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ABSTRACT

This paper presents an integrated model for shear friction strength of monolithic concrete interfaces
derived from the upper-bound theorem of concrete plasticity. The model accounts for the effects of
applied axial stresses and transverse reinforcement on the shear friction action at interfacial shear
cracks. Simple equations were also developed to generalize the effectiveness factor for compression,
ratio of effective tensile to compressive strengths and angle of concrete friction. The reliability of
the proposed model was then verified through comparisons with previous empirical equations and
103 push-off test specimens compiled from different sources in the literature.

The previous equations considerably underestimate the concrete shear transfer capacity and the
underestimation is notable for the interfaces subjected to additional axial stresses. The proposed
model provides superior accuracy in predicting the shear friction strength, resulting in a mean
between experimental and predicted friction strengths of 0.97 and least scatter. Moreover, the
proposed model has consistent trends with test results in evaluating the effect of various parameters
on the shear friction strength.

Keywords: monolithic interfaces, shear friction strength, mechanism analysis, axial stress.

Introduction

The load transfer at shear interface occurred in connections between columns and corbels, squat
shear walls and columns, of dapped end beams, and shear keys is governed by the shear friction
action (ACI-ASCE Committee 426, 1973). The shear friction strength of concrete depends on the
roughness and aggregate interlock at shear cracks developed along the interface and the magnitude
of axial stresses applied to the interface. The AASHTO (2012) provision and other shear friction
models (Haskett et al., 2010; Mattock, 2001; Walraven et al., 1987) indicate that the shear transfer
capacity of concrete is governed by the frictional resistance including aggregate interlock and

cohesion of cementititous materials along shear cracks. Hence, the shear friction capacity of
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lightweight concrete (LWC) is commonly lower than that of normal-weight concrete (NWC) having
the same compressive strength (Sagaseta and Vollum, 2011; Yang et al.,2012). The shear transfer
capacity of reinforcing bars crossing the interfaces is also influenced by the frictional resistance of
concrete as because tensile stresses in the reinforcement depends on the relative slip along the
interface (Ali and White, 1999). This signifies that rupture of aggregate particles owing to crack
propagation results in reducing the coefficient of friction of concrete and tensile stresses generated
in the transverse reinforcement. Overall, the shear friction resistance at interfacial cracks needs to be
determined considering the variation of the coefficient of friction of concrete according to the unit
weight and compressive strength of concrete. However, the mechanical diversity of shear friction of
different concrete types is undervalued in most of the previous models (Loov and Patnaik, 1994;
Mattock, 2001; Shaikh, 1978; Walraven et al., 1987) as they are empirically formulated using
limited test data with a narrow range of unit weight or compressive strength of concrete.

A few researchers (Nielsen and Hoang, 2011; Yang et al., 2012) developed numerical techniques
to evaluate the shear friction capacity of concrete using the upper-bound theorem of the plasticity
theory. The shear friction action of different concrete types at the interfacial shear cracks can be
successfully explained using the concrete plasticity. Yang et al. (2012) demonstrated that the
friction angle and cohesion of concrete can be formulated as a function of the ratio of effective
tensile and compressive strengths of concrete, assuming concrete is modelled as a rigid perfectly
plastic material obeying modified Coulomb failure criteria. Thus, the main objectives of the present
study are:

1) To extend the approach developed by Yang et al. (2012) to account for the effects of applied
axial stresses and transverse reinforcement on the shear friction action at interfacial shear cracks;

2) To produce a comprehensive database of shear friction strength of concrete measured from

testing of push-off specimens of different concrete types;



3) To evaluate the reliability of the empirical equations of code provisions (AASHTO, 2012; ACI
318-14, 2014) and previous researchers (Loov and Patnaik, 1994; Mattock, 2001; Shaikh, 1978;
Walraven et al., 1987) against the comprehensive database collected; and

4) To study the effect of different parameters on shear friction strength of concrete using the
AASHTO equation and the proposed mechanism model, and the test results extracted from the

collected database.

Mechanism analysis

Failure mechanism

The experimental investigations (Ahmed and Ansell, 2010; Hofbeck et al., 1969; Mattock and
Hawkins, 1972; Yang et al., 2012) showed that a monolithic concrete interface under direct shear
and axial loads is usually separated into two rigid blocks at failure, as shown in Fig. 1. The failure
zone between the concrete blocks can be generally idealized as a hyperbolic yield line, as proved by
Ashour and Morley (1994). One rigid block has two translational and rotational displacement
components relative to the other rigid block. Thus, one rigid block can be assumed to be rotating
about an instantaneous center (IC). For the idealized failure mechanism, the interfacial shear plane
at failure can be regarded as a plane strain problem as lateral (out of plane) strains are prevented
under the same condition of the failure section (Nielsen and Hoang, 2011; Yang et al., 2012).
Upper bound solution

The upper bound analysis uses the energy principle to calculate the shear friction strength for the

kinematically admissible failure mechanism explained above. The external work (W) done by the
applied shear (V,) and axial loads (N, ) is:

We =V, oX;. — N, X, tana 1)



where @ is the relative rotational displacement of rigid block I to rigid block Il about IC, X, is the
horizontal coordinate of IC, and « is the angle between the relative displacement (&) at the
midpoint of the hyperbolic yield line chord and the failure plane chord. The sign of the external
work done by N, becomes negative as N, has an opposite direction to the propagation of the
relative displacement. For a plane strain problem, the internal energy (W, ) dissipated in concrete

and transverse reinforcement along the failure surface is estimated from the following general
formula (Yang et al. 2012):

1
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compressive and tensile strengths of concrete, respectively, v, and v, are the effectiveness factors
for concrete in compression and tension, respectively, f, and f, are the compressive and tensile
strengths, respectively, of concrete, A, is the area of failure plane, A; and f, are area and yield
strength, respectively, of the transverse reinforcement at the failure plane, 6, is the angle of

transverse reinforcement relative to the failure plane, and ¢ is the friction angle of concrete. The
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relative displacement can be also written as a)( j Applying the energy conservation

principle, the shear friction strength (z,) of monolithic concrete interfaces can be arranged in the

following form:

V, 1 . cosld, —
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where p,; is the transverse reinforcement ratio and o, is the additional axial stresses normally

applied to the interfaces. In accordance with the upper-bound theorem, the collapse load can be

determined by considering the differential equation, aaT”
(24

a= sinl[%{m - 2('0“ y Sir: b+ )H 4)

fC

=0, which gives:

Effectiveness factor for compression and effective strength ratio

To transform the concrete with quasi-brittleness into an equivalent rigid perfectly plastic material
obeying a modified Coulomb failure criteria, effectiveness factors are introduced and calculated by
equating the area of the rigid-perfectly plastic stress-strain curve to that of the actual stress—strain

curve of concrete. Hence, the values of v, and v, can be determined using the following equations

(Exner, 1979):

f. nfo, ). [e,
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where o, is the compressive stress corresponding to compressive strain &, ¢, is the ultimate

u

compressive strain, o, is the tensile stress corresponding to tensile strain of &, and ¢, is the

ultimate tensile strain. Yang et al. (2012) determined the effectiveness factors based on the modified
versions of the compressive stress—strain relationship generalized by Thorenfeldt et al. (1987) and
the tensile stress—strain relationship derived by Hordijk (1991). In this study, Yang et al.’s model

(2014) was used for the compressive stress—strain relationship to cover the extensive range of unit

weight ( p, = 1400-4000 kg/m®) and compressive strength ( f,= 10-100 MPa) of concrete. The

fundamental procedure to solve Egs. (5) and (6) was specifically explained in the previous study

(Yang et al. 2012).



The effectiveness factor v, of concrete in compression is significantly affected by f. and p, of
concrete, yet independent of the maximum aggregate size (Yang et al., 2012). For concrete having
f. between 20 MPa and 100 MPa and p, between 1400 kg/m® and 4000 kg/m°®, Eq. (5) using the

compressive stress—strain relationship proposed by Yang et al. (2014) and then a nonlinear multiple

regression (NLMR) analysis is carried out to propose a simple equation for v, . Influencing
parameters were combined and adjusted repeatedly by trial and error approach until a relatively
higher correlation coefficient R* (=0.97) is achieved; as a result, the following equation for v,

could be obtained (Fig. 2):

f .\0.9 1.6
v, = 0.79EXP{ 0.03{—°J [&J ] ©)
fCO pC

where f, (=10 MPa) and p, (= 2300 kg/m®) are the reference values for the compressive strength
and unit weight, respectively, of concrete.
The effective strength ratio ( f,"/ f.) required for the estimation of parameters | and m in Egs.

(3) and (4) was solved using the compressive stress—strain relationship of Yang et al. and the tensile

stress—strain relationship proposed by Hordijk. From a NLMR analysis of the mathematical results
obtained from Egs. (5) and (6) against concrete having f. between 20 and 100 MPa, p, between
1400 and 4000 kg/m?® and aggregate size (d,) between 5 and 25 mm, f/f plotted in Fig. 3 can

be simply expressed in the following form:

f . f . 17 0.1 -0.43
t 0064 |- | Lo| | £ (8)
fe foo N da Po

where ¢, (=25 mm) is the reference value for the maximum aggregate size.

Angle of concrete friction



Kahraman and Altindag (2004) pointed out that the concrete friction angle (¢ ) commonly
increases with the increase of the material brittleness. In case of sliding failure of a modified
Coulomb material under pure shear stress, the shear stress along the failure plane of concrete

interface can be expressed as follows (Yang et al., 2012):

f, cosg
T, = 9
20 ©
. . . 1+sing : .
where the quantity k is defined by - For concrete interface without transverse
—sing

reinforcement and additional axial loads, the shear friction strength can be written using Eg. (3) in
the following form:

1.. 1 ;
==f ——(I —=msin 10
=2 K (1-msina) (10)

At failure of concrete interfaces, shear stresses obtained from Eq. (9) should be the same as that

calculated from Eq. (10) and consequently ¢ can be obtained as below:

¢=COS_1[I—mS|na f1+s!n(pJ (11)
cosa 1-sing

Equation (11) indicates that ¢ varies depending on the value of f,"/ f_. For the common values

of f /f, within the range between 0.01 and 0.06, the variation of ¢ determined from the
numerical analysis of Eq. (11) is plotted in Fig. 4. Hence, ¢ can be proposed as a function of

f./ f, using a simple linear regression analysis as given below:
f* -0.21
p= 20.65( fLJ (12)
C

Database of monolithic concrete interfaces

A total of 103 specimens providing the shear friction strength of monolithic concrete interfaces



were compiled from different experimental sources (Ahmed and Ansell, 2010; Hofbeck et al., 1969;
Mattock et al., 1972, 1975 1976; Yang et al., 2012; Hwang and Yang, 2016). All compiled
specimens were tested under push-off loading condition to simulate the shear friction behavior at
the monolithic interfaces of two elements. As a result, all push-off specimens were reported to fail
in shear friction along the interface. Appendix A lists the area of failure plane, maximum aggregate
size, concrete strength and type, axial stresses, and reinforcement details at the interfacial shear
plane of all push-off specimens, whereas Table 1 gives the distribution of various parameter values
in the database. The concrete type according to p, was classified into three groups: LWC (29
specimens) for p, between 1400 and 2100 kg/m3, NWC (71 specimens) for p. between 2101 and
2500 kg/m?®, and HWC (3 specimens) for p. exceeding 2500 kg/m>. Table 1 shows that the number
of HWC test specimens is very limited. Most LWC specimens were produced using artificially

expanded clay granules having dry density less than 1.65 g/cm®. HWC specimens with f. of 58.8
MPa were produced using magnetite aggregate particles with density more than 3.79 g/cm®. The
range of f, was 25.8-36.2 MPa for LWC and 16.4-62.5 MPa for NWC. Seventeen specimens had
no transverse reinforcement at the interfacial shear plane. For the reinforced specimens, p, varied
between 0.001 and 0.04, producing the transverse reinforcement capacity ( o, f, ) varying between

1.45 MPa and 10.38 MPa. Most specimens were not subjected to additional axial stresses; only 10

and 4 specimens were under additional compressive and tensile stresses, respectively.

Comparisons of prediction models and test results
Review of existing equations
Most available equations to evaluate the shear friction capacity of concrete interfaces are based
on friction action (AASHTO, 2012; ACI 318-14, 2014; Shaikh, 1978) along the interfacial shear

plane or empirical equations (Loov and Patnaik, 1994; Mattock, 2001; Walraven et al., 1987)



determined from regression analysis of limited test data, as summarized in Table 2. ACI 318-14
equation ignores concrete cohesion and assumes that the applied shear force is entirely transferred
by the friction action of transverse reinforcement, which is assumed to be equal to u p, f,, where
u is the coefficient of friction. Hence, the frictional resistance provided by the transverse

reinforcement depends on the roughness of the interfacial shear plane. For LWC interfacial shear
planes, ACI 318-14 introduces a modification factor (1) to compensate for the reduced aggregate
interlock due to rupture of lightweight aggregate particles. ACI 318-14 also imposes a limiting

value on 7, as a function of concrete shear resistance to avoid overestimation of concrete interfaces

with over-reinforcement or high-strength concrete. This implies that stresses in transverse
reinforcement should reach its yield strength before crushing of concrete at the interface. AASHTO

(2012) considers 7, as a summation of concrete cohesion and frictional resistance of the transverse

reinforcement. All transverse reinforcing bars are assumed to be perpendicularly arranged to the

interface. For monolithic interface, the concrete cohesion and x value are set at 2.76 MPa and 1.4,
respectively, for NWC and 1.65 MPa and 1.0, respectively, for LWC. The concrete cohesion is
regarded to be independent of f_.

Shaikh (1978) proposed z, as a root function of the shear transfer capacity of transverse

reinforcement on the basis of the regression analysis of limited test data. Walraven et al. (1987)

determined the experimental parameters for shear friction using the push-off test data. The

experimental parameters for NWC were generalized as a function of f_. Loov and Patnaik (1994)
set the  value at 0.6 for monolithic interface and considered the effect of f, on z,. Loov and

Patnaik limits 7, value not to exceed 0.25 f, by comparisons with a limited test results and the
proposed equation. Hence, r, predicted by Loov and Patnaik’s equation is governed by concrete

transfer capacity when e, is greater than 0.07 for NWC and 0.16 for all-LWC. This implies that the
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concrete crushing resistance at the interface is higher for LWC than for NWC. However, the crack
propagation resistance and tensile capacity of LWC are commonly lower than those of NWC having

the same compressive strength (Choi et al., 2014). Mattock (2001) reviewed the effect of various

parameters (including f,, p,, and o,) on z, using push-off specimens compiled from different
sources to propose alternatives to ACI equation. For the empirically developed equations forz,,
Mattock determined the experimental constants from a regression analysis using test data with f,

ranging from 17 MPa to 100 MPa. In the database, only 9 specimens were subjected to additional
axial stresses. Mattock’s equation also ignores the shear transfer contribution of concrete when

pq f, + 0o, is less than K, /1.45, where K, is a constant related to concrete cohesion (see Table 2).
Thus, for NWC interfaces with f_ less than 55 MPa and without o, , 7, proportionally increases
with p, f, when transverse reinforcement index (@, = p,; f, / f.) does not exceed 0.069.

All of the previous equations given in Table 2 commonly consider the shear transfer of transverse
reinforcement as a primary mechanism of shear frictional resistance at the interfacial shear planes.
For over-reinforced interfaces, the upper limit is applied in terms of the maximum crushing

resistance of concrete. This implies that 7, remains constant when p, f, exceeds a certain limit.

Walraven et al. (1987) does not account for the reduced shear transfer capacity of LWC. The
equations proposed by AASHTO provision (2012) and Mattock (2001) assume that the contribution

of o, to 7, is equal to that of p, f,, although this equivalent contribution is invalid for the interface

subjected to additional tensile stresses.
Comparisons with test results

Figure 5 shows comparison between the measured shear friction capacities of the push-off

specimens in the database and those predicted by the proposed mechanism model and previous

equations summarized in Table 2. The statistical values for mean ( 7,, ), standard deviation (y, ), and
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coefficient of variation (y,) of the ratios [y =(z, ), /(z, s, ] between experimental and predicted

shear friction capacities are also compared in Table 3 for different groups divided according to

concrete unit weight and existence of transverse reinforcement and additional axial stresses. The

value of x for HWC in the previous equations was assumed to be the same as the value specified
for NWC. The specimens without transverse reinforcement were excluded from the comparisons
using the equations of ACI 318-14, Shaikh, and Walraven et al. as these equations neglect the shear

transfer capacity of concrete cohesion. It is to be noted that values of the ratio (y =(z,)s,, /(z, )y, )

below 1.0 indicates unsafe prediction of the shear friction strength, whereas values of y exceeding

1.0 shows a safe prediction of the shear friction strength. Important findings emerged from the

comparisons are discussed below.

ACI 318-14 equation considerably underestimates the shear friction capacity of concrete interface
with transverse reinforcement (Fig. 5 a) because the concrete cohesion is not considered and the
shear transfer capacity of transverse reinforcement is limited by an upper bound when o, is more
than 0.14 for normal-strength NWC and 0.19 for normal-strength all-LWC. AASHTO equation also
gives an underestimation results (Fig. 5 b), regardless of the type of concrete, yet the conservatism is
lower than that determined from ACI 318-14 equation. This underestimation tends to increase with
the increase in concrete unit weight and compressive axial stresses. The unsafety of AASHTO

equation is also observed for NWC specimens with p, f, less than 8 MPa. The equations proposed

by Shaikh (Fig. 5 ¢) and Loov and Patnaik (Fig. 5 d) have similar results for specimens with
transverse reinforcement. The equation of Loov and Patnaik considerably underestimates the shear

transfer capacity of concrete, which results in very high values of y, for specimens without
transverse reinforcement. Walraven’s equation (Fig. 5 e) gives lower values of y, and y, than the
other previous equations, revealing a narrow scatter, although the reduced aggregate interlock is not

considered for LWC. However, the values of y,, and y, determined from Walraven’s equation
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sharply increase for NWC specimens subjected to additional axial stresses. Mattock’s equation (Fig.

5 f) for the specimens with transverse reinforcement has the values of y, and y, close to the

equations of Shaikh and Loov and Patnaik, whereas Mattock’s equation has more accuracy for
specimens with additional axial stresses than such equations. This is because the regression analysis

conducted by Mattock involves push-off specimens subjected to the constant axial stresses. The y

value of Mattock’s equation tends to slightly decrease with the increase in p, f, .

In summary, the preceding comparisons reveal the following limitations of the previous empirical
equations: 1) The shear transfer capacity by concrete cohesion along the interface is considerably
underestimated; 2) The underestimation increases for the interface subjected to additional axial
stresses; 3) The accuracy is sensitive to concrete unit weight, resulting in large deviations for LWC;
and 4) The inclination of transverse reinforcement to the interface is not considered in the equations
formulated from the regression analysis using test data.

On the other hand, the predictions from the model proposed in this study are in better agreement
with test results, regardless of the concrete unit weight and the amount of transverse reinforcement

(Fig. 5 g). The overall values of 0.97 and 0.17 for »,, and y,, respectively, are the lowest. Moreover,

the proposed model has the best accuracy for specimens with additional axial stresses. The cohesion
and coefficient of friction of concrete with different unit weights and compressive strengths can be
evaluated using the equations derived from the proposed mechanism analysis. Ultimately, the
proposed model provides superior accuracy in predicting the shear frictional capacity of the
interfaces constructed using various concretes.
Verification of primary influencing parameters

The influence of primary parameters on z, of the interfaces is studied using the proposed model
and AASHTO equation as well as appropriate experimental results available in the database. To

examine whether the code provisions reasonably consider influencing parameters, AASHTO
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equation having lower y, values than ACI 318-14 equation is selected. In the parametric study, one

parameter is incrementally changed, while others are kept constant. However as test results in the
database are collected from different sources, it would not be possible to strictly achieve this and
average values of concrete and steel reinforcement properties are used.

Figure. 6 (a) shows the effect of f_ on 7, of the NWC interfaces without additional axial stresses.
For the interfaces without transverse reinforcement, AASHTO equation has a constant value of 2.76

MPa for NWC and 1.65 MPa for LWC, regardless of the variation of f_, indicating that the

c!
concrete cohesion is independent of f_. For the interfaces with transverse reinforcement, z, of

AASHTO equation increases up to a certain limit, beyond which it remains constant. The value of

z, depends on f_ when r, is governed by the upper limit of 0.25f,. The kink point of 7, against
f. varies according to the value of p, f,. AASHTO equation underestimates the shear transfer
capacity by concrete cohesion. Meanwhile, z,, predicted from the proposed model increases with the

increase in f_, showing a greater slope of increasing rate for the interfaces with transverse

c !
reinforcement as also demonstrated by test results.

The effect of w, on 7, of NWC interfaces without additional axial stresses is shown in Fig. 6 (b).
The value of 7, determined from AASHTO equation increases with the increase of @, up to a
certain limit, beyond which z, remains constant as the shear transfer capacity of over-reinforced

interfaces is regarded to be governed by concrete crushing. The underestimation of AASHTO

equation of experimental results becomes notable when «, exceeds approximately 0.1 because of

the upper limit. On the other hand, the predictions obtained from the proposed model increases with

the increase in w,, indicating that the increasing rate is gradually alleviated. For over-reinforced

interfaces, the proposed model shows a better accuracy compared with experimental results.
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The effect of p, on r, of the interfaces without additional axial stresses is shown in Fig. 6 (c).

AASHTO equation does not differentiate between NWC and HWC and applies the same constants

for concrete having p, > 2100 kg/m®. However, the aggregate interlock capacity and tensile
resistance decrease with the decrease in p, (Choi et al., 2014). This implies that the experimental
constants for concrete shear capacity needs to be formulated as a function of p, or further
subdivided according to p,. The underestimation of AASHTO equation is more notable for LWC
than for NWC. Test results showed that a slightly higher z, is observed for NWC interfaces than for
LWC interfaces. The predictions obtained from the proposed model slightly increases as p,

increases, indicating that the slope of the increasing rate is independent of the amount of transverse
reinforcement. There is no available data in the database for the various concrete unit weight

subjected to additional axial stresses. According to the proposed model, the increasing rate in z,
with p, is independent of the applied axial stresses.

The effect of o, on 7, of NWC interfaces with f, of 30 MPa is shown in Fig. 6 (d). For
AASHTO equation, a trend similar to the relationship of @, and z, is observed, namely, further
increase of 7, is not expected for the interface without transverse reinforcement when o,/ f, is
more than 0.125. The threshold point of o,/ f, decreases with the increase in w,. The predictions
obtained from the proposed model increase as o, increases, indicating a lower slope of the

increasing rate for the interfaces with transverse reinforcement.

Conclusions

An integrated model of monolithic concrete interfaces derived from the upper-bound theorem of
concrete plasticity has been developed. The model is an extension to that presented in a previous

investigation (Yang et al. 2012) by considering the effects of applied axial stresses and transverse
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reinforcement. The angle of friction varying with concrete brittleness has been expressed as a

function of the effective strength ratio of f,/ f, . The reliability and limitation of the previous

empirical equations including code provisions are examined through the comparisons with 103
push-off specimens compiled from different sources. The effect of various parameters on the shear
friction strength of interfacial shear planes is also investigated using test results and prediction
models of AASHTO and the present study. The following conclusions may be drawn:

1. The previous equations considerably underestimate the shear transfer capacity of concrete
interfaces, especially those subjected to additional axial stresses. Furthermore, the accuracy
of the previous equations exhibited high sensitivity to concrete unit weight, resulting in large
deviations for lightweight concrete interfaces.

2. The proposed model provides superior accuracy in predicting the shear frictional capacity of
interfaces constructed using various concretes, as indicated by the mean and standard

deviation of the ratio between experimental and predicted shear frictional capacities of 0.97

and 0.17, respectively.

3. The shear friction strength increases with the increase in concrete compressive strength.

However, the increasing rate of shear friction strength is slightly larger for interfaces with

transverse reinforcement and without axial loads.

4. As the transverse reinforcement index increases, the shear friction strength increases.

However, the increasing rate is gradually alleviated towards an upper limit of the shear

friction strength.

5. A slightly higher shear friction strength is observed for NWC than LWC interfaces.

6. According to the proposed model, the shear friction strength increases as axial compressive

stresses increase, indicating a lower increasing rate for interfaces with transverse

reinforcement.
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NOTATION

A, = section area of shear failure plane

A;  =area of transverse reinforcement across shear failure plane

Co = reference aggregate size (= 25 mm)

d, = maximum size of aggregate

f. = concrete compressive strength

f, = reference concrete compressive strength (= 10 MPa)

f.  =effective compressive strength of concrete

f, = concrete tensile strength

f.  =effective tensile strength of concrete

f, = yield strength of transverse reinforcement

N, = axial load normally applied to the shear plane of concrete interface
V., = shear force in shear plane of concrete interface
W; = external work done by applied load
W, = internal energy dissipated along failure plane

Xi. = horizontal coordinate of IC

a = angle between the relative displacement at the chord midpoint and failure plane
a,  =angle between transverse reinforcement and shear plane

17



y = ratio between test results and predictions

Ym = mean of y values

7s = standard deviation of y values

I8 = coefficient of variation of y values

0 = relative displacement

&, = ultimate strain of concrete in compression

&, = ultimate strain of concrete in tension

0, = angle of transverse reinforcement relative to the failure plane
A = modification factor for lightweight concrete

Y7 = coefficient of friction

Vv, = effectiveness factor for concrete compressive strength

v, = effectiveness factor for concrete tensile strength

De = unit weight of concrete

e = reference unit weight of concrete (= 2300 kg/m®)

pys = transverse reinforcement ratio

o, = axial stress normally applied to the shear plane

7, = shear friction strength in shear plane

1) = friction angle of concrete

0] = relative rotational displacement of rigid block I to rigid block 11 about IC.
o, = transverse reinforcement index
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Table 1-Incidence of various parameter values in the database.

Type of Distribution
Concrete 20000— 25000— 30000— 35000— 40000— 50000—
2 25000 30000 35000 40000 50000 60000
A (mm) e 8 - 21 i i i
NWC 4 - 56 - 5 6
HWC - - 3 - - -
Type of Distribution
Concrete 10-20 20-30 30-40 40-50 50-60 60-70
f (MPa) | LWC - 21 8 - - -
NWC 4 46 5 10 - 6
HWC - - - - 3 -
Type of Distribution
Concrete 0 0.001- 0.01- 0.02- 0.03- i
0.01 0.02 0.03 0.04
Pu LWC 11 6 6 6 i i
NWC 9 23 25 11 3 -
HWC 1 2 - - - -
Type of Distribution
o, Concrete 0 0.01- 0.05- 0.10- 0.15- 0.25-
P 0.05 0.10 0.15 0.25 0.35
=222y [ LWC 11 - 3 3 6 6
fe NWC 9 2 13 12 18 17
HWC 1 - 2 - - -
Type of Distribution
Concrete 15-10 10-5 5-0 0 0—(-5) -
o, (MPa) LWC - - - 29 - -
NWC 3 3 4 57 4 -
HWC - - - 3 - -
Type of Distribution
o Concrete 0.3-0.2 0.2-0.1 0.1-0 0 0-(-0.1) -
f—*. LWC - - - 29 - -
¢ NWC 3 7 - 57 4 -
HWC - - - 3 - -
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Table 2-Summary of previous equations and proposed mechanism models.

Proposer Shear friction capacity of concrete interfaces
7, =V, /A = py, f,(1Asin 6, +cosd,); = 1.4 for the monolithic cast;
ACI 318-11 _ : : . _
(2011) z, <minf0.21,,(3.3+0.08f, )] for NWC with 2=1.0;
z, <min(0.2f,,5.5) for sand-LWC with 1=0.85 and all-LWC with 1 =0.75.
r, =C+ulp, f, + o, )<min(0.25f,,T,);
AASHTO- (,va y ) ( 2)

LRFD (2012)

c=2.76 MPa, = 1.4, and T,=10.34 MPa for NWC;
c=1.65MPa, x=1.0,and T,=6.89 MPa for LWC.

Shaikh
(1978)

7,=3121,/p, £, ;
A =1.0for NWC, 0.85 for sand-LWC, and 0.75 for all-LWC.

Walraven et al.

7, =Cypy f, )

(1987) C, =0.822f,/0.85“” and C, =0.159(f, /0.85 "
Loov and T, =0.64,/(0.1+ Py, ifck <0.25f,;
Patnaik (1994) 2 =1.0 for NWC, 0.85 for sand-LWC, and 0.75 for all-LWC.
7y = Ky +0.8(p, f, + o, )< min(K, ., K;) for p,, f, +o, > K, /1.45;
t,=225p, f, +0,) for p,f +o, <K, /1.45;
Mattock B t ) for p, f, '
(2001) K,=0.1f, <55MPa, K, =0.3, and K, =16.5 MPa for NWC;
K, =1.7 for sand-LWC and 1.4 for all-LWC,;
K, =0.2 and K, =8.3MPa for LWC.
1,. 1 . cos(d, — )
=—f —(l-msinag)+p, f,———— + o, tana ;
T COSa( )+ puty cosa
fl* Singﬂ ft* 1 t* -0.21
l=1-2-- 2% ‘m=1-2-Y' ~  ,-2065 | ,
f, 1-sing f. 1-sing f.
This study

N . 17 0177043 .
' _0.06 [f_)(c_oJ (&] L a=sin E(m_ 2o fysiné, +GX)J |
fC fCO da pO I fC
fl 0.9 1.6
and v, = 0.79EXP —0.0{—0] (&j ,
fCO pC
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Table 3-Comparisons of statistical values obtained from |=(z, e/ (@, )ere | Values of each

model.
c , Division by Statistical Proposer

oncrete atistica .
Type | T | value T3S lansiTol Shaikn MaTENLOOVAN gy | ThES
o, =0 Vi - 1.73 - - 3.38 - 0.98
pu =0 A - 0.40 - - 0.98 - 0.24

o, =0 V. 1.80 1.27 1.36 1.03 1.34 1.34 0.92

LWC pu >0 A 0.67 0.21 0.23 0.14 0.19 0.34 0.06
Vi 1.80 1.44 1.36 1.03 2.12 1.34 0.95

Subtotal Ve 0.67 0.37 0.23 0.14 1.18 0.34 0.15

Yy 0.37 0.26 0.17 0.14 0.56 0.25 0.16

o,=0 Y - 1.27 - - 3.17 - 1.00

pu =0 Vs - 0.46 - - 0.78 - 0.17
—3<0,<12| . - 1.51 - - 10.94 | 151 1.17

pu =0 A - 0.35 - - 0.29 0.35 0.29

o, = 7 1.68 1.13 1.13 1.06 1.18 1.15 0.92

NWC pu >0 A 0.52 0.21 0.26 0.15 0.17 0.20 0.13
-3<0,<12| 1y, 3.25 1.64 1.99 1.76 1.85 1.50 1.14

pu >0 A 2.28 0.43 1.33 0.75 0.77 0.22 0.20

i 2.03 1.25 1.33 1.21 1.61 1.25 0.97

Subtotal Ve 1.27 0.34 0.72 0.45 1.72 0.27 0.17

Yy 0.62 0.27 0.54 0.37 1.07 0.22 0.18

o, =0 Vo 3.52 1.81 0.87 1.65 1.75 1.82 0.98

HWC

pu >0 Ve 1.60 0.25 0.17 0.43 0.38 0.32 0.24

Vi 1.98 1.33 1.34 1.17 1.90 1.27 0.97

Total Ve 1.16 0.41 0.64 0.41 1.63 0.29 0.17

7y 0.59 0.31 0.48 0.35 0.86 0.23 0.17
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Appendix A

Table A-1 summarizes test data of 103 push-off specimens and predicted shear friction strengths. The predictions obtained from the previous
equations of ACI 318-11, AASHTO, Shaikh, Walraven et al., Loov and Patnaik, and Mattock are given in the columns stated as (2), (3), (4), (5),
(6), and (7), respectively, and the prediction using present model is given in the column (8). The ratios between measured shear friction strength
and predictions using the reviewed models are also given in the table. Definitions of different parameters used in the table are explained in the
notation section.

Table A-1. Basic data of existing specimens and comparison of predicted and measured shear friction strengths.

. Concrete | A, d, f, puf, o, T (Tn )Exp !/ (Tn )Pre
Researcher | SPECIMeN “tyoe | (mme) |(mm)| (MPay | (MPa) | (MPa) | EXP Prediction W@ e [ | wie) e wml e
(€] 2 3 Q)] 5 (6) () (8)
1.0 NwWC 32258 | 22 27.8 [0.0000 3.31 0.00 2.76 0.00 0.00 1.00 0.00 3.59 - 1.20 - - 3.30 - 0.92

11A | NWC |32258| 22 | 27.0 |1.5344
11B | NWC |[32258| 22 | 23.0 |1.4527
12A | NWC |32258| 22 | 265 |3.0688
12B | NWC |[32258| 22 | 28.8 |2.9054
13A | NWC [32258| 22 | 265 |4.6032
13B | NWC |[32258| 22 | 27.0 |4.3580
14A | NWC |32258| 22 | 31.1 [6.1376
14B | NWC |[32258| 22 | 26.6 |5.8107
Hofbeck etal | 15A | NWC |32258 | 22 | 31.1 |7.6720

(1969) 1.5B NWC | 32258 | 22 | 28.0 |7.2634
16A | NWC |32258| 22 | 29.7 |9.2064
16B | NWC |[32258| 22 | 27.9 |8.7161
2.1 NWC | 32258 | 22 | 214 |1.5344
2.2 NWC |[32258 | 22 | 21.4 [3.0688
2.3 NWC |32258 | 22 | 26.9 |4.6032
2.4 NWC |[32258 | 22 | 26.9 |6.1376
25 NWC | 32258 | 22 | 28.8 |7.6720
2.6 NWC |[32258 | 22 | 28.8 |9.2064
3.2 NWC |[32258 | 22 | 27.6 |1.5603

517 | 215 | 490 | 385 | 406 | 399 | 345 | 580 | 241 | 105 | 1.34 | 1.27 | 1.30 | 150 | 0.89
582 | 203 | 479 | 3.75 | 369 | 359 | 327 | 516 | 286 | 1.21 | 155 | 158 | 162 | 178 | 1.13
6.89 | 430 | 661 | 544 | 550 | 549 | 510 | 700 | 1.60 | 1.04 | 1.27 | 1.25 | 1.25 | 135 | 0.98
6.75 | 407 | 682 | 530 | 563 | 558 | 520 | 728 | 166 | 099 | 1.27 | 1.20 | 1.21 | 1.30 | 0.93
758 | 529 | 661 | 6.67 | 661 | 661 | 633 | 777 | 143 | 115 | 114 | 115 | 1.15 | 1.20 | 0.98
737 | 540 | 675 | 649 | 653 | 658 | 619 | 779 | 136 | 1.09 | 1.14 | 1.13 | 1.12 | 119 | 0.95
937 | 579 | 777 | 7.70 | 836 | 7.77 | 802 | 931 | 162 | 121 | 122 | 112 | 121 | 117 | 101
861 | 531 | 664 | 749 | 735 | 664 | 730 | 815 | 1.62 | 1.30 | 1.15 | 1.17 | 1.30 | 1.18 | 1.06
965 | 579 | 777 | 861 | 929 | 7.77 | 924 | 964 | 167 | 124 | 112 | 1.04 | 124 | 1.04 | 1.00
954 | 554 | 700 | 838 | 843 | 700 | 840 | 876 | 1.72 | 136 | 1.14 | 113 | 1.36 | 113 | 1.09
987 | 568 | 742 | 943 | 980 | 742 | 891 | 927 | 174 | 133 | 1.05 | 1.01 | 133 | 111 | 1.06
9.78 | 553 | 698 | 9.18 | 9.14 | 698 | 837 | 873 | 1.77 | 140 | 1.07 | 1.07 | 140 | 117 | 112
407 | 215 | 490 | 385 | 365 | 355 | 3.36 | 499 | 189 | 083 | 1.06 | 1.11 | 115 | 1.21 | 0.82
469 | 427 | 534 | 544 | 489 | 494 | 459 | 6.04 | 1.10 | 088 | 0.86 | 0.96 | 095 | 1.02 | 0.78
579 | 537 | 672 | 6.67 | 667 | 672 | 637 | 786 | 1.08 | 0.86 | 0.87 | 087 | 0.86 | 091 | 0.74
6.89 | 537 | 672 | 7.70 | 760 | 6.72 | 760 | 830 | 1.28 | 1.03 | 0.89 | 091 | 1.03 | 091 | 0.83
896 | 560 | 720 | 861 | 881 | 720 | 864 | 901 | 1.60 | 1.24 | 1.04 | 1.02 | 1.24 | 1.04 | 0.99
954 | 560 | 720 | 943 | 959 | 720 | 864 | 898 | 1.70 | 1.33 | 1.01 | 1.00 | 1.33 | 110 | 1.06
358 | 218 | 494 | 388 | 414 | 406 | 351 | 591 | 164 | 0.73 | 0.92 | 087 | 0.88 | 1.02 | 0.61

o|o|o|lo|lo|o|o|o|o|lo|o|o|o|lo|o|o|o|o|o|oO
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33 NWC | 32258 | 22 | 21.4 |3.0688| O 469 | 427 | 534 | 544 | 489 | 494 | 459 | 6.04 | 1.10 | 0.88 | 0.86 | 096 | 095 | 1.02 | 0.78

34 NWC | 32258 | 22 | 27.8 |5.1058| O 7.08 | 553 | 696 | 702 | 715 | 6.96 | 6.87 | 825 | 1.28 | 1.02 | 1.01 | 099 | 1.02 | 1.03 | 0.86

35 NWC | 32258 | 22 | 27.8 |7.1891| O 794 | 553 | 6.96 | 833 | 836 | 6.96 | 835 | 870 | 144 | 1.14 | 095 | 095 | 1.14 | 095 | 0.91

41 NWC | 32258 | 22 | 28.0 |2.0005| O 485 | 280 | 556 | 440 | 467 | 460 | 440 | 641 | 1.73 | 087 | 1.10 | 1.04 | 1.05 | 110 | 0.76

42 NWC | 32258 | 22 | 28.0 |4.0009| O 6.75 | 554 | 7.01 | 622 | 642 | 6.43 | 6.00 | 7.82 | 1.22 | 096 | 1.09 | 1.05 | 1.05 | 112 | 0.86

43 NWC | 32258 | 22 | 29.9 |6.0014| O 813 | 569 | 7.48 | 761 | 807 | 748 | 7.79 | 9.01 | 1.43 | 1.09 | 1.07 | 1.01 | 1.09 | 1.04 | 0.90

4.4 NWC | 32258 | 22 | 29.9 |8.0018| O 965 | 569 | 748 | 879 | 923 | 748 | 897 | 935 | 1.69 | 1.29 | 1.10 | 1.05 | 1.29 | 1.08 | 1.03

45 NWC | 32258 | 22 | 30.2 [10.0023| O 9.09 | 572 | 756 | 9.83 | 10.33 | 7.56 | 9.07 | 9.37 | 159 | 1.20 | 0.93 | 0.88 | 1.20 | 1.00 | 0.97

5.1 NWC |32258 | 22 | 16.9 |15344| 0 351 | 215 | 422 | 385 | 3.27 | 315 | 292 | 426 | 164 | 083 | 091 | 1.07 | 111 | 121 | 0.82

5.2 NWC |32258 | 22 | 18.1 [3.0688| 0 482 | 361 | 451 | 544 | 446 | 451 | 426 | 533 | 1.34 | 1.07 | 089 | 1.08 | 1.07 | 1.13 | 0.90

53 NWC | 32258 | 22 | 164 |4.6032| O 558 | 329 | 411 | 667 | 496 | 411 | 493 | 519 | 1.70 | 1.36 | 0.84 | 1.12 | 1.36 | 113 | 1.07

5.4 NWC |32258 | 22 | 17.8 [6.1376| O 548 | 356 | 444 | 7.70 | 583 | 444 | 533 | 550 | 1.54 | 123 | 0.71 | 094 | 1.23 | 1.03 | 1.00

Al NWC |32258 | 19 | 41.5 |15628| O 524 | 219 | 494 | 389 | 5.02 | 498 | 352 | 7.49 | 239 | 1.06 | 1.35 | 1.04 | 1.05 | 1.49 | 0.70

A2 NWC |32258 | 19 | 415 [3.1257| 0O 551 | 438 | 713 | 549 | 7.18 | 694 | 665 | 930 | 1.26 | 0.77 | 1.00 | 0.77 | 0.79 | 0.83 | 0.59

A3 NWC |32258 | 19 | 40.1 |5.0344| © 792 | 651 | 980 | 6.97 | 898 | 861 | 804 | 1058 | 1.22 | 081 | 1.14 | 0.88 | 092 | 0.99 | 0.75

Mattock A4 NWC |32258 | 19 | 405 [6.7126| 0 978 | 654 | 10.13 | 8.05 | 1048 | 9.97 | 9.42 | 1154 | 1.50 | 097 | 1.21 | 093 | 098 | 1.04 | 0.85
(1976) A5 NWC |32258 | 19 | 422 [7.7582| O | 10.34 | 6.68 | 10.34 | 8.66 | 11.62 | 10.55 | 10.43 | 12.30 | 1.55 | 1.00 | 1.19 | 0.89 | 0.98 | 0.99 | 0.84
A6 NWC |32258 | 19 | 40.7 [10.3846| 0 | 12.13 | 6.55 | 10.16 | 10.02 | 13.14 | 10.16 | 12.20 | 12.56 | 1.85 | 1.19 | 121 | 092 | 1.19 | 0.99 | 0.97

ABA NWC |32258 | 19 | 41.1 [10.3846| 0 | 12.82 | 6.59 | 10.28 | 10.02 | 13.26 | 10.28 | 12.34 | 12.69 | 1.94 | 1.25 | 1.28 | 097 | 1.25 | 1.04 | 1.01

A7 NWC |32258 | 19 | 41.1 [13.0348| 0 | 13.37 | 6.59 | 10.28 | 11.22 | 14.90 | 10.28 | 12.34 | 12.73 | 2.03 | 1.30 | 1.19 | 0.90 | 1.30 | 1.08 | 1.05

9.2 NWC | 32258 | 25 | 37.9 |6.7948| -10.2 | 17.64 | 6.33 | 9.47 | 810 | 10.06 | 9.47 | 11.37 | 13.72 | 279 | 1.86 | 2.18 | 1.75 | 1.86 | 155 | 1.29

Mattock and |93 NWC |32258 | 25 | 27.1 [6.8078| -2.8 | 10.44 | 543 | 6.79 | 811 | 802 | 6.79 | 814 | 10.04 | 1.92 | 154 | 129 | 1.30 | 1.54 | 1.28 | 1.04
Hawkins 9.4 NWC | 32258 | 25 | 27.1 |6.9900| O 957 | 543 | 679 | 822 | 811 | 6.79 | 814 | 843 | 176 | 1.41 | 1.16 | 1.18 | 1.41 | 118 | 1.13
(1972) 95 NWC |32258 | 25 | 44.4 |4.4257| -11.4 | 19.77 | 537 | 10.34 | 654 | 897 | 850 | 1331 | 1545 | 3.69 | 1.91 | 3.02 | 220 | 2.33 | 1.49 | 1.28
9.6 NWC |32258 | 25 | 44.4 |2.2129| -11.0 | 19.09 | 2.68 | 10.34 | 462 | 6.22 | 6.08 | 1331 | 1462 | 7.11 | 1.85 | 413 | 3.07 | 314 | 143 | 131

A0 ﬁ,’:/dc 32258 | 9.5 | 29.1 |0.0000| © 345 | 0.00 | 1.65 | 0.00 | 000 | 0.87 | 0.00 | 2.77 - 2.08 - - 3.96 - 1.24

Al ﬁ,’:/dc 32258 | 9.5 | 25.8 [1.4469| 0O 522 | 1.72 | 310 | 3.18 | 387 | 322 | 286 | 521 | 3.03 | 168 | 1.64 | 1.35 | 1.62 | 1.83 | 1.00

Mattock atel | A2 ﬁ,’:/dc 32258 | 9.5 | 28.2 [3.2521| O 630 | 3.87 | 491 | 476 | 586 | 496 | 430 | 7.23 | 1.63 | 1.28 | 1.32 | 1.08 | 1.27 | 1.46 | 0.87
(1976) A3 ﬁ,’:/dc 32258 | 9.5 | 26.9 |4.8368| 0 7.03 | 539 | 649 | 581 | 683 | 588 | 557 | 7.94 | 1.30 | 1.08 | 121 | 1.03 | 1.19 | 1.26 | 0.88
A4 f_f’{/’:/dc 32258 | 9.5 | 282 [6.1734| 0 758 | 550 | 6.89 | 656 | 7.87 | 6.79 | 664 | 868 | 1.38 | 1.10 | 1.15 | 096 | 1.12 | 114 | 0.87

A5 IS_W: 32258 | 9.5 | 27.3 |7.7168| 0 820 | 546 | 682 | 734 | 851 | 6.82 | 7.87 | 870 | 150 | 1.20 | 1.12 | 096 | 1.20 | 1.04 | 0.94
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sand-

A6 LWC | 32258 95 | 293 {94255 0 9.26 | 550 | 6.89 | 811 | 981 | 7.32 | 878 | 933 | 168 | 1.34 | 1.14 | 094 | 1.26 | 1.05 | 0.99

EO |all-LWC | 32258 | 9.5 | 27.3 |0.0000| 0 386 | 0.00 | 1.65 | 0.00 | 000 | 0.74 | 0.00 | 257 - 2.33 - - 5.19 - 1.50

El |all-LWC|32258 | 9.5 | 286 |1.5847| 0 537 | 166 | 324 | 293 | 424 | 312 | 267 | 563 | 323 | 1.66 | 1.83 | 1.27 | 1.72 | 2.01 | 0.95

E2 |all-LWC|32258 | 9.5 | 27.8 |3.1694| 0 6.01 | 333 | 482 | 415 | 574 | 429 | 394 | 7.00 | 1.81 | 1.25 | 1.45 | 1.05 | 1.40 | 153 | 0.86

E3 |all-LWC | 32258 | 9.5 | 28.0 |4.7541| 0 6.61 | 499 | 641 | 508 | 6.94 | 525 | 520 | 7.98 | 1.33 | 1.03 | 1.30 | 095 | 1.26 | 1.27 | 0.83

E4 |all-LWC | 32258 | 9.5 | 27.83 |6.4490| 0 792 | 550 | 689 | 592 | 7.95 | 6.08 | 656 | 851 | 1.44 | 1.15 | 1.34 | 1.00 | 1.30 | 121 | 0.93

E5 |all-LWC|32258 | 9.5 | 28.4 |7.6548| 0 827 | 550 | 689 | 645 | 871 | 6.67 | 752 | 885 | 150 | 1.20 | 1.28 | 0.95 | 1.24 | 1.10 | 0.93

E6 |all-LWC|32258 | 9.5 | 27.9 |9.5151| 0O 861 | 550 | 6.89 | 719 | 952 | 6.98 | 837 | 860 | 157 | 1.25 | 1.20 | 0.90 | 1.23 | 1.03 | 1.00

GO | all-LWC | 32258 | 12.7| 27.8 [0.0000| O 365 | 0.00 | 1.65 | 0.00 | 0.00 | 0.75 | 0.00 | 2.90 - 221 - - 4.87 - 1.26

Gl |all-LWC | 32258 | 12.7| 286 |1.5847| 0O 565 | 166 | 3.24 | 293 | 423 | 312 | 267 | 571 | 340 | 1.74 | 1.93 | 1.33 | 1.81 | 212 | 0.99

G2 |all-LWC | 32258 | 12.7 | 26.7 [3.0592| O 583 | 321 | 471 | 408 | 553 | 414 | 385 | 6.80 | 1.81 | 1.24 | 1.43 | 1.05 | 1.41 | 1.52 | 0.86

G3 |all-LWC | 32258 | 12.7| 282 |4.7128| © 730 | 495 | 637 | 506 | 6.95 | 525 | 517 | 7.99 | 148 | 1.15 | 1.44 | 1.05 | 1.39 | 141 | 0.91

G4 |all-LWC | 32258 | 12.7 | 30.5 |6.4490| O 792 | 550 | 6.89 | 592 | 844 | 636 | 656 | 9.05 | 144 | 1.15 | 134 | 094 | 1.25 | 1.21 | 0.88

G5 |all-LWC | 32258 |12.7| 27.6 |7.8546| O 7.85 | 550 | 6.89 | 653 | 8.65 | 6.67 | 7.68 | 858 | 1.43 | 1.14 | 1.20 | 091 | 1.18 | 1.02 | 0.92

G6 |all-LWC | 32258 |12.7 | 27.6 |9.4255| O 820 | 550 | 6.89 | 7.6 | 9.40 | 690 | 828 | 848 | 149 | 119 | 115 | 0.87 | 1.19 | 0.99 | 0.97

MO NWC | 32258 |12.7| 27.1 |0.0000| O 4,07 | 0.00 | 276 | 0.00 | 0.00 | 0.99 | 0.00 | 2.97 - 1.48 - - 411 - 1.37

M1 NWC | 32258 [12.7 | 28.8 [15434| 0 524 | 216 | 492 | 3.86 | 420 | 413 | 347 | 589 | 242 | 107 | 136 | 1.25 | 1.27 | 1.51 | 0.89

M2 NWC | 32258 |12.7| 26.9 |3.1970| © 6.75 | 448 | 672 | 556 | 5.65 | 565 | 524 | 718 | 151 | 1.01 | 1.22 | 1.19 | 1.20 | 129 | 0.94

M3 NWC | 32258 [12.7 | 27.5 |4.7541| 0 765 | 550 | 6.88 | 6.78 | 687 | 688 | 656 | 821 | 1.39 | 1.11 | 113 | 111 | 1.11 | 1.17 | 0.93

M4 NWC | 32258 |12.7| 28.6 |6.1734| 0 785 | 559 | 715 | 772 | 7.93 | 715 | 7.80 | 897 | 141 | 1.10 | 1.02 | 099 | 1.10 | 1.01 | 0.88

M5 NWC | 32258 [12.7 | 27.1 [7.9924| 0 882 | 542 | 6.78 | 879 | 861 | 678 | 813 | 8838 | 1.63 | 1.30 | 1.00 | 1.02 | 1.30 | 1.08 | 0.99

M6 NWC | 32258 |12.7| 284 |9.5909| 0O 9.09 | 557 | 7.10 | 963 | 967 | 7.10 | 852 | 925 | 1.63 | 1.28 | 0.94 | 094 | 1.28 | 1.07 | 0.98

E1U NWC |54193| 19 | 28.0 |3.7974| © 750 | 532 | 6.99 | 6.06 | 6.26 | 626 | 584 | 7.70 | 141 | 1.07 | 124 | 1.20 | 1.20 | 1.29 | 0.97

E4U NWC |54193| 19 | 26.6 |3.5380| 1.4 | 652 | 495 | 578 | 585 | 588 | 590 | 439 | 631 | 1.32 | 1.13 | 1.11 | 1.11 | 1.10 | 149 | 1.03

Mattock atel. | E6U NWC |54193| 19 | 28.4 [36605| 2.8 | 418 | 512 | 4.02 | 595 | 621 | 620 | 2.04 | 512 | 0.82 | 1.04 | 0.70 | 0.67 | 0.67 | 2.05 | 0.82
(1975) F1U NWC |54193 | 19 | 27.8 [56421| O 943 | 552 | 695 | 7.38 | 747 | 695 | 729 | 845 | 171 | 1.36 | 1.28 | 1.26 | 1.36 | 1.29 | 1.12
F4U NWC |54193| 19 | 28.8 [57502| 1.4 | 7.88 | 560 | 7.19 | 745 | 7.71 | 7.19 | 6.37 | 816 | 1.41 | 1.10 | 1.06 | 1.02 | 1.10 | 1.24 | 0.97

F6U NWC |54193| 19 | 29.2 |55124| 28 | 7.34 | 564 | 661 | 730 | 7.64 | 731 | 513 | 722 | 1.30 | 1.11 | 1.01 | 0.96 | 1.00 | 143 | 1.02

A4 |all-LWC | 24000 | 4 | 31.2 |0.0000| O 1.77 | 0.00 | 1.65 | 0.00 | 0.00 | 0.79 | 0.00 | 2.05 - 1.07 - - 2.22 - 0.86

A8 |all-LWC | 24000 | 8 | 36.2 |0.0000| © 263 | 0.00 | 1.65 | 0.00 | 0.00 | 0.86 | 0.00 | 2.88 . 1.59 - - 3.08 - 0.91

Yang et al. A13 |all-LWC | 24000 | 13 | 31.8 |0.0000| 0 254 | 000 | 1.65 | 0.00 | 0.00 | 0.80 | 0.00 | 3.13 - 1.54 - - 3.17 - 0.81
(2012) A19 |all-LWC | 24000 | 19 | 37.4 |0.0000| 0 3.06 | 0.00 | 1.65 | 0.00 | 0.00 | 0.87 | 0.00 | 3.92 . 1.85 - - 3.51 - 0.78
S4 IS_W: 24000 | 4 | 34.8 [0.0000| © 1.92 | 0.00 | 1.65 | 0.00 | 0.00 | 0.95 | 0.00 | 2.35 - 1.16 - - 2.02 - 0.82
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sand-

s8 | M |24000( 8 | 299 {00000 0 | 255 | 0.00 | 165 | 0.00 | 000 | 088 | 000 | 263 | - | 154 | - - 289 | - | o097
sand- 3.52
s13 | 20 | 24000 | 13 | 360 [0.0000| 0 | 284 | 000 | 165 | 000 | 000 | 097 | 000 -l | - - 29| - | o8
sand- 3.73
si9 | 2 | 24000 | 19 | 330 [0.0000| 0 | 319 | 000 | 165 | 000 | 000 | 093 | 000 - l1es | - - |45 | - | oss
N4 | NWC | 24000 258 [0.0000] 0 | 170 | 0.00 | 276 | 0.00 | 0.00 | 096 | 0.00 | 1.90 | - | 062 | - - 16| - | o8
N8 | NWC | 24000 206 0.0000] 0 | 279 | 000 | 276 | 0.00 | 0.00 | 1.03 | 000 | 268 | - | 101 | - - 20| - | 104
N13 | NWC |24000| 13 | 27.4 |00000] 0 | 301 | 000 | 276 | 0.00 | 0.00 | 099 | 0.00 | 298 | - | 109 | - - a0 | - | 101
N19 | NWC |24000| 19 | 362 |0.0000] 0 | 3.89 | 0.00 | 276 | 0.00 | 000 | 1.14 | 000 | 415 | - | 141 | - - |3m | - | oo
NH-N-0 | NWC | 31500 | 25 | 625 |0.0000] ©0 | 575 | 0.00 | 2.76 | 0.00 | 0.00 | 150 | 000 | 673 | - | 209 | - - a8 | - | oss
NH-V-0 | NWC | 31500 | 25 | 625 |4.2499| 0 | 1081 | 595 | 871 | 641 | 1097 | 989 | 891 | 1325 | 1.82 | 124 | 169 | 0.99 | 1.09 | 1.21 | 082
NH-X-0 | NWC | 31500 | 25 | 625 |3.0234| 0 | 1288 | 297 | 6.96 | 539 | 895 | 836 | 6.76 | 14.89 | 433 | 185 | 239 | 144 | 1.54 | 1.90 | 0.87
NOHl'?' NWC | 31500 | 25 | 625 |0.0000| 94 | 164 | 000 | 1034 | 000 | 000 | 150 | 1301 | 1687 | - | 159 | - - 1073 | 126 | 097
NOHl';" NWC | 31500 | 25 | 625 [4.2499| 94 | 211 | 595 | 1034 | 641 | 1097 | 989 | 16.41 | 1831 | 355 | 204 | 329 | 1.92 | 213 | 120 | 115
NH-X- | Nwe | 31500 | 25 | 625 |3.0234| 94 | 2301 | 297 | 1034 | 539 | 895 | 836 | 1542 | 2101 | 773 | 223 | 427 | 257 | 275 | 1.49 | 110
Hwang and 0.15
Yang (2016) NONl_IS\l_ NWC | 31500 | 25 | 29.8 |0.0000| 45 | 11.54 | 000 | 7.45 | 0.00 | 000 | 1.04 | 656 | 838 | - | 155 | - - 1114 176 | 1.38
NONl';" NWC | 31500 | 25 | 208 |4.2499| 45 | 1463 | 568 | 745 | 1660 | 6.85 | 6.83 | 894 | 924 | 257 | 1.96 | 088 | 214 | 214 | 164 | 158
NONl';(' NWC | 31500 | 25 | 208 [3.0234| 45 | 1424 | 297 | 745 | 1468 | 583 | 577 | 894 | 1221 | 479 | 191 | 097 | 244 | 247 | 159 | 117
HH-N-0 | HWC | 31500 | 25 | 588 |0.0000] 0 | 899 | 000 | 276 | 000 | 0.00 | 145 | 000 | 678 | - | 326 | - - e8| - | 133
HH-V-0 | HWC | 31500 | 25 | 58.8 |4.2499 1423 | 595 | 871 | 641 | 1053 | 9.60 | 8.91 | 1329 | 2.39 | 163 | 222 | 135 | 148 | 1.60 | 1.07
HH-X-0 | HWC | 31500 | 25 | 58.8 |3.0234 1383 | 297 | 696 | 540 | 866 | 813 | 6.76 | 1492 | 465 | 1.99 | 256 | 160 | 1.70 | 205 | 0.93

28




Rigid \
block 1
k IC
Transverse j; (Xie» Yio)
reinforcing @

p—

Ny

yield line

Yi | Rigid

_ block I
f %
Vu

Fig. 1 — Idealized failure mechanism of a monolithic concrete interface.
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Fig. 2 — Modeling of v, for different concretes.
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Angle of friction (degree)
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Fig. 3 — Modeling of f/ f_ for different concretes.
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Fig. 4 — Variation of ¢ against f,/f, .
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Fig. 5 — Comparisons of measured and predicted shear friction capacities.
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Fig. 6 — Effect of different parameters on shear friction strength.
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