear strength 
and steeper shear crack, as shown in Fig. 17 and Fig. 19. Differently, for 
the ‘L’-series beams with highest shear span-to-depth ratio, splitting 
crack formed along the bottom rebars near the peak load, indicating the 
failure of rebars’ dowel action. When reaching the peak load, localiza
tion of one or more shear cracks happened in all beams, although most 
cracks kept small width.

4. Discussion

4.1. Tension-shifting, anchoring, and buckling of longitudinal 
reinforcement

The longitudinal reinforcement’s strain distribution in selected 
beams is shown in Fig. 20 and Fig. 21, using the distributed strain 
gauging system detailed in Fig. 8. The reinforcement along the top layer 
(in compression), bottom inner layer (in tension) and bottom outer layer 
(in tension) is denoted by “LC”, “LT-Inner” and “LT-Outer” respectively, 
and the strain data shown in Fig. 20 and Fig. 21 are an average of three 
reinforcement at the same layer. Different curves correspond to varying 
loading levels, namely 20 %, 40 %, 60 %, 80 % and 100 % of the peak 
load.

At the initial loading stage (20 % of the peak load), the strain dis
tribution along the reinforcement closely followed the bending moment 
diagram of beam. However, as the load increased, strain concentration 
developed where shear cracks intersected the bottom reinforcement. 
This effect became more pronounced as the peak load approached, with 
concentrated strain values even surpassing those in regions of pure 
bending, as observed in Fig. 20(c), (e) and Fig. 21(c), (i). To interpret the 
underlying mechanism, Fig. 22 illustrates the force equilibrium of a free 
body after shear cracking. Once the critical shear crack forms, the shear 
force previously resisted by the uncracked section B-B’ redistributes to 
the shear-compression zone B’-C, significantly increasing the normal 
and shear stress there. Simultaneously, the tensile force in the bottom 
reinforcement Ft along section A-A’ increases abruptly, as it becomes 
governed by the higher bending moment of section B-B’, rather than A- 
A’ (assuming no shear transfer occurs along the critical shear crack). 
This phenomenon, known as tension-shifting effect [50], indicates that 
the classical Euler–Bernoulli beam theory’s assumption of ‘plane sec
tions remaining plane’ no longer applies [51]. The tension-shifting effect 
also led to increased anchoring force in the reinforcement; for instance, 
Fig. 20 shows high tensile strain at the support where the bending 
moment should theoretically be zero.

When configured with stirrups, the strain distribution along the 
longitudinal reinforcement became more uniform, and the anchoring 

force was reduced, as shown in Fig. 21. It gave evidence that the stirrup 
could effectively enhance the shear transfer along the diagonal crack, 
which helped mitigate the tension-shifting effect. Furthermore, the 
stirrup could provide additional confinement and enhance the bond 
between reinforcement and ECC, as indicated in [52,53]. Therefore, 
more shear stress could be transferred along the longitudinal rein
forcement and the anchoring force could be further reduced. However, 
still somewhat high reinforcement strain was found at the support for 
the beams SS6–250 and MS6–250 which had relatively short shear span 
but high load carrying capacity, as shown in Fig. 21(c) and (f). This 
highlights the importance of effective anchorage for longitudinal rein
forcement, especially in shear-critical R/ECC short beams. As for the 
longitudinal compressive reinforcement along the beam top, large ten
sile strains were detected near the peak load in some specimens (e.g., 
SN6 and MN6), as shown in Fig. 20(a) and (d), indicating buckling and 
bending of the top reinforcement. Such phenomenon was almost avoi
ded in beams with stirrups, as shown in Fig. 21(a), (d) and (g), when 
almost perfect confinement was provided.

4.2. Non-uniformly distributed strain along stirrups

The position of the stirrup leg which firstly yielded in selected beams 
(SS6–250, MS6–250, LS6–250 and MS6–150 with varying shear span-to- 
depth ratios or stirrup ratios) is illustrated in Fig. 23, while the strain 
development of these stirrup legs is shown in Fig. 24.

At the initial loading stage, minimal strain was detected until the 
formation of shear cracks. In beams with higher shear span-to-depth 
ratio, the stirrup strain was activated earlier and grew faster with the 
load increase, revealing more rapid shear crack propagation. As a result, 
the stirrup in more slender beams yielded earlier, as demonstrated in 
Fig. 24(a), (b) and (d). The strain at the mid-height of the stirrups (SG5 
and SG6) is emphasized in Fig. 24. Obviously, the initial yielding did not 
always take place at the stirrup’s mid-height.

The strain distribution along stirrups in four selected beams 
(SS6–250, MS6–250, MS6–150, and LS6–250) under various loading 
levels is shown in Fig. 25. The strain data presented represent the 
average of the front and back stirrup legs, with the stirrup positions (row 
numbers) for each beam illustrated in Fig. 17. At 80 % of the ultimate 
load (Vu), most stirrups had not yet yielded, indicating a synergistic 
deformation behavior between the steel reinforcement and the ECC 
matrix. At the peak load, the stirrup strain increased significantly due to 
yielding, and the critical shear crack almost simultaneously formed 
along which the fiber bridging failed. All stirrups exhibited non- 
uniformly distributed strain along the beam’s height, with strain con
centrations typically located where cracks intersected the stirrups. Be
sides, two or more strain peaks were observed along the stirrups, as one 
stirrup leg may intersect multiple diagonal cracks, as depicted in Fig. 25
(a), (d), (f), (i), (l), (m) and (n). It is also noteworthy that the stirrups did 
not always yield along the critical shear crack at peak load, particularly 
near crack tips. For example, in stirrup row 1 of beams MS6–250 and 

Fig. 16. Tested stress-strain relationship of rebars under uniaxial tension: (a) strain less than 0.06; (b) full curve until rebar fracture.
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For all R/ECC beams, the shear force was carried solely by Vc before 
the initial shear cracking, after which the stirrups came into work and Vs 
was activated. Different from conventional concrete [24,37], Vc in 
R/ECC beams showed no reduction when the initial crack occurred. 
Instead, it continued to increase until the peak load was reached (or a bit 
earlier). This indicates that the common assumption in ACI 318–19 [54]
– that Vc equals the initial shear cracking force Vcr – is not applicable for 
R/ECC beams. Besides, Vc reached its peak resistance almost simulta
neously or a little bit earlier than Vu, whereas Vs could remain constant 
or even increase further. The final failure in the beams resulted from the 
crushing of ECC beneath the loading plates, and most stirrups along the 
critical shear cracks did not fully yield.

To eliminate the effect of ECC’s compressive strength fʹc when eval
uating Vc of R/ECC beams, a dimensionless factor Vc/fʹcbd is used, as 
shown in Fig. 27. With increasing shear span-to-depth ratio, the arch 
action diminishes, and beam action becomes more dominant, leading to 
a noticeable reduction in Vc. This observation aligns with previous 
findings by [55]. Conversely, increasing the stirrup ratio had limited 
influence on Vc in shorter beams (a/d = 2.0), but caused obvious 
decrease in Vc for more slender beams (a/d ≥ 2.5). Fig. 28 compares Vs 

across beams that failed in shear. A higher Vs was consistently observed 
in beams with a higher stirrup ratio ρt. Nevertheless, this does not al
ways mean that more stirrups were crossed by the critical shear crack. 
For instance, in beams MS6–250 (ρt = 0.38%) and MS6–150 (ρt =

0.63%), despite MS6–150 having more stirrups, it exhibited a steeper 
critical shear crack (as shown in Fig. 17), with the same number of 
stirrups crossed as in MS6–250. However, the stirrups in MS6–250 did 
not fully yield, resulting in a higher Vs in MS6–150. This demonstrates 
that both the number of activated stirrups and their stress levels influ
ence Vs. As for the longitudinal reinforcement ratio, beams with higher 
ρl always showed higher Vc.

4.4. Efficiency factor of stirrups

When checking the stirrup strain, it was observed that some stirrups 
intersected by the critical shear crack did not yield when the beams 
reached their shear-carrying capacity, which indicates that the stirrup 
strength was not fully utilized. To evaluate the extent of stirrup utili
zation, an efficiency factor k is introduced, defined as 

Fig. 18. Shear force-deflection curve of R/ECC beams: (a) a/d = 2.0; (b) a/d = 2.5; (c) a/d = 2.5 and ρt = 0.38%; (d) a/d = 3.0; (e) comparison between R/ECC 
beams and reference R/C beams.
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k =
fv,aver

fyv
(2) 

where fv,aver is the average of stirrup stress at the critical shear crack and 
fyv is the stirrup yield strength. It should be noted that fv,aver only con
cerns the stirrup stress at the critical shear crack, and does not refer to 

the average stress of all gauging points along a particular stirrup. The 
efficiency factors of stirrups (k) for the beams failing in shear are listed 
in Table 4. It is evident that the stirrups intersected by the critical shear 
crack did not fully yield in most beams, yet all exhibited an efficiency 
factor k higher than 0.8. Notably, the beam SS6–250 even demonstrated 
a k value exceeding 1.0, indicating that the stirrups had entered the 

Fig. 19. Shear crack propagation in selected beams (left shear span) captured by 3D-DIC system.

Fig. 20. Longitudinal reinforcement’s strain distribution in selected beams without stirrups at selecting loading levels: (a) LC in SN6; (b) LT-Inner in SN6; (c) LT- 
Outer in SN6; (d) LC in MN6; (e) LT-Inner in MN6; (f) LT-Outer in MN6; (g) LC in LN6; (h) LT-Inner in LN6; (i) LT-Outer in LN6 (LC represents longitudinal 
compressive reinforcement, LT-Inner represents longitudinal tensile reinforcement at the inner layer, LT-Outer represents longitudinal tensile reinforcement at the 
outer layer, CMR represents the constant moment region).
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tension-hardening phase. It is worth noting that, despite two rows of 
stirrups being arranged along the shear span of SS6–250 (as shown in 
Fig. 17), only one row was crossed by the critical shear crack. This 
observation suggests that not only the stirrup ratio but also the position 
of stirrups can significantly influence the shear contribution Vs. To avoid 
overestimating Vs in the shear design of reinforced concrete, Kim and 
Laskar et al. [56–58] recommended considering the number of activated 
stirrups as (Lc/s) � 1 (with a local view at the free body diagram in 
Fig. 3), where Lc is the horizontal projection length of the critical shear 

crack and s is the stirrup spacing distance. However, this this conser
vative approach underestimates Vsfor most R/ECC beams in this test, as 
it does not accurately account for the actual contribution of the stirrups.

4.5. Evaluation of existing shear strength prediction models

In this section, the test results are evaluated using five different shear 
strength prediction models for reinforced ECC beams proposed by 
various researchers and codes, as summarized in Table 5. The China 
specification T/CECS 1212–2022 [30], Kanakubo’s model [14,31] and 
the author’s proposed truss-strut model in previous research [25] all 
adopted a kind of mechanics-based shear strength model, which divided 
the shear resistance of R/ECC beams into two parts: truss action 
(including the fiber bridging and stirrup contribution) and strut action 
(shear force directly transferred by the ECC strut). The shear-resisting 
contribution from the residual tensile stress (μtftu) along the critical 

Fig. 21. Longitudinal reinforcement’s strain distribution in selected beams with stirrups: (a) LC in SS6–250; (b) LT-Inner in SS6–250; (c) LT-Outer in SS6–250; (d) LC 
in MS6–250; (e) LT-Inner in MS6–250; (f) LT-Outer in MS6–250; (g) LC in LS6–250; (h) LT-Inner in LS6–250; (i) LT-Outer in LS6–250 (LC represents longitudinal 
compressive reinforcement, LT-Inner represents longitudinal tensile reinforcement at the inner layer, LT-Outer represents longitudinal tensile reinforcement at the 
outer layer, CMR represents the constant moment region).

Fig. 22. Schematic diagram for tension-shifting effect after shear cracking.

Fig. 23. First yielded stirrup leg’s position (view from the beam’s top) in the 
beam (a) SS6–250; (b) MS6–250; (c) MS6–150; (d) LS6–250.
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shear crack is considered in all three models, where ftu is the tensile 
strength of ECC and μt represents the reduction factor considering the 
localization of critical shear crack.

The Vc, Vs and Vu are separately calculated based on different models 
and compared with the experimental results, as listed in Table 6. All five 
models overestimate Vc to a certain extent (25 %~136 %). This 
discrepancy may result from the overestimation of shear-resisting 
contribution from residual tensile stress along the critical shear crack 
(μtftu). According to a regression analysis [25], the tensile stress 
reduction factor (μt) decreases as the shear span-to-depth ratio in
creases, and the slender beams (a/d ≥ 2.5) would have μt even lower 
than 0.2. Moreover, the crack kinematics analysis in [59] demonstrates 
that the critical shear crack width in R/ECC beam can exceed 2.0 mm 
before reaching the beam’s shear strength. This suggests that fiber 
bridging across the critical shear crack is nearly exhausted when the 
slender beam reaches its shear-carrying capacity, and the residual ten
sile stress contribution should not be overestimated when evaluating 
shear strength components.

As for Vs, three of the evaluated models [30,34,44] show obvious 
underestimation (27 %~36 %) since they all assume the inclined angle 
of the critical shear crack (φ) to be 45◦, which is steeper than the 
measured ones in tests. When taking φ as a variable, the truss-strut 
model [25] provides a more accurate estimation of Vs (average 
Vs,pre/Vs,exp = 0.94), but Kanakubo’s model [14,31] makes distinct 
overestimation (average Vs,pre/Vs,exp = 1.27). It should be pointed out 
that Kanakubo’s model [14,31] was developed based on a set of deep 
beam shear tests (a/d ≤ 1.8), and some assumptions, such as the eval
uation of μt and φ, are not suitable for the slender beams used in this 
research.

4.6. Modified truss-strut model and simplified shear strength prediction 
equation

By comparing the existing shear strength prediction models with test 
data, it can be found that the truss-strut model [25] not only provides a 
relatively accurate estimation of the ultimate shear-carrying capacity 
(Vu) but also predicts Vc and Vs well, demonstrating its ability to reflect 
the fundamental shear transfer mechanism in R/ECC beams. By incor
porating the experimental results from this study, the shear test database 
of steel-reinforced ECC beams collected by [25] can be further 
expanded. Then, a modification can be made on the tensile stress 
reduction factor (μt) and characteristic inclined angle (φ) through 

nonlinear regression analysis, as follows: 

μt = 2.6(
a
d
)

� 3.0
≤ 1.0 (3) 

φ = 47.7 � 7.5
(a

d

)
� 3237.7ρt + 1683.7ρt

(a
d

)
(4) 

The average Vc,pre/Vc,exp and Vs,pre/Vs,exp are found to be 1.17 and 
0.96, respectively, with coefficients of variation of 0.19 and 0.33. Fig. 29
compares the experimental ultimate shear strength of R/ECC beams in 
the expanded shear test database with the predicted values from various 
models. In terms of predicting the total shear-carrying capacity (Vu), T/ 
CECS 1212–2022 [30], Hou and Xu’s model [29,34] and the modified 
truss-strut model all provide satisfactory estimations (average 
vu,pre/vu,exp = 1.00–1.02, CoV. = 0.14–0.17). However, these models 
appear in relative complicated forms and not user-friendly for the shear 
design of R/ECC beams. To simplify it, an empirical equation for pre
dicting Vu in R/ECC beams is proposed: 

Vu = (
k1ρl + k2

a
d + k3

fʹc + k4ρtfyv)bd (5) 

where k1, k2, k3 and k4 are undetermined coefficients. Based on the 
expanded shear test database, these coefficients can be derived through 
nonlinear regression analysis, yielding the simplified shear strength 
equation: 

Vu = (
3.1ρl + 0.14
a/d + 0.25

fʹc + ρtfyv)bd (6) 

with a coefficient of determination (R2) of 0.92. It is important to note 
that the value of k4 = 1.0 is derived from nonlinear regression analysis 
of the test data, rather than assuming an inclined shear crack angle of 
45◦. Although the equation is presented in two parts, the annotation 
behind is not dividing Vu into Vc and Vs. Instead, the first part, 
k1ρl+k2

a
d+k3

fʹcbd, represents the Vu of R/ECC beams without stirrups, while the 
second part, k4ρtfyvbd, represents the increase in Vu when stirrups are 
added. Different from normal shear strength equations for R/ECC beams 
[14,25,29–31,34,44], such empirical model does not treat the fiber’s 
contribution as a separate item, but incorporates it as part of Vc. The 
comparison is also made between the simplified model and test results in 
Fig. 29(f), showing accurate prediction on the total shear-carrying ca
pacity of R/ECC beams (average vu,pre/vu,exp = 1.00, CoV. = 0.10). 

Fig. 24. Strain development of first yielded stirrup leg in the beam (a) SS6–250; (b) MS6–250; (c) MS6–150; (d) LS6–250.
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Fig. 25. Strain distribution along stirrups for selected beams (the stirrup position is marked in Fig. 17).
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Nevertheless, the mechanics-based truss-strut model is still recom
mended with priority and the empirical shear strength equation should 
be validated through additional testing.

5. Conclusion

In this study, a distributed strain gauging scheme was employed to 
measure the continuous strain distribution along both the stirrups and 

longitudinal reinforcement in shear-critical R/ECC beams. By capturing 
stirrup strain precisely at the critical shear cracking path, the shear- 
resisting contributions from the stirrups (Vs) and the ECC matrix (Vc)

were accurately quantified. Finally, several existing shear strength 
prediction equations for R/ECC beams were critically evaluated, and a 
modified truss-strut model was proposed. The main conclusions are 
drawn as follows: 

Fig. 26. Variations in Vc and Vs for the beams: (a) SS6–250; (b) SS6–150; (c) SS6–100; (d) MS6–250; (e) MS6–150; (f) MS5–250; (g) MS4–250; (h) LS6–250.

Fig. 27. Comparison of Vc at the peak load of beams failing in shear.
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Notation

a = shear span length
As = cross-section area of the stirrup leg
b = beam width
C = resultant compressive force of intact matrix in shear compression zone
d = effective depth of beam
df = fiber-matrix bond factor (0.5 for round fiber, 0.75 for crimped fiber, 

and 1.0 for indented fiber)
D = depth of beam
Df = diameter of fiber
fʹc = compressive strength of ECC
fsp = splitting tensile strength of ECC
fty = nominal tensile yield strength of ECC
ftu = tensile strength of ECC
fvc = compressive strength factor of ECC
fv,aver = average stress of stirrups at the critical shear cracking path
fyv = yielding strength of stirrup
F = fiber factor
jt = distance between top and bottom flexural reinforcement
k = efficiency factor of stirrups
L = beam span length
Lc = horizontal projection length of the critical shear crack
Lf = length of fiber
n = total number of transverse rebars
s = stirrup spacing distance
T = resultant tensile force of longitudinal tensile reinforcement
v = nominal shear stress
V = shear force
Va = shear force carried by intact ECC in shear compression zone
Vc = shear-resisting contribution from ECC matrix
Vcd = dowel force of longitudinal tensile reinforcement
Vcr = initial shear cracking load
Vf = volume fraction of fiber
vm = nominal shear strength for beams without stirrups
Vs = shear-resisting contribution from stirrups
Vsi = force of ith stirrup leg
vu = nominal shear strength
Vu = total shear-carrying capacity
x0 = effective bearing length of hydrostatic nodes
xplate = length of bearing plate
z = distance from tensile to compressive resultant force
α = arch action factor
β = proportion of truss action in total shear-carrying capacity
βd = size effect factor
βp = longitudinal reinforcement factor
βu = inclined angle of the critical shear crack
εtu = ultimate tensile strain of ECC
η = fiber modification factor
ηt = stirrup confinement factor
θ = inclined angle of ECC arch
λ = shear span-to-effective depth ratio
μc = compressive strength reduction factor of ECC
μt = tensile strength reduction factor of ECC
ρl = longitudinal tensile reinforcement ratio
ρt = stirrup ratio
σfiber = fiber bridging stress along diagonal shear crack
φ = characteristic inclined angle of compressive struts in truss action
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