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Abstract: This paper presents an experimental program aimed at providing reliable and
comprehensive experimental data for assessing the available models of predicting the shear
deformation of diagonally-cracked reinforced concrete (RC) beams. The non-contact measuring
technique, Digital Image Correlation (DIC), was used to monitor the full-field displacement and
strain in the shear span of five RC beams with thin webs. Virtual measuring grids were created to
measure the mean shear strain and other critical deformation results which reflects the mechanism of
shear deformation after shear cracking (i.e. the principal compressive strain angle, the principal
compressive strain, the mid-depth longitudinal strain and the mean vertical strain). The experimental
mean shear strain and other critical deformation results were compared with the predictions with
several available models. The comparison indicates the available models fail to reproduce the
principal compressive strain angle, the mid-depth longitudinal strain and the mean vertical strain

which constitute the key parameters in estimating the shear deformation after shear cracking. As a
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result, significant discrepancies in the shear deformation of the beams tested in this paper are
observed between the experimental and calculated results. It is also found that the predicted shear
deformation of a number of beam specimens tested by other researchers with the available models
deviates considerably from the experimental results. In general, the existing models are not capable
of providing accurate predictions of the shear deformation of RC beams and further investigation

into this topic is needed.
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1. Introduction

Design and analysis for serviceability is one of the central parts of the design process
for concrete structures. In the conventional design of reinforced concrete (RC) beams,
the deflection due to shear is assumed to be relatively small compared to that due to
flexure. Except for JSCE Guidelines for Concrete 2007 [1], the current codes of
concrete structures, e.g. ACI318-14 [2], AASHTO [3], Model Code 2010 [4] and
Eurocode 1992 [5], only provide methods for estimating flexure deformation. Some
reported investigations into the existing concrete bridges around the world [6-9] have
shown that diagonal cracks may appear in the web of the box girders during the service
life. Moreover, the increased use of high-strength materials in concrete structures,
coupled with more precise computer-aided design, has resulted in lighter and more
material-efficient structural members [10], e.g. box girders with thin webs. Such design
increases the risk of the shear cracking. Previous finite element (FE) analyses performed
by Huang et al. [11] indicated that regarding the RC beams without shear reinforcement,
the deformation of the shear span in the serviceability limit state was governed by
flexure because failure occurred soon after the formation of diagonal cracks. However,
in terms of the beams with shear reinforcement, the shear-induced deflection may not be
negligible after shear cracking. In this context, neglecting the shear-induced deflection
in the analysis of RC beams with stirrups could lead to un-conservative design. The
focus of this paper is on the shear deformation of RC beams with shear reinforcement.

The number of the existing tests in which the shear deformation was directly
measured is limited. Ueda et al. [12] measured the shear deformation in the shear span
of four rectangular beams using the laser speckle method. According to Huang et al.
[11], the method of calculating the experimental shear-induced deflection used by Ueda
et al. [12], in which the shear span was divided into only one grid, could result in an

overestimate of the actual shear-induced deflection. Hansapinyo et al. [13] reported an
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experimental program of four rectangular RC beams. Four measuring grids, each of
which was composed of five traditional displacement transducers, were attached to the
surface of the test beams. The shear-induced and flexure-induced deflections were
experimentally obtained by integrating the corresponding deformation (i.e. the mean
shear strain and the curvature) of all grids. Hansapinyo et al. [13] also compared the test
results of shear-induced deflection obtained by two methods: (1) directly integrating the
mean shear strain; and (2) subtracting the flexure-induced deflection from the total
deflection. The comparison showed a notable discrepancy between the results obtained
by the aforementioned two methods. The inconsistency was believed to be attributed to
the cracks passing through the fixing points of the gauges which affected the
measurements. Debernardi and Taliano [14] tested six RC beams with thin webs.
Measuring grids composed of traditional sensors, which were similar with those
adopted by Hansapinyo et al. [13], were applied to measure the curvature and the mean
shear strain at different sections in the shear span. However, as the measuring grids
were arranged at discrete locations, the shear-induced deflections were not directly
measured in the tests. He et al. [15] and Zheng et al. [16] tested two restrained [-beams
with thin webs and the mean shear strain near the point of contraflexure was measured
using the traditional sensors. Several prestressed and nonprestressed beams were tested
by various researchers at the University of Toronto [17]. These beams failed primarily
due to the action of high shear stresses and the mean shear strain at the point of
contraflexure was measured in the tests. An experimental study of the time-dependent
shear deformation of strengthened and un-strengthened RC beams has been performed
by Jin [18].

The available prediction models for the shear deformation of RC beams after

shear cracking could be classified into three categories: (1) theoretical models based on
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the truss analogy [1, 12, 15, 19, 20]; (2) theoretical models based on the Modified
Compression Field Theory (MCFT) [14, 21]; (3) empirical models based on the
regression analysis [13, 22]. In terms of the models based on the truss analogy or the
MCFT, the mean shear strain of one particular section after shear cracking was
calculated assuming diagonal concrete struts between diagonal cracks acting as the
compression struts while the stirrups as the tension ties. In the empirical models
developed by Hansapinyo et al. [13] and Rahal [22], the tangent shear stiffness after
shear cracking was obtained by the regression analysis of the numerical or experimental
results. The detailed information of these models is presented in Section 2. As can be
seen in Section 2, with regard to the models based on either the truss analogy or the
MCEFT, the inclination of the diagonal compression struts (or the principal compressive
strain angle if they are assumed to be consistent), 6, the principal compressive strain, &2,
and the mean vertical strain, ¢y, (or the mid-depth longitudinal strain, &x) suggest the
mechanism of the shear deformation of RC beams after shear cracking. These
deformation results also constitute the critical parameters in estimating the mean shear
strain. However, none of the existing tests reported the measurements of all these
critical parameters. Accordingly, further experimental investigation into the shear
deformation of RC beams, in which not only the mean shear strain, but also the
principal compressive strain angle, the principal compressive strain, the mean vertical
strain and the mid-depth longitudinal strain at various sections are carefully measured,
could be helpful in assessing the available models.

Because cracks on the concrete surface could influence the measurement of the
deformation if the measuring grids are composed of traditional sensors as discussed
above, non-contact optical measuring approach is expected to be an alternative to

overcome this drawback. Digital Image Correlation (DIC) is a full-field measuring
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approach and has become a reliable method for measuring the surface displacement and
strain in the test of concrete structures [23-26]. In this paper, the DIC technique is used
to investigate the shear deformation of five RC beams with thin webs. The superiority
of this non-contact optical measuring approach over traditional sensors in monitoring
the deformation results of concrete structures is demonstrated. Also, the mean shear
strain, y, along with the critical parameters in predicting the shear deformation (i.e. 9, &2,
&y and é&x) 1s carefully measured. The deformation results obtained from this
experimental program along with others collected from the literature are compared with
the predictions with the available models. This study is intended to provide reliable
experimental evidences for assessing the related prediction models and also, for future

studies on the shear deformation of RC beams.

2. Available prediction models

Six available prediction models for estimating the shear deformation are reviewed in

this section. These models include: (1) JSCE Model proposed by JSCE [1]; (2) Ueda
Model proposed by Ueda et al. [12]; (3) He Model proposed by He et al. [15]; (4) Deb
Model proposed by Debernardi et al. [21]; (5) Han Model proposed by Hansapinyo et al.

[13]; and (6) Rahal Model proposed by Rahal [22].

2.1. JSCE Model and Ueda Model

In these two models, the estimation of shear deformation after cracking included two
stages: (1) after flexure cracking and before shear cracking; and (2) after shear cracking.
At Stage 1, the expressions given by these two models were the same. The
reduced shear stiffness of the section due to flexure cracking was calculated by
introducing the effective section area, 4.. The equations for the shear deformation are

shown below:
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where y is the shear strain; kv is the shear coefficient depending on the shape of the cross
section (1.2 for rectangular cross section); ¥ is the external shear force; G is the shear
modulus of elasticity of concrete; M. is the flexural cracking moment; Mmax s the
maximum moment applied to the beam; 4 is the area of the gross section; and 4. is the
area of the cracked section.

At Stage 2, i.e. after shear cracking (whether or not flexure cracking has
occurred), the expressions for estimating the shear deformation given by these two
models were based on the truss analogy. The shear strain was considered to be induced
by the shortening of the diagonal compression struts, &2, and the elongation of the

vertical tension ties (i.e. the mean vertical strain), ¢,. The expressions are shown:

{;‘y 82
= - 3
4 cotd sinf-cosd )

where 6 is the angle between the diagonal concrete struts and the longitudinal axis of
the beam. JSCE Model and Ueda Model provided two different expressions for . In
JSCE Model, the inclination of diagonal concrete struts (degree) was calculated as:

V-7,
b -d

w

0=45-(3.2-7800-p,, - p,,) (a/d)- 4

where py: is the tension reinforcement ratio; psw is the shear reinforcement ratio; a is the

shear span; d is the effective depth; Ve is the shear cracking load; and bw is the web
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width. The expression for 6 (degree) used in Ueda Model is as follows:

’ v-v. Y
O=—04 2| 429 | +32 (L |+402 ¥V, <V <177,
d b.d d

' (0.7-32/p Py )
9:91.[1'7;/”) V=11V,

2 2
6, =- 0.4-(% vo9l|[ LV Ve +3.2.(ﬁj+4o.2 (6)
d b.d d

After shear cracking, the stiffness of the tension ties was assumed to be

)

Ul

composed of two parts: (1) the shear reinforcement; and (2) the effective concrete

surrounding the stirrups. Thus, the elongation of the tension ties, &y, was determined as:

e = (V_Vcr)'sw (7)
" (E,,-A,+E,-A4,)09-d-cotd

A=Ay, (V7Y (8)
A, e
Am:min[ ﬂSWJbsw_fy ©

where s is the spacing of the stirrups; Esw is the elastic modulus of the stirrups; Asw is
the area of the stirrups; E is the elastic modulus of the concrete; Ac. is the area of the
effective concrete surrounding the stirrups at the shear force level of V; Aceo is the area
of the effective concrete surrounding the stirrups at the shear force level of Ver; fisw 1s
the yield stress of the stirrups; and f; is the tensile strength of the concrete.

The diagonal concrete struts were assumed to be elastic after shear cracking and

its deformation, &2, was determined as:
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2.2. He Model

He et al. [15] proposed an explicit equation for estimating the secant shear stiffness of
fully diagonally cracked section when the stirrups yielded, K. The derivation of K, was
based on the truss analogy. The simplified expression of K, obtained through the least-

square fitting is as follows:

K, =3p, K, (11)

where K- is the elastic shear stiffness which could be taken as G¢-bw0.9-d-
With respect to the stage between the shear cracking and the stirrups yielding,
the secant shear stiffness, Ks, was calculated as the cubic polynomial interpolation

between Ke and K, i.e.:

(1-3/p,. )-(-8-4 +16-Z1f—11~/17,)+3.K

KS = e
3 (12)
V-7,
s

where V) is the shear force when the stirrups yield. He et al. [15] suggested the

following equation for estimating V' in the absence of more sophisticated expressions:

V,=0.17-\[f.-b,-d+p,,- ., b, 0.9-d-cot45° (13)

2.3. Deb Model

Debernardi and Taliano [14] proposed a model (termed Mixed Model) based on the

MCEFT for determining the shear deformation of the sections in the Bernoulli region.
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The Bernoulli region, also referred to as the B-region, refers to the area in which the
hypothesis of plane-section is assumed valid. By contrast, the strain distribution in the
disturbance region (referred to as the D-region) is significantly nonlinear [27].
Additionally, Debernardi et al. [21] derived a simplified model based on the Mixed
Model. In this paper, the simplified model is termed Deb Model and will be presented in
detail.

In Deb Model, the shear strain of the section in the B-region was calculated
according to the Mohr circle:

_2:(s.-8)

= =7 14
4 tan @ (14)

where & is the mid-depth longitudinal strain.

It was observed in the experiments [14] that after shear cracking, the shear force
increased the amount of the tension strain in the bottom flange, e»or, and decreased the
amount of the compression strain, €wp, in the top flange. The corresponding equations

are as follows:

I V-V .
Eiop = M+(—2”)-0.9-d-cot6]2 )ICC
- c e (15)
V-V ~0.1-
gbot: _M+u.0_9.d.cot0 .M
2 E. -1,

where M is the external moment; x. is the compression depth of the cross section; and /e
is the effective moment of inertia of the cross section, which could be estimated
according to either ACI318-14 [2] or Eurocode [5]. Then, the mid-depth longitudinal

strain is calculated as the average of eror and &1op:
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& =—2 2 (16)

The expression for estimating &2 in Deb Model is similar to that in JSCE Model
and Ueda Model but with a slight difference:
V-V, -sin’@

£y =— _ (17)
E -b,-09-d-sin@-cosd

The inclination of the diagonal compression struts, which was assumed to be
consistent with the principal compression strain angle, was found to be dependent on
the following four major factors: (1) the mid-depth longitudinal strain, &x; (2) the
external shear force, V; (3) the shear reinforcement ratio, psw; and (4) the characteristic

value of the concrete compressive strength, fex. The equation for 6 is as follows:

b,-d-f
Cl :3O+psw 1150
c,=5p, —0215 (13)

c3=1+0.1-(%j

¢, =0.64+960-& —6x10°- &’

2.4. Han Model

Hansapinyo et al. [13] proposed an empirical model for estimating the reduced tangent
shear modulus, G¢r, of RC shear panels under uniform loads after shear cracking. The
ratio of Ger to the elastic shear modulus was found to be dependent on the longitudinal

strain and the stirrup ratio:

(;” =—68400-gf—130-g,+[140—

c

(19)

0.00028

Sw

139.79j
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where ¢ is the longitudinal strain.

With the aim of determining the tangent shear stiffness of one particular section
of RC beams, the cross section was first divided into several layers and the variance of
the longitudinal strain induced by the moment could thus be estimated. After the flexure
cracking occurred (before shear cracking), the tangent shear modulus of the layer in
compression was assumed to be elastic while that of the layer in tension was calculated
according to Eq. (19). After shear cracking, the tangent shear modulus of all layers was

considered to be degraded and was determined with Eq. (19).

2.5. Rahal Model

Based on the experimental results of 40 RC shear panels, Rahal [22] developed an
empirical model for estimating the post-shear-cracking tangent shear modulus of the
members subjected to pure shear. The proposed model was validated against the zone of
the negligible bending moment in one RC beam with symmetrical longitudinal
reinforcement [22]. The post-shear-cracking tangent shear modulus, G-, was influenced
by the following three parameters: (1) the concrete compressive strength; (2) the
amount of the orthogonal reinforcement; and (3) the strength of the orthogonal

reinforcement. The equations are shown below:

G, =135-f.-\Jw, -w, (20)

— psxf;)sx <l_ f;

WSX - A
£ 3 900

1)
psyfysy < 1 fc

w, =——— < ———=—
g f. 3 900
where Ger and fc are in MPa; psx and psy are the ratios of the orthogonal reinforcement;

and fysx and fysy are the yield strength of the orthogonal reinforcement (MPa).
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3. Experimental program

3.1. Specimens

Five RC beams with thin webs were tested in this experimental program. All of them
had the same cross section with a height of 600 mm. The span and the shear span was
5000 mm and 2250 mm, respectively. The shear span-to-effective depth ratio was
approximately 4:1. All the beam specimens were symmetrically reinforced with stirrups
in the two shear spans. The test variables included the stirrup ratio, the stirrup spacing,
the tension reinforcement ratio and the web width. The details of the beam specimens
are summarized in Table 1 and Fig. 1.

All the beam specimens were cast with ready-mix concrete transported by one
truck from a local concrete plant. After casting, the specimens were kept moist with wet
burlap for 7 days and then exposed to air dry in the laboratory until the day of testing.
The age of concrete at the time of testing was around 30 days. To determine the
mechanical properties of concrete, nine 150300 mm concrete cylinders were cast from
the same truck and cured under the same conditions as the beam specimens. The mean
cylinder compressive strength fc was 40 MPa (COV 6.2%) and the average modulus of
elasticity E. was 34 GPa (COV 5.3%). Deformed steel re-bars of Chinese standard
HRB400 were used as the longitudinal reinforcements and the stirrups. The mechanical

properties of the steel re-bars were tested and the results are listed in Table 2.

3.2. Test setup and instrumentation

The general view of the test setup and the instrumentation is shown in Fig. 2.
The beam specimens were simply supported. The load was first applied to a
steel beam through a servo-hydraulic jack with an ultimate load of 1000 kN and then

transferred to the beam specimen. The pure-bending length of the beams was only 500
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mm as the pure bending was not the focus of this paper. All beams were tested to failure
with a loading rate of 0.02 mm/s.

PMLAB, which was co-developed by the Optical Mechanics Groups at
Southeast University (SEU) and University of Science and Technology of China
(USTC), was used as the 3D-DIC measuring technique in this program. The full-field
displacement and strain of the two shear spans of the beams were simultaneously
measured by four camera systems, each of which consisted of two industrial cameras
(see Fig. 1(a) and Fig. 2). The measuring zone of each system was approximately 600
mm x 1200 mm. The targets were evenly spaced 112.5 mm apart on the top and bottom
flanges of the beam as shown in Fig. 1. The displacements of these targets were tracked
by the 3D-DIC technique and used to create the virtual measuring grids (VGs) for
evaluating the deformation of the grids (see Section 3.3 for details). Random speckle
patterns were required aimed at the full-field strain measurement. Owing to the large
area monitored, water transfer printing method [28] was applied for the sake of
efficiency (see Fig. 2(b)). In this method, pieces of transfer papers made of
prefabricated decal papers, protected sheets and printed speckle patterns were required.
Before testing, the speckle patterns were generated by computer simulations, printed on
the decal paper and then transferred to one surface of the two shear spans of the beams
by moistening the basement with water using a brush (However, in terms of specimen
S1, the speckle pattern was only applied to the right shear span and hence, the full-field
strain results were recorded only in the right shear span). The crack patterns in the
measured zones, represented by the principal tensile strain, were obtained by the 3D-
DIC technique. The loading procedure was paused every 10 kN to acquire the images

from all the four camera systems.
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3.3. Virtual measuring grids (VGs)

The schematic diagram of the arrangement of virtual measuring grids is shown in Fig.
3(a). As the area near the loading point was hidden by the column of the loading setup,
the measuring length of one shear span of all specimens was finally 2025 mm rather
than the shear span of 2250 mm. The monitored area was divided into four parts, i.e.
four virtual measuring grids, which were termed from VG1 to VG4 sequentially from
the loading point to the support (see Fig. 3(a)). VG1 and VG3 measured 560 x 450 mm
while VG2 and VG4 560 x 562.5 mm. The moment-to-shear ratio of the virtual
measuring grid, which is denoted by ag, could be taken as the distance between the
support and the centre of the grid. The corresponding values of ag for VG1 to VG4 were
1800 mm, 1294 mm, 788 mm and 281 mm, respectively.

A virtual measuring grid was composed of 4 corner targets (TG1 through TG4)
and a number of intermediate targets on the top and bottom flanges, as shown in Fig.
3(b). The numbers of the intermediate targets were 8 for the grids with the length of
562.5 mm and 6 for those with the length of 450 mm. The longitudinal and vertical
displacements of the corner targets are denoted as u; and v: (i represents the label of the
target), respectively. The height and the length of a grid are denoted as /g and 4.

The mid-depth longitudinal strain of a grid, &x, was calculated as:

+
gx — gtop 2 gbot (22)

where &1 1s the longitudinal strain of the top flange of a grid, equal to (us-u1)/lg; and epor
is the longitudinal strain of the bottom flange of a grid, equal to (u3-u2)//g.

In the experimental program conducted by Debernardi and Taliano [14], the
mean vertical strain of a grid was calculated as the average of the vertical strain of the

left and right edges, i.e.:



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

. :(vl—vz)+(v4—v3) 23)

Fig. 4 presents the variance of the experimentally obtained mean vertical strain in the
right shear span of specimen S1 at the shear force level of 150 kN. The vertical strain of
one particular cross section was estimated by (viop-veor)/hg, Where viop and veor are the
vertical displacements of the targets at the top and bottom flanges, respectively. Fig. 4
indicates significant fluctuations of the vertical strain along the beam axis. The circles
in Fig. 4 mark the vertical strain at the edges of VG2 and VG3. It could be found that
the vertical strain at the intermediate sections between the two edges were larger than
the average of the vertical strain of the left and right edges. The reason could be
identified in Fig. 5, which shows the crack pattern in the right shear span of specimen
S1 at the same shear force level. The dash lines in Fig. S represent the intermediate
cross sections. The crack pattern indicated more (or wider) diagonal cracks in some of
the intermediate cross sections which resulted in the corresponding larger vertical strain.
Consequently, the actual mean vertical strain would be underestimated by simply
averaging the results of the left and right edges. Regarding another virtual measuring
grid, for which section A and section B (see Fig. 4) were selected as the left and right
edges, the actual mean vertical strain would be overestimated instead if following the
method presented by Debernardi and Taliano [14]. This method shows a lack of
objectivity. Hence, in this paper, the mean vertical strain of a grid was calculated by
averaging the measured vertical strain of all sections inside the grid.

The mean shear strain of a grid was calculated with the method presented by

Huang et al. [11]. The expression is shown below:

_ U, +u4—u2 —Us +V3 -|‘V4—Vl -V,

24
2, 2-1, -
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The principal tensile strain €1, the principal compressive strain &2 and the
principal compressive strain angle 6 could thus be estimated by the three strain
components (i.e. &x, &y and y) based on the Mohr circle. Additionally, the curvature of a

grid was calculated as:

k= —bot _ Ctop (25)

The shear-induced deflection of the measuring area in one shear span was

obtained by integrating the shear strain along the shear span:
4 . .
=27l (26)
i=1

The flexure-induced deflection was calculated by a set of recursion formulas,

which was presented by Huang et al. [11]. The expressions are shown below:

. . ) 1 )
i i-1 i i 2
5f ——5f +a -lg+—2-K‘ -lg

a =a "+ a;

50 =0 @7
ao = abearing
0
a, =0

where J7 is the flexure-induced deflection at the right-most of the i grid as shown in
Fig. 3; &' is the rotation angle of the left edge of the i grid; o’ is the mean rotation
angle within the grid, which is taken as x-/g; and dsuppore 1s the rotation angle at the

support and could be calculated:

_ utap,support B ubot,support (28)
support h
g

o
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where uiop.support and uborsuppore are the longitudinal displacements of the targets at the top

and bottom flange of the support cross section, respectively.

4. Experimental results

4.1. General behaviour

Extensive diagonal cracks in the shear spans were observed for all specimens as the
load level increased. All beams presented a typical flexure failure characterized by the
yielding of the tension reinforcement and the concrete crush at the top of the mid-span
cross section (see Fig. 6). The peak shear forces were 157.5 kN for S4 and around 260
kN for the other specimens.

During the test of specimen S2 only the right shear span were successfully
measured by the 3D-DIC technique because of the failure of several camera systems.
Only the measurements in the left shear span were obtained for specimen S5 due to
similar reasons. After striping the forms of specimen S4, several relatively large voids
were observed on the top surface of the bottom flange in the right shear span and the
tension reinforcement was partly exposed. The phenomenon was believed to be
attributed to the inadequate vibration when casting the beam. Although fresh concrete
had been placed to fill the voids, owing to the potential poor bond performance between
the tension reinforcement and the new concrete, unexpected longitudinal cracks were
observed in the right shear span during the test (see Fig. 7). This led to extremely large
deformation in the right shear span of S4 compared with that in the left shear span.

Thus, the experimental results of the right shear span of specimen S4 are omitted in this

paper.

4.2. Cracking loads

The experimentally observed flexural and shear cracking loads are summarized in
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Table 3.

Fig. 8 illustrates the crack patterns of the left and right shear spans of specimen
S3 at the shear cracking loads of different measuring grids. As the load level rose, the
cracks appeared sequentially from the loading point to the support.

The flexural cracking moment, M., could be calculated with the elastic beam

theory:

M, = (29)

where /g is the moment of inertia of the gross section; and yr is the distance between the
centroid and the extreme tension fibre. The concrete tensile strength, f;, could be
calculated in accordance with Model Code 2010 [4] based on the measured concrete
compressive strength. The calculated results of the mean value, the lower bound value
and the upper bound value of f; are 3.0 MPa, 2.1 MPa and 3.9 MPa, respectively.
Through fitting the experimental results of the flexure cracking loads, 3.6 MPa is
selected for fr. The calculated flexural cracking loads match the experimental results for
all specimens except for S4 as shown in Fig. 9. The lower flexural cracking loads of
specimen S4 might be attributed to the unexpected concrete shrinkage. As
recommended by Kaklauskas et al. [29], the shrinkage could be modelled by a fictitious
axial force applied to an un-symmetrical section (as the cross section of the beams in
this paper was un-symmetrically longitudinally reinforced). The reader is referred to
Kaklauskas et al. [29] for the detailed computational procedure. In this paper, a typical
value of -200 xe was assumed and the calculated flexural cracking loads for VG1 and
VG2 of S4, including the effect of concrete shrinkage, show better agreement with the

experimental results as shown in Fig. 9.
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Debernardi et al. [21] proposed an equation, which was a modified version of

that provided by Model Code 1990 [30], for estimating the shear cracking load, Ve

1
3.d ) 200 1
V. o=015| ——| | 1+,[=— |-(100-p_ - £, )3 -b_-d 30
cr [M/VJ L d ]( pst f;) w ( )

where fecr 1s in MPa. The predictions of Ver with Eq. (30) are compared with the
experimental results in Fig. 10. Eq. (30) indicates that the major parameters affecting
the shear cracking loads include: (1) concrete compressive strength; (2) the web width;
(3) the effective depth; (4) the moment-to-shear ratio; and (5) the tension reinforcement
ratio. Therefore, the shear cracking loads of S1, S2 and S3 are illustrated in the same
figure because they had the identical amounts of the aforementioned parameters. It can
be found the expression proposed by Debernardi et al. [21] is capable of reproducing the

experimental results.

4.3. Stirrup-yielding loads

The control of deflections at service load levels mainly involves the stage before the
onset of stirrup-yielding. With regard to He Model as presented in Section 2.2, the
stirrup-yielding load, V), is also needed for the estimation of the shear deformation.
Consequently, it is necessary to determine V) of the grids experimentally. In this section,
the stirrup-yielding loads of the specimens will be estimated based on the experimental
mean vertical strain.

The stress-strain curve of a bare steel re-bar is typically modelled as a elastic-
perfectly plastic curve with a yield strain of ¢),s as shown in Fig. 11. However, in terms
of the steel reinforcement surrounded by the concrete, the mean strain of the steel when
the steel yields is different from &5 [31, 32]. Fig. 11 illustrates a beam segment in the

shear span with one stirrup at the onset of yielding. It could be found the strain varies
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along the stirrup, with higher levels at the cracks and lower levels between them. Once
the strain of the stirrup at the cracks approaches &y,s, the mean strain of this stirrup
(referred to as the apparent yield strain, &),qp) 1s lower than &y,s. In this paper, the
expression proposed by Belarbi and Hsu [32] was used to estimate the apparent yield

strain of the steel surrounded by the concrete:

(1)

where &y,qp and fy,qp are the apparent yield strain and the apparent yield stress of the steel
surrounded by the concrete, respectively; f; is the yield stress of the steel; Es is the
elastic modulus of the steel; and ps is the steel reinforcement ratio.

The experimental stirrup-yielding loads of the grids of all specimens based on
the concept of apparent yield strain and the measured mean vertical strain are listed in
Table 4. The experimental results of the mean vertical strain along with the apparent
stirrup-yielding strain could be found in Appendix A (see Fig. Al to Fig. A4) and Fig.
25. The minimum of ¥, of all four grids represents the load level at the onset of the
stirrup yielding in the shear span. It can be seen in Table 4 that for specimen S4, no
stirrup yielded during the loading procedure. The minimum stirrup-yielding loads of
specimen S1, S3 and S5 were quite close to the peak load. In terms of S2 which had the
lowest shear reinforcement ratio, the stirrups yielded first within VG2 and VG3 at the
load level of 190 kN. Table 4 also compares the values of V' calculated using He Model
with the experimental results. The calculated results constantly underestimate the actual

stirrup-yielding loads.
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4.4. Deflection results

The total deflection of the measuring zone in the shear span was determined by
subtracting the vertical displacement of the target at the support from that at the bottom-
right corner of the measuring zone (see Fig. 3). The shear-induced and flexure-induced
deflection was determined by the methods presented in Section 3.3. The shear-induced
deflection could also be obtained by subtracting the flexure-induced deflection from the
total deflection. The experimental shear-induced deflections obtained by these two
methods are compared in Fig. 12. Good agreement between the results from the two
methods, which is contrary to that presented by Hansapinyo et al. [13] in which the
traditional sensors were used, demonstrates the accuracy and superiority of the 3D-DIC
technique in measuring the deformation of RC structures. The results of the virtual
measuring grids in the two shear spans of specimen S1 and S3 were successfully
recorded. The results of the shear-induced deflections in the two shear spans are
compared in Fig. 13 and acceptable repeatability of the test results could be seen. The
presented results of specimen S1 and S3 hereafter in this paper are the averages of the
two shear spans.

Fig. 14 illustrates the measured total deflections and those predicted using the
expressions provided by ACI318-14 [2] (termed ACI Model) for which the shear
deformation is ignored. It should be noted when calculating the deflection of S4 based
on ACI Model, the concrete shrinkage of -200 ue was introduced by modifying the
flexure cracking load. It indicates that ACI Model underestimates the deflections under
service load which may bring un-conservative design. Underestimates of deflections
with the ACI Model have also been shown by e.g. [33].

The experimental results of the flexure-induced deflections in the measuring
zone are shown in Fig. 15. With identical cross sections and tension reinforcement, S1,

S2, S3 and S5 had similar flexure-induced deflections (although S5 had larger web
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width, it made little difference in the flexural stiffness). The cracked flexure stiffness of
S4 decreased faster than the other specimens due to its smaller amount of tension
reinforcement. Discrepancy between the predictions with ACI Model and the measured
results of the flexure-induced deflections could also be found in Fig. 15. This is
attributed to the additional curvature induced by the shear force after shear cracking,
which has been elaborated by Debernardi et al. [21], Hansapinyo et al. [13] and Ueda et
al. [12]. JSCE Guidelines for Concrete 2007 [1] (termed JSCE Model) provided a model
for predicting the flexure-induced deflection considering the additional curvature. The
corresponding predictions are in good agreement with the experimental results as shown
in Fig. 15.

The shear-induced deflections in the measuring zone of all specimens are
presented in Fig. 16. By comparing the results of S1 and S2, the effect of stirrups on the
shear deformation could be identified. S1 had a higher stirrup ratio than S2. The shear-
induced deflection of S1 increased slower than that of S2 which is attributed to the
restraints on the propagation of diagonal cracks imposed by the stirrups. The
comparison between S1 and S3 indicates the stirrup spacing may have little influence on
the shear deformation when the stirrup ratio keeps constant. It should be noted the
stirrup spacing of S3 was 250 mm which conformed to the limitation of stirrup spacing
specified by ACI318-14 [2] and Eurocode [5]. Whether the aforementioned conclusion
holds true for the cases with larger amounts of the stirrup spacing which exceeds the
codes provisions needs to be further investigated. S4 was reinforced by less tension
reinforcement than S1 and had a larger shear-induced deflection than the reference
beam. It implies the amount of tension reinforcement affects not only the flexure
deformation but also the shear deformation. The reason might be that the tension

reinforcement contributes to the restraint on the opening of shear cracks. The web width
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appears to be a critical factor influencing the shear deformation (comparing the results
of S1 and S5). The larger web width brings the higher shear cracking loads. In addition,
the slope of the shear force-shear deflection curve of S5 was steeper than that of S1,
suggesting that the larger web width also contributes to the larger post-cracking tangent
shear stiffness.

The shear-induced deflections of the specimens are given in comparison with the
predictions with the available models presented in Section 2 (see Fig. 17). It should be
noted that the experimental shear cracking loads were used when calculating the shear-
induced deflections with the available models. Generally, all the predictions fail to
match the experimental results. The use of Rahal Model overestimates the shear-
induced deflections for all specimens while the predictions with other models are
constantly smaller than the experimental results.

In Fig. 17, Eq. (13) proposed by He et al. [15] was used to predict the stirrup-
yielding loads. As shown in Table 4, the experimental stirrup-yielding loads are smaller
than the predictions with He Model. Consequently, the predicted shear-induced
deflections with He Model are expected to be even smaller if the experimental results of
Vy are used. However, as presented in He et al. [15], He Model was able to reproduce
the shear deformation of several collected test beams. This conclusion should be treated
with caution and the reasons are listed below:

(1) The effective shear depth of the beam, z, needed to be determined in He Model.
As recommended by He et al. [15], its value was approximated by 0.9-d (d is the
effective depth of the section). However, the corresponding values used for the
specimens when verifying the model are questionable. For example, the beam
specimens tested by Debernardi and Taliano [14] had a height of 600 mm and

the effective depth was about 555 mm. Thus, the effective shear depth was
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2

3)

“4)

supposed to be around 500 mm while the selected value reported in [15] was
only 350 mm. Additionally, the beam specimens tested by Cladera [34] had an
effective depth of 353 mm and the corresponding effective shear depth should
be 318 mm. By contrast, the value used by He et al. [15] was only 265 mm. The
underestimates of the effective shear depth allow the predicted results of shear
deformation to be irrationally larger.

The selection of the elastic modulus of concrete is also questionable. For the
beam specimens reported in Hansapinyo et al. [13], the elastic modulus was not
directly tested. The cylinder concrete compressive strength was 33 MPa. He et al.
[15] used 22 GPa instead as the elastic modulus of concrete, which was smaller
than the estimations with the expressions proposed by the current codes, namely
31 GPa with Eurocode [5], 32 GPa with Model Code 2010 [4] and 27 GPa with
ACI318-14 [2]. He et al. [15] did not make it clear why such a small amount of
elastic modulus, which could irrationally increase the predicted shear-induced
deflection, was selected.

The calculation of shear deformation using He Model strongly depends on the
choosing of the stirrup-yielding load, Vy. When verifying the model, the values
of V) were reported to be based on the experimental results [15]. For the beams
tested by Debernardi and Taliano [14], the "experimental" results of V), were
taken as 200 kN and 240 kN for TR2 and TR6 in He et al. [15], respectively.
However, Debernardi and Taliano [14] did not report the experimental V. 200
kN and 240 kN were just the peak loads given in the shear force - shear strain
curves of these two beams.

He et al. [15] predicted the shear strain of two grids of two restrained beams

tested by themselves. The experimentally observed shear cracking loads were
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reported to be 80 kN and used to verify He Model. However, another paper [16],
which also presented the experimental results of the identical experimental
program, reported 150 kN for the shear cracking loads. The contradiction
between these two reported test results implies the validity of He Model is still

inconclusive.

In order to examine the reason why the other models (i.e. JSCE Model, Ueda
Model, Deb Model, Han Model, Rahal Model) are unable to produce satisfactory
predictions of the shear-induced deflections, it is helpful to further examine the
deformation results of the grids, i.e. the mean shear strain, the principal compressive
strain angle, the principal compressive strain, the mid-depth longitudinal strain and the
mean vertical strain. Also, the collected experimental results from the literature may
also be beneficial to the assessment of the prediction models. The discussion will be

presented in the subsequent sections.

5. Assessing the available models based on the experimental results in this
paper

Before the assessment, it may be helpful to identify the region (i.e. B-region or D-region)
to which each measuring grid belongs. As shown in Fig. 4, the amounts of the vertical
strain in the vicinity of either the loading point or the support were significantly smaller
than those in the middle third of the shear span. It is attributed to the vertical stress
induced by the concentrated loads which disturb the stress and strain distribution. This
region is termed the D-region where D stands for disturbance while the B-region (B
stands for Bernoulli) refers to the area which is not influenced by the concentrated loads
[27]. Regarding the beam specimens studied in this paper, the length of the D-regions
was taken as the height of the cross section and the extent of the B-region and D-region

in the shear span is illustrated in Fig. 3(a). VG1 and VG4 were considered to be within
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the D-region while VG2 and VG3 within the B-region.

5.1. Mean shear strain of the grids

Fig. 18 shows the experimental mean shear strain of the grids with varied moment-to-
shear ratios of specimen S3. The dash lines represent the levels of the shear cracking
loads. It was evident that the increase of the shear strain with the rise of the load level
became faster after shear cracks formed. By comparing the mean shear strain of VG2
and VG3 illustrated in Fig. 18, it could be found that at the same shear level, the mean
shear strain was larger when the moment was larger. Similar results could be observed
when it comes to the other specimens (see Fig. A5 in Appendix A for details).
Debernardi and Taliano [14] also discovered the effect of the moment on the shear
deformation. It is also of interest to note that this conclusion is not applicable when
comparing the shear strain of VG1 in the D-region and VG2 in the B-region. Although
VGI1 had a higher moment-to-shear ratio, its shear strain was not noticeably larger than
that of VG2. Opposite phenomenon could even be observed regarding specimen S1 and
S5 (see Fig. AS in Appendix A). Further investigation is needed to gain insight into the
variation of the mean shear strain with the moment-to-shear ratio in the D-region.

It can be assumed that the tangent shear stiffness, K, remains constant after
shear cracking based on the observation of the experimental results of the shear force —
mean shear strain (V-y) curves. After the stirrups yield, the shear stiffness is believed to
degrade further owing to the stiffness degradation of the stirrups after yielding. As this
paper deals with the serviceability limit sates (namely, the shear force level lower than
Vy), the experimental tangent shear stiffness after shear cracking was then obtained by
performing linear regression of the /-y curve between the shear cracking load (V) and

the stirrup-yielding load (¥5) in which V- and V), were quantified based on the
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experimental results (see Table 3 and Table 4 for the values). Similarly, the predicted
tangent shear stiffness after shear cracking with the available models was obtained.
Table 5 gives the experimental and calculated K; of the grids located in the B-
region of the beams in this paper. It can be seen that the tangent shear stiffness
decreased as the value of M/Vh increased, i.e. the effect of moment on the amount of K.
However, as shown in Table 5, JSCE Model, Ueda Model and Rahal Model do not take
such effect into account. The predictions with JSCE Model, Ueda Model and Han
Model are significantly larger than the experimental results. The calculated values of the
tangent shear stiffness after shear cracking with Deb Model were constantly larger than
the experimental results. The corresponding average of the calculated value-to-
experimental value ratios was 1.31. With regard to Rahal Model, the predictions were
constantly smaller. The average of the ratios of the calculated values to the experimental

values was 0.71.

5.2.  Principal compressive strain angles of the grids

In terms of the available models based on either the truss analogy or the MCFT (i.e.
JSCE Model, Ueda Model and Deb Model), the inclination of the diagonal concrete
struts is a critical parameter for estimating the mean shear strain as well as the mean
vertical strain, the mid-depth longitudinal strain and the principal compressive strain.
Although several expressions have been developed to estimate the angle as presented in
Section 2, related experimental results were limited so that the validity of these
expressions remained unknown. Generally, the assumption that the inclination of the
diagonal concrete struts equals the principal compressive strain angle is accepted when
dealing with the cracked concrete [14, 15, 35, 36]. In this section, the experimental
principal compressive strain angles of the grids will be presented and compared with the

predictions with several available models.
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Fig. 19 illustrates the principal compressive strain angles of the grids with
different moment-to-shear ratios in specimen S1. Only the results after shear cracking
are illustrated in this figure. It could be found that the angle kept decreasing after the
formation of shear cracks. The variation of the angle with the moment-to-shear ratio is
also evident. Comparing the results of VG2 and VG3 in the B-region, it can be seen that
a larger moment-to-shear ratio caused a larger amount of the principal compressive
strain angle at the same shear force.

The influence of the stirrup ratio and the tension reinforcement ratio on the
principal compressive strain angle is illustrated in Fig. 20. Placing smaller amounts of
stirrups caused the decline in the value of principal compressive strain angle which
could be identified by the comparison between S1 and S2. By comparing the results of
S1 and S4, the influence of tension reinforcement could be identified. Less tension
reinforcement caused the growth in the value of the angle at relative high levels of the
shear forces.

Fig. 21 shows the predictions of the angles of the grids in specimen S1 using the
following models: JSCE Model, Ueda Model and Deb Model. It could be concluded
that none of these three models is able to reproduce the variation of the angles with the
shear force levels for the grids in the D-region. This conclusion holds true for all the
other specimens tested in this paper (see Fig. A6 to Fig. A9 in Appendix A). As
illustrated in Fig. 21 and Fig. A6 to Fig. A9 in Appendix A, although certain models are
capable of reproducing the angles of certain grids in the B-region (e.g. the predictions
with JSCE Model agree well with the experimental results of VG2 in S1, VG2 in S3 and
VG3 in S4 while those with Ueda Model agree well with the experimental results of
VG2 in S2, VG3 in S3 and VG3 in S5), none of them could produce satisfactory

predictions for all the specimens with varied design parameters.
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5.3. Principal compressive strain of the grids

In terms of JSCE Model, Ueda Model and Deb Model, the strain of the diagonal
concrete strut, i.e. principal compressive strain, &2, is required. For JSCE Model and
Ueda Model, the expressions of &2 are the same (see Eq. (10)). The expression provided
by Deb Model is similar to that of JSCE Model and Ueda Model but with a minor
difference (see Eq. (17)). As mentioned in Section 5.2, the available models are not able
to predict the experimental principal compressive strain angles accurately. In order to
check the expressions for estimating &2 without introducing the effect from the deviation
of the calculated angles, the experimental 6 was used to calculate the values of 2. The
experimental results of 8 will also be used when checking the expressions for the mid-
depth longitudinal strain and the mean vertical strain presented in Section 5.4 and 5.5,
respectively. Additionally, when the shear force level was below the shear cracking load,
the response was assumed to be elastic.

Fig. 22 shows the experimental and calculated principal compressive strain of
the grids in specimen S3. It could be found that after shear cracking, the principal
compressive strain increased faster than the elastic response. Both Eq. (10) and Eq. (17)
produce acceptable results of the trends in the development of the principal compressive
strain of the grids. The expression provided by Deb Model (i.e. Eq. (17)) appears to

predict &2 more accurately.

5.4. Mid-depth longitudinal strain of the grids

The mid-depth longitudinal strain, éx, is required when using Deb Model to estimate the
mean shear strain as presented in Section 2.3. The expressions for estimating &x (i.e. Eq.
(15) and Eq. (16)) are applicable only to the grids in the B-region as they are derived
based on the plane-section assumption. The experimental and calculated &x of VG3s in

S1 are presented in Fig. 23. The predictions termed Pure Bend in Fig. 23 refer to the
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results estimated based on the pure bending theory in which the influence of shear is
ignored. As shown in Fig. 23, the predictions based on the pure bending theory deviate
significantly from the experimental results after shear cracking. Although the influence
of shear on the longitudinal strain has been taken into account in Deb Model, the
estimates of &x remain lower than the experimental results after shear cracking. Similar
results could be found with respect to the mid-depth longitudinal strain of VG3s in the
other specimens (see Fig. A10 in Appendix A)

Through the observation of experimental results, the expression of &x provided

by Deb Model was modified accordingly as presented below:

£ :gtop-‘rgbot
X 2
Eip = [M +g-0.9-d.cot9]2_’1€c (32)
~0.1-
g, = —M+K-O.9-d-cott9 X —0.1-d
2 E -1,

The predictions with Eq. (32) are closer to the experimental results as shown in
Fig. 23 and Fig. A10 in Appendix A. In this section, a preliminary "Modified" Deb
Model was developed in which € was determined based on the experimental results, &x
determined with Eq. (32) and &2 determined with Eq. (17). The mean shear strain was
then estimated with Eq. (14). The calculated results with the "Modified" Deb Model are
presented in Fig. 24. Good agreement between the experimental and calculated results
is observed. However, it should be noted that this model is just a preliminary model in
which the critical parameter, 6, must be obtained from the experiments. It seems not
possible to derive a reliable model for 8 based on the limited experimental results

presented in this paper. Further research is needed.
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5.5. Mean vertical strain of the grids

The mean vertical strain, &y, is also a key parameter when estimating the shear
deformation with either JSCE Model or Ueda Model based on the truss analogy. In
these two models, the expressions for estimating ¢, are the same (see Eq. (7), Eq. (8)
and Eq. (9)) and the effect of the concrete surrounding the stirrup is taken into
consideration by the term Ec-Ace Where Ace is the effective area of the concrete around
the stirrups. The predicted results of the grids in specimen S1 based on the JSCE Model
and the Ueda Model are compared with the measured results in Fig. 25. In addition, the
predictions with a similar expression based on the truss analogy but omitting the effect
of the concrete (i.e. removing the term Ec-Ac. in Eq. (7)) are illustrated in Fig. 25 as
well, which is termed Pure Truss Model. The expression is given:

o (V=V)s,
" E_-A -09-d-cotf

(33)

As shown in Fig. 25, the mean vertical strain was negligible before shear
cracking and then kept growing as the shear force increased. For the grids in the B-
region, i.e. VG2 and VG3, the expressions provided by JSCE Model and Ueda Model
underestimate the mean vertical strain. The Pure Truss Model, which excludes the effect
of the concrete, produces larger vertical strain than the experimental results of VG2.
However, with respect to VG3, the predictions with Pure Truss Model are consistent
with the measured mean vertical strain. Similar results could also be discovered for all
the other specimens (see Fig. A1 to Fig. A4 in Appendix A). It seems that for the grids
in the B-region with lower moment-to-shear ratios, i.e. VG3s, the effect of the concrete
surrounding the stirrups is negligible while for those with higher moment-to-shear
ratios, i.e. V(32s, this effect could not be neglected. In other words, the moment-to-shear

ratios might affect the tension stiffening effect of the concrete around the stirrups. For
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the grids in the D-region, i.e. VG1 and VG4, Pure Truss Model overestimates the mean
vertical strain. Despite accounting for the tension stiffening effect, JSCE Model and
Ueda Model still provide larger mean vertical strain of VG1 than the experimental
results. With respect to the D-region in RC beams, not only the truss mechanism but
also the arch mechanism [37] is known to play a role in the shear resistance. Therefore,
part of the external shear force causes the increase of the mean vertical strain through
the truss mechanism while the remaining reduces the vertical deformation through the
arch mechanism. The results of the other specimens are similar as illustrated in Fig. A1
to Fig. A4 in Appendix A. In general, the available models are not capable of predicting
the development of the mean vertical strain at different sections in the shear span of RC

beams.

6. Assessing the available models based on the collected experimental

results

The experimental mean shear strain of 18 more grids of RC beams were collected from
the literature [14, 15, 17] aimed at assessing the available models in terms of predicting
the shear deformation of the grids in the B-region. The material and section properties
of the collected specimens are summarized in Table 5.

The beam specimens reported by Vecchio and Collins [17] and He et al. [15]
were restrained beams for which the mean shear strain near the contraflexure point were
directly measured. The values of M/Vh for these grids were all below 1 (see Table 5).
Debernardi and Taliano [14] measured the mean shear strain of the grids with various
M/Vh from 1.7 up to 4.8. The values of the experimental tangent shear stiffness after
shear cracking, K, for the collected data were estimated in the same way as presented in
Section 5.1. The shear cracking load, V.r, was determined with the expression proposed

by Debernardi et al. [21] (see Eq. (30)). As the stirrup-yielding loads, V), of the
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collected beams were not reported, the values of V), were estimated as 0.7 Vpeax Where
Vpeak represents the peak shear force. 0.7:Vpear 1s commonly assumed to be the service
load level at which the stirrups are thus considered to be elastic.

The values of the experimental K; of the collected RC beams are compared with
the calculated values with the available models in Table 5. It can be seen that JSCE
Model, Ueda Model and Han Model significantly overestimate not only the shear
stiffness of the beams tested in this paper, but also of the beams collected from the
literature. On average, the predictions of K; with Deb Model are 24 percent larger than
the experimental results while Rahal Model underestimates the experimental K; by 24
percent. However, regarding the mean shear strain near the point of contraflexure (i.e.
the experimental results reported by Vecchio and Collins [17] and He et al. [15]), the
predictions with Deb Model deviate considerably from the experimental results. The
average of the calculated value-to-experimental value ratios (abbr. CV/EV) is 1.94. It
appears that Deb Model produces poorer predictions of the shear deformation near the
point of contraflexure than elsewhere. On the contrary, Rahal Model is able to produce
acceptable predictions of the mean shear strain near the contraflexure point (average
CV/EV = 0.87) despite the fact that it underestimates the shear deformation elsewhere

(average CV/EV = 0.73).

7. Conclusion

An experimental program concerning the shear deformation of five RC beams with thin
webs using the Digital Image Correlation (DIC) technique is presented in this paper.
The experimental results presented in this study, as well as others collected from the
literature were used to assess the available models for predicting the shear deformation
after shear cracking. The following conclusions can be drawn from the above analysis

and discussion:
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The 3D-DIC technique accompanied by the water-transfer-printing random
speckles could be a reliable non-contact measuring approach for monitoring the
full-field displacement and strain in the large-scale regions of concrete structures.
Compared with traditional sensors, the measured shear deformation with 3D-
DIC technique and virtual measuring grids were more accurate and reliable. The
experimental shear-induced deflections in the two identical shear spans indicated
acceptable repeatability of the measured data.

The use of the expressions proposed by ACI318-14 [2] significantly
underestimated the total deflection of the specimens tested in this paper. The
flexure-induced deflection of these specimens were well predicted by the
expressions proposed by JSCE [1] in which the influence of shear on the flexure
deformation is considered.

The following parameters may influence the shear deformation of RC beams
after shear cracking: (1) the stirrup ratio; (2) the tension reinforcement ratio; and
(3) the web width. It appears the stirrup spacing have little influence on the
shear-induced deflections.

The moment-to-shear ratio, the tension reinforcement ratio, the stirrup ratio and
the shear force level had influence on the inclination of the diagonal concrete
struts. None of the current models was capable of reproducing the inclination of
the struts of the test beams in this paper.

An expression based on the model developed by Debernardi et al. [21] with a
minor modification was developed to better estimate the mid-depth longitudinal
strain of the grids of the test beams after shear cracking.

It appears that the moment-to-shear ratio influences on the tension stiffening

effect of concrete around the stirrups in the B-region after shear cracking. For



794

795

796

797

798

799

800

801

802

803

804
805

806

807

808

809

810

811

812

813
814

815

816

817

the grids in the D-region, part of the external shear force seems to be balanced
by the arch mechanism so that the vertical strain induced by the truss mechanism
is reduced. None of the available models based on the truss analogy could
provide accurate predictions of the mean vertical of the test beams in this paper.
e The experimental results in this study and those collected from the literature
indicated the tangent shear stiffness of the grids in the B-region after shear
cracking was lower when the moment-to-shear ratio was larger. The available
prediction models were not able to predict the post-shear cracking shear
deformation of the RC beams presented in this study and collected from the

literature.
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9. Appendix A

The experimental and calculated mean vertical strain of the grids of specimen S2 to S5
are illustrated in Fig. A1 to Fig. A4.
The experimental mean shear strain of the grids of all specimens are illustrated

in Fig. AS.
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The experimental and calculated principal compressive strain angles of the grids
of specimen S2 to S5 are illustrated in Fig. A6 to Fig. A9.
The experimental and calculated mid-depth longitudinal strain of VG3 in

specimen S2 to S5 are illustrated in Fig. A10.
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909  Table 1 Details of the specimens in the experimental program

Shear . .
Beam Span span Height = Web width Tension steel® Top Stirrup® Test variable
(mm) (mm) (mm) (mm) steel

S1 5000 2250 600 100 8D20 (4.53%) 3D20  D8@150 (0.67%) Reference beam
S2 5000 2250 600 100 8D20 (4.53%) 3D20 D6@150 (0.38%) Stirrup ratio
S3 5000 2250 600 100 8D20 (4.53%) 3D20 D10@250 (0.63%) Stirrup spacing
S4 5000 2250 600 100 5D20 (2.83%) 3D20 D8@I150 (0.67%)  Tension steel ratio
S5 5000 2250 600 150 8D20 (3.02%) 3D20 D8@150 (0.45%) Web width

O \O\O
— — —
No—O

2The percentages in the brackets represent the tension reinforcement ratio
The percentages in the brackets represent the stirrup ratio



913  Table 2 Mechanical properties of the steel reinforcement.

Reinforcement  Diameter (mm)  Area (mm?)  Yield stress (MPa)  Tensile stress  Modulus of elasticity (GPa)

D6 6 28.3 431 558 201 GPa
D8 8 50.3 450 572 205 GPa
D10 10 78.5 446 549 199 GPa
D20 20 314.2 440 560 200 GPa

914



915

917
918
919

Table 3 Cracking loads of all virtual measuring grids of the beam specimens

Beam VGI VG2 VG3 VG4
FCL* SCL® FCL*  SCL® FCL® SCLb FCL® SCLb
SI  50kN 70kN 65kN  80kN - 90 kN 140 kN
S2  60kN 70kN  70kN  90kN - 100 kN 140 kN
S3  50kN 65kN  70kN  75kN - 10SKN (120 kN)d - 140 kN (160 kN)¢
S4  35kKN 55kN  45kN  65kN - 80 kN 100 kN
S5 50kN 90kN 75kN  105kN - 115 kN 180 kN

2FCL represents flexural cracking load.
"SCL represents shear cracking load.
e"--" means no flexural cracking was observed in the test.

9The values in the brackets are the shear cracking loads of the grids in the left shear span.



921  Table 4 Stirrup-yielding loads of the grids of the beam specimens

Beam Vpeak (kN)a Vy,cal (kN)b Ey,ap of stirrups Grid V:v,exp (kN) Min. Vy,exp (kN)C Vy cal/MIN. Vy,exp
_d

VGI -
VG2 245
Sl 260 207 0.00156 Vo3 550 245 0.83
VG4 -
VGl 210
VG2 190
2 260 143 0.00119 Ve 190 190 0.75
VG4 255
VGl 265
VG2 235
S3 265 198 0.00153 Vo3 2t 235 0.84
VG4 -
VGl -
VG2 -d . .
sS4 157.5 207 0.00156 Vo3 T - -
VG4 —d
VGl -d
VG2 250
S5 255 238 0.00132 Vo3 " 250 0.95
VG4 -d

922 2Vpeak 1s the peak load of the beam specimen.
923 V}.cat is the calculated stirrup-yielding load with He Model as presented in Section 2.2.

924 °Min. Vy,ex is the minimum of the experimental stirrup-yielding loads of all four grids. It represents the load level at
925 which the first stirrup in the shear span starts yielding.
926 d__" means no stirrup-yielding was observed in the test.

927



928  Table 5 Tangent shear stiffness after shear cracking of the grids in the B-region

/£ b n Experimental K, Calculated K; (kN) Calculated value/Experimental value
Literature Beam (Mi’a) (m?n) (mm) Pst Psw MiVh (kN) " TTISCE Ueda Deb Han Rahal JSCE Ueda Deb Han Rahal
Model Model Model Model Model Model Model Model Model  Model
1.3 68100 141000 166000 91900 156000 47400 2.07 2.44 1.35 2.29 0.70
S1 40.0 100 600 4.53% 0.67%
2.2 62300 141000 166000 87500 132000 47400 2.26 2.66 1.40 2.12 0.76
1.3 59100 137000 145000 79000 137000 35600 2.32 2.45 1.34 2.32 0.60
S2 40.0 100 600 4.53% 0.38%
2.2 52000 137000 145000 75500 115000 35600 2.63 2.79 1.45 2.21 0.68
1.3 74600 136000 158000 90500 153000 45800 1.82 2.12 1.21 2.05 0.61
This paper S3 40.0 100 600 4.53% 0.63%
2.2 71400 136000 158000 86700 129000 45800 1.90 2.21 1.21 1.81 0.64
1.3 58600 197000 190000 78300 159000 47400 3.36 3.24 1.34 2.71 0.81
S4 40.0 100 600 2.83% 0.67%
2.2 52300 197000 190000 67000 131000 47400 3.77 3.63 1.28 2.50 0.91
1.3 84000 260000 255000 108000 221000 58000 3.10 3.04 1.29 2.63 0.69
S5 40.0 150 600 3.02% 0.45%
2.2 83100 260000 255000 102000 176000 58000 3.13 3.07 1.23 2.12 0.70
SK3 28.7 305 610 2.45% 0.47% 0.0 102000 269000 401000 211000 423000 100000 2.64 3.93 2.07 4.15 0.98
Vecchio and SK4 28.7 184 610 4.07% 0.77% 0.0 102000 164000 256000 154000 283000 77700 1.61 2.51 1.51 2.77 0.76
Collins [17] SM1 29.0 153 610  2.73%  0.53% 0.0 51900 121000 187000 117000 220000 55800 233 3.60 225 4.24 1.08
SPO 25.0 153 610 2.73% 0.62% 0.0 74100 114000 173000 112000 217000 52900 1.54 2.33 1.51 2.93 0.71
He et al. S0.4 38.4 100 800 4.79% 0.40% 0.4 52100 172000 247000 113000 199000 42600 3.30 4.74 2.17 3.82 0.82
[15] S0.5 38.4 100 800 4.79% 0.50% 0.4 53400 210000 282000 122000 209000 47600 3.93 5.28 2.28 391 0.89
1.7 47900 158000 168000 36300 106000 35800 3.30 3.51 0.76 2.21 0.75
TR1 22.0 100 600 1.81% 0.51%
2.5 38700 158000 168000 32800 85900 35800 4.08 4.34 0.85 2.22 0.93
1.7 52900 126000 114000 52400 103000 35800 2.38 2.16 0.99 1.95 0.68
TR2 22.0 100 600 3.24% 0.51%
2.5 46300 126000 114000 48700 88800 35800 2.72 2.46 1.05 1.92 0.77
2.1 46700 162000 161000 33400 97600 34300 3.47 3.45 0.72 2.09 0.73
TR3 20.0 100 600 1.81% 0.51%
Debernardi et 2.9 40300 162000 161000 29800 82300 34300  4.02 4.00 0.74 2.04 0.85
al. [14] 2.0 64600 161000 162000 41600 104000 41800 2.49 251 0.64 1.61 0.65
TRS 31.0 100 600 1.81% 0.51% 4.0 55800 161000 162000 35700 89900 41800 2.89 2.90 0.64 1.61 0.75
4.8 55800 161000 162000 35200 82600 41800 2.89 2.90 0.63 1.48 0.75
2.0 70700 141000 136000 64700 110000 44400 1.99 1.92 0.92 1.56 0.63
TR6 35.6 100 600 3.24% 0.51% 4.0 60600 141000 136000 56900 99300 44400 2.33 2.24 0.94 1.64 0.73
4.8 56800 141000 136000 57800 93100 44400 2.48 2.39 1.02 1.64 0.78
Average 2.74 3.03 1.24 2.38 0.76
Standard deviation 0.72 0.85 0.48 0.79 0.11
929 Note: fc is the cylinder compressive strength of concrete; by is the web width; /4 is the beam height; ps is the tension reinforcement ratio; psw is the stirrup ratio; M/Vh is the moment-to-shear ratio

930 over the beam height; and K is the tangent shear stiffness after shear cracking.

931



932 Fig. 1 Details of the beam specimens
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934  Fig. 2 General view of the test setup and the instrumentation

(a) Loading Setup (b) Speckles and Targets

(c) General View of Test Setup /

(d) Industrial Camera (e) Four DIC Camera Systems
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Fig. 3 Schematic diagram of the virtual measuring grids
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940  Fig. 4 Vertical strain distribution in the right shear span of S1 at the shear force level of
941 150kN
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944  Fig. 5 Crack pattern in the right shear span of S1 at the shear force level of 150 kN

Shear force: 150kN
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947  Fig. 6 Typical failure mode of the beam specimens
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950  Fig. 7 Crack pattern of S4 at the peak load

Shear force: 158kN Longitudinal cracks
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953  Fig. 8 Crack patterns of S3 at the shear cracking loads of different virtual measuring
954  grids

(d) Shear cracking of the left and right VG4
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Fig. 9 Comparison of the experimental and calculated flexural cracking loads
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960  Fig. 10 Comparison of the experimental and calculated shear cracking loads
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963  Fig. 11 Apparent yield strain of the steel reinforcement surrounded by concrete
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966  Fig. 12 Comparison of the experimental shear-induced deflections obtained by two

967  different methods
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970  Fig. 13 Comparison of the experimental shear-induced deflections of the measuring

971  zones in the left and right shear spans

350
®  Lefi shear span
300 - Right shear span

250

200

150

100

Shear force (kN)

L
-
L]
L
L]
- i |
2 mm I

972 Shear-induced deflection (mm)

973



974

975
976

Fig. 14 Total deflections in the measuring zone
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977  Fig. 15 Experimental and predicted flexure-induced deflections in the measuring zone
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980  Fig. 16 Experimental shear-induced deflections in the measuring zone
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986  Fig. 18 Experimental mean shear strain of the grids with different moment-to-shear

987  ratios of specimen S3
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990  Fig. 19 Experimental principal compressive strain angles of the grids in S1
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993  Fig. 20 Experimental principal compressive strain angles of VG2s in S1, S2 and S4
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996  Fig. 21 Experimental and calculated principal compressive strain angles of the grids in
997 Sl
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Fig. 22 Principal compressive strain of the grids in S3
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1002  Fig. 23 Experimental and calculated mid-depth longitudinal strain of VG3s in S1
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1005  Fig. 24 Calculated shear-induced deflections with the preliminary "Modified" Deb
1006  Model
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1016  Fig.
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A2 Experimental and calculated mean vertical strain of the grids in S3
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1019  Fig. A3 Experimental and calculated mean vertical strain of the grids in S4

180 . 180
©  Test—8— Pure Truss Model —&— JSCE & Ueda Model O Test—8— Pure Truss Model —&— JSCE & Ueda Model
1
150 | 150
1
1
— 1 ~ 12
Z 120 ! = 120
& ! g
8 90 i g8 90
S ' S
t Apparent 5lirrup—)'ic1|ding strain t o
8 60 B L ____. P b5 60 1
= ! = . !
175} 1 w Shear eracking load 1
30 Shear cracking load : 30 :
1 1
1 1
0 " L " 1 L L " AL " 0 1 1 1
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Mean vertical strain (uz) Mean vertical strain (uz)
(a) VG1 (b) VG2
180 180 - - - -
©  Test —8— Pure Truss Model —&— JSCE & Ueda Model ©  Test—8— Pure Truss Model —&— JSCE & Ueda Model
1 1
o -]
! 150 | g © '
1
| 1
— = 120 Apparent stirrup-yielding strain
Z, i Z PP p-ylelding
v . L . ) H
— Apparent stirrup-yielding strain e =t S i
v : Q@
g : g % : / :
S Bttt mmamTommmoms T--==< 2 Shear cracking load h
5 60 Shear cracking load : = 60 :
L] ]
-} ! = !
vl | w 1
1 1
30 , 30 3 |
1 1
n 1 : 1 0 s 1 1 :
o 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Mean vertical strain (us) Mean vertical strain (ue)
1020 (c) VG3 (d) VG4

1021



1022 Fig. A4 Experimental and calculated mean vertical strain of the grids in S5
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Fig. AS Experimental mean shear strain of the grids of all specimens in this paper
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1028  Fig. A6 Experimental and calculated principal compressive strain angles of the grids in
1029 S2
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1032 Fig. A7 Experimental and calculated principal compressive strain angles of the grids in

1033 S3
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1036  Fig. A8 Experimental and calculated principal compressive strain angles of the grids in
1037  S4
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1040  Fig. A9 Experimental and calculated principal compressive strain angles of the grids in

1041 S5
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1044  Fig. A10 Experimental and calculated mid-depth longitudinal strain of VG3s in

1045  specimen S2 to S5
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