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ARTICLE INFO ABSTRACT

Keywords: The fiber’s bridging effect across the shear cracks is considered to play an important role of
Engi'neered ce'mentitious.cpmposite (E?C) resisting shear in engineered cementitious composite (ECC), and fiber reinforced material in
Strain-hardening cementitious composite general. To quantify the shear crack kinematics (i.e., shear crack opening and sliding displace-
éiI::rC) ments) in reinforced ECC (R/ECC) beams, a crack measuring algorithm based on the full-field

displacement spectrum is developed by using the Digital Image Correlation (DIC) technology.
In addition, a novel distributed strain-measuring methodology was used to detect the strain
distribution along the transverse and longitudinal reinforcement. Reinforced beams made of
traditional concrete (R/C) and mortar (R/M) were used as reference. Through aforementioned
monitoring schemes, the role of matrix (V,) and stirrups (V;) in shear resistance mechanism could
be independently understood and evaluated. The R/ECC beams exhibited much higher V. than
the reference reinforced concrete (R/C) beams (by 68%~104%). Nevertheless, the shear crack
measuring results revealed that the higher shear strength in R/ECC did not always result from the
fiber’s bridging effect across the critical shear crack (CSC) but of high shear-resisting contribution
from ECC in shear-compression zone. For a better understanding of the shear failure mechanisms,
phenomenological models of shear crack kinematics in R/C and R/ECC beams are proposed.

Critical Shear Crack (CSC)
Digital image correlation (DIC)

1. Introduction

Engineered cementitious composite (ECC), also named as strain-hardening cementitious composite (SHCC), is a new type of
cement-based material which can exhibit strain-hardening and multiple cracking behavior under tension by incorporating usually 1%
~ 2% of synthetic fiber. Different from normal concrete, the crack in ECC can be bridged by short random fibers, followed by their two-
way pull-out behavior and allowing the further increase of load [1,2]. Before reaching the tensile strength of fibers, the cementitious
matrix would fracture and new crack could form. To realize the featured steady-state and multiple cracking in ECC, the strength
criterion for crack initiation and the energy criterion for flat crack propagation should be met by carefully tailoring the mechanical
properties of fiber, matrix and fiber-matrix bond [3]. Generally, higher maximum complimentary energy but lower toughness of the
matrix material at the crack tip and lower cracking strength are desirable in the material design of ECC. Therefore, artificial flaws and
high volumes of inert filler (e.g., fly ash, cenosphere, limestone powder and silica fume) are often incorporated in the matrix [4,5].
Benefit from this, ECC can exhibit an ultimate tensile strain over 3%, which is 300 times higher than that of concrete. During the last
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decades, various types of functional, eco-friendly and ultra-high performance ECC have been developed, providing promising solutions
to address the safety, durability and sustainability issues of infrastructures [6-12].

When subjected to shear, ECC shows significantly higher strength, ductility and energy dissipation than normal concrete [13,14].
Owing to its superior shear performance, ECC has been successfully used in shear-critical structural elements (e.g., shear coupling
beams in high-rise buildings [15-17], shear walls [18,19], columns [20,21], beam-column joints [22-24], etc.) and shear strength-
ening of existing concrete structures [25-27]. Generally, the shear carrying capacity (V) of reinforced concrete (R/C) or reinforced
ECC (R/ECC) beams can be categorized into two components: shear resistance from matrix (V) and stirrups (Vs), as shown in Fig. 1.
The V; can be rewritten as ]V, where Vg is the tensile force of ith stirrup crossed by the critical shear crack (CSC), and n is the
number of crossed stirrups, as described by Eq. (1). Obviously, the V; can be directly quantified through measuring the stirrup strain,
and then V, can be obtained by subtracting Vs from V. In previous experimental work, Vs was often evaluated by using the stirrup
strain measured at its half-height [28-31]. However, in reality, the CSC could intersect the stirrup at different heights, so depending on
the distance from the crack and the matrix-stirrup bond, the measured strain might significantly underestimate the actual strain, and
thereby the real contribution of stirrups. Considering the randomness of shear cracking path, the full-length strain distribution
measurement along the stirrup seems the only solution to accurately quantify V, and V. [32,33].

n
Va=VetVe=Vet Y Vy €))
1

Compared to reinforced concrete (R/C) beams, a higher shear carrying capacity is commonly observed in reinforced ECC (R/ECC)
beams, which is often regarded as an additional contribution from the fiber’s bridging effect across the dominant shear cracks [17,29,
34,35]. Such conclusion has also been embedded in some existing shear design codes of R/ECC, in which the residual tensile stress
originating from fiber bridging effect (ogper in Fig. 1) is considered in predicting V. [36,37]. However, limited evidence has been
delivered in quantifying the shear contribution of fibers (V) in R/ECC beams. Recently, several experimental and analytical studies
have been conducted with R/ECC [38-40] to establish a relationship between o and shear crack kinematics (combined crack
opening and sliding displacements), which made the quantification of V; possible.

In this research the shear behavior of R/C, R/ECC and R/M (i.e., reinforced mortar) beams was investigated through four-point
bending tests. A novel distributed strain-measuring methodology was adopted to obtain the full-length strain distribution along the
transverse and longitudinal reinforcement, through which V. and V; could be accurately calculated. In addition, the shear crack ki-
nematics was quantified based on the Digital Image Correlation (DIC) technology, allowing a deeper understanding of shear-resisting
mechanisms in R/C, R/ECC and R/M.

2. Experimental program
2.1. Material preparation

Table 1 shows the mix proportion of different matrix materials (concrete, ECC and mortar) used in the current research. The
chemical composition and particle size distribution of cement, fly ash, cenosphere, silica fume and silica sand determined by X-ray
fluorescence (XRF) spectroscopy and laser particle size analyzer are shown in Table 2 and Fig. 2, respectively. The PVA fiber RECS15
developed by Kuraray Co., Ltd. was incorporated in ECC, and the detailed properties are listed in Table 3. The mortar had the same
mixture as ECC except that no fiber was added. At least six cylinders with diameter of 100 mm and height of 200 mm were prepared to
measure the compressive strength of concrete, ECC and mortar which were cast simultaneously with beams, following the standard
ASTM C 39 [41]. Four dumbbell-shaped specimens were also fabricated simultaneously with beams to determine the tensile behavior
of ECC, following the standard JC/T 2461-2018 [42].
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Fig. 1. Shear-resisting components in R/ECC beams.
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Table 1
Mixture proportion of concrete, ECC and mortar (kg/m?).
C FA Cs SF S CA w F SP HPMC
Concrete 584 - - 31 596 1064 185 - 0.5 -
ECC 426 647 162 43 256 - 332 26.8 1.6 0.5
Mortar 426 647 162 43 256 - 332 - 1.6 0.5

Note: C is cement; FA is fly ash; CS is cenosphere; SF is Silica fume; S is sand (0-5 mm); CA is coarse aggregate (5-20 mm); W is water; F is short PVA
fiber; SP is superplasticizer; HPMC is hydroxypropyl methyl cellulose.

Table 2
Chemical composition of raw materials (%).
CaO SiO, Al,O3 SO3 Fe,03 MgO K20 Na,O TiOy P,0s
C 56.65 20.45 6.30 3.36 3.18 1.59 0.85 0.32 0.31 0.16
FA 5.30 35.88 37.65 1.01 5.22 1.21 0.66 0.14 1.46 0.60
CcS 1.96 36.33 28.83 0.63 2.85 0.48 0.70 0.32 1.22 0.39
SF 0.24 83.82 0.19 1.24 0.05 0.27 0.32 0.79 0.01 0.13

Note: C is cement; FA is fly ash; CS is cenosphere; SF is Silica fume.

14
12 L ——Cement
——Fly ash
10
. Cenosphere
&\Q, & r Silica fume |
g ——Silica sand
= 6 i i
o
~ 4l /4\
Y /- \
0 A4 VA
0.01 0.1 1 10 100 1000

Particel size (um)

Fig. 2. Particle size distribution of raw materials in ECC.

Table 3

Details of PVA fiber incorporated in ECC.
Length (mm) Diameter (ym) Tensile strength (MPa) Elastic modulus (GPa) Ultimate tensile strain (%)
12 40 1560 41 7.5

Note: Above data are provided by the fiber producer Kuraray Co., Ltd.

All specimens for material properties characterization were made at the same day as beams, and cured under the same environ-
mental conditions. The steel reinforcement HRB60OE and HRB400E, with a diameter of 22 mm and 12 mm, respectively, were used as
longitudinal and transverse reinforcement. Direct tensile tests were conducted to obtain the stress-strain relationship of steel rein-
forcement, following the standard GB/T 228.1-2010 [43].

2.2. Distributed strain-measuring system along steel reinforcement

To evaluate the relationship between strain distribution of stirrups and shear crack propagation, a novel distributed strain-
measuring system was used. The stirrup legs were split into two halves, making cavities inside and continuously attaching ten
strain gauges along the beam height (step 1 in Fig. 3). Then, the split bars were re-joined by high strength epoxy resin and mechanical
tightening rings (step 2 in Fig. 3). After 72 hours of healing, the tightening rings were removed and two intact stirrup legs were
connected to U-shaped bars by nuts (step 3 in Fig. 3). Finally, the closed stirrup with distributed strain gauges inside its legs were made.
By using such strain measurement scheme, the strain distribution along the height of stirrup could be obtained without influencing the
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Step 1: Cut the stirrup leg into two halves and continuously attach strain gauges

Cavity: 6 mm in width and
1.5 mm in depth

35 mm

Gauge 2
35 mm

Gauge 1

Beam soffit 42 mm

}
I
|
|
|
|
|
|
:
—i— ) Gauge 3 :
I
|
|
|
|
|
|
|
|
I
|
|

Fig. 3. Fabrication of stirrups with distributed strain gauging system.

bond between reinforcement and matrix. Similar method was also applied along the longitudinal reinforcement, where ten strain
gauges were continuously arranged from the support to the mid-span (Fig. 4).

2.3. Beam specimens

Six beam specimens were fabricated for shear testing including two R/C beams, two R/ECC beams and two R/M beams with
different stirrup ratios (0% and 0.38%). In this study, the concrete, ECC and mortar beams with no stirrups are named as R/C-N, R/E-N
and R/M-N respectively, whereas R/C-S, R/E-S and R/M-S represent those beams with stirrups. Fig. 5 shows the specimen dimension
and reinforcement details. For all beams, the right span was configured with heavy stirrups and therefore, shear failure was expected to
happen only in the left span, within which the aforementioned continuous strain gauging system was employed (Fig. 6a). Considering
the possible strain variation along the reinforcement cross-section caused by bending [32,44], the groove with strain gauges was made
along the side of beams to measure the axial strain of reinforcement (Fig. 6b). A set of steel plates were fixed at the ends of

o Make ST rfabar o Step 2: Fill the cavity with silicon sealant
continuously attach strain gauges

Fig. 4. Fabrication of longitudinal reinforcement with distributed strain gauging system [34].
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Fig. 5. Specimen dimension and reinforcement details for: (a) beams with no stirrups; (b) beams with stirrups.

reinforcement to prevent undesired anchorage failure (Fig. 6¢). After the installation and placement of the steel cage, the matrix
material was poured from the sides of the beam (Fig. 6d).

2.4. Test setup

The beams were loaded under four-point bending, and the three-dimensional DIC system was equipped to detect the full

Hollow

Fig. 6. Fabrication of beam specimens: (a) typical reinforcement cage; (b) reinforcement strain-gauging system; (c) reinforcement anchorage; (d)
steel mould; (e) beam casting.
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displacement and strain spectrum of the left span of beams, where the shear failure was expected to occur (Fig. 7). Two industrial
cameras with 2048 by 2048 pixels were employed to capture images with a resolution of 0.58 mm/pixel, and the software PMLAB [45]
was used for the full-field displacement and strain analysis. The accuracy of displacement detection is claimed to be 0.02 pixel, that is,
0.01 mm in this study [46]. A group of displacement transducers were used to measure the beam’s deflection and potential support
movement. The detected displacement and strain were recorded by several data loggers, with a recording frequency of 2 Hz. After
sensors were prepared, the concentrated load was applied through displacement-controlling scheme (0.4 mm per minute).

3. Experimental results
3.1. Material tests

The compressive strength for concrete, ECC and mortar, and tensile strength and ultimate tensile strain for ECC are listed in Table 4.
The tested stress-strain curves of dumbbell-shaped samples are shown in Fig. 8(a), which exhibited a unique strain-hardening behavior
under uniaxial tension. The tensile behavior of steel bars used as longitudinal reinforcement (D22) and stirrups (D12) was also tested,
as shown in Fig. 8(b). It can be seen that fabrication of cavities or grooves would not obviously influence the mechanical behavior of
steel reinforcement as the re-joined reinforcement has nearly the same tensile response as original reinforcement.

3.2. Load-deflection response and failure mode

All six beams exhibited a shear-compression failure mode, as shown in Fig. 9, in which the shear strength was reached when the
matrix crushed in shear-compression zone. The shear force-deflection relationships of six beams are plotted in Fig. 10. Generally, the
R/ECC and R/M beams exhibited lower initial stiffness compared with R/C beams, which could be attributed to the lower elastic
modulus and potential shrinkage cracking of ECC and mortar. As expected, the stirrups did not affect the initial stiffness of beams. To
compare the shear carrying capacity, the nominal shear strength v,, which is defined as V,/bd (V, is the peak shear load, b and d
represent the width and effective depth of cross-section of a beam), is listed in Table 4. For the beams without stirrup, R/ECC exhibited
shear strength increase by 68% and 100% compared to R/C and R/M. However, once stirrups were embedded, this increase is only
17% and 78% respectively. It revealed that the shear transfer mechanism was fundamentally altered when transverse reinforcement
was embedded, which would be further discussed by separating the contribution from different shear-resisting components in Section
4.

3.3. Crack propagation

The principal strain contours of beams detected by the DIC at selected loading levels are shown in Fig. 11. Cracks can be recognized
at locations of high tensile strain concentration. The initiation, propagation and branching of the CSC are conceptionally illustrated in
Fig. 12.

For all beams, flexural cracks first appeared within the pure-bending region where the maximum bending moment occurred. As the
applied load continued to increase, more flexural cracks could be observed along the shear span and gradually tended to rotate towards
the loading point, which could be regarded as the initiation of diagonal shear cracks. At certain bending moment, splitting tensile crack
along the bottom tensile reinforcement could appear as a branch of an inclined shear crack. Afterwards, a critical shear crack formed
and could further propagate to both loading and supporting plates until a beam fails. Compared with R/C beams, two R/ECC beams
exhibited more shear cracks within the shear span, and the addition of stirrups effectively retarded the formation of CSC.

‘ Applied load
?tee‘l bgam for a
distributing load |_| H H H [Unit: mm]
|l'_k LVDT LVDTA;]
Ml [~ |

Lo |

[l woT ()
11501 830 L 400 L 830 11501

Fig. 7. Schematic diagram of experimental setup.
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Table 4

Summary of beams’ details and experimental results.
Specimen Matrix Py Curing age £ fu £ Vya Vya Vu Vu

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

R/C-N Concrete 0.00 66 56.6 - - - - 172.7 2.6
R/C-S Concrete 0.38 86 53.0 - - 187.7 288.9 359.8 5.4
R/E-N ECC 0.00 85 56.4 8.0 3.5 - - 289.5 4.4
R/E-S ECC 0.38 100 54.7 7.5 3.8 343.5 415.5 421.4 6.4
R/M-N Mortar 0.00 70 55.4 - - - - 144.4 2.2
R/M-S Mortar 0.38 86 60.2 - - 168.2 227.5 236.6 3.6

Notes: fc = compressive strength; f, = tensile strength; e, = ultimate tensile strain; p, = stirrup ratio; Vy; = shear load at which first stirrup leg
yielded; Vy o = shear load at which last stirrup leg yielded; V,, = peak shear load; v, = nominal shear strength.

9 900
g | (@ 800
7 700
=6 = 600
a &
25 = 500
» 80 mm »
§ ! z g bl R/E-N  R/E-S E - —— D12-Original
@ 3| - R - —  — @ 300 —— DI2-Rejoined
2 15 mm 20 ¢ === D22-Original
1l T T — ) | wo ¥ D22-Grooved
0 0
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 0.06
Strain Strain
Fig. 8. Uniaxial tensile stress-strain curves of: (a) ECC; (b) steel reinforcement.
R/C Beam R/ECC Beam R/Mortar Beam

Without Stirrup

With Stirrups

Row'3 Row'2 Row?

Fig. 9. Crack pattern of tested beams at ultimate failure (the red dashed line represents the CSC; ‘SG’ represents the strain gauge crossed by
the CSC).

3.4. Strain distribution along steel reinforcement

Through the distributed strain-measuring system along the steel reinforcement, the full-length strain distribution along stirrups and
longitudinal rebars could be obtained. The labels of stirrup legs are shown in Fig. 13, and their strain distribution at selected loading
levels is exhibited in Fig. 14 to Fig. 16. Obviously, the strain distribution along stirrup legs was not uniform, and strain concentration
could be always found at the location crossed by the shear cracks. Besides, not all the stirrups crossed by the CSC would yield at the
peak load, for example, the strain gauging point SG9 at stirrup Row1 (stirrup leg 01 and 02) in R/E-S (Fig. 15 a and b). It reveals that
the classic assumption of “all stirrups can yield” in most codes could cause an overestimation of V;. The average strain distribution
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Fig. 11. Principal strain spectrum at selected loading levels for all tested beams.
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Stage 1 Stage 2 Stage 3
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Initiation of flexural crack

Inclination of flexural crack Splitting along bottom rebar

Fig. 12. Initiation, propagation and branching of the critical shear crack (CSC).
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Stirrup leg 03
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Fig. 13. Schematic diagram of the stirrup legs’ ID.
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Fig. 14. Strain measurements along stirrups at selected loading levels in R/C-S.

along the bottom rebar of inner layer under selected loading levels is plotted in Fig. 17. It can be seen that the strain distribution did not
follow the moment diagram when the shear crack appeared, which can be recognized as the tension-shifting effect as defined by [47].

4. Discussions

4.1. Quantification of shear crack kinematics: crack opening and sliding displacements

Through the use of DIC system, the full-field displacements of beam’s surface were obtained. Furthermore, the shear crack kine-
matics (i.e., shear crack opening and sliding displacements) can be determined according to the following procedures (Fig. 18a): select
two calculation points A and B across the shear crack, and denote their updated positions as A’ and B’ after the beam’s deformation;

then, the shear crack opening w and sliding A can be calculated by a vector operation of AB and K@, as expressed by Egs. (2) and (3).
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Fig. 16. Strain measurements along stirrups at selected loading levels in R/M-S.

Nevertheless, the rigid-body-rotation of shear crack could cause an underestimation of w but overestimation of A. Such effect can be
eliminated through establishment of a local coordinate system within the cracking area of interest, as illustrated in Fig. 18(b). That is,
record the displacements of two additional surrounding calculation points C and D (denoted by C and D’ after the beam’s deformation),
and the rigid-body-rotating angle a can be determined by the average rotation of local coordinate system A-B-C and D-A-B, as
expressed by Eq. (4). Then, the expression of shear crack kinematics can be modified as Eqs. (5) and (6). To simplify the calculation, the
elastic deformation of the area A-B-C-D is neglected considering its negligible role in causing nodal displacements compared with
cracking [28,48].

AE « AR/
[ ]
0=——7—"— ‘ﬁ‘ @
8]
AB o AB
N °
A = |A/B/| o sin(arccos .———7 @
‘AB AB
== AR ATy
1 BC ¢ BC AD o AD
a= E(arccos E—— + arccos —— @
‘BCHBC‘ ‘AD AD(

10
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Fig. 17. Strain measurements along longitudinal tensile reinforcement of inner layer at selected loading levels (‘CMR’ represents constant
moment region).
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across crack

critical shear crack (CSC) / l

Fig. 18. Schematic illustration of shear crack kinematics quantification: (a) area without rigid-body-rotation; (b) area with rigid-body-rotation; (c)
local view of fiber’s bridging across the CSC (w and A represent the shear crack opening and sliding displacements respectively; a represents the
rigid-body-rotating angle).
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By selecting a set of gauging area (each gauging area contains four calculation points as illustrated in Fig. 18b) along the CSC
(Fig. 19), the propagation and distribution of shear crack opening and sliding can be obtained. The shear crack opening and sliding
displacements against the beam’s deflection within the gauging area CR4, CR5 and CR6 are shown in Fig. 20 (‘CR’ represents the local
gauging area along the CSC, and each gauging area contains four calculation points as illustrated in Fig. 18b), and the moments when
the first and last stirrup legs yielded are both marked. The crack opening and sliding displacements along the full-length of CSC at the
peak load in six beams are listed in Table 5.
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(d) R/E-S

Principal strain &; (1073)

Fig. 19. Gauging area for quantifying the critical shear crack kinematics of the beam: (a) R/C-N; (b) R/C-S; (c) R/E-N; (d) R/E-S; (e) R/M-N; (f) R/M-S (the exhibited principal strain spectra corresponds
to each beam’s peak load; ‘CR’ represents the gauging area, and each gauging area contains four calculation points as illustrated in Fig. 18b).
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Fig. 20. Crack opening and sliding displacements against the deflection within the gauging area: (a) to (c) depict CR4, CR5 and CR6 in R/C-N,
respectively; (d) to (f) depicts CR4, CR5 and CR6 in R/C-S, respectively; (g) to (i) depicts CR4, CR5 and CR6 in R/E-N, respectively; (j) to (1) de-
picts CR4, CR5 and CR6 in R/E-S, respectively; (m) to (o) depicts CR4, CR5 and CR6 in R/M-N, respectively; (p) to (r) depicts CR4, CR5 and CR6 in
IA{/M-S, respectively (the crack displacement before 80 kN was missing due to the loss of DIC images).

In the concrete beam without stirrups R/C-N, several flexural cracks initiated from the bottom of the beam and propagated to CR6,
where the shear crack opening was detected once the load reached around 100 kN. With load increasing, the vertical crack widened,
and gradually rotated and stretched to CR5 (115 kN) and CR4 (120 kN) without obvious sliding. When the load reached 125 kN (the
crack opening at CR6, CR5 and CR4 was 0.16 mm, 0.15 mm and 0.14 mm, respectively), crack sliding happened accompanied by a
sudden drop of load, and a secondary splitting crack along the bottom tensile reinforcement appeared. With the stress redistribution,
the load could increase again but the shear crack opening and sliding accelerated, and the beam lost its shear resistance finally due to
the crushing of concrete underneath the loading point. When concrete beam is reinforced by stirrups (R/C-S), the crack propagation
was rather controlled. Before the yielding of stirrups (188 kN), steady shear crack opening was observed without obvious sliding. After
yielding, the crack sliding happened and was first detected at CRS. When the shear force increased to 289 kN, all six stirrup legs
yielded, which resulted in an accelerated crack opening as shown in Fig. 20 (d) to (f).

In the ECC beam R/E-N without stirrup, a small drop of load could be found when the shear force was increased to 271 kN. After
that, the increase of crack opening and sliding accelerated. At the peak load, the maximum crack opening and sliding along the CSC
was detected to be 3.90 mm (CR6) and 2.78 mm (CR7), respectively, which were larger than those in the reference concrete beam. In
the ECC beam R/E-S with stirrups, a steadier shear crack propagation was found compared with other three beams. When the shear
load was increased to 344 kN, yielding of rebar took place, firstly in the stirrup leg 04 (Fig. 13), at a much higher load (83% more) than
that in the reference concrete beam (first yielding of stirrup happened at 188 kN). The initial yielding of stirrup did not expedite the
shear crack sliding and opening in ECC, which happened until all six stirrup legs yielded under a shear force of 416 kN. With a tiny
increase of load (to 421 kN), the shear strength of the beam was reached, and the maximum shear crack opening was below 0.51 mm.
After a slight drop of load (to 409 kN), the shear force increased again to 419 kN (Fig. 20 j, k and 1). Then, a sudden increase in the CSC
opening and sliding happened leading to the ultimate failure of beam.

In the concrete and ECC beams, the shear crack opening usually took place earlier than the sliding, revealing that the shear crack
originated from the tensile fracture of concrete and ECC matrix. However, in the mortar beams, the crack could slide immediately upon
its formation due to the absence of aggregates or fibers. In R/M-S, it was interesting to find a multiple cracking behavior (Fig. 19f)
similar as R/E-S (Fig. 19d), and the maximum shear crack opening was only 0.94 mm when the beam’s shear strength was reached.

4.2. Shear crack kinematics along the beam height

By selecting and analysing a set of points along the CSC, the crack kinematics along the beam height under selected loading levels
can be obtained, as shown in Fig. 21 and Fig. 22. In the concrete and ECC beams, the CSC had largest width near the beam’s mid-height,
which appeared as a special fusiform crack. The crack sliding showed a similar distribution pattern as opening, and the ends of CSC
(near the loading and supporting points) exhibited almost no sliding. Comparing the crack opening distribution at two different
loading levels 0.95V, and V,, it can be found that a 5% increase of load could cause over 20% increase in the crack opening
displacement, revealing severe shear crack width growth near the peak load and the brittle nature of shear failure.

Most shear strength models established for R/ECC beams consider the fiber bridging’s contribution along the CSC [16,29,34-37].
Through the equilibrium of free body in Fig. 23, the fiber bridging’s contribution can be counted as . fi,bzcotp, where y, is the tensile
strength reduction factor of ECC. In two R/ECC structural design specifications T/CECS 1212-2022 [36] and JSCE 08 [37], , is taken
as 0.5 and 1.0 separately, revealing that the residual tensile stress is 50% or 100% the tensile strength of ECC. However, such
assumption may be not suitable always. In the ECC beam R/E-N with no stirrups, the CSC had an opening over 2.0 mm at its peak load
(Fig. 21Db). Such crack width in typical PVA-ECC implies that the bridging stress is almost lost and y, approached zero [1,38,49,50].
Nevertheless, the ECC beam R/E-N still exhibited 68% higher shear strength than the reference concrete beam R/C-N. Therefore, not
the fiber’s bridging across the shear cracks, but some other shear-resisting mechanisms in the R/ECC beam should be responsible for its
high shear carrying capacity. One potential mechanism is a high shear-resisting contribution from ECC in shear-compression zone,
which is denoted as V, (Fig. 23). It has been proved that ECC has high shear strength and deformational ability under combined
compression and shear [51,52], and the shear strength of R/C beam (with no stirrup, shear span-to-effective depth ratio is 2.5) can be
enhanced by about 93% through locally substituting concrete with ECC in shear-compression zone [53]. Additionally, the dowel action
of bottom tensile reinforcement also plays an important role in resisting shear, and such contribution depends primarily on the tensile
resistance of material along the splitting cracks [54-56]. However, the investigation of dowel action in R/ECC is still limited, and more
evidence should be provided through future work.

4.3. Shear strength components against maximum shear crack width

The shear carrying capacity (V,) can be divided into two parts: contribution of matrix (V.) and stirrups (V;). The V, can be
accurately acquired by extracting the stirrup strain exactly at the CSC (Eq. 1), and then V. can be obtained by deducting Vs from V;,.
Note that the net cross-sectional area of stirrup leg was used when calculating V;, which should be 95.1 mm? by taking the cavity out.
The variation of V. and V; against the maximum shear crack width in three beams with stirrups is shown in Fig. 24. Before cracking, the
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Table 5

The CSC opening and sliding displacements at the peak load in all beams.
Gauging R/C-N R/C-S R/E-N R/E-S R/M-N R/M-S
area w A (mm) @ (mm) A (mm) @ (mm) A (mm) w (mm) A (mm) @ (mm) A (mm) @ (mm) A (mm)

(mm)

CR1 0.89 0.00 0.85 0.00 0.42 0.04 0.01 0.00 1.10 0.19 0.32 0.00
CR2 1.47 0.00 -(0.96) -(0.00) 0.47 0.14 0.01 0.00 1.18 0.42 0.44 0.39
CR3 -(2.51) —-(0.35) 1.68 0.17 2.08 0.00 0.20 0.13 1.05 0.45 0.59 0.14
CR4 3.07 1.63 2.11 0.11 3.02 0.35 0.37 0.19 1.42 1.12 0.58 0.00
CR5 2.68 2.38 2.13 0.81 3.24 0.81 0.43 0.47 1.20 0.45 0.11 0.47
CR6 2.62 2.46 2.19 0.00 3.90 0.17 0.24 0.01 1.39 1.55 0.25 0.05
CR7 3.00 0.00 —(1.85) - (0.00) 2.78 3.24 0.51 0.00 1.12 1.69 0.11 0.19
CR8 2.23 0.00 1.66 0.00 3.38 1.98 0.39 0.13 2.04 0.00 0.17 0.29
CR9 1.25 0.00 -(1.34) - (0.00) 2.75 0.00 0.20 0.00 1.44 0.00 0.94 0.00
CR10 0.74 0.00 -(1.18) - (0.00) 0.63 0.00 0.18 0.24 0.88 0.52 0.88 0.00

Notes: w and A represent the shear crack opening and sliding displacements respectively; ‘CR’ represents the gauging area, and each gauging area contains four calculation points; the symbol ‘-’ means
data lost within certain gauging area due to image correlation failure under large deformation, and the data in brackets were the last valid detected crack displacements before the image correlation
failure.
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Fig. 21. Critical shear crack opening displacements along the beam height under selected loading levels: (a) R/C-N; (b) R/E-N; (c) R/M-N; (d) R/C-
S; (e) R/E-S; (f) R/M-S.
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Fig. 22. Critical shear crack sliding displacements along the beam height under selected loading levels: (a) R/C-N; (b) R/E-N; (¢) R/M-N; (d) R/C-S;
(e) R/E-S; (f) R/M-S.

shear load was almost solely undertaken by V. in all beams. When the shear crack appeared, a decrease of V. happened in R/C-S and R/
M-S, upon which the Vi was activated. Differently, the V. in R/E-S could steadily increase until approaching the beam’s ultimate
strength. Furthermore, the V¢, V5 and V,, did not reach their peak values simultaneously in all beams. More specifically, the V. reached
its peak a little bit earlier than V,,, and V; could even increase after reaching V,, due to the further yielding or hardening of stirrups.
Finally, the beam R/E-S exhibited a V. 104% higher than that of R/C-S, but the Vi was 24% lower due to the incomplete yielding of
stirrups along the CSC in ECC (as shown in Fig. 15). In R/M-S, it is interesting to find that V. was almost lost after the shear cracking,
revealing the important role of aggregate interlock or fiber bridging in transferring shear across cracks.

Compared with the beams with no stirrups, the V. in R/C, R/ECC and R/M beams with a stirrup ratio of 0.38% were reduced by
about 34%, 20% and 93% respectively, revealing a negative effect between V. and V; in all types of beams.

In previous research [28-31], the V; was always evaluated by using the mid-height strain of stirrups instead of the actual strain
along the CSC. To verify the possible deviation, a comparison is made between two strain-measuring schemes in Fig. 25. Based on the
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Fig. 23. Equilibrium of free body considering the fiber’s contribution in resisting the shear force.
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Fig. 24. The variation of V. and V; against the maximum width of the CSC: (a) R/C-S; (b) R/E-S; (c) R/M-S.
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Fig. 25. Comparison of V. and V, determined by different strain-measuring schemes: (a) R/C-S; (b) R/E-S; (c) R/M-S (V is the total shear force,
V.-along crack and V;-along crack are the calculated V. and V; using the stirrups’ strain along the CSC, V.-middle height and V;-middle height are
the calculated V. and V; using the stirrups’ strain at the beam’s middle height).

former approach, the Vs is underestimated by 39% in R/C-S but overestimated by 26% in R/E-S at the peak load, and consequently a
contrary tendency is found in V. (overestimated by 85% in R/C-S and underestimated by 21% in R/E-S). The variation of shear strength
components against the deflection is also significantly altered, e.g., the long drop in V. after shear cracking does not appear any more in
R/C-S (Fig. 25a). Considering that one stirrup leg could be crossed by more than one shear cracks, the stirrup strain at the beam’s
mid-height might be either higher or lower than that along the CSC, as depicted in Fig. 14 to Fig. 16. Therefore, it is hard to conclude
using the mid-height strain should cause over- or under-estimation in V. and V. However, it has been proved that the V. and V; can be
accurately evaluated only when the full-length strain distribution along the stirrup legs are obtained.

4.4. Phenomenological model of shear crack kinematics

To explore the shear crack kinematics, the nominal shear stress against the crack opening and sliding of selected gauging points
(CR4 to CR7) along the CSC in concrete and ECC beams are shown in Fig. 26. The initial shear cracking stress in R/C and R/ECC was
almost the same (1.5 MPa) as concrete and ECC had similar compressive (and first cracking) strength. Under a same load level of
2.6 MPa (the ultimate shear strength of R/C-N), the maximum shear cracking opening displacements in R/E-N and R/E-S were 1/26
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Fig. 26. Shear stress against the crack opening and sliding displacements of selected gauging points along the CSC: (a) to (d) depicts CR4, CR5 and
CR6 in R/C-N, respectively; (e) to (h) depicts CR4, CR5 and CR6 in R/C-S, respectively; (i) to (1) depicts CR4, CR5 and CR6 in R/E-N, respectively;
(m) to (p) depicts CR4, CR5 and CR6 in R/E-S, respectively.

and 1/3 (0.12 mm and 0.07 mm) of those in R/C-N and R/C-S (3.07 mm and 0.20 mm). The first yielding of stirrup was delayed in R/
E-S, with the corresponding shear stress 83% higher than that in R/C-S, revealing a more synergistic deformation between ECC and
rebar.

For a better understanding of the shear-resisting and failure mechanism in R/C and R/ECC beams, phenomenological models of
shear crack kinematics in different types of beams are proposed based on the test results, which are separately illustrated in Fig. 27 and
descripted as follows:

e R/C beam without stirrups (Fig. 27a): (1) the inclined shear crack firstly initiates from the rotation of vertical flexure crack; (2)
the shear crack suddenly widens with maintained load (or even slightly load drop), during which sliding happens and the aggregate
interlock is activated; (3) the load continues to increase and the shear crack propagates to both loading and supporting points along
with the increase of crack opening and sliding, when a secondary splitting crack forms along the longitudinal reinforcement due to
the rebar’s dowel action; (4) the beam fails when the concrete in shear-compression zone crushes.

R/C beam with stirrups (Fig. 27b): (1) the inclined shear crack firstly initiates from the rotation of vertical flexure crack, and then

stirrups are activated once crossed by the shear crack; (2) as load continues to increase, sliding happens, the aggregate interlock

takes part in resisting shear, and stirrups start yielding; (3) all stirrups yield, leading to an accelerated shear crack opening and
sliding; (4) the beam fails when the concrete in shear-compression zone crushes.

e R/ECC beam without stirrups (Fig. 27¢): (1) similar to the R/C beams, the inclined shear crack firstly initiates from the rotation of
vertical flexure crack; (2) the crack sliding happens; (3) the crack opening and sliding accelerates as fiber bridging effect decrease,
and the secondary splitting crack can form along the longitudinal reinforcement and dowel action is activated; (4) the beam fails
when the ECC in shear-compression zone crushes.
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Fig. 27. Phenomenological description of shear crack kinematics in: (a) R/C beam without stirrup; (c) R/C beam with stirrups; (¢) R/ECC beam
without stirrup; (d) R/ECC beam with stirrups.

e R/ECC beam with stirrups (Fig. 27d): (1) the inclined shear crack firstly initiates from the rotation of vertical flexure crack, and
stirrups crossed by the shear crack are activated; (2) later sliding happens at increased load, and stirrups start yielding; (3) all
stirrups yield followed by an accelerated shear crack opening and sliding; (4) the beam reaches its shear strength due to the
crushing of ECC in shear-compression zone, after which the shear crack opening and sliding increase rapidly and the bridging
ability of fiber is finally lost due to excessive crack opening.

Note that the aforementioned phenomenological models are proposed based on the test results of beams with specific geometric
size and boundary condition in this research, which should be examined by more shear tests.

5. Conclusions

In this research, the shear behavior of R/C and R/ECC beams was investigated. An algorithm for quantifying the shear crack ki-
nematics (opening and sliding) is developed based on the full-field displacement spectrum detected by the DIC system. By a distributed
strain-measuring scheme the shear-resisting components V. and V; could be accurately evaluated. The following conclusions are

drawn:

e The V. and V; can be accurately quantified only when the full-length strain distribution along the stirrup legs are obtained.
Evaluating V; by using the stirrup strain at half-height can cause obvious deviation. Besides, assuming that all stirrups crossed by
the CSC yield is likely to cause overestimation of V;.
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e The shear load was almost all taken by V. before the formation of shear cracks. After shear cracking, the V. dropped in the R/C
beam but stably increased in the R/ECC ones. At the peak load, the V. in R/ECC was 104% higher than that in R/C, but the V; was
24% lower due to the incomplete yielding of stirrups.

In the R/C and R/ECC beams, the shear crack opening usually took place earlier than the sliding, revealing that the shear crack
originated from the tensile fracture of matrix, this is in line with conclusions from [28,57]. Spindle-shaped critical shear cracks
were observed, which had the largest width (crack opening) near the beams’ mid-height. The crack sliding displacement also varied
along the beams’ height, and two ends of CSC (near the loading and supporting points) exhibited almost no sliding but only opening
displacement.

When the ECC beam with no stirrups (R/E-N) reached its peak load, an opening of its CSC was more than 2.0 mm. It signified that
the fiber’s bridging effect across the shear crack almost exhausted, which was inconsistent with the assumptions of some existing
shear strength predicting models for R/ECC (regarding ECC’s tensile strength as the residual tensile stress of the CSC). Nevertheless,
the ECC beam R/E-N still exhibited 68% higher shear strength than the reference concrete beam R/C-N, revealing that some other
shear-resisting mechanisms were more effectively released in ECC such as higher shear force taken by the shear-compression zone
and dowel action of the longitudinal reinforcement.

Note that above conclusions are limited to the tested specimens in this research, and more tests are expected in the future to further
investigate the influence of shear span-to-effective depth ratio, transverse and longitudinal reinforcement ratio on the shear crack
kinematics of reinforced ECC.
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