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ABSTRACT

The objective of this thesis was first to develop a model to
calculate the shear transferred across an inclined crack, and second
to determine the effective strength of concrete in the web of a beam
when diagonal crushing of concrete governs. Fifty-seven tests were

carried out to aid in the development of this objective.

The experimental program included two series of tests. The first
series consisted of seventeen concrete cantilevers tested to
investigate the shear-friction on an inclined crack. The major
variables were the angle of the inclined crack, the longitudinal
compressive force and the conditions of the crack interface. The
specimens generally failed due to the loss oi the shear transfer
across the crack interface. The ratio of the shear transferred by
shear-friction across the inclined cracks to the longitudinal
compression force on the crack face increased as the angle of
inclination of the failure crack increased. The ratio varied from

0.114 to 1.778.

Based on the tests, a shear-friction truss model was developed.
In this model the function of the stirrups is represented by the truss
analogy and the concrete contribution is modelled by shear-friction.
Both the truss model and the shear-friction model are based on a
constant angle of the inclined crack. The shear-friction truss model
was used to examine twenty seven test beams and gave a good
prediction of the shear strength of the beams. Based on the shear-

friction truss model, a design procedure for shear was developed.



The second series of tests consisted of forty concreie panels
subjected to longitudinal compression and transverse tension. The
major variables were the gross transverse tensile strain and the
loading history. The specimens generally failed due to longitudinal
crushing. It was found that the effective compressive strength
decreased as the gross transverse tensile strain increased. The
loading history had no effect on the effective compressive strength of
concrete. The decrease in compressive strength was caused by the
number and the width of the cracks in the concrete. Because the
gross transverse tensile strain is a measure of the cracks in the
concrete, the effective compressive strength of the concrete is
expressed as a funciion of the gross transverse tensile strain. A new
equation for the principal tensile strain in the web of beam was
derived based on the strains in a compression field. A constant

efficiency factor of 0.75 is recommended in the shear design of

slender beams.
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NOTATION

shear span; or size of aggregate

gross area of beam section

area of horizontal web reinforcement within a distance sy,
area of longitudinal tension reinforcement

area of the cross section of isolated strut in a strut and tie

model

area of vertical stirrups within a distance s

X-component of the contact area for one piece of aggregate
X-component of the average contact area for a unit crack area
Y-component of the average contact area for a unit crack area
Y-component of the contact area for one piece of aggregate
width of the compression face of member

width of the web of member

longitudinal compressive force in concrete

effective depth

diagonal compressive force due to shear

compressive stress in the uncracked concrete



equivalent to jd

resultant of f,over the uncracked compression
horizontal component of F.

vertical component of F,

specified compressive strength of concrete
diagonal compressive stress in concrete
effective compressive strength of concrete
cracking strength of concrete

compressive stress distributed on crack plane
resultant of fyover the cracked face
horizontal component of Fy

vertical component of Fy

normal force on the inclined crack

stress in reinforcement

force in the web reinforcement

yield strength of reinforcement

overall depth of member

zone



jd

distance between the resultants of the internal compressive

and tensile forces on a cross section

the ratio of principal tensile stress to principal compressive

stress

bending moment

factored bending moment

normal compressive stress in the contact area

tensile force in longitudinal reinforcement, or normal

compressive force on an interface
external axial force
tensile force in the longitudinal reinforcement

compressive force on the crack surface in the longitudinal

direction (N, =N +N,)
axial force due to shear

compressive force normal to the interface of an angle of

inclination 6
vertical stirrup spacing
shear force parallel to and on a crack face

spacing of horizontal web reinforcement



crack spacing

the ratio of the uniaxial ultimate compressive strength to the

uniaxial ultimate tensile strength

Tensile force in reinforcement

shear stress, or coefficient of standard deviation
shear force

shear contribution from the concrete

shear contribution from the concrete in beams with external

axial force

shear contribution from the concrete in prestressed concrete

beams

shear stress on crack surface in the modified compression field

theory

predicted ultimate shear force

shear force at cracking

shear contribution from dowel action
factored shear force

factored shear resistance

normal shear strength
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shear contribution from the stirrups

shear strength of deep beams loaded at the top
ultimate shear force measured from the tests
shear stress at the ultimate state

shear force at the ultimate state

compressive force on the interface of an angle of 8 with the

axial
width of crack

mean value of VYV

the inclination of the web reinforcement with beam axis

equivalent coefficient of shear-friction of an inclined crack,

defined by the dry friction law on an inclined interface
coefficient of shear-friction of an inclined crack (V./N)
longitudinal compressive strain

diagonal compressive strain; or principal compressive strain
strain in the direction of beam axis

strain in the direction perpendicular to beam axis

gross transverse tensile strain computed using a gauge length

that includes the cracks in the concrete



Hs
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gy

g, at ultimate state
material resistance factor for concrete
material resistance factor for reinforcement

regression factor

ratio of the factored shear force to the factored shear

contribution by the stirrups
correction factor to account for unit weight of concrete
coefficient of friction

coefficient of static friction

coefficient of static friction of an inclined interface

effectiveness factor of concrete (ratio of effective strength to

specified compressive strength)
effectiveness factor calculated by proposed equations
effectiveness factor calculated from the tests

angle of diagonal compression struts, inclined cracks and

principal compressive stress to the longitudinal axis of a beam

ratio of steel area to concrete area
standard deviation

principal tensile stress
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principal compressive stress

diagonal compressive stress

compressive stress normal to the contact area
vertical compressive stress in the concrete

shear stress on the contact area



1. INTRODUCTION

1.1 Problem Statement

Shear failure of reinforced concrete beams is frequently sudden
and brittle compared to flexural failure. Much research has been
conducted since the turn of the century to develop simple but
conceptually understandable design procedures. Among the various
methods developed, the truss model is an excellent conceptual model
that provides an understanding of the flow of internal forces and the
failure mechanism in a cracked concrete beam. In the truss model,
the concrete web in the shear span of a beam is divided into a
number of diagonal struts by the inclined cracks. Shear failure is
caused due to either the loss of the force transfer across the inclined
cracks due to yield of the stirrups or by the crushing of the diagonal

struts.

In the traditional truss model, beam stirrups act as vertical
tension ties and the entire shear is transferred across an inclined
crack by the stirrups. However, other mechanisms also provide
resistance to shear, including shear in the uncracked concrete
compression zone, shear transfer by aggregate interlock across the
crack, and dowel action of the longitudinal reinforcement.  If this
additional shear capacity, traditionally called the "concrete
contribution” is neglected, the truss model can be unnecessarily
conservative. The shear design procedure in the ACI' Code and the

Simplified Method in the CSA? Code account for the conservatism by



adding a concrete contribution V. to the capacity of a truss action
with compression diagonals at 45°.  Although these code methods
usually lead to a satisfactory design, they are highly empirical and do
not provide designers with a rational model for the shear strength.
A variable angle truss model like the General Method in the CSA
Code selects a flatter inclination for the truss struts so that more
stirrups are taken account of in the shear resistance, but it does not
directly consider any contribution of the concrete shear transfer

mechanism to shear strength.

If excess vertical ties are provided, the shear failure is caused by
crushing of the diagonal struts and the shear strength is governed by
the concrete compressive strength. Because the concrete is
transversely tensioned and cracked, the effective strength of the
concrete is usually lower than the concrete cylinder strength. This is
referred to as concrete softening. The General Method in the CSA
Code uses the effective strength of concrete developed by Collins and
Vecchio>. Although concrete softening under transverse tension is
generally accepted, the mechanism by which it occurs is not well

understood yet.

1.2 Objectives and Scope

Two general objectives are involved in this thesis. The first is to
develop a rational procedure to calculate the shear transferred across
an inclined crack. The shear transfer mechanism should include the
shear transferred by the stirrups and by the concrete contribution.

The stirrup contribution is calculated by the truss model. The
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concrete contribution is based on the shear-friction method. Both
contributions should be based on a consistent angle of the inclined
cracks. Since the truss model has been well developed, the first
objective of this thesis is to establish the shear-friction method to
calculate the concrete contribution and to develop a rational
procedure to select the angle of the critical inclined cracks for the
truss model and shear-friction method. Seventeen tests were used to
study the mechanism of shear-friction and the coefficient of shear-
friction across inclined cracks having various angles of inclination.

The shear-friction truss model is developed based on the tests.

The second objective is to determine the effective strength of
concrete in the web of the beam when diagonal crushing of concrete
governs. The detailed work includes an investigation of the
mechanism of concrete softening due to transverse tension and to
determine the variables causing the concrete softening, to develop an
expression from the experimental results to calculate the effective
strength of concrete. A constant concrete efficiency factor is
proposed for use in the design of slender reinforced concrete beams.

Forty tests were involved in this phase of the study.

1.3 Outline of Problem Solution

In Chpt. 2 of this thesis, the basic behavior of concrete beams
subjected to shear is discussed and various models which describe
the mechanisms of shear transfer across a inclined crack and the ACI

and CSA code shear design procedures are presented and discussed.



In addition, previous studies on the effective strength of concrete

under transverse tension are presented.

The two experimental programs which deal with the shear-
friction and the etfective strength of concrete under transverse
tension, respectively, are described in Chpt. 3. The tests for shear-
friction consisted of 17 cantilever beams. The tests provided the
coefficient of shear-friction for the inclined cracks with various
angles of inclination. The second test program, related to the
effective compressive strength of concrete under transverse tension,
involved tests of 40 concrete panels with longitudinal compression
and transverse tension to investigate aspects of the mechanism  of
concrete softening and to provide test data to establish the
relationship between the effective strength of concrete and the gross
transverse tensile strain. The results of the two experimental
programs are presented and interpreted in Chpt. 4 and Chpt. 6,

respectively.

The shear-friction truss model is developed in Chpt. 5. The
model is used to examine the results of the tests by Bresler and
Scordelis*® on reinforced concrete beams and is compared with the
CSA Simplified and General methods, respectively. A design example

is also given in this chapter.

In Chpt. 7, conceptual models are developed to explain the
mechanisms of concrete softening due to transverse tension.  An

empirical equation is established to calculate the effective strength of



concrete under transverse tension. A constant efficiency factor is

proposed for the shear design of slender reinforced concrete beams.
A summary and conclusions are presented in Chpt. 8.

Photographs of the specimens after failure are presented in
Appendices A and B. Appendix C includes the crack patterns of the
beams tested by Bresler and Scordelis which are used to examine the

shear-friction truss model.



2. LITERATURE REVIEW AND DISCUSSION

2.1 Behaviour of Beams Failing in Shear

The shear strength of reinforced concrete beams is often
investigated by testing simply supported beams subjected to
symmetrical two point loading. Tests performed on beams without
web reinforcement have indicated that the mode of failure is highly
depsndent on the shear span ratio a/d, as shown in Fig. 2.1. At small
a/d ratios the ultimate shear capacity increases substantially beyond
the initial diagonal cracking7. The differences in behaviour shown in
Fig. 2.1 suggests that beams can be divided into four categories,
typically referred to as very short, short, slender or very slender

beams.

Beams with short or very short shear spans are commonly
referred to as deep beams. Very short spans, having a/d<l, develop
inclined cracks jointing the load and support and resist load by arch
action. Failure can occur by crushing of the compression strut, or by
yielding or loss of anchorage of the longitudinal tension chord.
Relatively short shear spans, with a/d from 1 to about 2.5, resist load
by a combination of arch and beam action. The internal force
redistribution after cracking permits further increases in loads.
Failure may occur either by distress in the longitudinal tension bars,

described as a "shear-tension" failure, or by crushing of compression



zone above the inclined crack, commonly referred to as "shear-

compression” failure.

Most practical beams are slender beams having a/d ratios from
25 to 6 which transmit shear primarily by beam action. In slender -
beams without web reinforcement, flexural cracks form prior to any
diagonal crack, however, the development of inclined cracks disrupts
the equilibrium and failure occurs suddenly. Very slender beams
with a/d greater than 6 are characterized by flexural failure prior to

inclined cracking.

Because of inclined cracking, the shear capacity of beams
without web reinforcement having a/d less than 6 is much lower
than the flexural capacity. To ensure that the full flexural capacity
can be developed, web reinforcement is provided in beams. This is
particularly important in slender beams, where the formation of an
inclined crack can cause immediate failure if no web reinforcement is
provided. Generally, beams will have enough web reinforcement to
fail in flexure. For beams with less web reinforcement than that
corresponding to flexural failure, shear failure occurs gradually due
to the yielding of web reinforcement after inclined cracking. If a
very small .amount of web reinforcement is provided, the formation
of an inclined crack may cause immediate yielding of web
reinforcement, resulting in a sudden failure. If excess web
reinforcement is provided, the beam may fail due to web crushing
prior to yielding of the web reinforcement. Both of the two failure

modes are brittle and undesirable.



2.2 Principle of B and D Regions

The behaviour and shear resisting mechanism are very ditferent
from region to region in a concrete structure. Figure 2.2 shows the
principal stress trajectories in half of a simply supported beam. It
shows that at the support or at the load application point the stress
trajectory pattern is severely disturbed. A relatively new concept in
the design of concrete structures presented by Schlaich et al.¥ is the
division of a structure into separate design regions based on the type
of load path and strain distribution. Those regions of a beam in
which the Bernoulli hypothesis of plane strain distribution is
assumed to be valid are referred to as B-regions, where B denotes
beam or Bernoulli. B-regions display primarily beam action. At
disturbed or discontinuous regions of a structure such as corners,
openings or concentrated loads and supports, plane sections do not
remain plane, and the behaviour is very different from that in B-
region. Those disturbed portion are designated D-regions, where D
denotes discontinuity or disturbance. Figure 2.3 shows beams with

both B and D-regions.

D-regions, which extend about one member-depth on each side
of a discontinuity, transfer load by in-plane compression such as arch
action. Typical structures in which D-region behaviour dominates
are brackets and deep beams. In such members the load carrying
mechanism may be idealized as a truss made up of concrete
compression struts and steel ties. Crushing of the concrete struts is
one of the major failure modes for D-regions and the ultimate load is

very dependent on the compressive strength of concrete. Because of



the transverse tension and cracking in the region of the strut, an
effective concrete strength, generally less than the cylinder strength,

must be used in the design of concrete strut.

Most reinforced concrete beams are sufficiently slender that
their behaviour is dominated by B-region behaviour.  The post-
cracking behaviour of these regions can be determined from a truss

model.  Yielding of web reinforcement is the major shear failure

mode.

2.3 Truss Models

As mentioned previously, a given portion of a reinforced
concrete beam under loading displays either D-region behaviour or
B-region behaviour. The response of uncracked D and B-region can
be determined by elastic analysis, or much more easily by elastic
beam theory. However, cracking of the concrete causes stress
redistribution and the elastic methods are no longer applicable.
Researchers have developed a number of mechanical-mathematical
models to express the behaviour of concrete beams after cracking.
Among the best of these is the truss model which provides an
excellent conceptual model to show the forces existing in a cracked

concrete beam.

2.3.1 Traditional Truss Model

At the turn of the century, Ritter’ and Morsch!® independently

developed truss analogies for the design of web reinforcement in



concrete beams. Ritter visualized diagonal concrete struts acting
from the top of one stirrup to the bottom of the next. Morsch
introduced the concept that inclined compression fields, not discrete
diagonal struts, could be used to model the flow cf forces. In its
simplest form, several stirrups are collected into one vertical tension
member, and several inclined concrete struts are combined into one
diagonal member, as shown in Fig. 2.4b. This model assumes that
after cracking the diagonal compression stresses remain at an
inclination 8. Although Morsch recognized the possible re-orientation
of the principal compression stress and the flatter inclination of crack

that occurs as loading progresses, he recommended the 0=45° truss

model as a conservative approach in design.

If the joints are assumed to be hinged, the truss shown in Fig.
2.4b is statically determinate. For the free body diagram shown in
Fig. 2.5a, the shear force can be calculated as

_Afyd
S

v (2.1)
where A, is the area of vertical reinforcement within the distance s,

f, is the yielding strength of steel and jd is the internal lever arm.

y

As shown in Fig. 2.5b, the shear force V can be resolved into a
diagonal compression force D and an axial tension N,. If the shear
stresses are assumed to be uniformly distributed over b,jd, where

b, is the web width, the shear force can be expressed as

V =05 feqg bw jd (2.2)
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where f,, is the diagonal compression stress. The shear strength of a
reinforced concrete beam reaches its maximum value when foq=fce,
where f,., is the effective compressive strength of the concrete, no

matter how much web reinforcement is provided, i.e.
A, f,jd )
V=030 <0.5 1,0, jd 2.3)
S .

Although the analysis of the traditional pin-jointed truss is very
simple, it neglects the shear transferred by the uncracked
compression zone, aggregate interlock on the crack surface and dowel
action of longitudinal reinforcement. These mechanisms can provide
a significant portion of the total shear resistance. Moreover, the
assumed angle of 45°for the inclined cracks is usually larger than
observed in tests, which underestimates the contribution of vertical

web reinforcement and makes the shear capacity predicted by Eqn.

(2.3) more conservative.

2.3.2 The Procedures Used in ACI and CSA Codes

The ACI Code' shear design procedure and the Simplified
Method in the CSA Code® are based on the 45° truss model, with an
empirical correction to account for the conservatism of the model.
Both codes have the same formulas for shear design except that ACI
Code uses a single strength reduction factor, ¢, for the shear
resistance while CSA Code uses different reduction factors ¢ and ¢
for concrete and steel. For simplicity the ACI Code procedures are

illustrated and the Imperial Unit System is used in this section.

11



The ACI Code does not consider a whole member approach
where an entire beam is visualized as a truss, but instead derives a
sectional approach from the basic truss concepts, where any section

of a beam can be examined independently of other portions. In the

code, the nominal shear resistance V, is equal to the sum of fwo

components namely
Vn=Vc+VS (24)
where V. is the shear carried by concrete and V, is the shear

resisted by web reinforcement. Vg is calculated based on the 45°

truss modei.

Af.d
Vs=*-l“: (2.5)

Vin Eqn. (2.5) is the sum of the forces in the web reinforcement
intersected by an ideal 45°inclined crack, which is similar to Eqn.
(2.1) obtained from the simple truss model, except that the codes
assume the horizontal projection of the crack is equal to the effective

depth.

The concrete contribution V. in Eqn. (2.4) is assumed equal to
the strength of a concrete beam without any web reinforcement, or
the shear causing inclined cracking. As a result, the effects of
uncracked compression zone, aggregate interlock, and dowel action
are combined into one Vterm. For members subject to shear and

flexure the code expresses V. as:



V. =2/f; bd (2.6)
or in SI units V.= bd/6 (2.6a)

Equation (2.6) was develoed from test results. Compared with
the test results on simply supported beams without web
reinforcement, Equation (2.6) generally underestimates the shear
capacity for beams with large longitudinal reinforcement ratios and
overestimates the shear strength for small steel percentages“. For a

beam with web reinforcement, the shear strength is

A
Vn= ’Vf'c bd-!'—-iﬁ (2 7)
S .
A fyd
or in SI units Vi =61;_‘ Vfc bd“'—v;y— (2.7a)

As indicated in previous sections, diagonal compression stresses
exist in the web of a beam. In very thin-walled beams, these may
lead to crushing of the web. According to Eqgn. (2.2), the diagonal
compressive stress fcg is related to the shear stress. A number of
codes limit the shear stress to 0.2-0.25 times the compressive
strength of the concrete. The ACI Code limits on V, originally given
for crack control, provide adequate safety against web crushing in

reinforced concrete beams.

Vs(max)=84/F':bd (2.8)

Axial forces or prestressing change the cracking load of a beam.

Axial tensile forces tend to increase the tensile stress in the concrete

13



which decreases the cracking load, while axial compressive forces
tend to decreases the tensile stress in the concrete and as a result
increase the cracking load. The effects of axial forces on the ultimate
shear capacity have been reported but not been well explained.
Members with axial tensile forces have lower shear strength than
those subjected to shear and moment only. In the ACI Code, the
nominal shear carried by the concrete of members with axial tension
is given by
Ve =2(1 + —Ne ) Y, bd
500A, (2.9)

where N, is the axial tensile force and Ag is the gross area of the
section. Ng/Ag s expressed in psi and is negative in tension. V¢ in
Equation (2.9) becomes zero when the average axial tensile stress on
the section reaches or exceeds 500 psi in tension, which is roughly

the tensile strength of concrete.

14

Axial compression tends to increase the shear strength. The ACI -

Code presents the following equation for calculating V. for reinforced
concrete members subjected to combined shear, moment and axial

compression:

N '
Ve=2(1+— ) Vfbd
o= 2t G00a, ) (2.10)

where Ne/Agis positive in compression and has units of psi.



2.3.3 Variable Angle Truss Model

Some researchers attribute the conservatism to the assumption
of 45% inclination. They suggest that the 45°truss model be adjusted
by considering that 0 is typically less than 45°. This modification is
referred to as variable angle truss model. A variable angle truss
model departs from the traditional assumption that the inclination of
the diagonal compression struts is constant at 45°, and provides a

more realistic model of the behaviour of a beam in shear.

Variable angle truss models can incorporate the different types

of behaviour in the B-regions and D-regions in a beam. In a B-region

it is suitable to model the internal flow of force as a continuous field
of parallel diagonal struts, having a constant angle of inclination 6.
In D-regions, a fan shaped stress field or compression fan provides a
better representation of the internal force flow, as illustrated in Fig.
2.6. A compression fan is usually statically indeterminate, although
it becomes statically determinate if the stirrups are all assumed to
yield. The plastic truss model presented by MacGregor and
Rogowsky12 can be used to calculate the internal forces in a
compression fan. In the plastic truss model, the stirrups are
assumed to yield at failure and the forces in the longitudinal

reinforcement can be calculated from the moments using the method

of sections.

The internal forces in the parallel diagonal field of a variable

angle truss model can be derived similarly to those in the 45° truss

model in Section 2.3.1, except the angle of inclination 6 is usually less
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than 45°. Referring to Fig. 2.5 aad replacing the 45° by 6, the shear
force can be calculated as:

v oAy id

s tan@ (2.11)

all the variables in Eqn. (2.11) are as previously defined. If the
forces in the stirrups are assumed uniformly distributed over a
length of jd/tan8, the moment equilibrium of the frce body in Fig.

2.5a gives

1=M,05-Y

jd tan®

(2.12)

Equation (2.12) indicates that the tensile force in the longitudinal
reinforcement is (0.5V/tan8) larger than that responding to the
bending moment. This is a result of truss action. Alternatively the
vertical shear can be resolved into an inclined compression force D
and a horizontal tension force Ny, as shown in Fig. 2.5b. The tension

force N, is equal to

\Y

N. =
Y tan® (2.13)

Since the shear is assumed to be distributed uniformly over the
depth of the beam, N, acts at mid-height and N,/2 will act on both
the top and the bottom chord of the truss. These forces will be
added to those caused by flexure. As a result, the force in the
compression chord of the truss will be reduced and the force in the
tension chord will be increased, as shown in Eqn (2.12) and

illustrated in Fig. 2.7. The inclined force D induces compressive

16



stress in the struts which may cause the crushing of the web. The

corresponding shear strength is

V = f¢e bd sinf cos8 (2.14)

With the variable angle truss model, the designer can choose any
reasonable angle of inclination. As indicated in Egn. (2.11) a smaller
angle allows more stirrups to be intercepted by the crack and the
shear carried by the stirrups is increased, however the compression
stress in the diagonal strut increases as 8 decreases. To ensure that
stirrups will yield prior to the diagonal struts crushing in
compression, the maximum compression stress must be less than the
allowable compression stress and the minimum permissible angle
chosen for design is limited. The CSA Code General Method for shear

design is a member of the variable truss model family.

2.3.4 The Strut-and-Tie Model

In a structure, forces tend to take the shortest possible path to
transfer load. In a beam subjected to concentrated loads, the
shortest paths to transfer load are the straight lines connecting the
points of loading and the supports. For deep beams, those shortest
paths are also the possible paths, see Fig. 2.8a. The load is directly
transferred to the supports through compression in the web concrete
which acts as compressive struts. However for slender beams, as
shown in Fig. 2.8b, those shortest paths are not possible paths. This
is because the large a/d ratio makes the compressive stress

trajectory in the web very flat and the vertical component is not
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large enough to equilibrate the vertical shear. Furthermore, flexural
cracks may intercept the diagonal struts. Hence other paths are
needed to transfer the vertical force. Vertical web reinforcement
provides those force paths. The truss model assumes that the
compression chord is horizontal and carries no vertical force. As a

result all the vertical force is carried by the vertical tension ties.

From Figures 2.8c and 2.8d, we can see that the strut-and-tie
model is a special case of the truss model in which no vertical tie is
needed statically. If anchorage and bearing failures are prevented
and ties do not yield, the shear failure of a strut-and-tie system is
caused by the crushing of the struts and the shear strength is
governed by the compressive strength of the concrete. According to
the strut-and-tie model shown in Fig. 2.8¢c, the shear strength V can

be calculated as

V= Ay, e, sind (2.15)

where Ay, is the cross section area of the strut, f.e is the effective
compressive strength of the concrete and © is the inclination of the
strut. Because the strut-anu-tie model is a special case of the truss
model, Eqn. (2.15) is similar to Eqn. (2.14), except in the truss model
the strut is a continuous compression field with its cross section area

equal to (bdcos6).

A number of researchers have studied shear strength of deep
beams using the strut-and-tie model!? 16, The size of the struts is
usually determined according to the bearing areas of the loading and

supporting regions. Since the concrete struts and the truss nodes are
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under a complicated state of stress, the effective strength of the
concrete is generally reported to be lower than its cylinder strength.
Usually f., is defined as foo=v f'c, where v is an efficiency factor

between 0 and 1.0. This will be discussed in more detail in Section

2.6.

2.4 The Modified Compression Field Theory

The Modified Compression Field Theory3 developed by Collins
and Vecchio is an extension of the Compression Field Theory
originally developed for concrete in torsion and shear!7"18. In both
models, the cracked concrete is treated as a new material with its
own stress-strain characteristics.  Equilibrium, compatibility, and
stress-strain relationships are formulated in terms of average
stresses and average strains. While the original compression field
theory ignored tension in the cracked concrete, the modified
compression field theory takes into account transverse tensile

stresses in the concrete between the cracks.

The compression field theory models a cracked concrete beam as
a continuous field of diagonal compression, as illustrated in Fig. 2.9.
The equilibrium equations are established according to the Mohr's
circle in Fig. 2.9c. Since the tension in concrete is ignored, the

principal tensile stress ois zero. According to the Mohr's circle, the

shear stress v can be expressed as

v = oy / tan® (2.16)
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where o, is the vertical compression in the concrete. oy is in

equilibrium with the tension in the vertical reinforcement:

A
Gy = -bV—:i (2.17)

where AV is the vertical steel area within the distance s and fs is the

stress in the vertical steel. Hence, the shear force is

A f. d
V= (2.18)

s tan@

The compression field theory yields the same expression for
shear strength as the variable angle truss model, except in the
compression field theory, the inclination of the diagonal compression
field © is calculated through solving a nonlinear system of equations
based on equilibrium, compatibility and material properties. Because
tension in the concrete is ignored, the shear transferred by the

concrete is not considered in the model.

The modified compression field theory extended the
compression field theory by taking into account the average tensile
stress in the concrete between two cracks. It assumes that there is
no tension in the concrete at a crack. Due to bond, tension in the
reinforcement causes tensile stresses in the concrete that reach a
maximum value .aidway between the cracks. Figure 2.10 shows the
stresses in an element and its Mohr's circle in which the concrete
tensile stresses exceed zero. According to the Mohr's circle, the shear

stress v can be calculated:
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V= (ol-ov)/tane (2.19)

where the vertical tensile stress in the concrete is in equilibrium
with the stress in the vertical reinforcement, as shown by Eqn.
(2.17). Substituting Eqn. (2.17) into Eqn. (2.19) and letting V = vbd

gives

_Afd bdo

s tan® tan®

v (2.21)

The first term on the righthand side of Eqn. (2.21) is the same as the
shear strength calculated through both the variable angle truss
model expressed by Eqn.(2.11) and the compression field theory
expressed by Eqn.(2.18), which is the shear carried by the vertical
reinforcement. The second part is the contribution of the concrete in

terms of average principal tensile stress in concrete.

Figure 2.11 shows the mechanism of shear transferred by
concrete. In Fig. 2.11a the section is cut along an idealized inclined
crack. In Fig. 2.11b the section is at an average location between two

inclined cracks. The modified compression field theory assumes a
tensile stress o, 1Cts on section B-B along with the stirrup forces

Avfs. A shear stress v . is assumed to act along the crack

accompanied by stirrup forces Avfy. As a result, the concrete

contribution can be expressed in two ways, either in terms of tensile
stresses in concrete between the cracks or as an aggregate interlock
mechanism. The vertical equilibrium of forces in Fig. 2.11b yields

the same equation as Eqn. (2.21) which is derived directly from the
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Mohr's circle, while the free body diagram in Fig. 2.l1la yields the

following equilibrium equation:

V= f‘—v—f%d + vibd (2.22)
S tan

Equations (2.21) and (2.22) show that the modified compression
field theory considers both the concrete contribution and the possible

reorientating of the inclined struts from 45°. However calculation of

8 and v, or ¢, is a tedious procedure of solving a system of

nonlinear equations which are based on a number of assumptions.

2.5 Shear-friction

Research has shown that the concrete contribution to the shear
strength in a reinforced concrete beam can not be ignored. The
concrete contribution usually consists of three parts: shear
transferred by aggregate interlock, shear transferred by the
uncracked compression zone and shear carried by dowel action of the
reinforcement. Among these three components, aggregate interlock
plays the major role in carrying shear. The mechanism of aggregate
interlock has been well described. When a crack is developed in a
concrete mass, the surfaces of the crack are usually rough and
irregular. The majority of the coarse aggregate particles remain
embedded in one or the other of the crack faces. When this crack
forms along a continuous plane a displacement parallel to the plane
of the crack is possible and when it occurs, projecting, particles from
one face of the crack come into contact with the matrix of the other

face. Further movement is then restricted by the bearing and
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friction of the aggregate particles on the crack surface. Provided that
restraint is available to prevent large increases in the crack width,
substantial shear forces can be transmitted across the crack
interface. This is aggregate interlock action. Aggregate interlock is’

also referred to as shear-friction.

2.5.1 Initially Uncracked Interfaces

Extensive tests have been carried out by Mattock, Paulay and
othersw'n, using specimens of the general configuration shown in
Fig. 2.12a. The specimens were either intentionally cracked along
the expected interface prior to testing, or were uncracked. For
uncracked specimens shear is transmitted across the interface. At
higher loads, a series of diagonal tension cracks occur across the
interface.  Further load was resisted by stirrups and the diagonal
compression struts between the cracks, which act as a truss system.
In the tests, failures were usually observed due to the crushing of
the diagonal compression struts. No continuous crack along the
interface was formed. Although shear is transferred across a defined

plane, this mechanism is not strictly shear friction since appreciable

shear is not transferred across a crack.

2.5.2 Initially Cracked Interfaces

For an initially cracked surface, shear is transmitted only if
lateral confinement or transverse steel exists. The irregularities of
the surfaces of the two sides of crack ride up on each other. This

tends to open the srack and create forces in the transverse steel. For



equilibrium a compressive stress is induced on the crack surfaces.
The shear transferred across the crack is expressed in terms of this

compressive stress and a coefficient of friction.  Failures were
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observed due to sliding along the crack, combined with slight

crushing in the crack surfaces.

Test results obtained by Mattock and his co-workers®! are
shown in Fig. 2.12b. The compressive stress on the interface was
assumed to be produced by the tension in the stirrups across the
interface. In Fig. 2.12b the shear stress at failure, v, is plotted
against pfy, where p is the ratio of the stirrups across the interface to
the area of the interface. The ultimate shear strength increases
almost linearly with the index pfy. With a monolithic shear plane,
the strength is considerably higher than with a pre-cracked shear
plane. The forces in the stirrups were not measured in the tests. If
the stirrups are assumed to yield at failure the tangents of the

curves in Fig. 2.12b are the coefficients of shear friction.

Fenwick and Paulay20 studied shear transfer in pre-cracked
unreinforced pushoff specimens. The confinement on the interface
was applied externally. The variables in the tests included crack
width and aggregate size. The test results indicated that variations
in the size of the aggregate, from lcm to 2cm, had no effect on the
shear stress-slip curve or the ultimate strength.  There was a
continuous degradation of the aggregate interlock mechanism on the
shear plane with an increase of the crack width. Fenwick and Paulay

suggested the mean value of coefficient of friction be 1.7.
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Taylor23 simulated the deformation at an inclined crack in a
beam by testing concrete blocks in a device that maintained a
constant ratio “etween the opening normal to the crack, AN, and the
shearing movement along the crack, AS. Both the ultimate shear
strength and the deformation decreased linearly as AN/AS increased.
The shear transfer strength was a function of the roughness of the
crack surface. Other researchers also carried out tests using cyclic

loads or using stirrups inclined with the interface.

Walraven?? studied the fundamentals of aggregate interlock by
simpiifying the aggregate particles to rigid spheres of different sizes,
protruding from a flat crack plane, as shown in Fig. 2.13a. The force
condition in the contact area is shown in Fig. 2.13b. According to the
force equilibrium along the crack, the shear stress v can be

expressed as:

v= Gpu (Ay +U AX ) (223)

where Ay and Ay are the average contact arcas for a unit crack area,
Opu I8 compressive stress normal to the contact area, and p is the
coefficient of friction of the contact area. A, is equal to Za, and Ay is
equal to Zay, where ay and a, are the contact area on one piece of
aggregate. Walraven established the parameters Opy and p by fitting
Eqn. (2.23) to the experimental results of his pushoff tests on
externally restrained specimens. He found that the best value for

the friction coefficient was pn=0.4 and the matrix yielding stress Opy

could be expressed as



0.56 2 R
Opu= 6.39 f', (N/mm ) (2.24)

By substituting Eqn. (2.24) into Eqn. (2.23), the shear stress can be

expressed as

v =639 20 (Ay + 0.4A4) (2.25)

Equation (2.25) indicates that shear friction or aggregate interlock

action increases as the concrete strength f. and the contact area

increase.

2.5.3 Difference between Shear Friction Specimen and Beam

Most of the research on shear friction was carried out by testing
pushoff or pulloff specimens with the general configuration shown in
Fig. 2.12a. However, the shear transfer mechanism of these
specimens is quite different from that of a beam. The load carrying
mechanisms of typical pushoff or pulloff specimens can be modelled
as a truss system shown in Fig. 2.14a and b. Failures of the
specimens were usually caused by either the crushing of the diagonal
compression struts or the yi:lding of the tension ties. However,
shear friction in a beam is a shear transferring mechanism additional
to the truss system, as shown in Fig.2.14c. The failure of shear

friction may not cause the failure of the truss system.

The initial cracks on the specimens tested by the above
researchers were usually formed by applying a line load along the

interface on both sides of the specimens.  There are several



differences between these initial cracks in a pushoff or pulloff

specimen and the inclined cracks in a concrete beam.
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1) The overall initial crack in a pushoff or pulloff specimen is

approximately straight. The roughness is mainly due to the
aggregate. The overall shape of the inclined crack in a beam is
zigzag. The roughness is results from both the aggregate and the
overall zigzag shape. Therefore, the shear crack in a beam has

stronger shear friction action.

2) The pushoff or pulloff specimens were completely cracked
throughout the interface before the shear forces were applied. The
two halves of the specimen started to slide relatively along the crack
once the shear forces were applied and kept continued to slide as the
shear force increased. This is a process of losing the fit between
aggregate and matrix. The looseness of fit of aggregate particles due
to both initial cracking and the sliding during loading tends to
degrade the stiffness and the strength of the shear friction along the
crack. However, in a reinforced concrete beam, a crack is formed
gradually with the loading.  Before failure there always is an
uncracked zone, large or small, which can prevent the crack faces
from losing fit. Hence, the shear friction of the crack in a beam is

more effective than that in the pushoff specimens.

3) In the pushoff specimens, the interface is not subjected to any
bending moment. The relative sliding along the crack and widening
of the crack is the necessary condition to develop the compression on

the crack surfaces. The compressive stress on the crack plane



inci~-.ses as the crack width increases. As observed by many
researchers, the shear friction mechanism degrades as the crack

width increases. So the coefficient of friction decreases as the

compression on the crack surface increases. However, in a reinforced”

concrete beam, the compression is due to the bending moment.

4) The initial crack in a pushoff or pulloff specimen is an
artificial crick which does not correspond with the stress state under
the loading. This initial crack tends to change and weaken the load
carrying system in the specimen. However, in a reinforced concrete
beam, the shear crack is formed naturally due to the loading. It
corresponds with the load carrying system formed in the beam. This
load carrying system has a higher capacity than that corresponding

with pre-cracked specimens.

5) The concrete contribution to shear in a reinforced concrete
beam includes aggregate interlock action, the effect of the uncracked
zone and dowel action. For the pushoff or pulloff specimens, the
shear transfer along the interface only includes the aggregate

interlock.

2.5.4 Crist's Analysis for Deep Beam

Crist?’ applied the shear friction mechanism to reinforced
concrete deep beams. He assumed that the sole function of the
vertical and the Forizrontal web reinforcement, is to induce a
compression force +p ne crack plane which then creates shear

friction action. Figure 2.16a shows the forces in the stirrups across a



crack plane. From the geometry of the forces, the component of the

tension resuliant normal to the crack plane can be expressed as:

FDI' = ZFVi sin(ai + 9) (225)

Fpy creates an equal normal compressive force on the crack plane, as
shown in Fig. 2.16b. This normal compressive force is required by
the friction along the crack. According to the shear friction analogy,

the shear force along the crack can be expressed as:

S=p SF,;sin(o;+8) (2.26)

The vertical component of S is the shear resistance of the inclined

section. Therefore the shear force can be expressed as:

V =ZpF,; sin(ai + 0) sind (2.27)

If the web reinforcement consists of both vertical and horizontal
reinforcement, the inclination a;is equal to either 90° for the vertical
ones or 0° for the horizontal ones. Assuming that both the vertical
and the horizontal reinforcements are uniformly distributed, with a

spacing of s and s, respectively, then Equation (2.27) can be

rewritten as

Ayfyd Anfyd, .
v =223 (pcos) +—:h¥—(usm29) (2.28)

where A, and A, are the area of the vertical and horizontal
reinforcement respectively.  The reinforcements are assumed to

yield at the ultimate state, with a yielding strength f,.
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In Crist's shear friction model, the component of the tensile force
in the web reinforcement parallel to the crack plane is ignored. The
ACI shear friction method?®
force in the reinforcement parallel to the crack plane. This analysis
is based on Mattock's work?’ . Figure 2.17a shows the forces on a
crack plane. The shear force along the crack plane can be expressed

by ACI Eqn.(11.27):

S=u Aw fy sina + A fycosa (2.29)

The first term in Eqn. (2.29) is the shear friction due to the normal
compression on the crack plane, which is equivalent to the shear
friction of Crist's method, as expressed by Eqn. (2.26). The second
term of Eqn. (2.29) is the component of the tension in the web
reinforcement which is parallel to the crack plane. If the crack
under consideration is an inclined crack in a beam, as shown in Fig.

2,17b, the vertical shear force V can be written as:

= (L Ay fy sino + Ay fycosa) sin® (2.30)

Equation (2.30) can be expressed in terms of vertical and horizontal

reinforcement:

V=

Avd Y (1L cos® + cosO sinb ) + Ah y(|,lsm29 sin@cos®) (2.31)

According to Egn. (2.28) and (2.31), both Crist and Mattock's
shear friction methods assume that the primary function of web
reinforcement is to irduce a normal compression force on the crack

plane and then to produce shear friction. It is well known that in a

considers the contribution of tensile



structure, force always tends to take the shortest possible
path. According to this principle, all the elements of a structure

tend to form the shortest possible path to carry the load. In a beam,
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the most direct possible load carrying path involving the vertical

reinforcement, or the vertical component of web reinforcement, is to
carry the vertical shear force directly by tension, as do the tension
ties described by the truss model. The vertical reinforcement, or the
vertical component of web reinforcement, in a beam does not
transfer vertical load by inducing a compressive force on the crack
plane to form shear friction along the crack, and then the vertical

component of the shear friction carrying the vertical load.

Crist's shear friction analysis is only applicable to the case where
the applied load is parallel to the crack plane and the shear
reinforcement under consideration is perpendicular to the crack

plane. It can not be used in the design of reinforced concrete where
the the applied load and the shear reinforcement are at an angle

with the inclined crack.

2.5.5 Coliins and Vecchio's Expression for Shear Carried

Across a Crack

Collins and Vecchio® applied the shear friction concept in their
modified compression field theory, as shown by Fig. 2.11 and Eqn.
(2.22). Based on Walraven's work®?, they derived the following

relationship for the shear stress v across a crack of width w:



f2,
Vg = 018 Vg, + 1.64 £ - 082 ——
cdimax (2.32)
where
Vi = Vfe
cimax = 5374 24 w/ (a + 16) (2.33)

and a is the maximum aggregate size in mm and the stresses are in

MPa. The crack width w is related to the crack spacing s measured
perpendicular to the crack and the principal tensile strain €

perpendicular to the crack.

w=¢€Sg (2.34)

where sg depends on both the location and the amount of the

reinforcement.

sin@ +COSG (2.35)

In the modified compression field theory, the shear friction stress is
expressed as a function of crack width, and the crack width is a
function of tension strain and the crack spacing. So far there are no
good methods to calculate all these variables for a concrete beam,

making the method difficult to apply.

2.6 Effective Concrete Strength

As mentioned in previous sections, if excess web reinforcement

is provided, the beam may fail due to web crushing prior to yield of
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the stirrups. In this case the shear strength is governed by the
compressive strength of concrete in the web. The concept of an
effective concrete strength was introduced when researchers
developed the truss models and observed that the concrete strength’

of the struts at the ultimate state is usually less than the cylinder
strength  f' . This behaviour was later referred to as concrete

softening. Softening of concrete is considered in the truss models by
using the effective concrete strength fce in Eqn. (2.3) and (2.14)

instead of the cylinder strength Fc to calculate the strut strength.

The effective concrete strength is frequently expressed as:

fee =V (2.36)

where v is an efficiency factor which has values between O and 1.0.

Many researchers have investigated this issue. The major cause of
concrete softening was reported to be the transverse tension

perpendicular to the compression. Table 2.1 shows the values of v
proposed by some of the researchers>2>%. Only a few of them will

be discussed in more detail.

The behaviour of plain concrete under bi-axial stresses has been
well investigated by many researchers?®-3!. The strength of plain

concrete under bi-axial tension-compression decreases as the

transverse tensile stress o, increases, as shown in Fig. 2.18. Slate>®
suggested a linear relationship between the compressive strength

and the transverse tensile stress as:

f,
o (2.37)



where t is the ratio of the uniaxial ultimate compressive strength, £,

to the uniaxial ultimate tensile strength, f'l; k is the ratio of the
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principal tensile stress, o, which is equal to f,. at failure, to the

principal compressive stress. o). Equation (2.37) can be rewritten as:

fee 21091
Ef (2.37a)

What needs to be mentioned here is that the plain concrete
element in Fig. 2.18 fails once the concrete cracks transversely. The
failure may not be due to the concrete crushing and the strength
predicted by Eqn. (2.37) may not be the compressive strength of the
concrete. However, for reinforced concrete, cracking may not

immediately cause failure but reduces the compressive strength.

Based on their experimental tests on uniformly strained panels,
Collins and his co-workers?3 47 discovered that the principal

compressive strength decreased as the gross principal tensile strain

g increased, where €, 1is the average strain including the widths of

1

the crack. The lowest strength in their tests was about 20% of the
cylinder strength.  According to their tests, Collins and his co-
workers developed an empirical equation to calculate the effec.ive
strength of concrete. The empirical equation was modified in the
Modified Compression Field Theory as:

, f'
f - - - c
= 08 + 170€; (2.38)



where the principal tensile strain, €, is obtained from a Mohr's circle

for strain relating the horizontal strain € parallel to the axis of the
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beam, the inclination © of the compression strut and €2=-0.002. In

lieu of an analysis for € Collins and Mitchell suggested it can be

taken as 0.002. Thus v varies almost linearly from 0 when 8=0 to

0.55 when 0=45°, and back to 0 when 8=90°. Equation (2.38) is used
by the CSA Code.

Based on their tests, Schafer et al’® stated that the reduction of
the compressive strength due to transverse tension may generally
assumed around 20% if the reinforcement is designed according to
the codes. In 1990 Kollegger and Mehlhorn’’ published the result of
tests of 47 panels carried out in the University of Kassel. They found
that the maximum reduction of the concrete compressive strength
due to transverse tension was 20%, which was consistent with
Schlaich and Schafer's conclusion. No influence of loading history or
reinforcement properties on the panel strength was observed in the
tests. They reviewed the experiments by Vecchio and Collins and
concluded that the majority of the panels failed due to yielding of
both reinforcements or load introduction problems. They claimed
that only three panels of the Vecchio and Collins test series
experienced a compressive failure of the concrete. The maximum
reduction of the concrete compressive strength of these three panels
was 21%. Kollegger and Mehlhorn suggested that the effective
strength of concrete under transverse tension be more accurately
described as a function of tensile transverse tensile stress than a

function of tensile strain as suggested by Vecchio and Collins.



The specimens tested by the above researchers were generally

uniformly stressed concrete panels. These panels are able to model

36

the B-regions in slender beams which are usually modelled as

continuous fields of uniform compression. However, for isolated
struts as in D-regions which usually are modelled as strut-and-tie
system, the stresses are highly localized. Schlaich and his colleagues8
observed that the isolated compression struts have their least width
at the node points, and, in the real case, can increase in width
between the node points. The bulging in width of the strut induces
tensile stresses transverse to the strut which limit the compressive
strength of the strut. Schlaich et al. then gave a mini-truss model for
the strut itself and analyzed the effective strength of the struts. The
result of the analysis is shown in Fig. 2.19. In fact, bulging of
isolated strut has two effects on the strength of the struts. First, the
bulging induces transverse tensile stresses perpendicular to the
compression and as a result reduces the compressive strength of the
concrete. Second the bulging increases the area of cross section of

the strut and as a result increases the capacity.

51-54 ot al. is

The softening truss model theory developed by Hsu
very similar to the compression field theory of Collins. In the
softening truss model theory, Hsu use¢s Collins' earlier work*® on

concrete softening to compute the effective strength of concrete:

v= 3%@-0.3 (2.39)
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In 1993, Hsu’® developed a new equation for effective compressive
strength of concrete according to their tests:

___09 _ )
V= VT+600¢, (2.40)

The effective sirength predicted by Eqn. (2.40) is very close to that
by Collins Eqn. (2.3%).

The concrete softer: secigated by Collins and Schlaich are
both due to transverse : sion, eithcr from transverse loading or
from the strut bulging. 11 reinforced concrete beams, transverse
tensions are usually caused by the crossing of web reinforcement.
The distributed web reinforcement has two opposing functions: to
restrain the struts or to transfer tension to the struts. If the web
reinforcement is not a major part of the load paths, as in deep beams,
it tends to restrain the struts transversely and hence increase the
strength of the struts. When the web reinforcement participates in
transferring load, as in the case of vertical stirrups in slender beams,

it applies transverse tension to the struts and as a result reduces the

strength of the concrete.

2.7 Summary of the Unsolved Issues

The traditional truss model can provide an excellent conceptual
model to show the forces existing in a cracked concrete beam.
However, it neglects the concrete contribution and assumes a
conservative angle of 45° for the inclined cracks. The shear design

procedure in the ACI and CSA Codes accounts for the conservatism
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by adding a concrete contribution V. to the capacity of the 45" truss
action. Although the code method usually leads to a satisfactory

design, it is highly empirical and does not provide designers with a

rational model for the shear strength. A variable truss model

selecting a flatter inclination for the truss struts provides a better
representation of forces in a cracked beam, but it does not directly
consider ary contribution of the concrete shear transfer mechanism
to shear strength. Although the modified compression field theory
considers both the variation of the truss inclination and the concrete
contribution, it describes the concrete contribution as a function of
crack width, crack spacing and concrete strains which can not be
easily determined. Moreover the modified compression field theory
itself involves a tedious procedure of solving a nonlinear system of

equations which is not convenient in design practice.

The shear-friction model provides a very good understanding for
the concrete shear transfer mechanism. However, the experimental
tests were limited to pushoff or pulloff specimens whose cracks are
geometrically and statically different from those in a beam. The
existing applications of the shear friction method to concrete beams
are only applicable when the applied shear force is parallel to the

crack face and the reinforcement is perpendicular to the crack.

Although many researchers have studied the effective
compressive strength of concrete under transverse tension, the
concrete efficiency factors, v, were usually established by fitting a
certain theory to test results on specific members. These efficiency

factors must absorb the shortcomirgs of the theory used and include
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the structural behaviours of the members tested. These factors
actually become the correction factors for the theories, rather than a
material property.  The mechanism of concrete softening under

transverse tension is still unknown.

In summary, the variable angle truss model is the best model of
the function of vertical stirrups, however, it needs a supplement to
account for the concrete shear transfer mechanism.  The shear
friction method, if expressed in terms of the coefficient of'friction
and the forces in the crack plane, is a very understandable and
simple model to describe the concrete shear transfer mechanism.
The shear strength corresponding to web crushing is governed by the
effective concrete strength. In the light of the above, two
experimental test series were designed and conducted to investigate
the mechanism and behaviours of both the shear friction across an
inclined crack and the concrete softening under transverse tension.
Based on the test results, a shear-friction truss model which
combines the variable angle truss model with the shear friction

method and takes into account the concrete softening in the web will

be developed.
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Table 2.1 Valus of vproposed in literature

Investigator(s) Proposed value for v year and comments
?g:;;%%k and No explicit value 1961; Influenced by o/d, A,
Leonhart and 0.6-0.8 1961; Quoted in terms of
Walther 33 O - prism strength (=0.91)
Taylor34 0.4 1963; Influenced by b, d.
Bennett and : o
Balasooriya3’ 0.92 1971; from tests
gfga“g and (25+500p ) WT  |1971; Imperial units;
Lyngberg 0.85 1976; Plastic approach
g:_isl?l‘:p%gd 0.72 1975; Plastic approach

. 39 CE PO 1978; dependent on section
Hilsen, et al. (0.8 - £/200) and reinforcement detail
Exner 40 3T, 1979; in MPa
Thurlimann ** 0.6 1979, Proposed for CEB Code
Campbell = 0.92 Observed 1976-80; Plasticity and
et a142-43 0.85 recommened variable angle truss model
Batchelor® 0.6 recommend l‘fg&i‘éﬁ“ﬁfﬁg analysis;

.48-50 1985-87; used ir application

M - ’ PP

art 0.55-0.6 of truss model

T:-}_%—Ez 1979; y,average value of
Ym I Ec max. shear strain

Collins 3:4547
et al.

\[ Entey -26d 3
&d

£
1/(0.8 - 0.34-1)
€

1981, from tests

1938, Modified from empirical
equation developed in 1983

1985-88; Simplificd from

Hsu & Mau 1™ Collins' ealier work
0.9 1993; very close to
V1+600g, Collins work (3)
1983; In luenced by the
56
Rogowsky 3 0.85 sele. .ion of truss
Schiaich et al. 0.8 1987: Using strut-and-tie nodel
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a) Variation of tension in bottom chord
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b) Variaticn of compression in top chord

Figure 2.7 Forces in tension and compression chords of a truss
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3. EXPERIMENTAL PROGRAM

3.1 Overview of Experimental Program

Based on the findings of the literature review, an experimental
program was designed. The overall objectives of the experimental
program were first, to investigate the shear transferred by friction
on an inclined crack and second, to ir -2stign's it.» reduction in the
compressive strengih of concrete due to trausve se tension, referred
to as concrete softening. Two test series were involved in the
exp-rimental program 1o achieve ti.> two overall objectives
1espectively.  The first consisted of tests or shear transferred by
friction, referred to for conveniencc as shear-friction. They consisted
of tests of 17 reinforced concrete cantilevers subjected to transverse
shear force, simulating the shear spans of reinforced concrete beams,
as illustrated in Fig. 3.1. The cross ¢ . wn of the cantilever was
370x16G mm. The specimens were tested with different angles of
the inclined crack, and various interface conditions. The inclination
of the crack and the forces on the crack plane were well defined and
directly measured in the test. Using the test results, the relationship
berween the ultimate shear-friction force and the longitudinal
compressive force on the crack plane was ‘derived as a function of

the crack inclination.

The second test series consisted of tests on concrete softening.
This series included tests of 40 concrete panels subjected to

combined longitudinal compression and transverse tension to
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simulate the diagonal compression field in a cracked concrete beam
web, as illustrated in Fig. 3.2. The typical dimensions of the panels

were 420 mm -~ de, 640 mm high and 7. non thick. The specimens

weie loaded longitudinally to crushing under various degrees of

transverse tension. Different loading histories, crack patterns and
stress distributions were selected in the tests to investigate the
effects of these variables. Using the test results, the mechanism of
concrete softening was investigated and a relationship between the
effective compressive strength of concrete and transverse tensile

strain was developed.

The detailed descriptions of the test specimens, the test set-ups
and testing procedures of both test series are presented in this
chapter.  The results of the first test series are presented and
discussed in Chpt. 4. Based on the test results a shear-friction truss
model is developed in Chpt. 5. The test results of the second series
on concrete softening are presented and discussed in Chpt. 6. The
behavior and the mechanisms of concrete softening under transverse
tension are discussed and an equation for calculating the effective

strength is proposed in Chpt. 7.

3.2 Test Series 1: Tests on Shear Transferred by Friction

3.2.1 Objectives

As mentioned in the previous chapter, prior experimental
investiz :itions on shear friction have focused on tests of pushoff and

pulloff specimens whose shear transferring interfaces were parallel



to the shear forces and subjected to zero bending moment. The shear
transferring mechanisms in these tests were very different from that

existing along an inclined crack of a reinforced concrete beam. The
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existing applications of the shear friction method in deep beam

design were a misunderstanding of the force paths in a reinforced
concrete bea.n. The experimentai program presented here was
intended to vestigate the shear friction behavior of an inclined
crack subjccted to bending moment. The internal and external torces
and the inclinations of the cracks were well defined in the test. The
variables investigated included the inclination of crack, the
longitudinal compressive force on the rrack plane, the reinforcement

and viecking conditions with the follewing objectives:

I. To investigate the behaviour of shear transfer by friction
along inclined cracks with various inclinations.  The inclinations

selected for the tests were 30, 45, 60, 90 degrees and undefined.

2. To investigate the effects of bond conditions on shear friction

and the shear contribution of dowel action.

3. To investigate the influence of cracking in the compression

zone and the shear contribution «f the uncracked compression zone.

4. To derive a relationship between the shear-friction force and
the longitudinal compression on the ‘crack planes based on the dry

friction thevry.



5. To develop a shear-friction truss model which accounts for the
shear contribution of stirrups using a truss model and the shear

contribution of concrete using :te shear-friction method.

3.2.2 The Specimens

Seventeen reinforced concrete cantilevers subjected  to
transverse loading were tested. The cross section of the specimens
was 320x160 mm (see Fig. 3.3), which were the average dimensions
2122

of the interfaces of the pushoff specimens tested by Mattoc and

19,20 The inclinations selected for the specimens were 30°,

Paulay
45° 60° and 90°. The clear shear span of the specimens were then
chosen so that a shear craci with the designated inclination could
occur within the clear shear span. The “<.ual shear-span ratios of
the specimens were from 0.5 to 3.0. Since the objectives of the tests
were to investigate the shear transfer by friction on a defined

inclined crack under known forces, the shear-span ratio was not a

primary variable in the study.

The reinforcing steel in the specimens consisted of Grade 400
15M bars as the longitudinal reinforcement and 6 mm, 8.5 mm and
11.3 mm diameter bars as the stirrups. The geometry and
reinforcing of the specimens are shown in Figs. 3.3 to 3.5. The
typical steel cage was divided into upper and iower halves *7ith
hecvy reintorcement in the regions wiicre the load and the reaction
acted respectively. The inclined strip between the two halves was

either unreinforced or more lightly reinforced to allow the shear-
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friction testing. All the specimens except S15, S16 and S17 had no
stirrups across the inclined crack zone. In this region shear forces

were resisted only by the shear transferred by friction. The
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specimens were reinforced with longitudinal tensile reinforcement’

which either extended across the expected crack or was cut at the
crack, »< shown in Figs. 3.3 to 3.5. In the specimens with
longitudinal reinforcement across the crack, the tension in the
reinforcement produced the confinement on the crack planes which
was needed to mobilize the shear friction. For those without
'...'+ndinal reinforcement across the interfaces, an external
sinal force was applied on the end of the specimens as shown

..2. 3.3c to produce the compression on the crack plane necessary
to induce shear-friction on the crack.  Specimens S15, S16 and S17
were reinforced with both the longitudinal and transverse

reinforcement across the cracks. Both truss action and shear-friction

contributed to resist the shear.

Several special details were incorporated in the specimens to
achieve various specified purposes. They are described in the

following paragraphs and summarized in Table 3.1.

Grooving along the specimen surface: Except for specimens S35,
S11, and S15 to S17, the specimen surfaces were grooved on both the
faces along the expected inclined crack and, in addition, had a 10 mm
deep cut on the tension edge of the specimens, as shown in Fig. 3.6.
The purpose was to make the crack have an approximate straight
overall shape so that the inclination of the crack was well defined

and the strain ganges on the longitudinal reinforcement could be



located at the crack to measure the forces on the crack planes. The
width of the groove was 40 mm which was 4 times the aggregate

size so that the zigzag nature of the crack was not eliminated.

Reduction of dowel action: Dowel action has been considered as
one of the shear resisting mechanism. Dowel action is the shear force
developed in the reinforcement itself, —as illustrated in Fig. 3.7a. To
reduce the dowel action in some of the specimens, the portion of the
longitudinal reinforcement intercepting the inclined crack was
wrapped with an annulus of foam insulation 150 mm long and 10
mm thick. The mechanism of dowel action reduction is shown in Fig.
37b. The foam insulation :ncreased the shearing length of the
reinforcement and in tit: ay it decreased the shear force

developed in the reinforcemei.

Pre-cracking in the compression zone: The shear transferring
mechanism of the compression zone has Lcz2n  traditionally
considered as the shear in the uncracked concrete mass. However,
shear friction is the shear transferring mechanism on a physical
interface. To study the differences between the shear transferring
mechanisms of uncracked concrete and shear friction along a crack
plane, the spccimens with Loth pre-cracked and uncracked
compression zones Wwere tested. The compressicn zones Wwere pre-
cracked by applying an oppos.te bending moment to the specimens
to produce tension and cracking in the "uncracked compiession
zone", as shown in Fig. 3.8. The pre-cracks were about 1/3 of the

specimen depth and were located within the groove along the



extension of the expected crack. They were invisible to the naked

eye after removing the opposite moment.
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The specimens with the expected inclined crack of 45° consisted

of five specimens from S1 to S5. Specime. S1, S2 and S3 had two
I5M longitudinal bars across the inclined crack, while S4 and S5 had
no reinforcement across the inciined crack. To investigate the effects
of cracking in the compression zone, S3 was pre-cracked in the
compression zone. In S2 the longitudinal reinforcement was
wrapped with foam insulation to investigate the effects of the dowel
action. Except for S5, the speciriens were grooved to define the

failure crack. The geometry and reinforcing were shown in Fig. 3.3.

The specimens with the expected inclination of crack of 60°
included S6 to S8. Specimens S6 and S7 had two 15M bars across the
inclined crack, while there was no reinforcement across the crack in
S8. In S7 the compression zone was pre-cracked. The reinforcement
was wrapped with foam insulation in S6. All three specimens were

grooved in the surfaces to define the crack.

Specimens S12, S13 and S14 had inclined cracks at 30°. Both
S12 and S13 were reinforced with two 15M bars across the inclined
crack but in S12 the reinforcement was wrapped with the foam
insulation to reduce the dowel action. Si4 had no reinforcement
across the inclined crack. All three specimens were grooved on the

surface to define the crack.

Specimens $9, S10 and S11 shown in Fig. 3.4 had their "inclined”

cracks at 90°. No reinforcement was provided across the crack in



thas: specimens. The confinement of the inte:face was introduced
. re external longitudinal force. Different external forces were
applied in the three specimens respectively. These three specimens

weie tested to provide a comparison with the pushoff tests.

Specimens S15, S16 and S17 shown in Fig. 3.5 were the last
three specimens tested in the series. They were reinforced as
normal reinforced concrete beams. Four 15M were used as the
longitudinal reinforcement and closed 6 mm, 8.5 mm and 11.3 mm
stirrups were used in the three specimens, respectively. The stirrup
spacings were 100 mm. These specimens were not grooved or pre-
cracked and the bars were not wrapped with foam. The objectives of
these three specimens were to study the ‘uss behavior and the

effect of the stirrups on shear fii =t

3.2.3 Material Properties

All the reinforcement used in the test specimens consisted of
deformed bars. The Grade 400 15M bars were supplied locally and
the 6 mm, 85 mm and 10M (11.3 mm) ~sinforcement was taken
from laboratory stock. Tension coupon tests were performed on
samples of the all reinforcement to determine their mechanical
properties. The coupon tests were done in the MTS test machine
using an electrical resistance strain’ gage and calipers to determine
the strain. Figure 3.9 shows the stress-strain curves for all the

reinforcement.
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The concrete mix was designed to produce a 28 day cylinder

strength of about 40 MPa. Normal Type 10 portland cement and
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normal weight washed river aggregates were used. The maximum

aggregate size was 10 mm. All of 17 specimens in this test series
were cast from the same batch of concrete. The concrete was mixed

by a local concrete supplier and delivered by ready-mix truck.

The specimens were cast in a horizontal position. The forms
were removed approximately 24 nours after the concrete was
placed. The specimens were then cured with moistere under burlap
and polyethylene sheeting for the first week. Follov-ing this curing
the specimens were stored in the lab withaoni special curing
procedure. Concrete test cylinders were cast at the a7« time as the

specimens and then cured in a similar manner.

A few of the cylinders were tested at 14 and 28 days to assess
the quality of the concrete. The remaining cylinders w2 tested
during the period of the specimen testing, which was from 37 days
to 103 days after casting. Three cylinders were tested
approximately every week. The average compressive strength of 3
cylinders is plotted against the concrete age in Fig. 3.10. The
cylinder strengths were quite consistent and about 45 MPa during
the testing period. Figure 3.10 was ased directly to determine the

concrete strength of each of the specimens according to thei- age.



3.2.4 Test Set-up and Procedure

Each specimen was tested in the loading frame shown in Fig. 3.11.
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The details of the load application and the supports are illustrated

schematically in Fig. 3.12. The specimens were placed vertically on a
stiff beam and fixed at the bottom. The fixing confinement was
applied by three high strength concrete blocks, two of which served
as wedges. The fixing wedges were pre-loaded veitically to
introduce a restraint on the specimens to prevent the specimens
from -overall rotation under horizontal load. To avoid bearing failure,
the fixing length was designed to be 420 mm which wa:. about 4/3

the overall depth of the cross section of the specimen.

Both the transverse shear force and the longitudinal
compression, if any, were applied by hydraulic jacks. Loads in the
two jacks were measured by two load cells. Rollers and half rounds
were used for both the vertical and horizontal loadings to ensure
that no horizontal force component was induced by tae vertical jack
and no vertical force component was produced by the horizontal jack
during the deforming of the specimens. The load was applied in
increments, with approximately 8 load stages to failure. Near the
ultimate strength of the specimens, smaller increments were used.
During each load stage, all the readings including loads, displacement
and strains were taken either manually or using the computer data
acquisition system and cracks were marked. Each load stage was
also divided into 3 or 4 sub-stages at which only the electrical
readings were rec~rded.  After failure each of the specimens was

photographed.



For the specimens with longitudinal reinforcement across the
inclined crack, except specimen S15 and S17, only transversc load
was applied. The bending moment caused by the transverse load
was resisted by the internal moment resulting from the tension in
the longitudinal bar and the compression in the concrete. The later
at the same time contributed to the shear friction.  For those
specimens without longitudinal 1 inforcement across the inclined
~rack. an externai longitudinal load was applied. This played a role
similar to the longitudinal reinforcement in resisting the moment
caused by the transverse load. ‘“he transverse load was applied
monotonically. In the specimens with longitudinal load, ti: load was
applied inr such a way that its magnitude was approximately equal to
the tens 1 force in the longitudinal reinforcement at the
corresponding transverse load stage in the test of the reinforced

speciinen with he same configurations which had besn tested

earlier.

Specimens S9, S10 and S11 were designed with cracks at 90°.
. we ultimate external longitudinal forces were chosen equal to 80
KN, 160 KN and 240 KN, rcspectively. These loads represented the
yielding force of one, two and three 15M bars. The longitudinal load
was originally designed to increase at the same rate as the
transverse load. However, because of the small shear span depth
ratio of the three specimens. there was no crack observed in the
original test of S9 at a very large load stage. To fulfill the
investigation into the shear-friction on a crack, these three

specimens were pre-cracked by applying the transverse ioad only.

67



The specimens were then tested under both the longitudinal and
transverse loads following the designed longitudinal/transverse load
path. The pre-cracks occurrcd at a transverse load about 50 KN and

extended about 9/10 of the gross section depth.

For Specimens S15 and S17 in which closed 8.5 mm and 10OM
(11.3 mm) stirrups at 100 n:m spacing were used, respectively, the
longitudinal reinforcement started to yield before any shear failure
phenomenon was observed. To ensure that the specimens would fail
in shear, an external 'cagitudinal force was applied to these two
specitnens. The exwernal force played a role similar to additional

reinforcement.

3.2.5 Instrumentation

In all tests in this series, the loads applied by both hydraulic
jacks were measured by load cells and recorded using the Fluke
computer data acquisition system. Each load cell was calibrated with
the same hydraulic jack and the same Fluke system channel as used

in the test.

Two LVDTs were used to monitor the relative sliding of the
crack planes on each face of the specimens.  The LVDT lengths
extended across the inclined crack horizontally between targets
mounted onto both edges of the specimens, as shown in Fig. 3.13.
They gave mecasures of the horizontal component of relative sliding.
The difference of the two LVDT readings on each of the specimen

faces showed the relative rotation of the two crack planes. The

68



LVDTs had a stroke of 20 mm and were sensitive to 0.002 mm. They
were calibrated and read using the same Fluke data acquisition

system.

Concrete strains were recorded manually using 5" length Demec
gauges. The gauge was sensitive to 0.002 mm. The targets were
fastened to the concrete using sealing wax and arranged to form a
45° strain rosette. For all specimens except S9, S10 and Si1, the
strain rosettes consisted of horizontal, vertical and 45° diagonal
gauge lengths, while for S9. S10 and S11 the lengths of the strain
rosette were in the directions of vertical and 45" diagonal each way,

(see Fig. 3.13).

Three Demec rosettes were mounted on each face of the
specimens.  The centers of the rosettes were located along the
expected cracks, at a horizontal spacing of 1/4 of the specimen
depth. The readings of the rosettes show the crack width and the
relative movement of the two crack planes. Besides the rosettes,
three 5" Demec gage lengths were longitudinally arranged in the
compression zones to measure the compressive strains in concrete.
For those specimens with pre-crack in the compression zone, the
displacements of the gauge lengths across the pre-crack were
measured before the pre-cracking, after the pre-cracking and at each

of the load stages of the testing.

The strains in the reinforcing steel were measured using
electrical resistance strain gages. The strain gage results were

recorded using the computer data acquisition system.
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The electrical resistance strain gauges on reinforcement were

always mounted in pairs on opposite sides of the bar to eliminate
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any effects due to bending ctrains in the reinforcement. The gauges.

used were 5 mm gauge length foil gauges with a nominal r "stance
of 120 ohms and gauge factor of 2.11 +/-1%. [Each gauge was
installed using the three-wire system and calibrated using a shunt
resistor. As is the standard in the Iab, cach gauge uses a "dummy”
gauge for temperature compensation.  In the aggressive environment
within a concrete specimen, the gauges need adequate protection.
Black electrical tape was used wrapping aiound and through the
leads to insulate the lcads from each other and from the steel. Both
gauges were then wrapped again and then sealed using sealant to

resist water. None of the gauges failed to function at the start of the

test.

For the specimens Sl to S14 which had 2-15M longitudinal bars,
the strains in both of the bars were measured. The average strains
of the four gauges were used in the analysis. Since the locations of
the inclined cracks in these specimens were well defined, the strain
gauges could be attached to the portion of the reinforcement
intercepting the expected inclined cracks, as shown in Fig. 3.14a. The
forces on the crack planes were then calculated from the strains

measured and the reinforcement properties.

Specimens S15, S16 and S17 were reinforced with both the
longitudinal reinforcement and the stirrups. To calculate the forces

on the crack plane, the strains in both the longitudinal bars and the



stirrups at the crack planes were measured.  Strain  gauges  were
mounted onto two of the longitudinal bars and onc leg of each of the
stirrups expected to be crossed by the crack. The strain gradient
along the longitudinal reinforcement was measured by strain gauges
on the longitudinal reinforcement at 200 mm spacing. The layout of

the strain gauges was shown in Fig. 3.14b.

3.3 Test Series 2: Tests of Concrete Softening
3.2.1 Objectives

As reviewed in the previous chapter, the upper bound of shear
capacity for a reinforced concrete beam is that causing the concrete
struts between cracks in the web to crush. The upper bound of the
shear strength is then governed by the compressive strength ot the
concrete. The transverse tension and cracking in the concrete cause
significant reductions in the compressive strength.  This is referred
to as concrete softening. The tests described in this section are to
study the behavior and the mechanism of concrete softening. The
investigation included 40 concrete panels under longitudinal

compression and transverse tension with the following objectives:

1. To investigate the behavior and the mechanism of concrete

softening under transverse tension and cracking.

2 To determine the effects of transverse tensile strains, tensile
stresses and transverse cracking on the concrete strength. The
specimens were tested under different transverse tensile strains and

stresses and with various crack patterns.
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3. To study the effect of loading paths on the concrete strength.

Various loading paths werc arranged in the tests.
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4. To determine the effect of non-uniform distribution of".

compressive stresses. Three non-uniform distributions of the
compressive stresses were tested to compare with the uniform

distributed stresses.

5. To propose an equation to calculate the effective strength of

concrete for use in design.

3.3.2 Test Specimens

The test panels all had the same configuration of 70 mm thick,
420 mm wide and 640 mm high, except Specimens #34 to #40,
inclusive, which were 560 mm high. The dimensions of the
specimens were chosen to be equivalent to the center rectangular
portion within the concrete panels tested by Collins and Vecchio®’, as
shown in Fig. 3.15. In the Collins and Vecchio tests, the ratio of the
compression to transverse tension was varied over a narrow range.
Moast of the panels were subjected to pure shear along the four edges
thus the ratio of compression to transverse tension was equal to
unity. In their tests the stresses were calculated using the
compression field theory. In the specimens presented in this section
the compression and transverse tension were applied by two
individual loading systems and the ratio of compression/transverse

tension was chosen freely. The stresses and strains were measured.



The specimens were tested vertically, with the height parallel to

the vertical compressive load and the width parallzl to horizontal
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tension. The vertical direction was identified as longitudinal, while

the horizontal direction as transverse. To eliminate the effects other
than those from transverse tension and cracking, the specimens
were only reinforced transversely, as shown in Fig. 3.16. Thus, the
longitudinal compressive load was resisted entirely by the

compression in the concrete.

The functions of the transverse reinforcement in the specimens
were to introduce transverse tensile strains and stresses to the
specimens and then to distribute them over the concrete through the
bonding action between the concrete and the reinforcement. To
perform the above functions, either two or eight 10 mm deformed
bars at a spacing of 80 mm were placed in the specimens as shown
in Fig. 3.16. The reinforcement was placed at the mid-thickness of
the specimen, with an 80 mm length extending out of the concrete
on each side to introduce the transverse tension, as shown in Fig.
3.16a. Six specimens were constructed with reinforcement only at
the top and bottom edges and the major part of the panel was plain
concrete, (see Fig. 3.16b). They were tested under uniaxial
compression as plain concrete panels. The compressive strength of
the plain concrete panels were compared with the concrete cylinder
strength to determine the shape effect in the specimens. To prevent
the corners of the specimen from breaking off at the loading edges, a
8 mm thick steel plate was welded to the reinforcement and cast

with the concrete at the four corners, as shown in Fig. 3.16.



The specimens were divided into three groups. The first group

which included specimens #1 to #18 was designed with the concrete
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strength approximately 25 MPa. They were loaded to crushing under_

various transverse tensile strains to investigate the relationship

between the effective strength of concrete f’ce and the transverse
strain €. The ultimate average transverse tensile strains ranged
from O to 0.02 which was about 9 times the steel yield strain. In the
course of the test, both the longitudinal and the transverse loads
were monotonically increased from zero to failure. The transverse
load was increased in such a way that the ratio of longitudinal
compressive stress to transverse tensile strain was approximately
constant in the course of each of the specimen tests. The ratios of
longitudinal compressive stress to transverse tensile strain were
different from specimen to specimen so that cifferent ultimate
transverse strains were reached. The load paths were illustrated in

Fig. 3.17a.

Panels #5 and #17 were reinforced only at the top and bottom
edges and were tested under uniaxial compression. The strengths of
thesc panels together with the concrete cylinder strengths were used
to determine the unsoftened concrete strengths in the analysis. As
mentioned in the literature review, the presence of reinforcement
softens the concrete if it introduces transverse tension to the
concrete, and strengthens the concrete if it introduces transverse
restraint to the concrete. Specimens #4 was reinforced with

transverse steel but they were tested under uniaxial longitudinal



compression to investigate the transverse restraining effect of the

reinforcement.

Groups II and HI were designed after the tests of the first group
were finished. Both groups were designed with the concrete
strength of 35 MPa. Group Il which included specimens #19 to #33
was tested to investigate the effects of load path and crack patterns.
Specimens #19 to #22 were tested following the load paths shown in
Fig. 3.17b. The longitudinal compressicn and the transverse tension
were increased alternatively in two steps to the failure. In the tests
of these specimens, the crushing of concrete was observed as the
direct result of either the increasing of the transverse tension or the
increasing of the longitudinal compression. Specimens #23 to #28,
inclusive, experienced repeated transverse tension. The load paths
were shown in Fig. 3.17c. The tension in the transverse
reinforcement was repeated from zero to either a pre-yield stress or
a post-yield stress.  Therefore, different numbers and patterns of
cracks might occur under the same transverse tensile strain in
different cycles and different transverse tensile strains might occur
under the same transverse tensile stress. The purpose of this group
was to determine the real factor which reduced the concrete strength
among transverse tensile stress, transverse tensile strain and

transverse cracking.

Specimens #30 to #33 were cast with 5 mm deep and 10 mm
wide grooves on both sides to result in different crack patterns to
investigate their effects on concrete softening. The grooves are

shown in Fig. 3.18.
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The third group of tests, which consisted of specimens #34 to

#40, was tested to investigate con<rete softening due to a non-
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uniform distribution of the compression stresses. The non-uniform

distributions of stresses were produced by one center force P and
two side forces nP, as shown in Fig. 3.19. Three configurations of
stress distributions, (n=0.25, n=0.5 and n=0.75) were tested. The test
results were compared with those of Group I and I which had n=l.
Specimens #34 to #36 were tested with uniaxial compression while

#37 to #39 were tested under compression and transverse tension.

3.3.3 The Materials

The reinforcement used in the specimens was 10M deformed
bars supplied locally. Tension coupon tests performed on samples of
the reinforcement indicated the yield strength was 350 MPa and the

yield strain was 0.0022. The stress-strain curve for the 10M bars is

shown in Fig. 3.9.

The 40 specimens were cast in two batches. The first batch of
concrete for the 18 specimens of Group I was produced in the
laboratory. The concrete mix was designed to produce a 28 day
cylinder strength of about 25 MPa. After the first 18 specimens had
been tested, The remaining specimens, from #19 to #40, were cast.
The 28 day strength of the concrete was designed to be about 35
MPa. The concrete mix was batched by a local concrete supplier. For

both batches of concrete, normal Type 10 Portland cement and



normal weight washed river aggregates with a maximum aggregate

size of 10 mm were used.

The specimens were cast in a horizontal position and then cured
in the same method used for the specimens of the shear-friction
series as described in Sec. 3.2.3. Concrete test cylinders were cast at
the same time as the specimens and then cured in a similar manner.
The cylinders were tested during the period of the testing.  Three
cylinders were tested approximately every week. The average
compressive strength of the three cylinders was plotted against the
concrete age in Fig. 3.20. The concrete strength for each specimen
was determined directly from Fig. 3.20 according to the age at the

day of testing.

3.3.4 Test Set-up

Figure 3.21 shows the loading frame and test set-up for the
specimens. The specimens were placed vertically on the stiff base
beam which was bolted to the floor. The longitudinal compressions
were applied to the top of the specimens by three 500 KN hydraulic

jacks. To distribute the compression uniformly to the specimens,

11

three jacks were connected to a single loading pwnp. Each jack force.

was then divided into two by a distributing plate. Six bearing plates
60 mm wide were used to reduce the bearing confinement on the
concrete. A set of rollers and half rounds were used between the
jacks and the bearing plates to guarantee only vertical forces were
applied. Same type of bearing plates, rollers and half rounds were

used on the bottom to support the specimens. To ensure a uniformly



distributed reaction, the bottom bearing plates were leveled

carefully to fit the edge of the specimens.
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For the specimens of Group III, the bottom reactions were

produced by three 500 KW jacks of the same type as used on the top
in order to produce reactions with the same distribution as the load
applied at the top, (see Fig. 3.19). The center jacks on both the top
and the bottom were connected to one jack and the side jacks on
both the top and the bottom were connected to anoier jack. Thus
both the top and the bottom edges had the same stress distribution.

The ratios of the center force to side force remained constant in the

course of testing.

The specimens were loaded transversely by the tensile forces
applied to the transverse reinforcement extending out of the
specimens. There were eight extended bars per side, (see Fig. 3.21).
The forces on the extended reinforcement were applied through
sixteen loading bars and mechanical wedge clamps which connected
the loading bars to the extended transverse reinforcement. The
mechanical wedge clamps were designed to clamp the deformed bars
through the wedges and to link the loading bars through the threads,
as shown in Fig. 3.22. Sixteen 120 KN center hole hydraulic jacks,
eight on each side, were used to produce the tension. All the sixteen
jacks were connected to a manifold and a single loading pump so that
uniform forces were applied to the specimens. The transverse
tensile forces on both sides of the specimens, the vertical

compressive forces on the top of the specimens and the reactions on



the bottom were all applied on the same plane as the middle of the

thickness of the specimen.
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The load was applied in increments, following the load paths

described in Fig. 3.17, with approximately 8 load stages to failure.
Near the ultimate strength of the specimens, smaller increments
were used. At each load stage, loading was halted by shutting off the
hydraulic system whiie all the various strain, load cvll, and
displacement were recorded. During each load stage, cracks on the
concrete were marked and all pertinent observations noted. Loading

was then resumed. After failure each specimen were photographed.

3.3.5 Instrumentation

Measurements of strain in the specimens were made using
mechanical Demec gages and LVDTs. The Demec gages were
sensitive to 0.0025 mm displacements, and had strokes of
approximately 5 mm. The LVDTs were sensitive to 0.002 mm and
had strokes of approximately 20 mm. The Demec gauges and LVDTs
monitored strains in the specimen by measuring relative
displacement between the targets over known gauge or LVDT

lengths.

LVDTs were used to measure the gross average transverse strain
across the specimen width. The targets of each of the LVDTs were
fastened to both edges of the specimens and the LVDT length was in
the transverse direction, as shown in Fig. 3.23. For each of the

specimens in Groups 1 and 2, five LVDTs were arranged on each face



of the specimen, at a spacing of 80 mm. The average readings of the
two LVDTs at the same height at the two faces of the panel were

used in the analysis. The readings of the two LVDTs at the mid-
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height were used to control the transverse loading during the tests.-

The layout of the LVDTs is shown in Fig. 3.23.

Two inch gauvge length Demec gauges were used to measure the
transverse strains of the concrete. Brass targets were attached to the
concrete surface. The targets of the 2 inch gauge were arranged on
the both faces of the specimen as shown in Fig. 3.23, 8 gauge lengths
per row and totally 16 gauge lengths for each face. The longitudinal
compressive strains in the specimens of Group I were monitored
using 200 mm gauge length Demec gauge on the both faces. The
targets were fixed to the concrate surface along the center line of the
specimen, 2 gauge lengths per face, as shown in Fig. 3.23a. The
longitudinal compressive strains in the specimens of Group II were
measured by LVDTs along the center line of the specimen at both

faces (see Fig. 3.23b)

For the specimens of Group I, a 5 inch Demec gauge was used to
measure the strain in the reinforcement. Targets were mounted
using sealing wax onto 6 mm diameter steel lugs which were brazed
onto the steel. These lugs were isolated from the concrete by using a
short piece of rubber hose. The hose was lubricated with Vaseline
and wrapper with polyethylene so that it could be removed after the

forms were stripped. The layout of the targets is shown in Fig. 3.23a.



For the specimens of Group 111 which were subjected to non-
uniform longitudinal compression, the distribution of compressive
strain in the concrete was monitored by 200 mm gauge length Demece
gauge. The gauge lergths were arranged longitudinally, at a spacing
of 52 mm across the specimen width. Both faces of the specimen had
the same Demec gauge targets layout. The average transverse strain
was monitored using LVDTs mounted on both sides of the specimen,
as the same manner as used in the testing of Groups 1 and 1. Four
LVDTs were used for each of the faces. The layout is shown in Fig.

3.24.

All the sixteen 120 KN hydraulic jacks which produced .the
transverse tension were connected to a single hydraulic pump and
the load was measured by a load cell. The 500 KN jacks producing
the longitudinal compression — were connected to another pump and
the load was measured at the same way as for the transverse
tension. In the testing of Group III, the forces in the side jacks and

center jacks were measured individually.
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Table 3.1 Properties of the shear specimens

Speciment 8 As Ay M%a aDc(zi‘;S Pre-crack|Groove %E;;fj
Si 45° 2-15M 0 45 F v
S2 45° |2-15M 0 45 R Vv
S3 45° 2-15M 0 45 F \/ \/
S4 45° | 0 0 45 0 v v
S5 45° 0 0 45 0 Vv
S6 60° | 2-1SM 0 45 R Vv
S7 60° | 2-15M 0 45 F Vv Vv
58 60° | © 0 45 0 Vv N,
S9 90° | O 0 45 0 Vv v
S10 90° 0 0 45 0 Vv Vv
S11 90° 0 0 45 0 Vv
Si2 30° | 2-1sM| O 45 R Vv
S13 30° | 2-1sM| O 45 F Vv
S14 30° 0 0 | 45 0 Vv Vv
S15 de:ilged 415M 2@x?b50mm F
S16 deggrtxed 415M | Do F v
SIT [ johot | 415M |21 1 3mm E v

* F: Full dowel action; R: Reduced dowel action; 0: No dowel action



Table 3.2 Properties of the concrete softening specimens

Sreamen| | T fuming | G |7
MPa
#1 20.6 8-10M P 0 1
#2 21.0 8-10M P 0 I
#3 223 8-10M P 0 1
#4 22.6 8-10M Uni. 0 l
#5 230 2-10M Uni. 0 l
#6 2.6 8-10M P 0 !
#7 24.1 8-10M p 0 !
#8 24.5 8-10M P 0 l
#9 24.9 8-10M P 0 !
#10 25.1 8-10M P 0 I
#11 25.7 8-10M P 0 1
#12 26.0 2-10M Uni. 0 l
#13 26.2 8-10M p 0 I
#14 26.4 8-10M P 0 1
#15 2.5 8-10M P 0 1
#16 26.8 8-10M P 0 1
#17 26.8 2-10M Uni. 0 1
#18 2.8 8-10M S 0 l
#19 33.7 8-10M S 0 !
#20 339 8-10M S 0 I

*  The yielding strength was 350 MPa for panels #1 to #13
and 423 MPa for #19 to #40

** P: Longitudinal compressive strcss and transverse tensile strain were
proportional; S: Longitudinal compressive stress and transverse tensile
strain were stepwise; Uni: Uniaxial compression

*#% n was the ratio of the center force to the side force (see Fig. 3.19)



Table 3.2 Continued

soimen| | T | | 8|0
MPa
#21 140 8-10M S 0 1
#22 34.0 8-10M S 0 1
#23 343 8-10M R 0 1
#24 34.5 8-10M R 0 1
#25 350 8-10M R 0 1
#26 35.1 8-10M R 0 1
#27 3522 8-10M S 0 1
#28 353 8-10M S 0 1
#29 353 2-10M Uni. 0 1
#30 354 8-10M S 1 1
#31 35.5 8-10M S 1 1
#32 35.7 8-10M S 2 1
#33 35.7 8-10M S 2 1
#34 360 2-10M Uni. 0 0.50
#35 36.0 2-10M Uni. 0 0.75
#36 36.0 2-10M Uni. 0 0.25
#37 36.0 6-10M S 0 0.50
#38 36.0 6-10M S 0 0.75
#39 36.0 6-10M S 0 0.50
#40 36.0 2-10M Uni. 0 1

*  The yielding strength was 350 MPa for panels #1 to #18
and 423 MPa for #19 to #40
** S: Longitudinal compressive stress and transverse tensile strain were
stepwise; Uni: Uniaxial compression; R: Transverse tension was repeatred
*+* n was the ratio of the center force to the side force (see Fig. 3.19)
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a) A reinforced concrete beam

Figure 3.1 Series 1: Tests on shear transferred by friction

b) The specimen
tested
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a) Cracks in a reinforced concrete beam

b) The specimen tested

Figure 3.2 Series 2: Tests on concrete softening



86

Expected 2No.10
crack \\/ AN

320

m )

] :
185 75. | 2007330/ 560 _L 420 (Fixing end)
"""880/ 1010 / 1240

9 =30% S13: §=45%S1, S3; 6=60"S7

160

a) Specimens with Ag=2-15M
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b) Specimens with A;=0

Figure 3.3 Specimens with inclined crack
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Figure 3.4 Specimens 59, S10 and S11 with expected
crack of 90 degree inclination
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* The closed stirrups were 6 mm for S16, 8.5 mm for S15 and 11.3 mm for S17.

Figure 3.5 Specimens S15, S16 and S17
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Figure 3.7 Comparison of dowel action between bars
with and without foam insulation
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Figure 3.9 Stress-strain curves for the steels
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Figure 3.10 Concrete strength
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Figure 3.12 Test set-up for shear friction
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a) Strain gauge layouts for the specimens
with longitudinal reinforcement only
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N[ - \
\,u*lf" N
A Lt \
P = == N
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b) Strain gauge layouts for the specimens with
both longitudinal reinforcements and stirrups

Figure 3.14 Layouts of strain gauges on the reinforcement



The portion under
compression and
tension directly

Figure 3.15 The concrete panel tested by Collins and Vecchio®’
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a) Specimens subjected to longitudinal
compression and transverse tension
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b) Specimens subjected to longitudinal
compression only

Figure 3.16 The specimens for concrete softening tests
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Figure 3.17 Load paths for the tests on concrete softening
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Figure 3.18 The specimens with grooves



Figure 3.19

Loading system for Group III
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Figure 3.20 Concrete strengths during the testing period
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4. TEST RESULTS OF THE SHEAR SPECIMENS

4.1 Principal Test Results

All seventeen specimens experienced shear failure. The
principal test results presented in Table 4.1 consist of the measured
angle of inclination of the failure crack along with the designed
inclination, loads at first inclined cracking, V,, failure load, V,, force
in tne longitudinal reinforcement at the crack, N, external
longitudinal force at failure, N, the longitudinal compression force on

the crack plane N, the ratio of V /N, and the types of failure.

For most of the specimens, the failure crack developed within
the groove and was straight overall. The inclination of these cracks
could be easily measured. They were usually very close to the
designed inclinations. A few of the specimens had an overall curved
failure crack. For these specimens, the measured inclination was the
inclination of the straight line linking the two points where the crack
crossed the tension longitudinal reinforcement and compression
reinforcement or extension line of the compression reinforcement
respectively. The cracking load was the shear force under which an
inclined crack became visible to the naked eye, which was usually
observed later than that indicated by the strains in the
reinforcement and concrete.  The failure was reached when the
specimen was not able to carry any additional shear force. Failure

load was the maximum shear force corresponding to the failure. The
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longitudinal compressive force on the failure crack plane was equal
to the sum of the tension force in the reinforcement at the crack and
the applied external longitudinal force, if any. The failure modes
observed in this test program were shear-friction failure which is’
referred to as SF in Table 4.1, diagonal compressive crushing of the
web, referred to as DC and combined shear-friction and diagonal
crushing, referred to as SF+DC. A detailed description of the failure

modes is given in the presentation of the test results of each group

of specimens.

The following sections present the most significant test results
for each group of specimens to illustrate the behavior of the
specimens. These results consist of photographs of the specimens
after failure, strains in the reinforcement at the failure crack, the
horizontal relative movement of the two crack faces measured by the
LVDT's mounted on the two edges of the specimen and the strains in
the concrete perpendicular and parallel to the crack which were
measured by the 5" strain rosettes across the crack. All the data has

been reduced to graphical form for ease of interpretation.

4.2 Specimen Behavior

4.2.1 Group 1: Specimens with 6 =45°

Forty five degrees was the intermediate failure crack inclination
among those considered in the tests. This group included five
specimens. Specimens S1, S2 and S3 had 2-15M bars as longitudinal

reinforcement while S4 and S5 were unreinforced in the test section,
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(See Fig. 3.3). Specimens S1 to S3 had no externally applied

compression load (N =0) while such a load was applied in the case of

S4 and SS.

Figure A.1 (in Appendix A) shows specimen Sl after failure. Thc.
first crack was observed within the groove at V=48 kN which
corresponded to about 48% of the failure load. The crack started
from the edge of the loading plate and extended into about 7/10 of
the cross section. As the load increased, the crack extended into the
compression zone and new cracks formed in the shear span. At V=80
kN, about 80% of the failure load, the inclined crack penetrated
through the compression zone and the test section was completely
cracked. At higher loads the shear was carried only by the shear
friction across the crack. At V=92 kN the longitudinal tension
reinforcement started to yield at the failure crack. The specimen
failed at a load of V=99 kN by loss of the shear transfer across the
crack. The failure was accompanied by a sudden visible relative
sliding between the two crack faces and slight damage of the crack
surface. This failure is referred to as a shear-friction failure (SF) in
Table 4.1. Near failure a few inclined cracks were observed in the
fixed end of the specimen. The ratio of the failure shear force to the

longitudinal compression force was V,/N,=0.55.

The load vs. steel strain relationship at the failure crack is shown
in Fig. 4.1. Figure 4.2 shows the load versus the horizontal relative
movement between the two crack faces. Figure 4.3 shows plots of
load versus the strains perpendicular and parallel to the failure

crack at the quarter points along the crack. All the curves are
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essentially a straight line up to the start of cracking. In this stage
the specimen remained elastic and the deformations were not
measurable.  This stage is referred as "uncracked stage”". The
cracking of concrete initiated the non-linear behavior of the’
specimen.  After cracking, the opening and relative sliding of the
crack as well as the tension in the reinforcement increased very
rapidly as the load increased. The change of stiffness at this stage is
due to the initial looseness of fit caused by the cracking. A certain
displacement must occur before the aggregate particles, projecting
across the crack, can firmly bear against the matrix of the opposite
face. This stage is referred to as the "stage of initial looseness of fit".
Once bearing of the two crack faces was developed, a relatively
stiffer shear transfer mechanism was established. This is
represented by the steeper curves after about V=60 kN in Fig. 4.1 to
4.3. At this stage, the crack became relatively stable. This stage is
referred to as the "shear-friction stage” in which the transverse load
was resisted by the shear-friction across the failure crack. The term
shear-friction as used here includes the aggregate interlock action
along the crack, the shear transferred in the uncracked compression
zone and the dowel action of the longitudinal reinforcement. The
strains perpendicular and parallel to the crack at the quarter points
in Fig. 4.3 indicate that the opening and the sliding of the crack
decreased as the location approached the compression zone. This

suggests that the two faces of the failure cracks had both relative

sliding and relative rotation.
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Specimen S2 had the same propertics as S1 except that in S2 the
longitudinal reinforcement were wrapped with foam insulation at the
failure crack to reduce the dowel action. Specimen S2 had much
lower ultimate strength than S1. Figure A.2 shows the photograph of.
the specimen after failure. The load-steel strain relationship at the
crack is shown in Fig. 4.1. Figure 4.2 shows the horizontal relative
movement of the two crack faces and Figure 4.4 shows the strain of

the concrete perpendicular and parallel to the failure crack.

The first inclined crack in S2 was observed within the groove at
V=45 kN which corresponded to 78% of the failure load. This load
was very close to the cracking load of 31 suggesting that the foam
insulation had little effect on the cracking load. The crack extended
from the 2dge of the loading plate to about 6/10 height of the cross
section, with the largest width about 0.6 mm at the tension edge. As
the load increased the crack extended into the compression zone
quickly. At V=57 kN the specimen suddenly failed by the
instantaneous separation of the two crack faces. Up to failure no new
cracks were observed. The longitudinal reinforcement had not yet
yielded at the failure. The strain in the steel was 0.00125 which
corresponded to Ng=112 kN in the reinforcement at the crack.
Although the ultimate strength of S2 was much lower than that of SI,
the ratio of shear force to the longitudinal compression force in the
crack plane, V,/N,, was 0.51 which was very close to that of S1. The
similar values of V /N, ratio for S1 and S2 suggests that the shear
strength is almost linearly proportional to the longitudinal

compression force on the crack plane.
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The load-deformation curves in Fig. 4.1, 4.2 and 4.4 show that
before cracking specimen S2 had elastic behavior and the load-
deformation curves were essentially linear with very small
deformations. This stage was the uncracked stage. The second stage,
the stage of initial looseness of fit, started as the failure crack
formed. In this stage the strain in the concrete and steel increased
very rapidly as the load increased. Because the reinforcement was
wrapped with the form insulation at the failure crack, tension in the
reinforcement was not developed as quickly as in SI to confine the
crack. This behavior is explained in Sec. 4.3. The specimen failed

hefore the third stage, the shear friction stage, started.

Specimen S3 had the same geometric configuration as S1 and S2
except that in S3 the compression zone had been pre-cracked to
investigate the significance of the uncracked compression zone in
resisting the shear force. The tension steel was not wrapped with
the foam. Figure A.3 shows specimen S3 with precrack before test.
The precrack extended about 1/5 height of the specimen. The

specimen after failure is shown in Fig. A4.

Due to the precrack, the specimen had smaller monolithic section
than S1 and S2. As a result the first crack in S3 was observed earlier
than in S1 and S2. The first crack occurred near but outside the
groove at V=32 kN which corresponded to 31% of the failure load.
The crack started from the edge of the loading plate and extended to.
about half of the height of the cross section. As load increased, the

crack extended into the compression zone. At V=50 kN the crack
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joined with the precrack and the test section was completely
separated by the crack. After this stage the load was carried only by
the shear friction across the crack. About V=95 kN the longitudinal
reinforcement start to yield at the failure crack. As the load”
increased to 102 kN the specimen failed by loss of the shear-friction
across the crack. The failure was .:companied by a sudden visible
relative sliding between the two crack planes and slight damage of
the roughness of the crack planes. Near failure a few inclined cracks
were observed at the fixing end. The ratio of the shear force to the

lbngitudinal compression force in the crack plane was V,/N,=0.57.

The load-steel strain relationship at the failure crack and the
load-horizontal relative movement of the two crack faces for
specimen S3 are shown in Fig. 4.1 and 4.2 respectively. Figure 4.5
shows the curves for the load-strain responses perpendicular and
parallel to the failure crack for this specimen. In the first stage, the
elastic behavior stage, all the curves, except the concrete strains
across the precrack, were essentially linear. Negative strains were
read across the precrack due to the closing of the precrack under
positive moment. The second stage, the stage of initial looseness of
fit, started as the test section cracked. This was shown by the load-
deformation curves in Fig. 4.1, 4.2 and 4.5 at about V=30 kN. In this
stage the opening and relative sliding of the crack as well as the
tension in the reinforcement increased very rapidly as the load
increased. The strain across the precrack in the compression zone
started to become positive (tensile). The the initial looseness of fit

caused by the cracking reduced the stiffness of the specimen. After
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about V=60 kN the shear-friction stage started. In this stage a
relatively stiffer shear transfer behavior was observed, as shown in
Fig. 4.1, 42 and 4.5. The strains perpendicular and parallel to the
crack at the quarter points in Fig. 4.5 indicated that the quarter point’
closest to the tensile steel bar had the largest opening and sliding.
The third quarter point had the smallest opening and sliding while

the second point was in between.

Specimens S4 and S5 had the same geometric configuration as
the rest of the specimens in the same group, but in S4 and S5 no
reinforcement was used in the testing section. S4 was grooved in the
surface of the specimen. The confinement in the crack plane was
provided by an erternal longitudinal force, N.. The line of action of
this force coincided with the axis of the longitudinal reinforcement in
the reinforced specimens. Figure 4.6 shows the load history (Ng vs.
V) for the two specimens. The two forces, V and N,, were increased
alternatively in 5 steps. The specimens were then loaded to failure
by increasing V only. Figure 4.7 shows the horizontal relative
movement of the two crack faces for the both specimens. The Demec
strain gauge readings across the crack have been disregarded
because the Demec gauge readings in the vertical and 45° directions
were very erratic due to the nature of the loading change. As V was
increased, the Demec readings increased. Then, when N was

increased, the Demec gauge reading decreased.

Unlike the specimens with a reinforced test section in which the
tension in the reinforcement developed as a result of the cracking of

the concrete as the shear force was applied, S4 and S5 were loaded
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with the external longitudinal force before the concrete cracked in
order to prevent the specimens from failing instantaneously
following the cracking. Because of the longitudinal compression in
the concrete prior to the cracking, S4 and S5 had relatively longer-
uncracked stages than S1 to S3. The first crack in S4 was observed
near the groove at V=73 kN and N,=135 kN. The initial crack
extended from the tension edge of the specimen to about 6/10 of the
height of the cross section. The cracking was accompanied by a drop
in the transverse load V and an increase in the longitudinal force N,.
As the load increased the crack split into two cracks and both
extended into the compression zone. At V=85 kN, 9/10 of the section
was cracked. The specimen failed at V=96 kN and N.=179 kN by loss
of the shear transfer across the crack. A sudden slip was observed at

failure. The ratio of V /N, at failurc was 0.54.

Specimen S5 had similar behavior to S4. The first crack was
observed at V=65 kN and N.=130 kN. The crack extended from the
edge of the loading plate to about 7/10 of the height of the cross
section, with a drop in V and a increase in Ne. As the load increased
the crack extended into the compression zone. At V=70 kN, 9/10 of
the section was cracked. The specimen failed at V=76 kN and N.=151

kN by loss of the shear transfer across the crack. A sudden slip was

observed at failure. The ratio of V,/N, at failure was 0.50.

Figure 4.7 shows the curves of load-horizontal relative
movement of the two crack faces for S4 and S5. Up to the first
cracking no opening was recorded. The cracking initiated the

nonlinear behavior in the specimens. However, unlike the specimens
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with reinforcement across the failure crack, the second and the third
stages, the initial looseness of fit stage and the shear-friction stage,

were not distinguishable from the load-deformation curves.

The concrete strain along the compression edge were measured
in two of the specimens in this group, S3 and S5. They are shown in
Figure 4.8. Strains were measured by three Demec gauge lengths
along the compression edge. Gauge 2 in both specimens was crossed
by the failure crack. Before cracking all three gouge lengths
experienced compression strain due to the flexural moment. The
magnitude of the strains increased as the location of the gauge
getting closer to the fixing end. In specimen S3 gauge length 2 was
crossed by the precrack and experienced larger compression strain
than others due to the closing of the precrack. As the specimens
cracked and the crack extended into the compression zone, gauge 2
in both specimens developed tension strain, while the adjacent
gauges still had compression strains. This behavior indicated that
although the compression zones were cracked, they were still under
compression. The tensile strain in gauge 2 resulted from a
separation of the crack surfaces resulting from relative slip along the

crack and the roughness of the surfaces.

4.2.2 Group 2: Specimens with 8 =60°

This group consisted of three specimens. S6 and S7 had 2-15M
bars as longitudinal reinforcement while S8 was unreinforced in the

test section. In S6 the reinforcement was wrapped with foam
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insulation at the failure crack to reduce the dowel action. S7 was

pre-cracked at the compression zone.

Figure A.7 shows specimen S6 after failure. The first crack was
observed within the groove at V=47 kN which corresponded to 44%
of the failure load. The crack started from the edge of the loading
plate and extended across about 6/10 of the cross section. As the
load increased, the crack extended into the compression zone and
new cracks formed in the shear span. At V=95 kN the inclined crack
extended to about 95% of the cross section. As the load increased to
107 kN the specimen failed by loss of the shear transfer across the
crack. The failure was accompanied by a sudden visible relative
sliding between the two crack planes. The strain in the steel at the
crack at failure was 0.0014 which corresponded to Ny=124 kN in the
reinforcement. Near failure a few inclined cracks were observed at
the fixed end. The ratio of the shear force to the longitudinal force in
the crack plane was V /N,=0.86 which was higher than those of the

specimens with 8=45°.

The load-steel strain relationship at the crack for specimen S6 is
shown in Fig. 4.9. Figure 4.10 shows the load-horizontal relative
movement of the two crack faces. Figure 4.11 shows the curves of
load vs. the strains perpendicular and parallel to the failure crack at
the quarter points. In the uncracked stage the deformations were
nearly zero. After cracking the specimen underwent the stage of
initial looseness of fit. In this stage the opening and relative sliding
of the failure crack as well as the tension in the reinforcement

increased very rapidly as the load increased. Due to the unbonded
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length wrapped by the foam insulation, force in the reinforcement
did not develop quickly and the specimen experienced very little of
the shear-friction stage. The strains perpendicular and parallel to
the crack at the quarter points in Fig.4.11 indicate that the opening-
and the sliding of the crack decreased as the location approached the
compression zone. This suggests both relative sliding and rotation

between the two crack faces.

Due to the precrack in the compression zene, specimen S7 had a
smaller monolithic section than S6. As a result the first crack in S7
was observed earlier than in S6. The first crack occurred at V=37 kN
which was 25% of the failure shear. The crack extended from the
tension edge of the specimen to about 4/10 of the cross section. = As
the load increased, the crack extended, parallel to the groove, into
the compression zone. The crack did not join the precrack in the
compression zone but penetrated through the compression zone
underneath the precrack. At about V=130 kN the longitudinal
reinforcement start to yield. At a load of V=149 kN the specimen
failed by loss of the shear-friction across the crack. The failure was
accompanied by a sudden visible relative sliding between the two
crack faces and slight diagonal crushing in the compression zone, as
shown in Fig. A.9. This failure mode is referred as to combined
shear-friction failure and diagonal crushing, (SF+DC). Near failure a
few inclined cracks were observed at the fixing end. Although S7
had pre-cracked in the compression zone, it had higher shear

strength than S6. The ratio of the failure shear force to the
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longitudinal force in the crack plane was V /N, =0.83, close to that of

S6.

The load-steel strain relationship at the crack and the load-
horizontal relative movement of the two crack faces for specimen S7
are shown in Fig. 4.9 and 4.10 respectively. Figure 4.12 shows the
curves for the load-strain response perpendicular and parallel to the
failure crack. In the first stage, the uncracked behaviour stage, all
the curves, except the concrete strains across the precrack in the
compression zone, were essentially linear. The negative strains of
the Demec gauge across the precrack were due to the closing of the
precrack under positive moment. The second stage, the stage of
initial looseness of fit, started as the first inclined crack occurred.
This was indicated by the load-deformation curves and load-strain
curves in Fig. 4.9 and 4.10 at about v=30 kN. In this stage the crack
developed rapidly and the two faces of the crack became separated
and lose their initial fit. The strain across the precrack in the
compression zone started to become positive (tensile). The shear
friction stage started about at v=80 kN. In this stage a relative
stiffer shear transfer behavior was observed, as shown in Fig.4.9,

4.10 and 4.12.

Figure 4.13 shows the load-strain relationships along the
compression edge for S6 and S7. Gauge 2 in S6 and gauges 2 and 3 in
S7 were crossed by the cracks. Before cracking all the gauges
experienced compression strain due to the flexural moment. The
strains increased as the location of the gauge approached the fixed

end. In S7 gauge length 2 was crossed by the precrack and
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experienced larger compression strain than others due to the closing
of the precrack. As the specimens cracked and the cracks extended
into the compression zone the gauge lengths intercepted by the
cracked started to have tension strains, while the adjacent gauges

still had compression strains.

Specimen S8 had the same geometric configuration as S6 and S7
but it was unreinforced in the test section. The confinement of the
crack plane was provided by an external longitudinal force, Ne.
Figure 4.14a shows the load history of the test. Figure 4.14b and
4.14c show the horizontal opening of the failure crack and the
compression strain in the compression zone. The specimen after
failure is shown in Fig. A.10. The first crack in S4 was observed near
the groove at V=85 kN and N.=40 kN. It extended from the tension
edge of specimen into about 7/10 of the cross section. Accompanied
with the cracking was a drop in the transverse load V and an
increase in the longitudinal load N.. As the load increased the crack
extended into the compression zone. The specimen failed at V=118
kN and N,= 120 kN by loss of the shear transfer across the crack. A

sudden slip was observed at failure. The ratio of V,/N, at failure

was 0.98

4.2.3 Group 3: Specimens with 6 =30°

Three specimens were included in this group. S12 and S13 had
2-15M bars as longitudinal reinforcement while S14 was

unreinforced in the test section. In S13 the reinforcement was
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wrapped with foam insulation at the failure crack to reduce the

dowel action.

The first crack in S12 was a flexural crack in the middle of the
shear span, with a height about 5/10 of the cross section. As load
increased to V=54 kN this crack extended a bit and no new crack was
observed. At V=54 kN an inclined crack suddenly appeared within
the groove and the specimen failed instantaneously by the
separation of the two crack faces. At the failure the strain in the

reinforcement was only 0.00052 which corresponding to N,=48 kN in

the reinforcement. The ratio of V,/N, at failure was 1.13.

The unexpected large V,/N, ratio and the instant failure
following the cracking of concrete indicated that failure of the
specimen was resulted from loss the tension in the concrete. The
inclined cracking load was larger than the shear friction capacity
across the crack. As a result the cracking load exceeded the capacity
of shear transfer across the crack in the cracked section and
therefore the specimen failed instantly after cracking. Thus, the

ratio of V,/N, was much higher than expected.

In order to determine the shear-shear friction capacity S12 was
retested. The upper half of the specimen was pushed back to the
original position using an opposite shear force. An external
longitudinal force was then applied to induce the confinement on the
crack. The load history (V vs. N,) of the retest is shown in Fig. 4.17a.
The longitudinal load, N, was increased to about 180 kN before V

was loaded. The specimen was then loaded to failure by increasing V
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only. Figure 4.17b shows the load-horizontal relative movement of
the two crack faces in the retest. No relative movement was
recorded up to V=10 kN. After V=10 kN the two faces of the crack
start to have measurable slip. The specimen reached the failure at”
v=24 kN because no additional shear force could be applied. During
the retest the strains in the longitudinal reinforcement at the failure
crack were either near zero or negative. This suggests that no tensile
force was developed in the reinforcement at the failure crack in the
retest (N=0). The non-tensile strain in the reinforcement at the
crack may be due to the application of the compressive force N, and
the small angle between the reinforcement and the crack. No new
crack was observed in the retest. Figure A.15 shows S12 after

failure. The ratio of V,/N, at the failure was 0.133.

Specimen S13 had similar behavior to S12. The first crack was a
flexural crack in the mid shear span. At V=48 kN an inclined crack
suddenly appeared within the groove and the specimen failed
instantaneously by the separation of the two crack faces. The strain
in the reinforcement was only 0.0006 which corresponding to N=50

kN in the reinforcemen . The ratio of V,/N, was 0.96.

S13 was retested to achieve the shear-friction capacity. The load
history (V vs. Ne) of the retest is shown in Fig. 17a. The longitudinal
load, N,, was increased to 227 kN before V was loaded. The
specimen was then loaded to failure by increasing V only. Figure
4.17b shows the load-horizontal relative movement of the two crack
faces in the retest. Very small relative movement was recorded up

to V=27 kN. After V=27 kN the two faces of the crack start to have
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measurable slip. The specimen failed at V=46 kN because no
additional shear force could be applied. In the retest the strain in
the reinforcement at the failure crack was negative and no new crack

was observed. Figure A.12 shows S13 after failure. The ratio of”

V, /N, at the failure was 0.203.

Specimen 14 had the same configuration as S12 and S13 but was
unreinforced in the test section. Like S12 and S13, S14 was pre-
cracked and then retested to achieve the shear-friction capacity.
Figure 4.18 shows the test results of both the original test to create
the failure crack and the retest for the shear friction. In the original
test, the concrete cracked and suddenly failed at V=42 kN and N,=30

kN by the separation of the two crack faces. The ratio of V,/N at

the failure was 1.4.

The load history (V vs. Ng) of the retest for S14 is also shown in
Fig. 4.18a. The longitudinal load, N, was increased to about 150 kN
before V was loaded. The specimen was then loaded to failure by
increasing V only. Figure 4.18b shows the load-horizontal relative
movement of the two crack faces in the retest. Very small relative
movement was recorded up to V=15 kN. After V=15 kN the two
faces of the crack started to have measurable slip. The specimen
reached the failure at V=69.4 kN and N.=179 kN because no
additional shear force could be added. In the retest no new crack
was observed. Figure A.13 shows S12 after failure. The ratio of

V,/N, at the failure was 0.388
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The significance of the failure behavior of this group specimens
is that for an inclined crack with 30° or less the capacity of the shear
transfer across the crack is less than the shear that causes the crack._
For many slender beams the failure cracks are about 30°. For these

beams the shear strength may be overestimated if the concrete

contribution V. is taken equal to the inclined cracking load.
4.2.4 Group 4: Specimens with 6=90°

This specimen group included Specimens S9, S10 and S11. The
specimens were designed to fail along a crack parallel to the
transverse shear force. No reinforcement was placed across the
failure crack. The confinement on the crack plane was induced by
the external longitudinal force N,. These three specimens were
tested to provide a comparison with the pushoff tests by

k21,22 19.20'

Mattoc and Paulay

The longitudinal force N, was originally designed to increase
simultaneously as the transverse load V increased. However,
because of the small shear span depth ratio, no crack had occurred in
the original test of S9 at a very large shear force stage. To fulfill the
investigation into the shear-friction on a crack, these three
specimens were pre-cracked by applying the transverse load only.
The specimens were then tested under both the longitudinal and
transverse loads. The pre-cracks in the three specimens occurred at
about V=60 kN and extended about 9/10 of the gross section. The
cracks were inclined, rather than parallel to the shear force. Figure

A.l11 shows the example of the precrack (S9).
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Fig. 4.19 shows the load history (V vs. N,) for the three
specimens after the precracking.  The longitudinal load, N,, was
increased to a certain amount (50 kN for S9, 80 kN for S10 and 140
kN for S11) before V was loaded. The specimen was then loaded to-
failure by increasing V only, with the jack applying N, locl.ccd.
However the application of V caused the rotation of the specimens, as .
a result N, increased slightly as V increased. Figure 4.20 shows the
load-horizontal relative movement of the two crack faces for the

three specimens.

Figure A.12 shows S9 after failure. Very small relative
movement was recorded up to V=120 kN. After V=120 kN the two
faces of the crack start to have measurable slip. The specimen failed
at V=281 kN and N.=158 kN because no additional shear force could
be applied. The failure was accompanied with a visible slip between
the two crack planes and diagonal compression crushing in the
compression zone, (SF+DC). No new crack was observed in the test.

The angle of the failure was 75° and the ratio of V /N, at the failure

was 1.78.

S10 had higher longitudinal force N than S9. As a result S10
had stiffer behavior than S9, as shown in Fig. 4.20. Up to about
V=300 kN the failure crack had a stable relative movement.  After
V=300 kN the failure crack started to undergo larger relative
movement. The failure was reached at V=359 kN and N,=208 kN
when no additional V could be applied. The failure was accompanied

by diagonal crushing of the concrete along the failure crack, (SF+DC).
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The angle of the failure was 75° and the ratio of V,/N, at the failure

was 1.73. Figure A.13 shows S10 after failure.

S11 had the smallest longitudinal force, (N,=88 kN). As a result
S11 had much lower shear capacity and softer behavior than S9 and
S10. The specimen started to develop significant slip at about V=100
kN. Once the slip started it continuously increased without any
stable stage. The specimen failed at V=140 kN and N.=88 kN. Unlike
S9 and S10, no diagonal crushing was observed in S11 at failure. The

angle of the failure was 75° and the ratio of V,/N, at the failure was

1.60. Figure A.14 shows Sl after failure.

Figures 4.21 to 4.23 show the load-strain response perpendicular
and parallel to the failure crack for the three specimens. The zero
strain in Fig. 4.21 to 4.23 was taken at the start of the application of
V. The curves indicate that the opening and the sliding of the crack
decreased as the location approached the compression zone. This

suggests that the two faces of the failure cracks had both relative

sliding and relative rotation.

4.2.5 Group 5: Specimens with Undesigned Inclined Crack

Three specimens, S15, S16 and S17, were included in this group.
All of them had the same geometric configuration and were
reinforced with both longitudinall reinforcement and stirrups. The
specimens did not have inclined grooves to define the failure crack.
The edge of the loading plate used to apply the shearing load was

located so that a 30 degree crack could form (See the insets to Fig.
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424 to 4.27). The longitudinal reinforcement in the three specimens

were four 15M deformed bars. Six mm, 8.5 mm and 10M closed

stirrups @ 100 mm were used in S16, S15 and S17 respectively.

Figure A.19 shows Specimen S16 after failure. The first crack-
was a flexural crack observed near the fixed end at V=40 kN. At
V=70 kN which corresponds to 44% of the failure shear force the first
inclined crack was observed in the shear span. The crack started
from the tension edge and extended into about halt of the cross
section. As the load increased to 88 kN, a new inclined crack
developed above the first one, starting from tuc edge of the support
plate and extending about 7/10 of the cross section height. As the
load increased the cracks extended into the compression zone and
new cracks formed in the shear span and in the fixing zone. The first
inclined crack increased at a faster rate than the second inclined
crack and formed the failure crack. At V=135 kN the failure crack
extended to about 9/10 of the cross section. At V=154 kN the
longitudinal reinforcement started to yield at the fixed end which
corresponds to the largest bending moment. The specimen failed at
V=159 kN by loss of shear transter across the failure crack. This was
accompanied by a sudden visible relative sliding along the crack and
compressive crushing in the diagonal direction, (SF+DC). At failure

three of the four stirrups intercepted by the failure crack yielded.

The load-strain relationships for the longitudinal reinforcement
are shown in Fig. 4.24. Strain gauge 1 was located at the failure
crack: Strain gauge 4 was located at maximum bending moment

section at the fixed end and strain gauges 2 and 3 were in between.
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The yield strain of the reinforcement was 0.0022. Figure 4.24
indicates that the tension in the longitudinal reinforcement increased
as the sectional flexural moment increased until the steel yielded at
V=154 kN. Figure 4.25 shows the curves of Joad-strain relationships”
for the stirrups intercepted by the failure crack. All the curves are
essentially a straight line with zero strain up to the start of inclined
cracking. The inclined cracking in the shear span increased the
strain in the stirrups greatly.  Although Stirrup 1 responded to the
cracking later than Stirrups 3 and 4, they had larger strain than
Stirrups 3 and 4 after the cracking. At failure Stirrup 2 had the
largest tension and Stirrup 1 had the second largest tension. Stirrup
4 which intercepted the failure crack at the compression zone had
the smallest tension. At failure the strains in stirrups 1, 2 and 3

exceeded 0.002 and the strain in stirrup 2 was very close to 0.002.

Specimen S15 had 8.5 mm stirrups compared to 6 mm in S16.
Figure A.17 shows S15 after failure. The first crack was a flexural
crack observed near the fixed end at V=45 kN. At V=75 kN the first
inclined crack was observed in the shear span. As load increased to
v=95 kN, a second inclined crack developed above and parallel to the
first one. As the load increased the cracks extended into the
compression zone and new cracks formed in the shear span and in
the fixing zone. At V=155 kN the longitudinal reinforcement start to
yield at the fixed end. At V=163 kN the yield length of the
reinforcement exceeded 1/3 of the shear span and visible curvature
of the specimen was observed. In order to ensure shear failure

would be reached, an external longitudinal force was applied at the



125
end of tie specimen to increase the flexural strength of the
specimen. The external force was loaded to 170 kN in one step. The |
shear force V was then increased again after the application of N,.
As V increased new cracks were observed between the two previous
inclined cracks. The specimen failed at V=223 kN by the diagonal
crushing of the concrete between the two major inclined cracks, (DC).
At failure the tension strain in the four stirrups intercepting the
failure crack were from 0.0010 to 0.0022, compared to a yield strain

of 0.0021.

Figure 4.26 shows the load-strain relationships for the
longitudinal reinforcement. Before the external longitudinal force
was applied the specimen had a load-strain relationship similar to
Specimen S16. The tension strain increased as the flexural moment
increased. The application of the external longitudinal force (N,=170
kN) decrease¢ the strains in the longitudinal reinforcement. The
strain changes at gauges |1 and 2 were 0.0004 and 0.00048
respectively. The corresponding change in Ng was about AN =75 kN
and 90 kN respectively.  This indicated that about half of the
external force was introduced to the concrete and the other half
acted to reduce the tension in the reinforcement. Figure 4.27 shows
the load-strain curves for the stirrups intercepted by the inclined
crack.. Similar to S16, the stirrups intercepted by the crack near the
tension face experiemed larger tension than the others.  The
application of N, seeyped 0 have little effect on the strain in the
stirrups. At failure the two stirrups intercepted by the crack at the

tension zone yielded. The yield strain for the stirrups was 0.0021.
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Since the stirrups in S17 were larger than those in S15 and S16,
S17 was expected to failed by flexure if no external longitudinal
force was applied. To avoid flexural failure, an external longitudinal _

force N, was applied. N, was increased as V was increased. Figure

4.28 shows the load path (V vs. N,).

Figure A.20 shows Specimen S17 after failure. Due to the
application of the longitudinal force, cracking in S17 was observed
later than in S15 and S16. The first crack was a flexural crack
observed near the fixed end at V=63 kN. At V=120 kN the first
inclined crack was observed in the shear span. The crack started
from the tension edge to about half of the cross section height. . As
load increased several new inclined cracks developed parallel to the
first one and above it. As the load increased diagonal cracks in the
opposite direction were observed in the fixing zone. Near failure the
concrete in the compression zone and in the web crushed diagonally
in the both direction. The failure was reached at V=366 when no
additional shear force could be applied. At failure a large area of the
compression zone crushed, (referred as DC in Table 4.1). At failure

the longitudinal reinforcement had yielded at the fixed end.

The load-strain relationships for the longitudinal reinforcement
are shown in Fig. 4.29. The reduction of the strain at V=55 kN and
200 were due to the large increase in the longitudinal force N.. The
reinforcement had yielded at failure near the fixed end at failure.
The load-strain relationships for the stirrups intercepted by the

failure crack are shown in Fig.4.30. The large change of the
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longitudinal force did not have a notable effect on these curves.
Similar to what observed in the test of S15 and S16, all the curves
are essentially a straight line with zero strain up to the start of
inclined cracking. The inclined cracking in the shear span resulted in
a large increase of the strain in the stirrups. At failure no stirrups

were yielded.

4.3 The Effect of Dowel Action

Three types of specimens were involved in the investigation of
the effect of dowel action on the shear transfer across the failure
crack. The first type was .pecimens with normal dowel action. They
were S1 and S3 in the specimen group with 0=45°, S7 in the
specimen group with 9=60° and S13 in the specimen group with
9=30°. The second type was specimens with the reinforcement
wrapped with foam insulation at the failure crack. They were S2, S6
and S12 for the specimen groups with 9=45°, 60° and 30°,
respectively.  The third type was specimens without reinforcement
crossing the failure crack. These specimens included S4 and S5 with

0=45°, S8 with 6=60° and S14 with 6=30°.

The mechanism of the reduction of the dowel action for the
second type of specimens is illustrated in Fig. 3.7 of Chpt. 3. The
length of the wrapped ‘reinforcement was 150 mm. The dowel action
was reduced by increasing the shearing length of the reinforcement.
Since no reinforcement iatercepted the failure crack in the third type
of specimens, no dowel action was involved in the shear transfer

across the failure crack. The behavior of these two types of
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specimens was compared with the first type of specimens (normal
dowel action) in the following aspects. In all cases the strain gauges
on the longitudinal bars were mounted on the sides of the bars to

minimize the effects of flexural strains due to the dowel action.

The effect of the reduced dowel action on the strain of the
reinforcement at the failure crack are shown in Fig. 4.1, 4.9 and 4.15
for the specimen groups with 8=45°, 60° and 30° respectively. Before
cracking, both types of the specimens had no measurable strain.
After cracking the specimens with normal dowel action developed
longitudinal reinforcement strain faster than those with reduced
dowel action. Two reasons may explain this behavior. In the
specimens with reduced dowel action the reinforcement had an
unbonded length at the failure crack. Once the concrete cracked, the
deformation of the crack was distributed over the unbonded length
of the izinforcement, while in the specimens with normal dowel
action the deformation from the crack was concentrated in a small
length of reinforcement adjacent to the crack. Secondly, in the
specimens with normal dowel action the reinforcement at the failure
crack was more effective in holding the two faces of the crack
together than that wrapped with foam insulation, and as a result the
former had larger tension in the reinforcement at the crack. At
failure the reinforcement yielded at the failure crack for the
specimens with normal dowel action in the specimen group of 0=45°
and 60°, while the tension strains were only 0.00125 for S2 and
0.0014 for S6 at the same group. In the specimen group with 8=30°,

the reinforcement of both S12 and S13 did not yield at failure. The
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reduction of dowel action had little effect on the steel strain at the

failure crack in specimens with 8=30°.

Reduction of dowel action decreased the failure shear force of

the specimens. In the specimen group with 6=45°, St and S3 failed
at V=99 kN and 102 kN respectively but the failure shear force of S2
was only 57 kN. In the specimen group with 8=60°, S7 failed at
V=149 kN while S6 failed at V=107 kN. Dowel action had no
significant effect on the ultimate shear strength of the specimens
with 8=30° because these specimens failed due to cracking of the

concrete rather than the failure of shear friction.

Although the reduction of dowel action affected the ultimate
strength and the tension in the reinforcement at the failure crack, it
had very little effect on the ratio of V,/N,. For the specimens with
9=45° the ratios of V,/N, for the three reinforced specimens were
0.55, 0.51 and 0.57 respectively. The ratio of V,/N, for the two
reinforced specimens with 9=60° were 0.86 and 0.83 respectively.
The ratio of V,/N, of the retest for the two specimens S12 and SI13
with 8=30° were 0.13 and 0.20 respectively. The ratio of V,/N,

increased as 6 increased.

Specimens S4, S5, S8 and S14 did not have any reinforcement
across the failure crack. These specimens developed the compression
on the failure crack plane through the external longitudinal force N,
but had no dowel action in the failure crack. The shear transfer
across the crack is attributed to the aggregate interlock and shear in

the uncracked compression zone. Due to different N,~V loading
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history the unreinforced specimens had different behavior from the
reinforced specimens before the failure. However, this parameter
had no significant effect on the failure shear force V,. For Specimen
S4 the external longitudinal force at the failure was 179 kN which”
was about the tensile force in the reinforcement at failure of S1 and
S3. S4 failed at V=96 kN which was only slight lower than the shear
force at failure of S1 and S3. For the rest of the unreinforced
specimens, since N, at failure was different from N, in the reinforced
specimens, the failure shear force were different. However, the

ratios of V,/N, were very close to those from the reinforced

specimens in the same group.

As summary, the major contribution of the longitudinal
reinforcement to the shear transfer across the failure crack is its
ability to hold the two faces of the crack together and induce the
shear-friction across the crack, rather than direct transfer shear by
the shear stress in the cross section of reinforcement. The bonding
condition of the reinforcement at the crack affects this ability of the
reinforcement.  Reinforcement with poor bonding condition at the
crack has less ability to develop its tension and, as a result, the crack

transfers less shear.
4.4 The Effect of Uncracked Compression Zone

Two specimens were pre-cracked in the compression zone to
compare with the monolithic specimens to investigate the

significance of the uncracked compression zone in the shear transfer

mechanism. Specimen S3 had 6=45° while S7 had 9=60°. The pre-
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cracks were about 1/3 of the cross section height and located at the
extension line of the groove used to force the location of the failure
crack in order to join with the failure crack. Figures A3 and A7

show the precrack for the two specimens respectively.

The precracking in the compression zone reduced the cracking
load of the specimens by decreasing the monolithic section of the
specimens. However, the precrack did not reduce the shear force at
failure of the specimens. The failure loads for the tested specimens
are listed in Table 4.1. For the specimens with 9=45", the only
difference between S1 and S3 was that S3 was precracked but S1
was not. Both specimens had the same behavior and failure mode at
the ultimate state. S3 failed at V=102 kN which was a little higher

than the 99 kN at which S1 failed. In the specimen group with
0=60°, S7 (precracked) failed at V=149 kN while S6 and S8 failed at

V=107 kN and 118 kN respectively. Direct comparison between the
failure loads of S7 and the other two specimens is not practical
because S6 had the reinforcement wrapped with foam insulation at
the failure crack and S8 was unreinforced at the failure crack.
However, as discussed in Sec. 4.3 the condition of the dowel action
does not affect the ratio of V,/N,. The fact that the V,/N, ratio of S7
was approximately equal to that of S6 and S8 indicates that the
precrack did not reduce the failure shear force of S7. Actually, the
failure crack in S7 did not join the precrack but extended underneath
it  The failure shear was the shear transfer capacity across the

failure crack and thus was not effected by the precrack.
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In a summary, precracking the compression zone reduced the
cracking load but did not affect the failure load. The cracking in the
compression zone was the extension of the cracks from the tension
sone. The concrete of the compression zone was still in compression.
The contribution of the compression zone to the shear strength in a
reinforced concrete beam is because it is under compression.  The
compression on the concrete induces shear friction to resist the

applied shear force.

4.5 Combined Truss and Shear Friction Action

For the three specimens (S15, S16 and S17) with stirrups, . the
shear transfer across an inclined crack consists of two parts: the
shear-friction mechanism and the truss action. The shear-friction
mechanism includes the dowel action of the reinforcement, the
aggregate interlock and the shear transferred by the uncracked
compression zone. According to the test observations and the
discussions in Sec. 4.3 and 4.4, the aggregate interlock (the friction on
the rough crack faces) is the major part of the shear friction. The
truss action results from the stirrups acting as transverse tension ties

in a truss to transfer shear force.

Two objectives were involved in the tests of S15, 16 and 17. The
first objective was to determine the ratio of V /N, and compare this
to the ratio of V,/N,in the specimens without stirrups. The second
objective was to investigate the effect of the amount of stirrups on

the angle of the truss strut 6, because, according to the truss model, 6
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increases as the ratio of the stirrup amount to the longitudinal
reinforcement amount increases. Because the application of the
longitudinal force N, in §15 and S17 in effect increased the
longitudinal reinforcement, the second investigation was not
successful. Actually the angles of the diagonal struts for the three

specimens were very close (about 35°).

The strains in the stirrups of the three specimens were
measured by the strain gauges which were attached to the stirrups
in the vicinity of where the failure crack intercepted the stirrups.
The stresses in the stirrups were then calculated using the stress-
strain curves of the steel shown in Fig. 3.9. Six stirrups were
arranged in the shear span while only the four in the middle v;'ere
intercepted by the failure crack. The shear transferred by the

stirrups through truss action was the force in these four stirrups:

Ve=ZA,f (4.1)

where A, is the area of one stirrup and f, is the stress in the stirrups.

The shear force carried by the shear friction was
V.= V- Vg (4.2)

The longitudinal compression on the failure crack plane was the
sum of the tension force in the longitudinal reinforcement at the
crack, N, and the external force, N.. The stress in the longitudinal
reinforcement can be determined using the stress-strain curve of the
steel in Fig. 3.9. Although destressing occurred in the longitudinal

reinforcement of S15 and S17 when the external longitudinal force
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was applied, the strains in the longitudinal reinforcement at the
failure crack did not exceed the yield strain and thus the stress-

strain curve in Fig. 3.9 was still applicable.

¢2.Table 4.2 shows the forces in the steel at the failure crack,

the shear transferred by the shear friction and the ratio of V./N, for

S15, S16 and S17.

4.6 Relationship betw-~: . .. .4 Ny

The ration of V. /N, are plotiad in open symbols in Fig. 4.31 for

the 14 specimens without stirrups. The shear transferred varies

from approximately zero for small 8 to twice the longitudinal

compression force for large angles.

The ratios of V./N, for S15, S16 and S17 are also plotted in Fig.
4.31. Comparisons indicate that for S16, which failed by shear-
friction failure, the ratio of V./N, is close to the V,/N, ratio of the
specimens without stirrups. S15 and S17 had lower V/N, ratio since
they failed by diagonal crushing of the concrete before the shear

friction failure was reached.

4.7 Summary of the Test Results

Based on the evaluation of the test results, the following

conclusions are made.

1. All the specimens failed in shear. The failures were due to

either the loss of the shear transfer across the failure cracks (shear-
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friction failure) or the diagonal crushing of the concrete (diagonal
strut failure of the truss). The ratio of the shear transferred by the
shear-friction to the longitudinal compression on the crack face
(V, /N, for S1 to S14 and V./N, for S15 to S17) increased as the

angle of inclination of the failure crack, 8, increascd.

2. Test results of the specimens with 8=30° indicate that the
cracking shear of a inclined section with 9=30"is larger than the
shear friction strength of the crack under the same longitudinal
compression force. Thus the specimens with 8=30" failed
instantaneously after the failure crack formed if no stirrups were
provided. For many slender reinforced concrete beams the
inclination of the failure cracks are 30° or less. This suggests that
using the inclined cracking load as the shear contribution of the
concrete may overestimate the shear strength of the beams if Vg is

based on the actual angle 6.

3. Test results of the specimens with 9=90° indicated that it was
not possible to develop a crack in the shear span which was parallel
to the applied shear force. Since in reinforced concrete beams the
failure cracks of shear are always inclined, it is not practical to apply

the test results of the pushoff specimens to them.

4. The shear contribution of dowel action in reinforcement is its
ability to hold the two faces of the crack together and induce shear
friction across the crack, rather than the shear stress in the cross

section of the reinforcement. Reduction of the dowel action in the
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specimens tested reduced the failure shear force by decreasing the

shear friction across the crack.

S. The uncracked compression zone contributes to the shear
resistance of reinforced concrete beams because it is under
compression. The compression zone may crack due to the extension
of the crack in the tension zone. However it is still under

compression. The compression induces the shear friction to resist the

shear.

6. For the specimens with stirrups, the shear force was resisted
by both the stirrups intercepted by the failure crack and the shear-
friction across the failure crack. The stirrups participated in resisting
the shear by direct tension across the inclined cracks. The
longitudinal reinforcement and the external longitudinal force, if any,
induce the confining force on the failure crack surfaces necessary to

mobilize the shear friction across the crack.



‘Burysrud [euodeiq = D 'AN{IR) UCTIOLY JEIYS = S wxs
-\ QUIULIIP 01 UNPAS0IE AP S.°YS

2% qeL ‘siskreue ayp ut "N/ A JO peaisut pasn st N/ A LTS PUB 9IS ‘SIS IO
“1S1-21 9 Ut JBaYS aIn[Ie] Y1 ST H[S PuB €S ‘TIS 10J 20I0] TeAYS MBI Y| «

oa 12850 sty (1R (%3 otil 099¢ 00Tl € LIS
oa+d4S 9LT0 Hv.oz 0 +'0LT 0'¢Tt 0oL 121 me%% 9IS
oa sizo [, 509t | Lt | 0681 ¢'8S1 0'sL 6¢ SIS
£ 88€°0 O'6Ll 0°6L1 0 L769 sy 6€ 0 vIS
4S €00 0Lt 04T 0 LOoP 08y 131 0t €IS
4S8 €E10 008t 0081 0 L0 0'vs (113 0€ s
AS 091 0'88 0'88 0 oorl 019 08 06 s
24q+d4S 9TLl 080¢ 080T 0 0°65€ 0t9 yL 06 01S
oa+4s 8LLT 0°8s1 0'8s1 0 0182 0°8s 08 06 6S
4 £86°0 ooct 0ozl 0 0811 08 <9 09 8S
2q+4S 8780 0’081 0 0081 o6vl 0se 09 09 LS
48 £98°0 ovel 0 (174 0'L01 oLy LS 09 98
S £05°0 018t 0’151 0 09L 09 Ly St ¢S
EN 9€$°0 0'6L1 A 0 096 0€L vy Sp S
dS L9S0 0081 0 0081 0201 oce 6 Sy €S
S 6050 ozIl 0 0TIl 0°LS o'sy b y S
AS 0SS0 008l 0 0'081 0'66 0'sy o St IS
n
**MM.__N__“MMQ =ﬂ| "N °N N A _ PA nousmw@—z 8._%_%5 uawiroadg

(N pue 22183 :suuf)

$1591 Jeays Jo $1[nsaJ 3591 [ed10UIld |'b d[qel



Table 4.2 The internal forces on the failure crack

for S15, S16 and S17

Forces S5 S16 S17
Ne 171.5 0 331.0
N 189.0 2704 114.0
Ny, = Ns- Ne 360.5 2704 445.0
Vs 145.7 86.8 215.0
v, 223.0 159.0 266.0
Ve=Vy- Vs 77.3 72.2 51.0
V! Ny 0.214 0.267 0.115

* All the Forces are in kN
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3. THE SHEAR-FRICTION TRUSS MG &4,

5.1 Introduction

This chapter deals with the development of the shear-friction
truss m. :del. This model is based on the dry friction law for rigid
bodics and the traditional truss model for reinforced concrete beams.
The contribution of the concrete to the shear strength is modelled
using the shear-friction method while the shear contribution of the
stirrups is represented using the truss model. By combining the two
analogies a detailed computational approach is developed.  The
coefficient of shear-friction is calculziod from ti  shear-friction tests

presented in Chpt. 4.

The shear-friction truss model is used to analyze the well known
test series by Bresler and Scordelis®® and very good results are
achieved. The application of the model is extended into the
calculations of shear strength of reinforced concrete beams with axia!

load, prestressed concrete beams and deep beams loadcd indirectly.

5.2 The Internal Forces inva Cracked R/C Beam

The forces transferring shear and bending moment across an
inclined crack are illustrated in Fig. 5.1a. N and V, are the tensile
forces in the longitudinal reinforcement and the stirrups
respectively; V4 is the dowel force in the longitudinal reinforcement;

f. is the compressive stress distributed on the uncracked
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compression zone and fy is the compressive stress distributed on the
crack plane. As observed from the shear-friction tests which are
described in Chpt. 4, the two faces of an inclined crack experienced
relative sliding and rotation. The stresses on the crack plane are
caused Ly the relative movement between the two crack faces. The
magnitude and the direction of the stresses on the crack plane
change from point to point along the crack because the relative
movement changes from point to point. At the uncracked
compression zone the concrete is in high compression. The direction
of the compressive force resultant is almost horizontal. fais force is
the major part of the force required to equilibrate the tenstle force in
the longitndinal tension reinforcement and the two uc? t>gether to
form the resisting moment. In the crack underneath the virracks
compression zone, two events occur simultaneously. The magnitude
of stress decreases and its direction becomes more vertical as the
point under consideration gets closer to the longitudinal tez :9n
steel.  Figure 5.1b shows the resultant of f; and fy (F. and Fg3
together with the forces in the steels. 1In Fig. 5.1c F. and Fy are
expressed in their components in the horizontal and vertical
direction. The vertical component of Fg, Fqy,is commonly referred to
as the shear contribution of the aggregate interlock action. The
vertical component of F¢, Fy. is called the shear contribution of the
uncracked compression zone. According to Fig. 5.1c the chear

transferred across the inclined crack can be written as:

V=VS+Fcy+de+ Vd (5.1)
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As shown in Fig. 5.1c, the points of action of the vertical force
components are spread along the inclined crack. V,is applied at the
longitudinal reinforcement and Fy is located at the uncracked
compression zone. The point of actien of Vy is in the lower portion of
the crack but Fgyy acts at the upper portion of the crack, both because
of the non-uniform crack width. Az a result the overall resultant of
Vs, Vg, Foy and Fyy is located around the midpoint of the inclined
crack plane. For simplicity, the following assumption is made for the '

internal forces on the crack plane:

Assumption 1: The overall resultant of the shear
resistance * components, (Vg+ Vy+ Fey + Fyy) is
assumed to act at the midpoint of the inclined crack

plane.

Thus the forces in Fig. 5.lc can be simplified as shown in Fig. 5.2,
where V, is the sum of F¢y, Fyy and Vy. V. is commonly referred as
to concrete contribution which is mainly attributed to the action of
aggregate interlock along the inclined crack. C is the resuitant of the
longitudinal components of the compressions in the concrete, Fix and

Fg4x, and is assumed to act in the compression zone. Thus Eqn. (5.1)

becomes:

In Assumption 1 (as illustrated in Fig. 5.2), the shear resistance

of the inclined crack, (Vg+ Vg+ F¢y + Fgy), is assumed acting at the

midpoint of the inclined section. This is accomplished by moving the



164

points of action of Vg and Vy to the right and moving the points of
action of Fgy and Fyy to the left. As a result both the concrete
contribution, (V.=Vy + Fey + Fyy) and the steel contribution, Vg, are
assumed to act at middle of the inclined interface. However the

resultant of the horizontal forces, Fey and Fgy, is assumed to act at the

compression zone.

The shear-friction truss model Jeveloped in this chapter is
based or the traditional truss model. According to the truss model,
the seciion of a beam shown in Fig. 5.3 can be divided into three
parts, each assumed to have a different function in resisting the
applied load. The top element (part 1), including the concrete and
the longitudis-* compression steel, if any, is assumed to resist only
the longitudi. .1 compressive force. The bottom element (part 3),
including only the longitudinal tension ateel, is assumed to resist the
longitudinal tensile force. The web (part 2) includes the stirrups and
the web concrete, and, is assumed to be cracked with a series of

o1 cracks at an angle 6 to the longitudinal axis. The web resists

«ue .vcar through diagonal compression in the concrete, tension in

th» stirrups and shear-friction across the cracks. The equilibsium

equations for the truss system considering the concrete contribution

are
V=V.+ Vg (5.3),
C=N= 0.5Ny (5.4),
i N, = Vcot (5.5)
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The truss system shown in Fig. 5.3 has the same equilibrium
equations as those for the traditional truss model except that in the

traditional truss model the shear capacity is only from the stirrups.

5.3 Shcar Friction Analogy

The shear force trarsferred across an interface of two rigid
bodies, as shown in Fig. 5.4a, can be calculated by the dry friction

law stated as following:

Dry Friction Law: The limiting static friction force is
directly proportional to the magnitude of the normal

force N, and is independent on the areu in contact.

The dry friction law can be expressed in terms of forces as:

V=pN (5.6)

where V is the maximum shear force transferred across the

interface, N is the normal force on the interface and pgis the

coefficient of static friction.

In Fig. 5.4a. the applied compressive force N is perpendicular to
the friction interface while the shear force V is parallel tc the friction
interface. For the case of an inclined interface as shown in Fig. 5.5a,
the applied longitudinal compression force N and the transverse
tension force V can be transformed into the forces in the directions
parallel and normal to the inclined surface, as shown in Fig. 5.6.

They are given by Eqns. (5.7) and (5.8) respectively.
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Ng= Nsinf - Vcos8 (5.7)
Vg= NcosB + Vsind (5.8)
According to the dry friction law. the relationship between Vg and Ny
is:

Vg=u,Ng (5.6)

Substituting Eqn. (5.7) and (5.8), Eqn. (5.6) is re-written as

V=ugN (5.9)

where pgis referred to as the coefficient of friction of an inclined

interface at angle @ and is expressed as:

H—cod

0=

I +p col

(5.10)

The characteristics of the shear transferring mechanism in a
cracked concrete beam without stirrups is very similar to that of dry
friction.  First, both cases have the same force actions on the
interface. Figure 5.4b shows the internal forces at a cracked cross
section of a concrete beam. The beam has the same free body
diagram as that in the dry friction example, except that in the
friction interface the normal compressive force is an external force
while in the cracked plane of the reinforced concrete beam it is due
to the tension in the reinforcement. In both cases the applied shear

force is resisted by the shear stresses distributed on the portion of

the interface in compression.
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Figure 5.5 shows examples of inclined interfaces.  Both the
inclined dry friction interface and the inclined crack plane of the
concrete beam have the same force actions. For equilibrium both
horizontal and vertical forces are developed on the interface or on
the crack plane to resist the applied load, except that in the dry
friction interface the compression is due to the applied force N, while
on the crack face of the beam is due to the tension in the

reinforcement.

Second, both the dry friction force on the interface of rigid body
and the concrete shear contribution in a concrete beam increase as
the longitudinal compressive force on the interface increase. In dry
fricticn, the shear force, V,is resisted by the friction on the interface
and V is directly proportional to the magnitude of the normal force
N. In a reinforced concrete beam, the shear force, V¢, is resisted by
the aggregate interlock action on the crack plane, the shear force in
the uncracked compression zone and the dowel action of the
longitudinal reinforcement.  According to the test results presented
in Chpt. 4, the aggregate interlock action is the major contribution

among the three actions which increased as N increased.

The aggregate interlock action is a friction action on the rough
crack plane and, therefore, it increases as the compression force on
the crack increases. The shear transferred by the uncracked
compression zone increases as the area of the compression zone
increases. The area of the compression zone increases as the

compression on it increases. As a result, the shear transferred by
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the uncracked compression zone increases as the compression force
increases. The dowel action increases as the arca of the longitudinal
reinforcement increases. Since the longitudinal reinforcement in a
beam is required to equilibrate the compression in the concrete, the
dowel action increases as the compression force in the concrete

increases.

Third, both the transverse shear transferred across an inclined

crack by dry friction and the shear transferred across an inclined

crack by the concrete contribution in a beam increase as 9 increases.

The relationship of V vs. N for dry friction is expressed by Eqn. (5.9)

and (5.10). The manner in which V. increased with 6 is shown in Fig.

4.31 for the 17 test specimens.

Based on the above argument, the following assumption is made

to describe the relationship between the concrete contribution, Vi,

and the longitudinal compression force in the concrete, N.

Assumption 2: The shear contribution of the concrete,
Ve=Fgy+Fey+Vay is directly proportional to the
magnitude of the longitudinal compression on the

concrete.
Assumption 2 is expressed as

Ve=PBgN (5.11)

where Bgis the equivalent coefficient of shear-friction across an

inclined crack plane in concrete, N is the longitudinal compressive
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force on the concrete. Pgis a function of the angle of inclination of

the crack plane under consideration.

5.4 The Equivalent Coefficient of Shear Friction of Concrete

According to the test results presented in Chpt. 4, the ratio of
V /N, which is defined as the coefficient of shear-friction across an
inclined crack plane of concrete in Sec. 5.3, increased as the angle of
the inclined crack increased. The test results shown in Fig. 4.31
suggests that a similar formulation to Eqn. (5.10) can be used to
express the relationship of V./N vs. 8, ie.

o—cotd
Be:Y_q Bo—co®

= - (5.12)
N 1+ B, cotd

where B, is referred, in this thesis, as to equivalent coefficient of
shear-friction corresponding to 6=90°. B, is not a real coefficient of
friction but rather it is the term defined by Eqn. (5.12). Figure 5.7
shows the test data from Chpt. 4 in the coordinate system of V./N
and 6. The test data show that V. /N increases as 6 increases,
varying from 0.17 for 6=30° to 1.78 for 9=80°. In the same figure,
curves of V./N vs. 8 calculated using Eqn. (5.12) are also plotted.
The figure indicates that for the specimens tested, B, is about 3.0.
The mean value of V/N calculated from the test results using Bo=3.0

is 1.04 and the standard deviation is 0.23.

19,20

Tests have been carried out by Mattock?!'22, Paulay and

others, using the pushoff or pull-off specimens of the general

configuration shown in Fig. 2.12a. The tests indicate that the
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coefficient of friction (V/N) is from 1.4 to 1.7. The ACT Code uses
u=1.41 for concrete placed monolithically and u=1.0r for concrete
placed against hardened concrete with the surface intentionally
roughened, where A relates to lightweight concrete.  These numbers

are very different from B,=3.0. The explanations for this are given in

the following paragraphs.

B,=3.0 is calculated by fitting Eqn. (5.12) to the data of the 17
specimens. The actual angles of the inclined crack interface for the
17 tests were from 30° to 80°. As shown in Fig. 5.7, the curve of Eqn.
(5.12) is very steep in the range from 80° to 90", while the data
points near 6=80° is flatter. Hence, Equation (5.12) using B,=3.0 may
not be applicable for 9>80°. Thus, B,=3.0 is not a coefficient of shear-
friction for a crack interface with 8=90°. Bo=3.0 itself is not
comparable with p=1.4 to 1.7 from the tests of pushoff specimens in
which 8=90°. Actually, the value of Bg=V/N for the two specimens

with 6=80° (S9 and S11) was 1.778 and 1.602 which were only a

little larger than that from the pushoff tests.

As observed from the shear-friction tests described in Chpt. 4, it
is rot possible to form a crack with 8=90° under shear forces. Thus
in the Mattock and Paulay tests, the interfaces parallel to the load'
were precracked using a line load along the interface. As discussed
in Sect. 2.5.2, the shear transfer mechanism of the pre-cracked
interface in the push-off specimens is very different from that of the
inclined crack in a reinforced concrete beam. The later has much
stronger shear transfer mechanism than the former. For the

specimens with monolithic interfaces tested by Mattock and Paulay,
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the actual interfaces were a series of cracks at an angle with the
applied shear forces. Considering the effect of the angle between the
<hear force and the crack (as described by Eqn. 5.9 and 5.10), pg is
higher than pg=V/N.

In the shear-friction tests presented in Chpt. 4, all the specimens
had the same concrete strength and the same cross-section
dimensions. The major variables were the angle of inclination of the
crack, 0. and the confining force on the crack plane, N. However,
according to the observations made during the tests, the failure of
the shear transfer across the crack was associated with damage of
the crack surface. In other words the failure is associated with a
material failure of the crack surface. Therefore, the shear-friction
capacity might be a function of the concrete strength and the area in
contact. As the concrete strength and the area in contact increase,
more and stronger projecting particles participate in shear-friction
and as a result the capacity of the shear friction increases. Since the
concrete strength and cross-section dimensions were not variables in
the test series, their effects could not be mathematically determined

from the test results.

Walraven?? found in his study that the shear transferred by
friction was directly proportional to N/E The effect of cross-section
dimensions on the shear contribution of concrete, V has been
investigated experimentally by many researchers and has been
written about in many text books.  The shear contribution of

concrete is a linear function of the cross-section dimensions (bd). By
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adopting those research results. the coefficient of shear-friction in

concrete may be assumed to be:

Bo=n Vi bd (5.13)

Substituting the values of B,. f'C and bd from the tests, n is calculated
to be 9.32x10°%. The units in Eqn. (5.13) are mm? for bd, N for ‘/TL

1/N for n and non-dimensional for B,.

5.5 The Shear-Friction Truss Model

The shear-friction truss model is the combination of the shear-
friction model based on Assumption 2 and the truss model based on
Assumption 1. A free body diagram of the chear-friction truss
model is illustrated in Fig. 5.3. The shear strength of the inclined

crack plane of a reinforced concrete beam can be expressed as:

V= Vet Ve (5.14)

The first term on the right hand of Eqn. (5.14) is the concrete
contribution which results from the action of shear-friction on the

crack plane and is expressed as

Bo— cotd

\ (5.15)

= ——
1+ B,cotf

The second term is the contribution of the stirrups which are

modelled as the tension ties in a truss. Vg is expressed as

VS=__2'_" (5.16)
s tanf
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[he shear-friction truss model gives a very clear conceptual
understanding of the shear resisting mechanism in a reinforced
concrete beam. As in the traditional truss model, a reinforced
concrete beam is divided into several components, each assumed to
have a different function in resisting the applied load. The
compression chord including the concrete and the longitudinal
compression steel, if any, is assumed to resist the longitudinal
compressive force.  The tension chord, including the longitudinal
tension steel, is assumed to resist the longitudinal tensile force. The
diagonal compression struts consist of the concrete web which is
cracked with a series of parallel cracks at an angle 6 to the
longitudinal axis. The stirrups act as the tension ties to transfer the
transverse force from one diagonal compression strut to the adjacent
one. In addition to the force transferred by the stirrups, shear-
friction action between two adjacent diagonal struts is also assumed
to transfer force between the diagonal compression struts. Figure
5 8 shows the force transferred across the crack between two struts.
The force transferred by the shear-friction can be expressed either
as the vertical force V. acting midpoint of the crack (Fig. 5.8a) or as
shear force V. parallel to the crack (Fig.5.8b). The vertical force in
Fig. 5.8a is induced by the longitudinal force N and is assumed
calculated by Eqn. (5.15). In Sec. 5.1 it is explained that V, and N do
not act at the same point in the crack. In Fig. 5.8b part of the
longitudinal compression in the crack plane is included in the shear

force along the crack. As a result the longitudinal compression force,
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C. is less than N and C acts at a point above that of the compression

force N in Fig. 5.8a.

According to the shear-friction truss model model. the stirrups,
or the transverse component of the reinforcement, transfer shear
force directly by tension. The longitudinal reinforcement, or the
longitudinal component of the reinforcement, has zero component in
the direction of the transverse load but it indirectly transfers
transverse load through the shear-friction action on the crack planes

besides its function in resisting the flexural moment.

Figure 5.9 shows curves of V.,V.and V4 vs. 6. A non-

Ayfyd

5 ), is used for the vertical axis. As

dimensional coordinate, VA

indicated by Eqn. (5.15), V. increases as N increases. For a given
section N, the force in longitudinal reinforcement at the critical

inclined crack plane, is mainly due to bending moment. Generally, N

A, f,d ) ) . .
is larger than (-—‘fs—y—). To discuss V., Vg and V as function of 8, N is

A,f,d A, f,d .
taken equal to 2(—"?"—) and 4(—"—81—) respectively for illustration.

The plots in Fig. 5.9 show how V. Vs and V change as the angle of
inclination of the crack changes. The curves indicate that as ©
increases, shear-friction on the crack plane becomes more efficient,
and, as a result, V_increases. But Vg decreases as 6 increases
because fewer stirrups are intercepted by a steep crack. As a result
V, the sum of V. and Vg, has a vertex with a minimum value. This
value is the shear capacity of the beam and the corresponding 9 is

the critical angle of inclination. The inclined crack plane
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corresponding to this 6 is the weakest inclined crack plane on which
the shear failure occurs. In a reinforced concrete beam, many cracks
with various inclinations may be developed at the ultimate state,
however, among all of these cracks only the crack with the
inclination corresponding to the minimum V is the critical crack.
This suggests shear failure will occur on a crack plane with a certain

angle of inclination for a given beam.

The angle of inclination of the critical crack decreases as the

horizontal force, N, increases. Figure 5.9 shows that 6 is about 40°

A, f,d .
for N=2(——V-gl—-) and decreases to about 30° when N increases to

A,f,d . . . Creps
4(—{%’-). This phenomenon is in agreement with the equilibrium of

the truss analysis where a flatter strut corresponds to a larger force

in the longitudinal tension chord.

The shear friction approach in the shear-friction truss model is
different from the shear friction method developed by Crist®® and
the shear friction approach proposed in the ACI Code?%. In both the
Crist and ACI shear friction methods, the goal of the shear transfer
across a crack is to transfer a force parallel to the crack plane.
Therefore, all the reinforcement is involved in fulfilling this goal.
However, in a reinforced concrete beam the shear force is usually not
parallel to the crack. In the shear-friction truss model, the goal of
the shear transfer across a crack plane is to transfer transverse
shear force which has a angle of (90°-8) to the crack plane. Figure

5.10 illustrates the applications of the three shear-friction models to
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an inclined crack plane. According to Crist's shear-friction method
the sole function of the shear reinforcement, including the vertical
and the horizontal. is assumed to induce a normal compressive foree
on the crack plane and then to mobilize shear friction along the crack
plane. In his shear-friction method, the component of the tensile
force in the reinforcement parallel to the crack plane is neglected.
The ACI shear-friction method is similar to Crist's shear-friction
method but takes into account the component of the tensile force in
the reinforcement parallel to the crack plane. In the shear-friction
truss model, only the longitudinal reinforcement, or the horizontal
component of the reinforcement, is assumed to be involved in the
shear-friction action. The vertical reinforcement, or the vertical
component of the reinforcement, is assumed to transfer the vertical
shear force directly as the tension ties in a truss. For a reinforced
concrete beam, if the reinforcement consists of wvertical and
horizontal reinforcement and the crack plane has an inclination of 8
to the beam axis, the shear strength of the beam according to the

three models is shown in Fig. 5.10 and expressed as follow:

vl Anisd Pr 09, ey (5.17)
tanf h 1+ Bocotd

V=Avsfyd(ucosza) + Ah:;lyd(psinife) Crist's model (5.18)

\Y =f‘_"?fy_(1 ([cosB+sinB) + An thyd (usin®)

ACI shear-friction method (5.19)
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In the above ecquations A, is the area of vertical reinforcement
within a horizontal distance s and Ay is the area of horizontal
reinforcement within a vertical distance sy. For the shear-friction
truss model Ay includes all the horizontal reinforcement across the
section under consideration and it has an average stress of fg<f,. For
the other two shear-friction methods, Ay is only the horizontal shear
~~inforcement and it is assumed to yield at the failure. Equation
(5.17) indicates that the shear contribution of the vertical
reinforcement is equal to the force in the reinforcement intercepting
the crack under consideration, which is not associated with the
coefficient of shear-friction. In Eqns. (5.18) and (5.19) the
contribution of the vertical reinforcement is associated with the
coefficient of friction, which is not true because the vertical
reinforcement acts as the vertical ties of truss. The Crist's shear-
friction model and the ACI shear-friction method conflict with the

well accepted truss models when applied in reinforced concrete

beams.

5.6 The Computational Approach of Shear-Friction
Truss Model

According to the shear-friction truss model, the shear strength

of a reinforced concrete beam can be expressed as:

V=VC+VS
_ Bo-co® N+Avfyd

1+ Bo cotd s tant

(5.20)
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Equation (5.20) indicates that as 9 increasces, shear-friction on the
crack plane becomes more efficient, and. as a result Vi increases.
But V. decreases as 8 increases  because fewer  stirrups o are
intercepted by a steep crack. As a result V. the sum of V.and V.
has a vertex with a minimum value. The value of 8 corresponding to
the vertex is the critical angle of inclination at which the inclined
crack plane has the lowest shear transfer capacity and failure ocours
at this crack. Thus the critical angle of inclination can be calculated
by solving the derivative equation:

Y <o (5.21)

a0 T
In Egn. (5.20) N is the horizontal compression on the crack plane and
is mainly due the bending moment, although the shear causes some
additional force according to the truss model. Thus, N is assumed to
be a function of the flexural moment at the section under

consideration rather than the angle of the inclined crack plane.

Substituting Eqn. (5.20) to Eqn. (5.21) gives:
Bo

tand =

(5.22)

N _

S

“"’ﬁoz)

Equation (5.22) indicates that at a section with the compressive force

N in concrete, if shear failure occurs, the critical angle of the crack is

a function of the coefficient of shear-friction B, and the ratio of N to

A f,d ) :
( Vsy ) at the crack plane under consideration.
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At shear failure, the vertical reinforcement usually yields and Vg

Ayfyd
Smn?) as expressed in Eqn. (5.20), however the

is equal to (

horizontal reinforcement may not yet have yielded at sections in the
shear span. Thus Eqns. (5.20) and (5.22) include three unknowns: V,
N and 6. The shear strength can be calculated if either 6 or N is

known. Thus. either N or 8 should be assumed in calculating the total

shear strength. Usually 8 is assumed in design.

By assuming 6, N is calculated from Eqn. (5.22) and V., Vs and V
are calculated from Eqn. (5.20). This procedure involves solving two
nonlinear equations. To simplify the procedure, a calculation chart is
established in Fig. 5.11. Since the equivalent coefficient of shear-
friction might not a constant but a function of the concrete strength

and the dimension of the beam section as expressed by Eqn. (5.13),

the curves in the chart correspond to a range of values of B, from 0
to 5. The curve with B, =0 corresponds to the shear transferred by
the stirrups only, which is calculated by the truss model. The
difference between the curve with B, =0 and the non-zero B, curves
is the concrete contribution. Thus, for a given B, and 6, the total
shear strength, the steel contribution and the concrete contribution

can be determined from the charter. In Sec. 5.4 it was shown that

B,=3.0 gives best agreement with the tests reported in Chpt. 4.

Figure 5.11 shows that the contribution of reinforcement, Vg,
decreases as O increases because fewer vertical stirrups are

intercepted by a steeper crack plane. The concrete contribution, Vg,
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is zero at a certain small 6 since the inclined crack is too flat to

mobilize shear friction.

5.7 Application of the SFTM to Tests by Bresler and

Scordelis

The test series conducted by Bresler and Scordelis*™® consisted
of 34 siraply supported reinforced concrete beams with one point
load at the mid-span. Among the 34 beams, 7 were without stirrups
and 27 were reinforced with stirrups. The objective of the tests was
to investigate the behaviour and the strength of reinforced concrete
beams in shear and the effects of bar cutoffs and bar size on the
shear strength. The properties of the specimens and the test results
were well defined and reported. Since the beams without stirrups
cannot be modelled as a truss with vertical tension ties, only the 27
beams with stirrups are used in the analysis by the shear-friction
truss model. Table 5.1 lists the properties and the test results of the
27 beams which are used in the analysis in this chapter. The crack

patterns and failure modes are shown in Appendix C

For all the specimens, the cracks where shear failure occurred
were well defined by their size. For most of specimens the failure
cracks were close to straight overall and the angle of inclinations are
well defined. For those specimens with an overall curved failure
crack the angle of inclination is defined according to the truss model.
In the truss model, the angle of the crack is used to calculate the
number of the stirrups intercepting the crack. Thus the angle of the

overall curved crack is defined as equal to the slope of the straight
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line which links the two points where the critical crack intercepts the

top and the bottom bars respectively, as shown in the crack patterns

in Appendix C.

The predictions of the shear strengths of the test beams using
the shear-friction truss model are listed in Table 5.2 together with
the test results. The shear strengths are calculated using the
calculation chart shown in Fig. 5.11. For a given angle of inclination,

9, and a given equivalent coefficient of shear friction, B,, the
Ay fyd
corresponding value of V/( Vsy ) can be found in the chart and then
Ayfyd
the shear strength, V, can be calculated from the given (—lgy—").

The predictions using B,=3.0 are listed in Table 5.2 and shown
schematically in Fig. 5.12a. For the beams examined, the shear-
friction truss model using B,=3.0 safely estimates the shear strength
for all but 3 beams. The mean VY/V©? ratio is 1.24 with a standard
deviation of 0.25 and v=0.202. The ratio ranges from 0.79 to 1.80.
The effects of the concrete strength and the dimension of the section
are two of the factors causing the deviation.  For the beams
examined, ‘\/a and b were variables but d remained constant. Figure
512b shows that the V/VC3! ratio increases as the ratio of Jiib for

the beams to that for the shear-friction specimens increases.

As discussed in the previous section, the concrete strength and
the dimension of ihe beam cross section may effect the equivalent
coefficient of shear-friction in ccncrete but they were not studied in
the shear-friction experimental program. In Eqn. (5.13) the

equivalent coefficient of shear-friction is considered to be a linear
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function of «/t_c_ and bd. The prediction using Eqn. (5.13) is also listed
in Table 5.2 and schematically shown in Fig. 5.13. The mean AAVALL
ratio is 1.00 with a standard deviation of 0.14 and v=0.14. The

viveal ratio ranges from 0.74 to 1.29.

Although the predictions of the shear-friction truss model using
the coefficient given by Eqn. (5.13) gives a little better results than
that by B,=3.0, the number of the examined beams is limited and the
specimens were not full scale practical beams. The effects of
concrete strength and cross section dimersion on the coefficient of

shear-friction still need to be studied. Thus B,=3.0 is recommended

for design.

The test results are also compared to the failure shears
predicted by the existing ACI method with ¢=1 using Eqn. (2.7). The
results are shown in Table 5.3 and plotted in Fig. 5.14. For the
beams examined, the ACI shear design procedure safely estimates all
the beams. The mean VYVS3 ratio is 1.25 with a standard deviation
of 0.17 and v=0.136. The ratios ranges from 1.0 to 1.6. The safe
predictions of the ACI procedure is expected partly because the
actual angles of inclination of the critical cracks, ranged from 18° to
36° for the examined beams, are flatter than 45°, and, as a result the
ACI procedure must have underestimated the shear contribution of
stirrups. This is why the ACI procedure underestimates the
strengths of beams with small 6 more than for beams with large 6, as
shown in Fig. 5.14. However, the ACI procedure gives a reasonably

good estimate.
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Table 5.3 also lists the prediction using the variable angle truss
model given by Eqn. (2.11). The plot of vy veal ratio against 6 is
shown in Fig. 5.15 The actual angle of inclination of the critical
cracks are used in the variable truss model. As a result the shear

contribution of the stirrups, Vg, is accurately estimated. However,
neglecting the concrete contribution in the variable truss model leads
to an underestimation of the overall shear stre.ngths. The ratio of
vYyvedl ranges from 0.99 to 2.46. The mean value is 1.58 with a

standard deviation of 0.33 and v=0.209.

The last two columns in Table 5.3 shows the comparisons of the

test results to the predication by the following equation:

1 A f,d
V=_Vf,bd+ 2
6 ¢ s tan® (5.24)

The first term in Eqn. (5.24) is the concrete contribution adopted
from the ACI procedure and the second term is the stirrup
contribution taken from the variable truss model. Since the variable
truss model using the actual angle of inclination of the critical crack
can accurately estimate the shear contribution of the stirrups, the
comparisons between the test results and the predictions by Eqn.
(5.24) can examine the concrete contribution term in Eqn. (5.24).
The data in the last two columns in Table 5.3 shows that Eqn. (5.24)
overestimates the shear strength. The mean ratio of Vi/veis 0.87
with a standard deviation of 0.08 and v=0.114. The ratio ranges

from 0.70 to 1.06. The results are plotted in Fig. 5.16.
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The unsafe mean value of 0.87 by Eqn. (5.24) indicates that the
ACI concrete contribution term overestimates the concrete shear
contribution of reinforced concrete beams with stirrups unless © is
taken as 45°. The over-estimation of concrete contribution is
expected because the ACI concrete contribution term is the ultimate
shear force of concrete beams without stirrups. For normal slender
beams without stirrups the failures were caused due to the cracking
in the concrete. The shear strength is mainly from the tension in the
concrete. However, for the beams reinforced with stirrups,  the
ultimate state is a post-cracking state at which the concrete
contribution is due to the shear-friction on the concrete piane. For a
slender beam a flatter critical crack is usually expected and the
shear contribution from the tension in concrete exceeds that due to
the shear-friction. If no stirrups are provided the beam fails
immediately after the critical crack develops, as observed in the
shear-friction tests of the specimens with 9=30°. Thus the ACI
concrete contribution developed from the concrete beams without
stirrups overestimates the concrete contribution of beams with
stirrups at failure if the observed 8 is used to compute V. However
the ACI steel contribution based on the 45° truss model
underestimates the contribution from the stirrups. The over-
estimation of the shear carried by the concrete offsets the
underestimation of the shear carried by the stirrups and as a result

the ACI procedure gives a reasonable good estimation of the overall

shear strength.
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Although the ACI procedure can predict the shear strength of a
reinforced concrete beam with acceptable safely and accuracy, it
does not give a clear conceptual understanding of the concrete
contribution. The shear-friction truss model can predict the shear
strength accurately and also gives a very clear understanding of the

mechanism of shear contributions both from the concrete and the

stirrups.

5.8 Design Procedure and Example

The shear-friction truss model can be used to design the stirrups
of reinforced concrete beams by selecting a reasonable angle for the
struts. As shown by the plots in Fig. 5.9, the minimum shear
strength is relatively insensitive to © as & various from 25° to 45°.
As the selected angle of 8 decreases the amount of stirrups required
to resist a certain applied shear force decreases. However, according
to Eqn. (5.5), the resulting longitudinal reinforcement required to

resist the resulting longitudinal tension increases. This is usually an

economical trade off.

Consistant with the CSA design code, the shear contribution from
the concrete is factored by ¢ and the shear contribution of the
stirrups is factored by ¢s. ¢cis equal to 0.6 and ¢ is equal to 0.85.

Thus the shear-friction truss model for the design is:

BO-COte N+¢sAvfydv

Vi< Ve + Vs =0c
1 + Bp cot6 s tan@

(5.25)
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where V; is the factored load. For a given 6. Vy, V. and Vg can be

Aylyd,

o

calculated as a function of by solving the two nonlinear

equation Eqn. (5.21) and (5.25). For simplification, a design chart is
presented in Fig 5.17. By substituting the value of ¢., ¢, and the

recommended value of B,=3.0 and solving Eqn. (5.21) and (5.25) the

S
curve of ¢S(ﬁLf_Y_d_‘i) vs.0 shown in Fig. 5.17 is obtained. This can be
S

used as a design chart.

The procedure for the design of the stirrups in a reinforced

concrete beam is described as follows.
1. Compute Vi, select trial b and d.

2. Choose value of 8: The value of 8 can be chosen by the
designer from 25° to 45°. As 9 is made smaller, f,, the diagonal

compressive stress due to the applied shear, becomes larger and as a

result the web concrete may crush before the stirrups yield. Thus ©

is limited by Eqn. (5.26).

V¢ <€ ¢ fce bdy sin® cosB (5.26)
where f'. is the effective strength of the concrete which will be
discussed in Chpt. 7.

3. Design of stirrups: Determine the value of x for the selected 6

from the design chart in Fig. 5.20, where vc:Vdﬁf‘-‘;—f—’-’ﬁ‘1 and comes

from Eqn. (5.25). The required spacing of the stirrups is:
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S=K¢5Avfydv

Vi (5.27)

4. Design of the longitudinal reinforcement: The longitudinal
reinforcement is designed for the tensile force given by Eqn. (5.28)

or Eqn. (5.29) whichever is larger.
M

= —f
N _]d +0.5 VfCOle (528)
-cot@
N=V /(¢C_B°__‘£E___)
¢ I +Pocotd (5.29)

Equation (5.28) is the force in the longitudinal reinforcement caused
by bending moment and the diagonal compression in the beam web.

N in Eqn. (5.29) is the force required to mobilize the shear-friction.

In the normal case Eqn. (5.28) governs.

The shear-friction truss model is used to design the stirrups for
the beam used in Example 4.1 and Example 4.4 of the CPCA
Handbook’? to demonstrate the Simplified Method and the General
Method of stirrup design in the 1984 CSA A23.3 Code respectively.
The dimensions of the cross section of the beam are b=450 mm,
d=755 mm and d,=680. The concrete strength is 25 MPa and the
strength of the No.10 U stirrups is 400 MPa. The factored shear at a
distance d from the support is V=642 kN.

The CSA Simplified Method is the same method used by the ACI
Code except for the load and material factors. This method is

demonstrated in Example 4.1 in the CPCA Handbook. The spacing of

the stirrups required is:
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o O0Ayd 0.85x200x400x755 _
s = = = 17T mm
Vi- 0200 T bd 642000 - 0.2<1 0x0,6xY35x450x755

The force in the longitudinal reinforcement is:
Asz. Mf -
jdx0s ty

The longitudinal bars must be extended a distance d past where they

are needed for flexure.

The CSA General Method is a variable angle truss model. This
method is demonstrated in Example 4.4 in the CSA Handbook for the
same beam but V=607 kN, the shear at distance 1000 mm from the

support, is used. For comparison with the design carried out using
the Simplified Method, V=642 kN is used here. In Example 4.4

9=34.2°. The spacing of the stirrups required according to the

General Method is:

o= Ay fy dv _ 0.85%200x400x680 _ 106 mm
Vg tan® 642000xtan34.2

The longitudinal reinforcement required is

N=- M¢ + 412 kN
jdxos fy s fy

but not more than N= Mg i

jd ¢s fy

The same 6=34.2°is chosen for the shear-friction truss model.
From the design chart in Fig. 5.20, the value of k¥ corresponding to
9=34.2° is 1.90. Thus the spacing of the stirrups required according

to the shear-friction truss model is:



189

o = KOs Avlydy _ 1.9x0.85%200x400x680 _

vi 642000 136 mm

The longitudinal reinforcement required is

N = My | 472kN
jdxosfy  osfy

Mf max

but not more than N= : .
jd Os ty

The above calculations indicate that if 6=34.2° the General
Method uses more stirrups and more longitudinal reinforcement
than that by the Simplified Method. The shear-friction truss model

uses less stirrups but more longitudinal reinforcement.

In the above example 6 = 34.2°is used. For further evaluation of
the shear-friction truss model, 8=45°. 40°, 35° 30° 25° and 20° are
used in the CSA General Method and the shear-friction truss model.
Table 5.4 shows the results together with those calculated by the
Simplified Method. The comparison results indicate that the shear-
friction truss model requires less stirrups than that designed by the
CSA General Method but needs the same longitudinal reinforcement.
Compared to the CSA Simplified Method, the shear-friction truss
model requires less stirrups but more longitudinal reinforcement.
By considering the extended steel d required by the Simplified
Method, the relative increase in the longitudinal reinforcement
required by the shear-friction truss model may reduced. If the
increase in the longitudinal reinforcement and decrease in the

stirrups is a economic trade off, the design of shear using the shear-
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friction truss model is about as economical as the CSA Simplitied

Method but more economical than the CSA General Mcethod.

5.9 Extension of the Application of SFTM

The shear-friction truss model is developed from a general
inclined cracked plane to calculate the capacity of shear transfer
across the crack. Theoretically, the model is applicable to any
reinforced concrete members with force transfer mechanisms across
inclined cracks. In this section, attempts are made to extend the
shear-friction truss model to the cases of reinforced concrete beams
with axial load, prestressed concrete beams and deep beams loaded
indirectly. Only theoretical derivations are involved in this part of

work.

5.9.1 Beam with External Axial Load

b .
Researchers~6 have found that external axial force has a
significant effect on the shear strength of reinforced concrete beams.
However, the mechanism of the effects of axial force on the shear

strength has not been explained very well by the researchers.

In the shear-friction truss model, the effect of the axial force on
the shear strength can be explained. According to the shear-friction
truss model, the concrete contribution, V., is directly proportional to
the compressive force on the crack plane under consideration.  Axial
force affects the concrete contribution by changing the compressive

force on the crack plane. Figure 5.18 shows the forces in two
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cracked beams. Assume the two beams have the same configuration,
the tensile force in the reinforcement in the beam with axial load Ng
is:

N¢=N-0.5N, (5.30)

where N is the tensile force in the reinforcement in the beam
without axial load under the same transverse load. Thus the

compressive force on the concrete is

C=N+0.5N€ (531)

From the shear-friction truss model the concrete contribution of the

beam with external axial force is
Ve=Bg(N+0.5N,) (5.32)

Equation (5.32) can be rewritten as

0.5N,

Ve=BgN(1+ ) (5.32a)

or

e 0.5 Ne
Ve=Vell+ N ) (5.32b)

where V. is the concrete contribution of a beam without axial force.
Equation (5.32b) indicates that a compression axial force increases
the shear strength of the beam while a tensile axial force decreases
the shear strength. Equation (5.32b) has a similar formulation to the
CSA code equation for calculating the shear strength of reinforced

concrete beams with axial compression:
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e(l—1) CSA Eqn. (11.9) (5.33)

where A, is the area of the beam cross section. Equation (5.33) can

be rewritten as

. 0.5 N,
Ve= V(I +——5) _
Agfc/6 (5.33a)

A comparison between the Eqn. (5.32b) and (5.33) is not practical
since V. from both methods is different, however it is helpful to
understand the behaviour of the model. By considering (A,f./6) as a
measure of the compression in the concrete, in both Eqn. (5.32b) and
(5.33a), V_.%is directly proportional to the ratio of axial force to the
compression in the concrete. The compression on the concrete, N, in

Eqn. (5.32b) is equivalent to (A,f/6) in Eqn (5.33a).

5.9.2 Prestressed Concrete Beams

Similar to reinforced concrete beams with axial compressive
load, the shear strength of prestressed concrete beams is larger than
that of normal reinforced concrete beams. For a prestressed concrete
beam, if shear failure governs, the longitudinal reinforcement
usually has not yet yielded and the force in the longitudinal
reinforcement at failure is larger than that of the same beam without
prestressing.  As a result prestressed concrete beams have larger
shear strength than normal reinforced concrete beams do. Figure
5.19 shows the forces in a cracked prestressed beam and a normal

reinforced concrete beam. The compression in the concrete is
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C=N+N, (5.34)

where N is the tension in the longitudinal reinforcement in the beam

without prestressing and N is the effective prestressing force. From
the shear-friction truss model the concrete contribution to the shear

strength of a prestressed concrete beam is

V2 =Bg (N+Np) (5.35)

Equation (5.35) can be rewritten as

N
WP = p
c—BON(1+N) (5.35a)
N
vp=V (1+—2) (5.35b)
¢ C N

where V. is the concrete contribution of a reinforced concrete beam
with the same configuration and material properties except

prestressing.

5.9.3 Deep Beams Loaded Indirectly

As discussed in Sect. 2.3.4, reinforced concrete beams loaded at
the top and supported at bottom act as a strut-and-tie model. The
transverse load is directly transferred to the supports by the
compression in the struts. No shear transfer across cracks is

involved in the strut-and-tie model. The shear strength is expressed

by Eqn. (2.15).

However for deep beams loaded indirectly, a direct strut linking

the load points and the supports is not possible and a shear transfer
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mechanism across the cracks is required. As shown in Fig. 5.20, the
load is applied to web of the beam under the critical crack through
the loading bars or to the cross beams and is then transferred to the
compression struts above the crack through the stirrups and the
shear-friction in the crack.  Therefore the shear strength of a

reinforced concrete deep beams loaded indirectly is:

V=VC+VS.<_V[,‘,[’ (536)

where V. and Vg are the shear contributions by the shear-friction
and the transverse stirrups in the crack under consideration,
respectively, and V,, is the shear strength of the same deep beam
loaded at the top which is given by Eqn. (2.14). V. and V are the
same shear transfer mechanisms across an inclined crack as in
slender beams. Thus the shear strength of reinforced concrete deep

beams loaded indirectly can be expressed as

By~ cotd A,f,d
V=V + V= N+ < Viop (5.37)
1+ Bgceotd s tan@

In deep beams, the critical cracks are usually defined by the
shear span of the beams, rather than that calculated by Eqn. (5.21).
The critical cracks usually start from the edge or the supports to the
top of the load introduction bars or cross beams, as shown in Fig.

5.23. In this case cot® is approximately equal to the shear span ratio.

Thus Eqn. (5.37) becomes

V=V.+V.= Bo-ad A2y
c S s top (538)
1+ Bya/d )
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Ref. 60 reported the tests of deep beams loaded at bottom
through loading bars. The tests indicated that for deep beams loaded
at bottom, if enough stirrups are provided, the failure is usually
caused by the diagonal crushing of the concrete web and the same
shear strength as the deep beams loaded at the top can be reached.

The stirrups can be designed according to Eqn. (5.38).

5.10 Summary

In summary, this chapter has dealt with the development of the
shear-friction truss model as a design tool for the shear strength of
reinforced concrete beams. In this model the function of the stirrups
is represented by the variable angle truss model and the
contribution of the concrete is modelled by shear-friction. In a
reinforced concrete beam the stirrups act to transfer the shear
directly as do the tension ties in a truss. At the same time the
longitudinal reinforcement transfers the shear indirectly by inducing
confinement on the crack plane which mobilizes shear-friction. The
application of the shear-friction truss model to the test beams shows
that the model gives predications with acceptable safety and
accuracy. The design example indicates that the shear-friction truss
model usually requires less stirrups than beams designed by the CSA
Simplified Method or by the CSA General Method but needs more
longitudinal reinforcement than required by the CSA Simplified
Method. Part of the increase in longitudinal reinforcement is offset

by the extended steel d required by the Simplified Method.
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It is found that the CSA Simplified Method and the ACI shear
design procedure underestimate the shear contribution from stirrups
because they use a conservative angle of 45° for the truss model. At
the same time the CSA Simplified Method and the ACI procedure
overestimate the shear contribution from the concrete by using the
shear strength of concrete beams without stirrups as the concrete
contribution of beams with stirrups. The underestimation of the
stirrup contribution and overestimation of the concrete contribution
offset, and as a result, the code procedure can give good predictions
of the shear strengths of reinforced concrete beams. However the
code procedure does not give a clear understanding of the shear

transfer mechanism across an inclined crack.

Further research is needed to improve the shear-friction truss

model in the following aspects.

1. The effects of the concrete strength and the cross section on
the coefficient of shear-friction of concrete needs to be studied

experimentally.

2. The width of crack is not a prime variable in the shear-
friction tests. However, according to the aggregate interlock tests by
other researchers, the shear transfer decreases as crack width
increases. On the other hand the tension in the reinforcement at the
crack in a reinforced concrete beam increases as the crack width
increases. Therefore two events occur simultaneously as the crack
width increases. The aggregate interlock action decreases as the

crack width increases and the shear-friction increases because the
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compression in the crack plane increases. Therefore in a reinforced
concrete beam the critical crack seldom starts from the edges of the
support where the force in the reinforcement is the lowest. Crack
width has very a complicated effect on the shear-friction in the crack

and further research on this issue is worthwhile

3. In the shear-friction truss model procedure, as expressed by
Eqns. (5.20) and (5.21), three unknowns are included in the two
equations.  For the shear design of reinforced concrete beams, an
angle of inclination can be chosen from 15 to 40 degrees and the
stirrups can be designed according to the chart in Fig. 5.17.
However, for predicting the shear strength of an existing beam either
the angle of the critical crack or the compression force on the critical
crack plane is needed. Further studies to develop the procedure
calculating the critical crack inclination and the compressive force on

the critical crack would be useful.

4. Theoretically, the shear-friction truss model deals with the
force transfer mechanism across an inclined crack. Therefore the
model can be applied to calculate the shear strengths of reinforced
concrete members in which shear failure is caused due to the loss of
the force transfer mechanism across an inclined crack, such as beams
with axial load, prestressed concrete beams and deep beams loaded
at the bottom. Further work is needed to examine test results using

the shear-friction truss model.



198

Table 5.1 The properties of the test beams by Scordelis*®

Specimen| b da ||t Long. reinf. Stirrups Test Result
No. No. | Ag | fy 1 Ay s [fv] vt]|®
a-1 | 307 | 466 1392 | 24.1 | 4-#9| 2628 | 555 | 64.5 210|325 234 | 18
A-2 305 | 464 [493 | 243 | 5-#9 3285 | 555 | 645 210|325 2as| 22
A.3 | 307 | 466 691 | 350 | 6-#9 3043 | 552 | 4.5 210325 2341 20
B-1 231 | 461 |3.95 | 248 | 4-#9 2628 | 555 | 64.5] 1911325 221 19
B-2 29 | 466 | 491 | 23.2 [ 4-#0 | 2628 | 555 | 64.5] 191 3250 200 | 18

B.3 | 220 | 461 [695 | 388 | 5-#9 | 3285 | 552 | 645] 191 125 118 | »
Cc-1 156 | 464 |3.95 | 296 | 2-#9 1314 | 555 | 645] 210| 325 156 | 24
c.2 | 152 [464 [ 493 | 238 | 4-#0 2628 | 555 | 64.5| 210} 325 162 | 18
C-3 155 | 459 | 698 | 35.0 | 4-#9 2628 | 552 | 645 210 | 325) 136 | 23
xB-1 | 231 | 458 | 40 [245 [ 4-#0 | 2385 | 665 | 6541 191 {339 200 | 20
CA-1 307 | 459 | 3.98 2.7 | 4-#9 { 2585 | 665 | 65.4 210 1 339] 165 | 30
CB-1 | 229|458 [3.98 | 248 | 4-#9 2585 | 665 | 65.4| 191 | 339] 176 | 4
cc-1 | 152 ] 459 |398 272 | 2-#0 1203 | 665 | 65.4| 210 339] 110 | 18
RA-1 | 305 |458 [398 | 249 | 6-#7 2323 | 656 | 654 210 | 339 200 | 25
RB-1 | 200 | 459 | 398 | 246 | 6-#7 | 2323 | 656 | 654 191 3391 200 | 25
RC-1 | 155 |459 |398 [ 292 | 3-#7 | 1161 | 656 | 654] 210 339 137 | 27
CRA-1 | 305 | 460 [398 | 25.1 | 6-#7 2347 | 697 | 65.8| 210 | 342| 167 | 36
CRB-1 | 220 | 457 | 401|237 | 6-#7 2347 | 697 | 658 191 | 342| 172 | 28
CrRC-1 | 155 |458 | 40 | 244 | 3-#7 1174 | 697 | 658 210 342 118 | 32
1WCRA-1| 305 | 457 | 401 | 263 | 6-#7 2347 | 697 | 658 156 | 342| 214 | 26
{WCRB-1] 220 | 459 | 3.99 1232 | 6-#7 2347 | 697 | 658 141 | 342] 204 | 28
1were-1l 152 ] 459 | 398 268 | 3-47 ] 1174 | 697 | 658 162 | 342| 144 | 29

IWCA-1 | 304 | 463 |3.95 | 252 | 4-#9 2675 | 663 | 658 | 146 | 342| 220 | 29
IWCB-1 | 231 | 460 | 397 | 265 | 4-#9 2675 | 663 | 658 141 | 342| 202 | 30
1wee-1 | 155 | 460 397 {249 | 2-¥9 1338 | 663 | 65.8} 162 | 342] 142 | 24
JWCA-1 | 305 | 461 | 3.96 | 263 | 4-#9 2675 | 663 | 658 156 | 342| 241 | 25
3WCA-1 | 305 |460 |397 | 263 | 4-#9 2675 | 663 | 6581 162 | 342| 207 | 4

Note: 1. The units are mm for length, kN for force and MPa for stress.
2. The stirrup spacing for W-beams are variable and the numbers
in the table are the average spacing.



Table 5.2 The strengths predicted by SFTM

Specimen| e | an B, =3.0 B, =9.32x10"6Vf bd
No. Vv 0 va [ytya B, v vty
A-l 234 18 143.7 1.62 6.55 2219 1.05
A-2 245 22 135.6 1.80 6.49 189.0 1.29
A-3 234 20 139.2 1.68 7.90 214.5 1.09
B-1 222 19 152.3 1.46 494 2100 1.06
B-2 200 18 1579 1.27 4.717 2153 093
B-3 178 32 1224 145 6.11 145.6 1.22
C-1 156 24 1314 1.18 3.64 146.0 1.07
-2 162 18 143.2 1.13 3.22 149.3 1.09
C-3 136 23 132.2 1.03 392 153.2 0.89
XB-1 200 20 1589 1.26 4.88 2126 094
CA-1 165 30 1224 1.35 6.79 150.9 1.09
CB-1 176 24 151.0 1.16 4.86 1874 0.94
CC-1 110 18 127.5 0.86 340 134.8 0.82
RA -1 200 25 1350 1.48 6.50 177.2 1.13
RB -1 200 25 148.6 1.35 4.85 181.8 1.10
RC-1 137 27 130.1 1.05 3.58 1409 097
CRA-1 167 36 109.2 1.53 6.54 1264 1.33
CRB-1 172 28 1419 1.21 473 162.9 1.03
CRC-1 118 32 118.8 1.00 327 122.6 097
IWCRA-]1 214 26 192.3 1.11 6.66 2494 0.86
IWCRB-§ 204 28 192.1 1.06 4.71 225.7 090
IWCRC-|] 144 29 164.4 0.87 3.37 172.8 0.83
IWCA-1] 220 29 183.5 1.20 6.59 227.8 0.97
1WCB-1 202 30 184.6 1.09 5.0 216.9 093
IWCC-1} 142 24 181.1 0.79 3.31 1919 0.74
2WCA-1| 241 25 197.7 1.22 6.72 261.0 092
3WCA-1} 207 24 181.1 1.14 6.70 2435 0.85
X=1.24 X=1.00
* All the forces are in KN =0.25 G=0.14
*+ See figures in Appendix C v=0.202 v=0.14
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Table 5.3 The strengths predicted by ACI procedure

and CSA general method

Variable angle

Eqn. (5.34)

200

Specimen| U] o** ACT Procedure: V= Vet Vs | russ Model
No. Ve | V. al [yt oclf  cal toca | el [yt cl
¢ s (VT IV Sy Vi v Vi
A-1 | 23418 171|467 [ 1638 143 | 1437 | 162 | 2608 090
A-2 | 25| 22 |61 465 | 1626 150 | nisa | 213 | 2312] 106
A-3 | 234 | 20 |1413] 467 | 1880 124 | 1283 | 182 | 2696| 087
B-1 | 222 19 | 884508} 1302] 160 | 1476 151 | 2350 o004
B-2 | 200 |18 | 8545131367 146 |1579 | 127 | 2433 o082
B-3 | 178 {32 |1092| 508 | 1600] 111 | 812 | 219 | 1904 093
c-1 156 | 24 | 651 | 464 | 1116 140 | 1043 | 149 | 16941 092
c-2 |62 |18 |575]465|1040] 156 | 1432 113 | 2007] 081
c-3 13623 | 700|460 |n61| 117 |1083] 125 | 1784 076
xB-1 | 200 |20 | 874|533 | 1407| 142 | 1465 | 137 | 2339 086
ca-1 | 165 | 30 |1215] 486 | 1701 | 097 | 842 196 | 2058] o080
CB-1 | 176 |24 | 869 | 534 | 1402{ 125 | 1199 | 147 | 2068| 085
cc-1 | 110 |18 | 608|486 | 1004 101 | 914 120 | 1522 o072
RA-1 | 200 |25 |1162] 486 | 1648 | 121 | 1041 | 192 | 2203] o091
RB-1 | 200 |25 | 867 | 534 | 1402] 143 | 1146 | 175 | 2003} 099
RC-1 | 137 127 | 640 | 486 | 1126 122 | 953 143 | 1593 086
CRA-1 | 167 |36 |117.0] 494 | 1664 | 1.01 68.1 2.46 185.1 | 0.90
CRB-1 | 172 |28 | 847|541 | 1387} 124 | 1017 170 | 1863 092
CRC-1 | 118 | 32 | 584|493 |107.7] 110 | 788 150 | 1372] o086
IWCRA-1] 214 | 26 |119.1] 705 | 1895 113 | 1445 | 148 | 263.5| 081
1WCRrB-1| 204 | 28 | 842 | 732 | 1574) 129 | 1377 148 | 2219 092
twCRC-1] 144 |29 | 604 | 639 | 1243 116 | 1154 ) 125 | 1757 082
twea-1 | 220 | 20 |1179]| 714 | 1892 116 | 1288 171 | 2466 089
1weB-1 | 202 |30 o911 | 733 | 1645] 123 | 1270 159 | 2181 093
twee-1 142 |24 | 503 | 640 j 1233 115 | 1438 099 | 2031 070
awCA-1| 241 §25 |1200] 711 [ 1912] 126 | 1525 158 | 2726 089
3WCA-1] 207 |24 {1198 640 | 1838 | 113 | 1438 | 144 [ 2636] 079
X=1.25 X=1.58 X=0.87
* All the forces are in KN o=0.17 0=0.33 0=0.08
** See figures in Appendix C v=0.136 v=0.209 v=0.092
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Figure 5.1 Internal forces in a cracked beam
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Figure 5.2 The simplified internal forces in the crack plane

M=0 M=Vd, cotd

I

C =0.5N,

0.5jd

Figure 5.3 A truss system account for the concrete contribution
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b) Forces in a reinforced concrete beam

Figure 5.4 Dry friction analogy for the cross section
of a reinforced concrete beam ;
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Figure 5.5 Dry friction analogy in an inclined section
of a reinforced concrete beam;
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Figure 5.6 Force transformation
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Figure 5.7 Analysis of the coefficient of shear-friction
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a) V. as transverse force

1 V=Vc+ Vg

a) Vg as shear force parallel to the crack

Figure 5.8 Force transfer across the crack
between two diagonal struts
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b) Prestressed concrete beam

Figure 5.19 Forces in a prestressed concrete oeam;
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b) Deep beam loaded through cross beams

Figure 5.20 Shear transfer mechanism in deep
beams loaded indirectly



6. RESULTS OF TESTS ON CONCRETE SOFTENING

6.1 Presentation of Test Data

To investigate the mechanics of concrete softening under
transverse tension, a total 40 reinforced concrete panels were axially
loaded until they crushed with a variety of different transverse

tensions.

The following sections present the test results for each group of
specimens to illustrate the behavior of the specimens under
longitudinal compression and transverse tension.  These results
consist of the loading histories (N vs. T), plots of longitudinal
compression (N/bhf.") vs. average transverse tensile strains (g,) and
longitudinal compressive strains (g.) respectively, the loads and the
deformations at the ultimate state and the failure modes. The major
test data for each specimens are listed in Table 6.1 and photographs

of the specimens at failure are given in Appendix B.

The longitudinal compressive and the transverse tensile lcads
were measured by two individual load cells. In this chapter N is the
total longitudinal compressive force applied to the concrete panels
while T is the transverse tensile force applied to each loading bar.
Eight loading bars were placed in each specimen. However, the total
transverse tensile force was less than 8T in some of the specimens
since less tension was applied to the two bars at the loading and
supporting Tespectively.  Transverse tensile strains were measured

by LVDT's mounted to the two edges of the panel, and by Demec
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gauges with targets on both the concrete and the reinforcement
across the entire width of the specimens (see Chpt. 3). Except for the
Demec gauges on the reinforcement which were only mounted on one
side, all the deformations and the strains discussed in this chapter

are the average of the two readings taken on both faces of the

specimens.

For all the specimens tested, the deformations measured by the
LVDT's and by the Demec gauges are in good agreement. Figure 6.1
shows examples of the average tensile strains across the entire width
of the panel measured both by the LVDT's and Demec gauges at the
same heights. Figure 6.1a shows that the LVDT's had approximately
equal measurements to those by the Demec gauges on the concrete.
The strains measured by the Demec gauges mounted on the
reinforcement were a little larger than those by the LVDT's
(Fig.6.1b). This is because the tensile strains were introduced to the
concrete through the reinforcement. The bonding between the
concrete and the reinforcement was not fully developed near the
edges of the panels and, as a result, the reinforcement had larger
tensile strains than the concrete. The fact that the deformations
measured by the three methods are in good agreement inspired
confidence in the accuracy of the data. In the following sections, the
average transverse deformations are based on the LVDT's readings
since the LVDT readings covered the entire range of load applied in

the tests.

On each specimen five LVDT's were arranged on each face of the

specimen, at a spacing of 80 mm. Figure 6.2 shows examples of the
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readings at the five heights. In most cases the readings were quite
uniformly distributed (as shown in Fig.6.2b) or had dispersions as
shown in Fig. 6.2a. In order to be consistent with the test results
reported by other researchers?’ and the truss model in which the
entire web of a beam is assumed uniformly strained, the average of

the five LVDT readings are used in the analysis.

6.2 Group I: General Study of the Reduction of Compressive

Strength of Concrete due to Transverse Tension

Eighteen specimens (#1 to #18) were included in this group. The
concrete strength was from 20.6 MPa to 26.8 MPa. The
reinforcement through which the transverse tensile strain  was
introduced to the concrete was 10M deformed bars with a vield
strength of 350 MPa. The specimens were loaded to failure by
crushing with various levels of transverse tensile strains to
investigate the general behavior of concrete softening. In the course
of the tests, both the longitudinal compressive and the transverse
tensile strain were monotonically increased from zero to failure. An
approximately constant ratio of longitudinal compressive stress to
transverse tensile strain was followed in the course of each test.
These ratios were different from specimen to specimen so that

different transverse strains were reached at the ultimate state.

Three plain concrete panels (#5, #12 and #17) were tested
under uniaxial compression only. The strengths of these panels were
compared with the concrete cylinder strength to investigate the

shape effect of the panels. Specimen #4, a reinforced panel, was also
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tested under uniaxial longitudinal compression to investigate the

effect of transverse restraint by the reinforcement.

In specimens #1 to #3 and #6. equal tensile force was applied to
all the eight loading bars. However, local bearing crushing was
observed at the loading and supporting ends of specimens #1, #2,
and #6 , (See Fig. 6.3a). To prevent the specimens from local bearing
crushing, less tension was applied to the top and bottom bars in the
tests of the following specimens. This was accomplished by locking
the four jacks linked to these two bars after the bars yielded
(£,=0.0025) while the rest of the loading bars were continuously
pulled to the designed transverse tensile strain. Thus, in the
following loading stages, the loading and supporting ends had less
transverse tensile strain than the central part of the panel and

bearing failure was avoided.

All the panels in this group, except specimens #4, #5, #12, and
#17 which were uniaxially loaded until crushing, had similar general
behaviors but different ultimate loads due to different transverse
tensile strains. The first crack formed between T=12 to 20 kN,
compared to the yield capacity of the reinforcement T=35 kN. The
initial crack was usually located near the mid-width of the panel
along the longitudinal direction, with a length of about half to the
entire height of the panel. As the transverse tension force increased,
the number and the width of the cracks also increased. The second
and the following cracks usually formed after the reinforcement
yielded. The cracks near the edges of the panel were curved in some

of the panels tested with the jacks at the loading and supporting
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ends lo¢ od (See Fig. 6.3b). For the specimens tested under uniaxial
compression, no cracks were observed before failure. A splitting

crack occurred in the plane of panel #12 at the ultimate state.

The cracking of the concrete was governed by the transverse
tension. The longitudinal compression had no measurable effect on
the cracking of the concrete. The reason was that the Poisson ratio
effect was small compared to the strains caused by the transverse
tensile forces. On the other hand, however, the transverse tension
reduced the longitudinal compressive strength and stiffness of the

concrete significantly.

Figure 6.4 shows the test results of panel #1 to #4. As shown in
Fig. 6.4a, the reinforcement of panels #1 to #3 were pulled to the
post yield stage, while in #4 transverse tension was not applied. Fig.
6.4b shows plots of N/bhf ' vs. the average transverse tensile strains.
For the thre. transversely tensioned panels, the major part of the
tensile strains were developed after the yield of the reinforcement.
The strain in panel #4 near failure was due to the Poisson ratio of the
concrete. Due to the transverse tension, the three transversely
tensioned panels had ultimate strengths lower than the concrete
cylinder strengths. The reduction of the strengths increased as the
transverse tensile strain increased. Panel #4 had a strength higher
than _he .ylinder strength due to the transverse restraint of the
reinforcement. Panels #3 and #4 failed due to crushing of concrete
across the entire sectiyy av the loading end, with N,/bhf ' = 0.982
and 1.149 respectively. The failures of panels #1 and #2 were

characterized by local bearing crushing, with N, /bhf.'= 0.769 and
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0.714 respectively.  Figure 6.4c shows plots of N/bhf." vs. the
longitudinal compression strains for the four specimens. The plots
indicate that at the same longitudinal compressive stress the
compression strain increased as the transverse tension strain
increased. In other words, the ti-ansverse tension reduced the

stiffness of the concrete in the longitudinal direction.

The test results of panels #5 to #8 are shown in Fig. 6.5. Fig.
6.5a shows the loading histories and Fig. 6.5b is the plots of N/bhf’

vs. the average transverse tensile strain. Panel #8 experienced the

largest transverse tension strain (¢,=0.0143) and, as a result, had the
lowest ultimate compressive strength (N /bhf '=0.550) among the
four panels. The plain concrete panel (#5) was uniaxially loaded and
the compressive strength was approximately equal to the concrete
cylinder strength (N,/bhf.'=1.016). The transverse tension strains of
#6 and #7 were between those of #5 and #8 and the ultimate
strengths were also between that of #5 and #8  Figure 6.5¢ shows
plots of N/bhf,' vs. the longitudinal compression strain. The plots
indicates that the transverse tension reduced the stiffness of the
concrete in the longitudinal direction. Panels #5, #7 and #8 reached
failure due to concrete crushing across a large part or the entire
section of the panels. Panel #6 failed because of local bearing
crushing underneath a loading plate. The reduction of the ultimate

strengths was approximately proportional to the transverse tensile

strain.

Figure 6.6 shows the test results of specimens #9 to #12. The

transverse tensile strains of the three transversely tensioned
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specimens were ranged from 0.014 to 0.018. Panels #9 to #11 failed
due to concrete crushing along the major cracks. The ratios of
N,/bhf.' were 0.553, 0.504 and 0.476 respectively. Specimen #12
was a plain panel and tested under uniaxially longitudinal
compression. The failure was caused due to the splitting of the
concrete near the middle of the supported end and crushing of the
corners at N, /bhf '= 0.949. The ultimate capacity of the four
specimens decreased as the transverse tensile strain increased (Fig.
6.6b). As with the previously tested specimens, the the transverse
tension reduced the stiffness of the concrete in the longitudinal

direction, (See Fig. 6.6c¢).

The test results of the last six specimens of Group I are shown in
Fig. 6.7. Specimens #13 and #14 experienced the largest transverse
tensile strains in Group I (g,=0.0212 and 0.0217 respectively). Both
of them failed due to concrete crushing along the major cracks at
N ,/bhf.'=0.550 and 0.440 respectively. During failure shearing was
observed across the cracks where the concrete crushed. Specimens
#15 and #16 were transversely tensioned to smaller strains than the
rest of the specimens in Group I (g,=0.0044 and 0.0083 respectively).
Roth specimens failed due to concrete crushing of the lower half
panel, at load ratios of N,/bhf.'=0.935 and 0.750 respectively.
Specimen #17 was a plain concrete panel tested under uniaxial
compression. It failed due to splitting at mid-thickness and crushing

over the entire width of the supporting end at N,/bhf '= 0.975.

[39)
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6.2.1 Relationship between Softening and Transverse

Strain and Stress

Tension forces in the reinforcement caused two consequences in
the concrete: transverse tensile strain and tensile stress. Collins*’
attributes the concrete softening to the transverse tensile strain
computed using a gauge length which includes the cracks. Kollegger
and Mehlhorn®’ suggest that the effective strength of concrete under
transverse tension is more accurately described as a function of
tensile transverse tensile stress than a function of tensile strain. For
reinforced concrete, the largest tensile stress in the concretc is the
cracking stress. After cracking the stress in the concrete is released
by unloading to the reinforcement at the crack. To distinguish the
real factor that softens the concrete, specimen #18 was transversely
tensioned to a stress stage just before the initial crack occurred so
that a ‘arge tensile stress was developed in the concrete of the entire
panel while only very small strain existed in the concrete. According
to the specimens previously tested, the initial cracks occurred at
T=12 kN to 20 kN. Specimen #18 was transversely pulled to T=15 kN
without any crack and was then loaded with longitudinal
compression to failure. No crack formed in the entire test and the
transverse tensile strain was unmeasurable. The specimen failed
due to the crushing of the major part of the section at
N,/bhf '=1.051. Although the transverse tensile stress was near the
maximum tensile stress the concrete could resist (cracking strength),

no measurable reduction of compressive strength was observed.
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Transverse tensile stress in the concrete itself did not soften the

concrete.

The plots of N/bhf.' vs. the longitudinal strains for specimen #13
to #18 were shown in Fig. 6.7c. As observed in the previous tests,

the transverse tensile strain reduced the longitudinal stiffness.

The ultimate compressive strengths (N /bhf.") for all 18
specimens were plotted against the ultimate average (ransverse
tensile strain in Fig. 6.8. The test results show that the transverse
tension reduces the compressive strength of the concrete.  The
largest reduction was 56%. To study the mechanisms of concrete
softening and provide more test data to develop the relationship

between N /bhf ' and e, specimens of Group II and [Il were

designed and tested.

6.3 Specimen Group II: Study of the Mechanism of Concrete

Softening;

Fifteen specimens (#19 to #33) were included in Group II. The
specimens had the same dimensions except the yield strength of the
reinforcement was 423 MPa and concrete cylinder strength was from
33.7 MPa to 35.7 MPa. Specimens #19 to #22 were tested to study
the effect of the load history on concrete softening. The longitudinal
compression and the transverse tension were increased alternately
rather than simultaneously.  Specimens #23 to #29 were tested
under repeated transverse tension. The tensile stress in the

transverse reinforcement was cycled from zero to either a pre-yield

26
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stress or a post-yield stress. As a result, a different number and
pattern of cracks occurred under the same transverse tensile strain
due to different cycles, and different transverse tensile strains might
occur under the same transverse tensile stress. The purpose of this
group of tests was to determine the real factor which reduced the
concrete strength among transverse tensile stress, transverse tensile
strain and cracking. Specimens #30 to #33 were cast with 5 mm
deep and 10 mm wide grooves on both sides to result in different
crack slopes to investigate their effects on concrete softening. The

grooves are shown in Fig. 3.18.

The test results of specimens i#19 to #22 are shown in Fig. 6.9.
Fig. 6.9a shows the loading histories, Fig. 6.9b presents plots of
N/bhf.' vs. the average tensile strains and Fig. 6.9c presents plots of
N/bhf.' vs. longitudinal compressive strains. Specimen #19 was first
loaded transversely to €,=0.009 and then loaded longitudinally to
failure. Cracks formed as a result of the application of transverse
tension and did not change in the course of applying the axial
compression N. The specimen failed due to crushing of the concrete
at £,=0.01094 and N,/bhf '=0.80. Specimen #20 was first loaded
longitudinally to the designated stress (N,/bhf.'=0.81) which was
approximately the ultimate strength of #19 and then transversely
pulled to failure. The failure occurred at £,=0.00943 due to crushing
of the concrete. The most significant observation in the test of #20
was that the concrete crushing in the longitudinal direction as
directly caused by the increase of transverse tension, rather than an

increase of longitudinal compression.
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The close compressive strengths and transverse tensile strains at
the ultimate state of panels #19 and #20 indicated that the load
history had no effect on the ultimate strengths in the two specimens.
However, the load history had an effect on the stiffness of the
specimens (see Fig. 6.9c). Specimen #20 had a larger stiffness before

the ultimate state than #19.

Specimens #21 and #22 were tested in a similar way as #19 and
#20 but the load paths were in two steps. The load histories are
shown in Fig. 6.9a and the changes of the strains vs. the longitudinal
compressive stress are shown in Fig. 6.9b and 6.9c. Both specimens
experienced similar behaviors to #19 and #20. Cracks formed in the
concrete as a result of transverse tension applied. Specimen #21 was
pulled to a large transverse tensile strain (g,=0.03883), and as a
result, the failure was very soft and no obvious crushing of concrete
was observe at failure. The panel failed at N /bhf;'=0.411 when no
additional longitudinal load could be applied. Specimen #22 reached
failure at N,/bhf./'=0.51 due to concrete crushing near the major
cracks.  Specimen #21 had a lower compressive strength than
specimen #22 because it had larger transverse tensile strain. Tk>
load history had no obvious effect on the ultimate strengths of the

two panels.

The application of the transverse tension caused two effects on
the longitudinal deformation: reduction of the stiffness of concrete
and an instant increase of compressive strain. As shown in Fig. 6.9¢

the specimens with larger transverse tensile strain had larger
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compressive strain at the same compressive stress level. This was
the softening effect caused by the transverse tension. Under a
constant sustained longitudinal compression, the application of the
transverse tension usually resulted in a significant increase in the
longitudinal compressive strain (see the plateaus of the curves for
Specimens #20 and 21 in Fig. 6.9¢). The amount of the compressive
strain increase was proportional to the amount of the sustained
compressive stress. Thus no compressive strain was observed during
the application of transverse tension at N=0 in the tests of #19 and
#22.  The instant increase of compressive strain was because the

softening due to transverse tension concentrated at the sustained

compressive stress level.

Specimens #23 to #29 were tested under longitudinal
compression and cyclic transverse tension. As in the previous
specimens, the concrete cracked and the cracks increased in number
and size as a result of the transverse tension. The longitudinal
compression had no measurable effect on the cracking. If the
transverse tension reached a post-yield stage of the reinforcement, it
usually caused a large transverse permanent tensile strain in the
concrete after the tensile stress in the reinforcement was released
(see Figs 6.10b to 6.12b). The larger transverse tensile strain usually

corresponded to a plateau in the curves of N/bhf,' vs. €. due to the

softened stiffness (see Figs. 6.10c to 6.12c).

Figs. 6.10 and 6.11 show the test results of specimens #23 to
#26. These four specimens were subjected to cyclic transverse

tension but with different cycles and stress levels. The
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reinforcement was pulled to either a pre-yield or a post-yield stress
and then released to zero stress under approximately the same
longitudinal load. Several cycles of the "pull-and release” transverse
tensile force were applied until the average transverse tensile strain
in the concrete reached the designated amount. The panels were
then loaded longitudinally to failure under zero transverse tensile
force (T=0). Specimen #23 was subjected to two cycles of the
repeated tension before €,=0.01164 was developed in the concrete.
The panel failed at N,/bhf '=0.688 due to crushing of the concrete.
Specimen #24 experienced 4 cycles of repeated tension and a total
transverse tensile strain of €,=0.04321 was developed in the
concrete. The panel failed at N /bhf;'=0.390 when no additional
compressive force could be applied. The failure was very soft and no
crushing of concrete was observed. Specimens #25 and #26
experienced one and two cycles of repeated transverse tension to
develop the transverse tensile strain of €,=0.00262 and 0.01450
respectively.  Specimen #25 reached failure at N, /bhf '=0.702 due to
local crushing at the upper left corner. Specimen 26 failed at

N,/bhf.'=0.596 due to crushing of concrete across the loading end.

The test results of specimens #27 to #29 are shown in Fig. 6.12.
Specimen #29 was a plain concrete panel tested under uniaxial
longitudinal compression while #27 and 28 experienced repeated
transverse tensile stress similar to specimens #23 to 26 except that
#27 and #28 were loaded longitudinally to failure under a sustained
tensile force, rather than zero force. They failed at N,/bhf.'=0.656

and 0.694 respectively due to crushing of the concrete. The plain
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concrete panel (#29) reached failure at N,/bhf.'=1.003 due to

crushing of the upper left corner.

The test results of specimens #23 to #29 indicated that among
transverse tensile stress, strain and cracking, transverse tensile

stress had no direct effect on the reduction of the compressive

strength.  The ultimate ¢.- » force decreased as the average
gross transverse tensie st re .sed.  Specimens #27 and #28
experienced non-zero ¥oi.e. o ..nsile force at the ultimate state,

and as a result, the concrete between c.acks had non-zero tensile
stress. However specimens #27 and #28 had higher compressive
strengths than the specimens (#24 and #26) with zero transverse
tensile stress but larger average transverse tensile strain. Specimen
#18 had a tensile stress approximately equal to the tensile strength
of the concrete but it displayed no measurable softening in the
concrete since only very small tensile strains and no cracking were

developed in the concrete.

The tests results of specimens S23 to S29 also indicates that the
number and the width of the cracks were proportional to the gross
transverse tensile strain. Actually, gross transverse tensile strain is
a measure of cracks in the concrete. The larger the gross transverse
tensile strain developed in the concrete, the more cracks formed in

the concrete and the more the concrete was softened.

Specimen #30 to #33 were tested to study the effect of the crack
pattern on the concrete softening. The location and the slope of the

crack were defined by the grooves in the specimen surface. As
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shown in Fig. 6.13a and 6.14a, the specimens were pulled
transversely to develop the designated transverse tensile strains in
the concrete and then loaded longitudinally to failure. Like the
specimens previously tested, the concrete cracked as a result of the
transverse tension. However, the initial crack usually formed within
the groove(s) and this crack was the critical crack at failure. The
cracks incrcased in number and width as the transverse tension
increased. The later cracks might intercept the cracks in the inclined
grooves (#30 and #32). Near failure, shearing was observed across
the inclined cracks and crushing occurred where the inclined cracks

intercepted the longitudinal cracks, (see the photos in Appendix B).

Figure 6.13 shows the test results of specimen #30 and #31.
Specimen #30 had an inclined groove 18° to the longitudinal axial
while in #31 the groove was in the longitudinal direction. Both
specimens were pulled transversely to a transverse tensile strain
approximately equal to 0.009, under an axial load of N/bhf.'=0.13.
The specimens were then loaded longitudinally to failure. Specimen
#30 failed at N,/bhf'=0.674 due to crushing of the concrete where
the inclined crack intercepted other longitudinal cracks. The failure
was combined with shearing across the inclined crack. Specimen #31
failed at N /bhf '=0.732 due to crushing of the concrete at the upper
right part of the specimen. Although both specimens had
approximately equal transverse tensile strains at the ultimate state,

#31 had a higher strength than #30.

The test results of specimens #32 and 33 are shown in Fig. 6.14.

Both specimens had two grooves on cach face to define cracks. In

‘o
9
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specimen #32 the two grooves were inclined, compared with #33 in
which the grooves were longitudinal. The inclination of the inclined
grooves was 10°. The specimens were pulled transversely to tensile
strains of 0.00437 and 0.00671 respectively under N/bhf.'=0.15, and
then loaded longitudinally to failure. Specimen #32 failed at
N ,/bhf.'=0.701 due to crushing of the concrete near the grooves
within which the major cracks were developed, combined with
shearing across these cracks (see photos in Appendix B). Specimen

#33 failed at N /bhf '=0.636 due to concrete crushing at the two

upper coOrners.

6.4 Group IIl: Study of the Concrete Softening due to

Non-uniform Stresses

Seven specimens (#34 to #40) were included in Group III. The
specimens was tested to investigate concrete softening due to a non-
uniform distribution of the compression stresses. The non-uniform
distributions of stress were produced by one center force P and two
side forces nP as shown in Fig. 3.19. Thus the total longitudinal
compressive force in the concrete was N=P+2nP. Four configurations
of stress distributions, (n=0.25, n=0.5, n=0.75 and n=1) were tested.
The specimens were tested with either uniaxial compression or

under compression and transverse tension.

Figure 6.15 shows the test results for the specimens #40, #35,
#34 and #36, with the nou-uniform loading configuration factor n
equal to 1.0, 0.75. 0.5 and 0.25 respectively. The specimens were

loaded to failure under uniaxial longitudinal compression. Specimen
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#35 failed at N,/bhf./'=0.981 due to crushing of the concrete across
the entire cross section. Specimens #34 and #36 reached tailure at
N,/bhf.,'=0.858 and 0.731 respectively by splitting of the concrete
along the mid-width of the panel. The splitting was combined by
local crushing underneath the center loading plates. Specimen #40
failed at N, /bhf.'=1.036 due to crushing of the concrete at an upper
corner. The specimens with lower loading configuration factor, n,
had higher total compressive load (N,) but lower center force (P,)
than the specimens with higher n. In other words, the specimens
with more uniform stress distributions had higher average
compressive strengths but lower peak stresses than the specimens

with more non-uniformly distributed stresses.

The test results of #37 to #39 are shown in Fig. 6.16. The
specimens were loaded with both the transverse tension and non-
uniform compression. As shown in Figs. 6.16a and 6.16b, the
specimens were pulled transversely to a designated transverse
tensile strain and then loaded longitudinally to failure. As in the
previous tests, the cracking is a result of the transverse tension. The
nonuniform longitudinal compressive stress had no measurable
effect on the cracking of the concrete. All three specimens failed due
to crushing of the entire cross section. Specimens #37 and #238, with
n=0.5 and 0.75 respectively, had approximately equal iransverse
tensile strains at failure (¢£,=0.0079 and 0.0081 respectively),
however #37 failed at N, /bhf.'=0.703 compa zd tc N,/bhf;'=0.838
for #38. Panel #39 had the same compressive stress configuration as

#37 (n=0.5) but a higher transverse tensile strain at failure
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(£,=0.015), as a result, #39 failed at a lower failure load

(N,/bhf,'=0.622).

The results of the 7 specimens indicated that the non-uniform
compressive stress reduced the average strength of the concrete but
increased the peak strength. The reduction of the concrete strength
increased as non-uniform configuration factor n increased. The
panels with n<0.5 and uniaxial compression usually failed due to
splitting of the concrete. The three panels (#27 to #29) with both
non-uniform compressive stress distribution and transverse tension
had strength lower than the specimens with non-uniform
compressive stress only. As indicated by the test results of panels
#34. #37 and #39 which had the same n (n=0.5) but different
transverse tensile strains (g,=0. 0.0079 and 0.0150 respectively), tuc
strength decreased as ¢, increased. Thus for the panels with both
non-uniform compressive stress and transverse temsion at the same
nume. the reductions of concrete strength due to the non-uniform
compressive stress and transverse tension appeared to be
supcrimposable.  Since only three specimens were tested with both
the transverse tension and non-uniform longitudinal compression,
there were inadequate test data to determine the portions of
streagth  reduction caused by transverse tension and non-uniform
distribution of compression. The data points for these three tests in
Fis. 6.17 (solid points at &,,>0) fall in or near the top of the data

o

points for uniformly loaded panels.



6.5 Summary of Test Results

1. The concrete compressive strength and stiffness were
softened under the transverse tension. The effective compressive
strength of concrete decreased as the average transverse tensile

»irain increased (Fig. 6.17).

2. The conctete was sofiened by the average transverse tensile
strain or cracks. ruther than the transverse tensile stress in the
concrete. The larger the average tensile strain was, the more the

concrete crackcd and the more the concrete was softened.

3. For the specimens with cracks in directions other than
longitudinal, failure usually resulted from crushing of the concrete
where the cracks intercepted each other. The crushing usually

combined with shearing along these cracks.

4. The loading history or load path taken to get to a given
combination of longitudinal stress and transverse strain had no effect
on the effective compressive strength of the concrete. However it
might change the relationship between the compressive stress and

compressive strain of the concrete.

5. The non-uniform distribution of the compressive stress
(strain) also reduced the ccmpressive strength of the concrete. As
the compressive stress and strain got more non-uniformly
distributed, the average strength decreased while the peak strength
increased. This reduction was to some extend superposable with the

reductio’s due to transverse tension.
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Table 6.1 Major results of tests on concrete softening;
. ' Transverse Ten: Longitudinal Compression.
Spclilc(l)r.ncn fe | .| Au ] N, | Ny | Failure*
MPa | N KN mm u N bhf, Model
#1 206 | 35.1 | 2806 | 3.860 | 000919 | 465.6 | 0.769 B.C
0 210 | 377 | 2062 | 3.041 | 000724 | 440.7 | 0.714 B.C
#3 223 | 335 | 271.0 | 2.152 | 000512 | 6438 | 0.982 C
#4 226 | 000 | 0.000 | 0.145 | 000035 | 7635 | 1.149 C
#5 230 | 000 | 0000 | 0240 | 000057 | 6872 | 1.016 C
#6 236 | 324 | 2644 | 1301 | 000331 | 6036 | 0.870 B.C
#7 241 | 341 | /a6 | 2.535 | 000604 | 626.1 | 0.884 C
#8 245 | 380 | 298.0 | 6.006 | 001430 | 3960 [ 0.550 c
#9 249 | 365 | 2590 | 5720 | 001362 | 4053 | 0.553 C
#10 251 | 380 | 2080 | 7.215 | 001718 | 3720 } 0.504 C
#11 257 | 396 | 3076 | 7.524 | 001791} 359.4 | 0476 C
#12 260 | 000 | 0000 | 0.410 { 000098 | 7254 | 0.949 B.C
#13 262 | 400 | 3100 | goo7 | 002121 | 4239 | ".550 C
#14 264 | 413 | 3178 | 9.106 | 002168 | 3417 | 0.440 C
#15 265 | 326 | 2656 | 1.861 | 000443 | 7281} 0.935 C
#16 268 | 362 | 2872 | 3.515 | 000837 | 591.3 | 0.750 C
#17 268 | 000 | 0.000 | 0.133 | 000032 | 690.0 [ 0.975 C
#18 268 | 145 | 1160 | 0450 | 000107 | 8281 | 1.051 C
#19 337 | 41.8 | 3354 | 4503 | 001094 | 7929 | 0.800 C
#20 339 | 451 | 3552 | 3961 | 000943 8092 | 0812 C
* B.C: Local bearing crushing
C: Crushing of Concrete across major part of the panel

S.F: Soft failure occurred when no a
No concrete crush was observed in this failure mode.

** Per transverse bar except top and bottom bars

dditional longitudinal load could be applied.
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Table 6.1 Continued

Soecimen i Transverse Tension Longitudinal Compression
pISIo.*** T* £Tu | Aw e Ne | Nu | Failurc™

MPa | kN kN mm "’ KN bht, Moedel

#21 34.0 514 | 3930 | 14210 | 0.03383] 4107 | 0411 | 1 C
#22 340 | 515 | 3936 | 11.405 | 0.02715| 5094 | @I10 | 1 Sk
#23 343 | 00 [0000 | 4887 | 001164| 6936 | 0688 | 1 C
#24 4.5 0.0 |0.000 | 18.148 | 0.04321} 3960 | 039 | 1 S.F
#25 350 | 00 [0000 | 1101 | 0.00262| 7224 | 0702 | 1 B.C
#26 351 | 00 |[0000 [ 6510 | 0.01450] 6150 | 059 | 1 C
#27 352 | 436 | 2616 | 4385 | 0.01044]| 6789 | 0656 | 1 &
#28 353 | 429 | 2574 | 6.150 | 0.01464| 7206 | 0694 | 1

#29 35.3 00 |0000 | 0200 | 0.00048] 1041.0} 1003 { 1 B.C
#30 354 | 399 | 3240 | 4.120 | 0.00981| 701.1 | 0674 | 1 C
#31 355 | 374 | 3090 | 4.153 | 000989} 7635 | 0732 | 1 C
#32 35.7 36.7 | 304.8 1.834 | 0.00437| 7353 | 0.701 ! g
#33 357 | 400 | 3246 | 2820 | o00671| 6672 | 0636 | 1 5.0
#34 360 | 000 |0000 | 0000 | 0.00000 907.7 | 0858 |050 | C
#35 360 | 000 | 0.000 | 0000 | 0.00000} 1038.2] 0981 [0.75 C
#36 360 | €00 |0.000 [ 0000 [ 0.00000| 7740 | 0731 025} BC
#37 360 | 410 | 2486 | 3301 | 0.00786| 7446 | 0703 1050 | C
#38 360 | 453 | 2658 | 3385 | 0.00806| 8669 | 0838 |075| C
#39 36.0 576 | 3150 | 6.300 | 0.01500] 659.2 | 0622 | 0.50 C
#40 360 | 000 } 0000 | 0000 | 0.00000] 1096.2] 1.036 | 1| B.C
* B.C: Local bearing crushing :

C: Crushing of Concrete across major part of the pancl

S.F: Soft failure occurred when no a

*** Specimens #37 to #39 were shorter and had six transverse bars.
Specimens #30 to #33 had grooves.

No concrete crushing was observed in this failure mode.
#* Per transverse bar except top and bottom bars.

dditional longitudinal load could be applicd.
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7 THE MECHANISM OF CONCRETE SOFTENING AND
THE EFFECTIVE STRENGTH OF CONCRETE

In this chapter, the mechanisms of concrete softening due to
transverse tension and non-uniformly distributed compressive
strains are discussed. An empirical equation is developed to
calculate the effective compressive strength of concrete due o
transverse tension and a constant efficiency factor is proposed for
design. The proposed effective strength of concrete is cotapared with
the work by other researchers and the equation used in the current

CSA Code?.
7.1 Factors Affecting Concrete Softening

The test results of the 40 concrete panels indicated that the
concrete was significantly softened by transverse tension.  The
effective strength of the concrete was reduced as the average gross
transverse tensile strain increased. The maximum reduction of the
concrete strength was as large as 60%. The load paths had no effect

on the reduction of concrete strength.

The concrete softening is generally attributed to transverse
tension. However, transverse tension causes three consequences in
the concrete: transverse tensile stress, transverse tensile strain and
cracking of concrete. Collins*®%” describes the effective strength of
softened concrete as a function of gross transverse tensile strain,
while Kollegger and Mehlhorn®’ attribute the concrete softening to

transverse tensile stress. It is important to determine the factor
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which causes the concrete softening in the study of softening

mechanism,

The results of the tests show that the effective strength of
concrete was not directly related to transverse tensile stresses in the
concrete. In the cracked panels, the transverse tensile stress in the
concrete varied from location to location due to the cracks. The peak
tensile stress would be expected to occur halfway between two
cracks. As the applied transverse tension increased, the peak tensile
stress reached the cracking strength of the concrete and a new crack
occurred and, as a result, the tensile stress in the concrete at this
location decreased to zero. The stress halfway between the new pair
of cracks then became the new peak stress in the concrete and it
increased to the cracking strength of the concrete and then decreased
to zero as thc applied transverse tension increased. Therefore, the
peak transverse tensile stress in the concrete cycled, increasing and
decreasing as the applied transverse tension increased. However, as
the applied transverse tensile strain increased, the effective strength
of the concrete decreased monotonously (Fig. 6.17). No obvious
relationship was discovered between the effective strength of the
concrete and the transverse tensile stress in the concrete. In panels
#24 and #26 the transverse tensile force was unloaded to zero after
the desired permanent gross transverse tensile strain had developed
in the panels. Thus at the ultimate state, no tensile stress existed in
the concrete in these panels. However, these two panels had lower
ultimate strengths than panels #27 and #28 which had larger

transverse tensile stresses but smaller transverse tensile strzins at

~J
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the ultimate state. In Panel #18 the tensile stress was near the
maximum stress the concrete could carry without cracking but it
caused no strength reduction because no cracks had developed in the
concrete.  All this evidence suggests that the tensile stress in the
concrete had no direct effect on the effective strength of the
concrete. As a result, the transverse tensile stress in the concrete is
excluded from the three possible factors which cause the concrete

softening.

The tests also indicated that the tensile stress in the
reinforcement had no effect on the effective compressive strength of
the concrete. As presented in Chpt. 6, in all the specimens except for
#4, #5, #12, #17 and #18, the major portion of the transverse tensile
strain was developed after the reinforcement yielded. As a result
the tensile stress in the reinforcement was around ey,. However, the
effective ccmpressive strength of the concrete varied from O.98f'c to
0.39f'c as g, in creased from 0.005 to 0.043. In panels #24 and #26
the tensile stress in the reinforcement was approximately zero at
failure but they had lower effective strengths than panels #27 and
#28 which had post yield stresses in the rein/‘forcement. In #18 the
tensile stress in the reinforcement was about 150 MPa but no

softening was detected since no crack formed in the concrete.

In the tests of panels #23 to #29, the transverse tensions were
applied with different cycles and different stresses in order to create
different numbers of cracks under approximately the same gross
transverse tensile strain to distinguish between the effects of the

cracks and the gross transverse tensile strain on the concrete
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softening. However, it was found that the number and the width of
the cracks were proportional to the gross transverse tensile strain
(see the crack paierns of the specimens at failure in Appendix B).
At low strain stages, the number of the cracks increased as the gross
transverse tensile strain increased. At high strain stages, the crack
pattern became relatively stable and the number of cracks increased
at a slower rate but, as a result, the width of the cracks increased at
fast rate. The gross transverse tensile strain is a measure of the
number and width of the cracks in the concrete since the major
portion of the gross tensile strain after the cracking of the concrete
was caused by the widening of ihe cracks. As will be discussed in
Sec. 7.4, the number and the width of the cracks in concrete were the
real factors which softened the concrete. The concrete softening due
to transverse tension can be described as a function of the gross
transverse tensile strain. The larger the gross transverse tensile
strain developed in the concrete, the more the concrete cracked and
the worse the concrete was softened. This behavior was
demonstrated by the test results shown in Fig. 6.17 which indicates

that the effective strength of concrete decreased as the ultimate

gross tensile strain increased.
7.2 The Effective Strength of Concr-ete

As observed in the tests, the compressive strength of reinforced
concrete with transverse tension is lower than the specified
compressive strength of concrete. Commonly, the reduced strength
of concrete is referred to as the effective strength of concrete. The

effective strength of concrete is expressed as:



fee =V I (7.1)
where v is the efficiency factor.

According to the discussion in the previous section, the effective
strength of concrete could be expressed as a function of the gross
transverse tensile strain which is computed using a gauge length that
includes the cracks in the concrete. A formulation was sought to
model the relationship between the efficiency factor and the gross
transverse tensile strain. It was found that the relationship between
the strength and the transverse tensile stress in plain concrete
subjected to combined tension and compression is similar to that
between the effective compressive strength and the gross transverse
tensile strain in reinforced concrete. In the case of plain concrete,
the ratio of the reduced strength to the specified strength is

expressed as®%:

S

g L+kt (7.2)
where k is the ratio of principal tensile stress to principal
compressive stressand t is the ratio of the uniaxial ultimate
compressive strength to the uniaxial ultimate tensile strength. The
results of the forty tests shown in Fig. 6.17 suggest that a similar
formulation to Eqn. (7.2) can be used to model the relation between v
and €, i.e:

v= —1
1 +cg (7.3)

where ¢ is a constant which can be determined by fitting the
equation to the test results.
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Since Eqn. (7.3) is only concerned with the concrete softening
due to transverse tension, the test data of the six panels (#34 to #39)
in which non-uniform compressive forces were applicd is not used ir
determining c¢. By fitting Eqn. (7.3) to the test results of the thirty-

four panels (#1 to #33 and #40), ¢ is found equal to 42:

L
1 +42€1 (738)

The predictions of the efficiency factor of the thirty-four panels
using Eqn. (7.3a) are shown in Table 7.1 and Fig. 7.1. The mean
v/ve ratio is 1.001 with a standard deviation of 0.110 and v=0.110.
The ratio ranges from 0.779 to 1.193. Among the thirty-four panels

examined, sixteen had a predicted v larger than the v' from the

tests.

An empirical equation should have a certain safety. A larger
constant (p=60) was tried to achieve a better safety index. The
results are also shown in Fig. 7.1 and Table 7.1. For the thirty-four
tested panels, the mean v'/v? ratio is 1.113 with a standard
deviation of 0.137 and v=0.123. The ratio ranges from 0.812 to
1.401. As shown in Fig. 7.1, only three test points are obviously
below the curve. The three panels were #25, #32 and #33. Panels
#25 and #33 had local bearing failure and #32 was pre-weakened by

the grooves in the surface of the concrete.

According to the above analysis, Eqn. (7.3) using c=60 is

recommended for calculating the efficiency of concrete under

transverse tension:



RETETH (7.3b)
From their experimenral tests on umiformly shcared reinforeed
concrete panels, Collins and Vecchio®” found that the principal
compressive strength decreased as the ratio of the average principal
tensile strain, €, to the average principal compressive strain, € .
increased (see Fig. 7.2). The lowest effective strength was only about

O.2fc'. Based on the test results they developed the following

equation to express the effective strength of concrete:

foe |

. 085+0.27e e (7.4)

The stresses and strains in the principal directions used to derive the
above equation were calculated based on the compression field
theory they developed. Eqn. (7.4) was modified in the Modified
Compression Field Theory3 as:

fee l
fo 0.8 +0.34¢ /g9 (7.5)

Eqn. (7.5) with eo=0.002 is used in the CSA Code. The predictions of

effective strength of the thirty-four tested specimens by Eqn. (7.5)
using € = 0.002 are also shown in Table 7.1 and Fig. 7.1. It is found

that Eqn. (7.5) underestimated the effective strength for most of the

specimens. The mean vi/vedl ratio is 1.671 with a standard deviation

of 0.556 and v=0.333. The ratio ranges from 0.874 to 3.177.

In their tests, Schafer and Kollegger et al>7%® also found that the

Collins and Vecchio's equations underestimated the effective strength
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of the concrete. They reviewed the experiments by Vecchio and
Collins and reported that the majority of the panels failed due to
yielding of one or both sets of reinforcement or load introduction
problems.  The specimens in which one or both layers of steel
yielded prior to failure were shown with open symbols in Fig. 7.2.
Kollegger et al. claim only three panels experienced a compressive

failure of the concrete.

In the Collins and Vecchio tests, the load was generally applied
to the concrete panels as shear forces. The reinforcement
participated in transferring the applied shear stresses into principal
tensile and compressive stresses. If the reinforcement yielded, the
force transferring system in the panel failed and no additional shear
forces could be applied and as a result, failure of the panel was
reached. At failure the concrete might not yet have crushed. This
type of failure is similar to the shear failure in reinforced concrete
beams caused by the yielding of the stirrups. The sirength is not
governed by the concrete strength but by the steel strength.
Therefore the effective strengths of the concrete were
underestimated by Collins and Vecchio's tests. The tests presented in
this thesis were different from the Collins and Vecchio experiments.
In our tests, the load carrying mechanisms in the longitudinal and
transverse directions were two individual systems. The yielding of
the transverse reinforcement di.d not cause the failure of the
compression resistance in the longitudinal direction. It only acted to
reduce the concrete strength by introducing transverse tensile

strains and cracks to the concrete. The failure in the longitudinal
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direction was eventually caused by the crushing of concrete. For this
reason it is believed that Eqn. (7.3b) better represents the capacity of

softening concrete than Eqn. (7.5)

7.3 Proposal for the Design of Reinforced Concrete Beams

In Sec. 7.2, Eqn. (7.3b) is recommended to calculate the effective
strength of concrete with transverse tension. In applying Eqn. (7.3b)
a known transverse tensile strain is required. For a reinforced
concrete beam the calculation of the transverse tensile strain
(principal tensile strain) may involve tedious work. A simple

method to calculate it is needed in applying Eqn. (7.3b).

Collins and Mitchell45 and the CSA Code? use the Mohr's circle

relationship to calculate the principal strain in the concicte web:

8[=€h+u
tan2 6 (7.6)

where € is the diagonal compressive strain which is taken equal to

the strain at maximum stress (-0.002) and e, is the strain in the
direction of beam axis. Due to the strain gradient caused by bending
moment, the CSA Code suggests that g, be taken as the strain at the

mid-height of the cross section and in lieu of computing €, the
designer can take it equal to 0.002. Thus Eqn. (7.6) can be rewritten
as:

g = 0.002 + 2.004
tan2 9 (7.6a)
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A question may be raised that, if the longitudinal strain at the
mid-height of the cross section is equal to 0.002, the strain in the
tension reinforcement must be two or more times 0.002 and the
flexural reinforcement must bave yielded before the web concrete
crushes. At this time the beam would be very close to flexural
failure. If a beam failed due to diagonal crushing of the web
concrete, it should not have failed in flexure and the strain in the
tension reinforcement should not be larger than the yielding strain.
Therefore the average longitudinal strain across the cross section 1is
much less than 0.002 because of the strain gradient.  Eqn. (7.6a)
over-calculates the transverse tensile strain and, as a result, the

effective strength of the concrete is underestimated. In more recent

design rules, e_ is computed at the level of the tension steel. Eqn.

h

(7.5) is still used to compute the effective concrete strength.

The gradient of the longitudinal strain makes it difficult to

determine €, for Eqn. (7.6). In using Eqn. (7.6) to calculate the

principal tensile strain for the compression field in the shear span of
a beam. Collins and Mitchell actually make two assumptions. First, €

is a function of the average longitudinal strain, €. Second, the

assumed uniform strain, €, is equal to the strain at the mid-height of

the beam which is equal to 0.002.

However, the principal tensile strain can also be expressed as a
function of the vertical strain, e . It is more acceptable to assume €

uniform over the shear span of a beam. In the sense of average
strain, € is equal to the strain in the vertical stirrups which is
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assumed uniform over the shear span. The value of the strain in the

stirrups at failure can also be reasonably estimated. According to the
Mohr's circle. € can be expressed as:

g =€y +(Ey-£¢)tan?B (7.7)

At the ultimate state at which the failure is caused by the
diagonal crushing of concrete, the diagonal compressive strain €~ will

be assumed equal to (-0.002). As discussed in Chpt. 2 and Chpt. 5, if
shear failure of a reinforced concrete beam is governed by the

diagonal crushing of web concrete, all the stirrups have not yet
yielded. Thus the strain € in the stirrups is less than the yield strain

of the steel, i.e.

gy <0.002 (7.8)
Substituting ed=(-0.002) and gy < 0.002 into Eqn. (7.7) gives

£ < 0.002 + 0.004 tan2 (7.9)

In the design of reinforced concrete beams using the truss model, the
dsigner is free to choose 6 from 15° to 65°. However, in most cases
the critical inclined cracks in slender beams is from 15° to 35° (see

the crack patterns of the test beams by Scordelis in Appendix C). For
deep beams 6 is a function of the geometry and generally not less

than 45°. By conservatively taking 9=40° for slender beams, Eqn.

(7.9) becomes

g < 0.00482 (7.10)
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Substituting €,=0.00482 into Eqn. (7.3b) a conservative efficiency

factor is calculated:

V= 1 =0.775
1 + 60 x 0.00482 (7.11)

A conservative efficiency factor (v=0.75) is proposed to calculate the

effective strength of concrete in shear design of slender beams:
fe = 0.75 f¢ (7.12)

Compared to Collins and Mitchell's equations (Eqns. (7.5) and
(7.6a)), Eqn. (7.12) gives larger effective strength of concrete. The
reason is that the Collins and Vecchio tests underestimated the
effective compressive strength and the Collins and Mitchell method
(Eqn. 7.6) overestimates the principal tensile stress g According to
the Mohr's circle shown in Fig. 7.3, the relationship between ¢, and g,
is:

_(en-&d)
tan2 0

B & (7.13)
If taking €,=0.002 and g4=-0.002 Eqn. (7.13) becomes:

g, =0:004 0002

220 (7.13a)

Eqn. (7.13a) indicates that for 8<45°, ¢, is larger than 0.002 at which
the stirrups start to yield, if €, is assumed equal to 0.002. For most
common cases 6 is around 30°. At this angle ¢, is equal to 0.01 which
is about 5 times the yield strain of the steel.  Thus, €, is

overestimated by assuming €,=0.002.



If 6 is selected equal to 30°, the effective strength is predicted

equal to O.31f'c_ by Collins and Mitchell's equations.  The effective

strength expressed by Eqn. (7.12) is between those proposed by
Thurlimann®! (0.6f. ) and by Schlaich®.(0.8f..). The efficiency factors

proposed by other researchers are listed in Table 2.1 in Chpt 2.

If Eqn. (7.12) is used in the design of shear strength of slender
reinforced concrete beams using the shear-friction truss model, the

design equations described in Chpt. 5 become:

Vi< Ve + Vs £0.75 ¢ fe bdy sin cos8 (7.14)
Bo - cot
Ve=¢o——N
where ¢ CI+B0C019 (7.15)
Ay fyd
and Vg = ¢y —— (7.16)
s tan®

7.4 The Mechanism of Concrete Softening due to Transverse

Tension

Two models were discovered from the tests to explain the
mechanisms of concrete softening due to transverse tension. They
are referred to in this chapter as ‘the "shearing softening model” and

the "buckling softening model".
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7.4.1 The Shearing Softening Mechanism

In most of the specimens, the cracks caused by the transverse
tension were, overall or locally, not parallel to each other. Some
cracks even intercepted others. The failure in these specimens was
usually caused by the combined shearing across the inclined cracks
and crushing of the concrete near the sheared cracks. Specimen #30
and #32 were typical examples. In these two panels the inclined
cracks were defined by the grooves on the concrete surface. Near
the failure, clear shearing was observed across these inclined cracks.
The crushing of concrete which caused the failure of the specimens
occurred near the locations where the inclined cracks intercepted
the other vertical cracks (see the photos of the specimens #9, #10,
#19, #20, #22, #30 and #32 after failure in Appendix B). The
mechanism of this type of softening is referred to as shearing

softening and is illustrated in Fig. 7.4.

The two panels shown in Fig. 7.4 illustrate the two typical crack

patterns: divergent cracks and intersecting cracks. The panels are

subjected to a uniform compressive stress o4 at the two ends. Free
body diagrams of the shaded elements between the two cracks are
shown under the two panels. Since the element shown in Fig. 7.4b is

a special case of that in Fig. 7.4a (A,=0), only the case shown in Fig.

7.4a is discussed.

As shown in the free body diagram, uniform compressive

stresses G4, and G4 act on the two horizontal borders of the element

respectively. Before shearing occurs along the cracks, 64; and oy are
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assumed equal to the applied compressive stress, oy. Because the
lengths of the two horizontal borders are not equal, shear stresses
must exist on the surfaces of the cracks which form the two side
borders of the eclement. As the applied load increases, the
compressive and the shear stresses acting on the element increase.
At the same time, as the transverse tension increases, the cracks
widen and the maximum shear stress the cracks can carry is
reduced. As a result, shearing across the cracks may occur before
the applied compressive stress reaches the specified compressive
strength of the concrete. The portion of the force carried by the
shear stresses on the crack surfaces is then released to the bottom
border of the element, making the compressive stresses on the
bottom border of the specimen, o,4,, larger than applied compressive
stress, G4. Failure is caused when o4, reaches f.' and the concrete
crushes. At failure the applied compressive stress o4 which is
defined as the effective compressive strength of the concrete is less

than f.'.

In Fig. 7.4 only one shearing softening element was shown in the
panel. In the practical case, several shearing softening elements may
form and the failure of the concrete is caused when one or more of
them fail. In panel #30 three shearing elements failed and in #32

two of them failed (see Appendix B).

According to the shearing softening model, the number and the
width of the cracks are the real factors causing the concrete
softening. As the number of cracks increases, more cracks are

involved in forming the shearing softening elements. As the width of
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the cracks increase, the contact between the crack surfaces decreases
and, as a result, the shearing strength of the cracks decreases.
Therefore the concrete softening due to transverse tension increases
as the number and width of the cracks increases. Since the gross
transverse tensile strain is a measure of the number and width of
cracks, the effective strength of concrete with transverse tension

decreases as the gross transverse tensile strain increases.

Figure 7.5 is a photograph from Ref. 3 which shows the shear
span of a reinforced concrete beam after failure. The failure of the
shear span was caused due to the diagonal crushing of the concrete.
As shown in the photo, crushing of the concrete was located at the
narrow ends of the diagonal struts which were divided by the cracks.
The crushing was combined with shearing across the cracks. As a
result the concrete was softened by the cracks due to the transverse

tension.

7.4.2 The Buckling Softening Mechanism

When very large gross transverse tensile straii. is developed in
the concrete, the buckling softening mechanism is involved in the
failure of concrete. For the tested specimens buckling softening
occurred when £>0.03. As discussed previously, the number and the
width of the cracks in the concrete are proportional to the gross
transverse tensile strain. Due to a large gross tensile strain, closely
spaced cracks develop in the concrete. These closely spaced cracks
divide the concrete into a number of prisms which are subjected to

compressive stress. These prisms tend to be eccentrically loaded
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because of the irregularity of the cracks. Also due to the large gross
tensile strain, the cracks have large width and, as a result, the
contact between the crack surfaces which provide the transverse
bracing for the prisms is decreased. As the compressive stress in the
concrete increases, buckling of the prisms may occur before the
stress in the concrete reaches the specified compressive strength.
Since the failure is caused by large deformations in the prisms, the
concrete might not be obviously crushed at the ultimate state.
Failures of specimens #21 and #24 belong to this type of softening

mechanism (see photographs in Appendix B).

As described by the two softening models discussed above,
cracks in the concrete are the real factor causing concrete softening.
It is difficult to describe the cracking phenomena (crack pattern,
crack number and crack width) mathematically. However, the gross
transverse tensile strain is an approximate measure of the cracks.
The gross tensile strain increases as the number and width of the
cracks in the concrete increases. Therefore, the effective strength of
the concrete can be expressed as a function of gross transverse

tensile strain.

7.4.3 The Difference between the Concrete Softening of

Plain Concrete and Reinforced Concrete

The mechanism of softening in reinforced concrete under
transverse tension is different from the strength reduction of plain
concrete subjected to combined tension and compression, although in

both cases the strengths of the concrete are reduced because of the
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presence of combined tension and compression.  For the plain
concrete element shown in Fig 7.6a, failure is often caused when the
transverse tensile stress exceeds the concrete cracking strength. The
presence of the longitudinal compressive stress reduces the cracking
strength of the concrete. For the reinforced concrete element shown
in Fig. 7.6b, cracking of the concrete does not bring the element to
failure instantly but softens the concrete as more cracks are

developed in the concrete. The failure is eventually caused by

crushing of the concrete.

The interaction diagram developed by Kupfer, Hilsdorf and
Rusch?® is well accepted to describe the strength of plain concrete
under biaxial stresses. The interaction diagram was based on the
tests of plain concrete plates subjected to biaxial stresses which were
introduced to the concret~ through steel brush bearing plattens. As

28'31, the stresses in

most of the tests conducted by other researchers
the two principal directions (o, and &,) in the Kupfer et al. tests were
applied through a single loading pump and the ratio of the stresses in
the two directions was maintained constant throughout a test. As a
result, failure of the element in either direction could cause loss of
load in the loading system. In most of the tension-compression
combinations, the strength predicted by the interaction diagram is

actually controlled by the cracking strength of the concrete rather

than the compressive strength of the concrete.

In plain concrete, longitudinal compression reduces the
transverse tensile strength. The reduction of the tensile strength of

the concrete is caused by the Poisson's ratio of concrete. The average
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Poisson's ratio for concrete is about 0.2 and, near the crushing of the
concrete, it may be larger than 0.2 due to the microcracks in the
concrete. The transverse tensile strain caused by Poisson's ratio
increases the total tensile strain in the concrete and. as a result,
reduces the concrete tensile strength. However, transverse tension
does not cause a significant reduction on the compressive strength of
concrete. Transverse cracking failure occurs in plain concrete before
a sufficient transverse tensile strain is developed in the concrete to
soften its compressive strength. In the Kupfer et al. tests, most
elements with combined tension and compression failed due to the
concrete cracking. Only the specimens with o,/0=-1/0.052 failed
due to combined crushing and cracking and the strength was very
close to the strength of uniaxial compression. In the tests coducted
by the writer, the tensile stress in specimen #18 was near the
cracking stress of the concrete, but no strength reduction was

detected, because no cracks had developed in the concrete.

Transverse tension can cause large reduction on the compressive
strength in reinforced concrete, because large transverse tensile
strains can be developed in the concrete after cracking due to the
existance of reinforcement. The tests by the writer show that the
reduction of the compressive strength due to transverse tension may
as large as 60%. Due to the presence of reinforcement, cracking of
the concrete does not represent failure of the reinforced concrete. As
more cracks are developed in the concrete, it is softened and its
compressive strength is reduced. The failure is eventually caused by

crushing of the concrete or buckling of the concrete prisms formed
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by the cracks. As found in the tests by the writer, the transverse
tensile stresses in the concrete caused the concrete cracking but had

no effect on the effective compressive strength of the concrete.

The above arguments suggest that it is incorrect to use the
biaxial strength interaction diagram of plain concrete to calculate the
concrete compressive strength in reinforced concrete members with
combined tension and compression. Thus, the use of the Kupfer et al.
interaction diagram in non-linear finite element analyses of
reinforced concrete on a smeared crak basis may underestimate the
compressive strength of the concrete in the case of biaxial tension
and compression. The effective strength expressed by Eqn. (7.3b) or
(7.12) should be used in a global analysis to calculate the

compressive strength of the concrete with reinforcement.

7.5 Softening due to Non-uniform Compressive Strain

For reinforced concrete slender beams, the truss models assume
that the shear span is uniformly strained in the diagonal direction
(see Fig. 7.7a). In this case, softening of concrete is caused by
transverse tension. The effective strength expressed by Eqn. (7.12)
is proposed for the design. In deep reinforced concrete beams shown
in Fig. 7.7b, the applied force is directly carried by the isolated strut.
The stirrups do not introduce high tensile strain to the concrete
struts as they do in slender beams. Softening of the concrete due to
transverse tension in a deep beam as shown in Fig. 7.7b is much less
important and, for the reasons presented in the rest of this section,

will be neglected.
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The diagonal compressive strain in the shear span of such a
beam is not uniformly distributed. This has two effects. First, the
relatively unstressed concrete adjacent to the strut allows a
redistribution of load from the highly stressed concrete strut which
has the effect of delaying the crushing of the strut  This effect is
governed by the dimensioning of the strut-and-tie model. Second,
the non-uniform diagonal compressive stains in the concrete cause
some concrete softening. The softening of concrete due to non-

uniform compressive strain is studied in this section.

Six specimens (#34 to #39) were tested to model the concrete
struts in deep beams. Three of them were tested with non-uniform
longitudinal compressive forces only. The other three were tested
with both non-uniform longitudinal compressive forces and
transverse tension. The test results indicated that the non-uniform
compressive strain reduced the average strength of concrete but
increased the apparent peak strength. The reduction increased as
non-uniformity of the compression increased.  Since only three
specimens were involved in each case, the test data were not
adequate to give quantitative analysis. In the remainder of this
section, the mechanism of concrete softening due to non-uniform

compression is discussed.

The mechanism of concrete softening caused by the non-uniform
distribution of compressive strain is illustrated in Fig. 7.8. The
concrete element is assumed to subject a non-uniform compressive

strain (Fig. 7.7b or 7.8a). As the load increases, the compressive
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strains in the concrete increase. Eventually the strain in the middle

of the clement reaches g, before the strains in the rest of the
element. The strain €, corresponds to the maximum stress (f.') in the
stress-strain curve of the concrete shown in Fig. 7.8b. After this has
occurred the stresses in the concrete where e >e, start to decrease as
the applied load increases, while the stresses in the rest of the
element still increase. As a result, the total compressive force in the
clement is still able to increase as the applied load increases. Fig.
7.8c shows the stress distribution after the strain in the middle of

the element excesses €,. The total compressive force in the concrete

is:

d d
N:f o’d(x)dx=f f (eq(x)) dx (7.17)

0 0

According to the stress-strain curve in Fig. 7.8b, N expressed by Eqn.

(7.17) has a maximum limit when €4 reaches a certain strain. The
panel fails when N reaches its maximum. Due to the non-uniform
distribution, the average stress in the concrete at failure, fc'e, is less
than the specified compressive strength fo (see Fig. 7.8¢c). The
average stress in the concrete at failure is defined as the effective
strength of the concrete. Therefore, in the concrete subjected to non-
uniform compressive strain, the concrete is softened by the
compressive stresses corresponding to the descending portion in the

stress-strain curve of concrete.

Figure 7.9 illustrates the internal force paths in the concrete.

The applied forces have a non-uniform distribution in which the
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center forces are larger than the side forces. Before the compressive
strain in the concrete exceeds ¢, the internal compressive stress in
the concrete has a distribution as shown in Fig. 7.9a. The internal
force paths in the concrete are approximately parallel to the axis of
the panel, since the applied forces have a similar configuration to

that of the internal compressive stresses.  After the compressive

strain exceeds €,, the internal compressive stresses are redistributed
as shown in Fig. 7.9b. However the distribution of the applied forces
does not change. As load increases, the forces in the middle of the
loading end increase, while the internal compressive stresses in the
middle of the panel decrease. Thus, part of the forces applied to the
center of the panel must be carried by the concrete where €y4<g,. As a
result, inclined internal force paths must form in the concrete, and
transverse tension is caused along the center line of the element and
splitting is caused. The splitting of the concrete may also reduce the
concrete strength. In the three panels without transverse tension
(#34, #35 and #36), vertical splitting cracks were observed midway
along the width of the panel at the failure (see photographs in
Appendix B).

7.6 Summary

1. The softening of reinforced concrete due to transverse tension
is caused by the number and width of the cracks in the concrete.
Two types of softening mechanisms, the "shearing softening”
mechanism and the "buckling softening” mechanism are involved in

the concrete softening. The gross or average transverse tensile strain
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which includes the cracks is a measure of the cracks in the concrete
and the effective compressive strength of concrete can be described

as a function of the average transverse tensile strain.

2. The shearing softening mechanism is caused by divergent
cracks. Shear stresses on the crack surfaces are required by
equilibrium if the cracks diverge in a compression field.
Redistribution of the compressive stresses in the concrete is caused
when the cracks are no longer able to carry the shear stresses. As a
result the concrete in the narrow spaces where the divergent cracks
are closest together has higher compressive stresses than the rest of
the concrete. The softening of concrete is caused when the

compressive stress in these locations reaches the specified strength

of concrete.

3. When very large gross transverse tensile strains develop in
the concrete (g¢,>0.03 for the tested specimens), closely spaced cracks
form in the concrete. The cracks divide the concrete into a number
of prisms. The softening of the concrete in this case may be caused
by buckling of the prisms before the compressive stress in the
concrete reaches the specified strength of concrete. At failure,

obvious crushing of concrete may not be observed.

4. The equation for effective strength of concrete with
transverse tension developed by Collins and Vecchio*® and that used
in the current CSA Code? both underestimate the strength of

concrete. These equations were based on tests of concrete panels,
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most of which failed due to other causes than crushing of the

concrete.

5. The effective strength of concrete subjected to transverse
tension is a function of the gross transverse tensile strain as
expressed by the empirical equation Eqn. (7.3b). Equation (7.9),
derived from a truss model rather than a plane section model
predicts much smaller transverse strain than Collins and Vecchio's
Eqn. (7.6). As a result, an efficiency factor with a constant value of
0.75 can be used in the design of slender beams using the truss

model or the shear-friction truss model.

6. Non-uniform compressive strains also cause concrete
softening. Because of the non-uniform distribution of the
compressive strains, stresses in some portion of the concrete may
reach the descending portion of the stress-strain curve of concrete
while others are still increasing. As a result the effective strength of
the concrete which is defined as the average strength across the
section will be less than the specified concrete strength.
Furthermore, the splitting stresses due to the redistribution of

compressive stresses also reduce the strength.



Table 7.1 Comparison of measured and computed effective
strength of concrete
Eqn. (7.3a) Eqn. (7.3b) Egn. (7.5)
S[x;j:imcn e o (Proposed) (By Collins)
o val [yyyal ja |vive|ya vy

#1 0.00919 § 0.769 0.722 1.066 | 0645 | 1.193 | 0423 1.817
#2 0.00724 1 0.714 0.767 0931 | 0697 | 1.024 | 0492 1.450
#3 0.00512 } 0982 | 0823 | 1.193 | 0765 | 1.284 } 0599 | 1.640
Ha 0.00035 | 1.149 | 0986 | 1.166 | 0979 | 1173 | 1.000 | 1.149
#S 0.00057 | 1.016 0977 1.040 | 0967 | 1051 | 1.000 1.016
#6 0.00331 | 0.870 0.878 0991 | 0834 | 1.043 | 0.734 1.186
#7 0.00604 1 0.884 0.798 1.108 | 0.734 | 1.204 | 0.547 1.615
48 0.01430 | 0.550 | 0.625 0.880 | 0.538 | 1.022 | 0.310 1777
#9 0.01362 } 0.553 0.636 0.869 | 0.550 | 1.005 | 0.321 1.723
#10 0.01718 | 0.504 0.581 0.868 | 0492 | 1.024 | 0.269 1.875
#11 0.01791 { 0476 | 0571 | 0834 | 0482 | 0.988 | 0260 | 1830
#12 0.00098 § 0.949 0.960 0988 | 0944 | 1.005 | 1.000 | 0949
#13 0.02121 § 0.550 0.529 1.040 | 0440 | 1250 § 0.227 2423
#14 0.02168 | 0.440 0.523 0.841 | 0435 | 1.012 | 0.223 1.974
#15 0.00443 1 0935 0.843 1.109 | 0.790 | 1.184 | 0.644 1452
#16 0.00837 1 0.750 0.740 1.014 | 0666 | 1.127 | 0450 1.667
#17 0.00032 1 0975 0.987 0988 | 0981 | 0994 | 1.000 0.975
#18 0.00107 ] 1.051 0.957 1.098 | 0940 | 1.118 | 1.000 1.051
#19 0.01094 | 0.800 | 0.685 1.168 | 0604 | 1325 | 0.376 2,128
#20 0.00943 | 0812 | 0.716 1.134 | 0639 | 1271 | 0416 1.951
#21 0.03383 | 0.411 0413 0995 | 0330 | 1.245 | 0.153 2.693
#22 0.02715 | 0510 | 0467 1.092 | 0.380 | 1.341 | 0.185 2.762
#23 001164 | 0.688 | 0.672 1.024 | 0589 | 1.168 | 0.360 1.912
#24 0.04321 ] 0.390 | 0.355 1.098 | 0278 | 1401 | 0.123 3.177
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Table 7.1 Continued

Eqn. (7.32) Egn. (7.3b) Eqn. (7.;5)

Specimen| g, ot (Proposcd) (By Collins)

No. vaa Jyby cal yaal viv caly yyeal viv cal
#25 000262| 0.702 | 0901 { 0779 | 0.864 | 0.812 | 0.803 | 0.874
#26 0.01450]| 0.596 | 0.622 0959 | 0535 1.118 0.306 1.946
#27 0.01044| 0.656 | 0.695 0944 | 0.615 | 1.067 0.388 1.689
#28 001464 0.694 | 0.619 1.121 | 0.532] 1304 0.304 | 2.282
#29 0.00048 | 1.003 | 0.980 1.023 | 0972 | 1.032 1.000 1.003
#30 000981 | 0674 | 0708 | 0952 | 0.629 | 1.071 | 0405 | 1663
#31 000980| 0732 | 0707 | 1036 | 0.628 | 1.166 | 0403 | 1816
#32 0.00437| 0701 | 0845 | 0830 | 0.792 | 0.885 | 0.648 | 1.082
#33 0.00671| 0636 | 0780 | 0815 | 0713 | 0892 | 0515 | 1.234
#40 000000| 1.036 | 1.000 | 1036 | 1000} 1036 | 1.000 [ 1036

X=1.001 X=1.113 X=1.671

c=0.110 06=0.137 0=0.556

v=0.110 v=0.123 v=0.333
#34 0.00000] 0858 | 1.000 | 08s8| 1.000| 0858 | 1.000 | 0858
#35 0.00000] 0.981 1.000 0.981 1.000 | 0.981 1.000 | 0.981
#36 0.00000] 0.731 1.000 0.731 1.000 { 0.731 1.000 | 0.731
#37 0.00786} 0.703 | 0.752 0935 | 0.680 | 1.035 0.468 1.502
#38 000806} 0838 | 0747 | 1122 0674 | 1243 | 0461 | 1.819
#39 0.01500} 0.622 | 0.613 1.014| 0.526 | 1.182 0.299 2.084

** Panels #34 to #39 were loaded with non-uni

their results are not included in the statistical analyses

form compressive stress and
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Figure 7.4 Concrete softening due to divergent cracks



299

Fig. 7.5 Diagonal crushing in a R.C. beam;
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b) Reinforced concrete fails
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Fig. 7.6 Comparison of plain concrete and reinforced concrete;
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a) Slender beam: uniform diagonal strains

b) Deep beam: non-uniform diagonal strains

Figure 7.7 Comparison of diagonal strains distributions
between slender and deep beams
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8. SUMMARY AND CONCLUSIONS

8.1 Experimental Observations

Tests were conducted to investigate the shear-friction across
inclined cracks and the concrete softening due to transverse tension.

A total of 57 specimens was involved in two test series.

8.1.1 Tests on Shear-friction

Seventeen tests were carried out on concrete cantilevers. The
designed angles of the inclined cracks studied were 30°, 45°, 60 and
90°. Five types of inclined interfaces were studied: interfaces with
both longitudinal reinforcement and stirrups, interfaces with
longitudinal reinforcement only, interfaces with longitudinal
reinforcement having reduced dowel action, interfaces without any
reinforcement and interfaces precracked in the compression zone.
All the specimens failed due to either the loss of the shear transfer
across the failure cracks (shear-friction failure) or diagonal crushing
of the concrete (diagonal strut failure of the truss). The following

observations were made from the tests:

- Th= ratio of the shear transferred by shear-friction across the
inclined cracks to the longitudinal compression force on the
crack face (V,/N,) increased as the angle of inclination of the
failure crack, O, increased. The ratio of (V,/N,) for the

seventeen specimens varied from 0.114 to 1.778. If V, and N,
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are transformed to forces parallel and perpendicular to the
failure crack using the dry friction law, the equivalent
coefficient of shear-friction calculated from the tests was 3.0.
Reasons why the equivalent shear-friction coefficient is larger

than the normal coefficient of friction are given in Sec. 2.5.2

and Sec. 5.4.

For the inclined interfaces with 6=30°, the shear causing the
interface cracking was larger than the strength of shear-
friction across the crack interface. For many slender reinforced
concrete beams the inclinadon of the failure cracks is 30° or
less. This suggests that using the inclined cracking load to
define the shear contribution of the concrete may overestimate

the shear strength of beams if V, is based on the actual angle 6.

The principal shear contribution of the longitudinal
reinforcement was its ability to hold the two faces of the crack
together and induce an axial compressive force and hence a
sheai friction across the crack, rather than the shear stress in
the cross section of the reinforcement. Reduction of the dowel
action of the longitudinal reinforcement reduced the failure
shear force by decreasing the shear friction across the crack

due to the greater unbonded length of reinforcement crossing

the crack.

The uncracked compression zone contributes to the shear
resistance of reinforced concrete beams more because it is

under compression than because it is uncracked. The
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compression zone may crack due to the extension of the crack
from the tension zone. However it is still under compression.

The compression induces the shear friction to resist the shear.

- For the specimens with stirrups, the shear force was resisted
by both the tension in the stirrups intercepted by the failure
crack and the shear-friction across the failure crack. The
stirrups participated in resisting the shear by direct tension
across the inclined cracks. The longitudinal reinforcement and
the external longitudinal force, if any, induce the confining
force on the failure crack surfaces and mobilize the shear

friction across the crack.

8.1.2 Tests on Concrete Softening

Forty tests were conducted on reinforced concrete panels with
longitudinal compression and transverse tension. The panels were
loaded to crushing under various transverse tensile strains. Different
load histories were used in the tests. In six panels, non-uniform
distributed compressive forces were applied to study their effect on
the concrete softening. The panels failed either due to crushing of
the concrete or inability to carry additional load because of large

deformations. The test observations are summarized in the following:

- The concrete compressive strength decreased under the
transverse tension. The effective compressive strength of
concrete decreased as the gross transverse tensile strain

increased. The transverse tensile stress in the concrete and
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reinforcement had no direct effect on the effective strength of

the concrete. The maximum reduction in the concrete

compressive  strength was 60%.

- For the specimens with divergent cracks, shearing across the
cracks was observed before failure. The failure usually
resulted from the crushing of concrete near the sheared cracks.
For specimens with very large gross transverse tensile strain

(£,>0.03), failure was caused by large deformation and no

obvious crushing of concrete was observed at failure.

- A nonuniform distribution of compressive strain also reduced .
the compressive strength of the concrete. As the compressive
stress and strain were distributed more non-uniformly, the
average strength decreased while the apparent peak strength

increased.

8.2 Conclusions (the Shear-friction Truss Model)

Chapter 5 deals with the development of the shear-friction truss
model as a design tool for the shear strength of reinforced concrete
beams. In this model the function of the stirrups is represented by
the truss model and the concrete contribution is modelled by shear-
friction. Both the stirrup contribution represented by the truss
model and the concrete contribution modelled by the shear-friction
method are a function of the angle of the inclired cracks. As 8
increases, V, decreases since fewer stirrups are intercepted by a

steep crack, while V_ increases, because the shear-friction becomes
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more efficient. As a result, a plot of the sum of V¢ and V. versus 6
has a vertex with a minimum value. The angle 8 corresponding to
the vertex is the critical angle of inclination at which the inclined
crack plane has the lowest shear transfer capacity and failure occurs

at this crack.

In the shear-friction truss model, the concrete contribution, Vi,
is assumed directly proportional to the magnitude of the longitudinal
compression on the concrete. Hence, in a reinforced concrete beam
the longitudinal reinforcement transfers the shear indirectly by
inducing compression on the crack plane which mobilizes shear-
friction, while the stirrups act to transfer the shear directly as the
tension ties in a truss. The application of the shear-friction truss

6 shows that the

model to twenty-seven beams tested by Scordelis*”
model gives shear strength predications with acceptable safety and
accuracy. The design example indicates that the shear-friction truss
model usually requires fewer stirrups than that the CSA Simplified
Method but may need more longitudinal reinforcement. Compared
with the CSA General Method the shear-friction truss model uses the

same longitudinal reinforcement but less stirrups.

It is found that the CSA Simplified Method and the ACI shear
design procedure underestimate the shear contribution from stirrups
because they use a conservative angle of 45° for the tr.uss model. At
the same time the CSA Simplified Method and the ACI procedure
overestimate the shear contribution from the concrete by using the
shear strength of concrete beams without stirrups as the concrete

contribution of beams with stirrups. The underestimation of the
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stirrup contribution and overestimation of the concrete contribution
offset each other, and as a result, the CSA Simplified Method and the
ACI procedure can give reasonable predictions to shear strengths of
reinforced concrete beams. However, they do not give a clear

understanding of the shear transfer mechanism across an inclined

crack.

8.3 Conclusions (the Effective Strength of Concrete under
Transverse Tension)

According to the 40 tests on reinforced concrete panels, the
effective compressive strength of concrete with transverse tension
decreased as the gross transverse tensile strain increased.  The
reduction of the concrete strength is caused by the number and
width of the cracks in the compressed concrete. The gross transverse
tensile strain is a measure of the cracks in the concrete and the
effective compressive strength of the concrete can be described as a

function of the gross transverse tensile strain (Eqn. (7.3b)).

The loading history followed to get to a given combination
longitudinal stress and transverse strain had no effect on the
effective compressive strength of concrete. However it might change

the relationship between the compressive stress and compressive

strain of the concrete.

Two types of softening mechanisms, the "shearing softening”
mechanism and the "buckling softening” mechanism are involved in
the concrete softening. The shearing softening mechanism is caused

by divergent cracks. Required by equilibrium, shear stresses exist in
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the surfaces of the divergent cracks. Redistribution of the
compressive stresses in the concrete is caused when the cracks no
longer can carry the shear stresses. As a result the concrete in the
spaces between the divergent cracks has higher compressive stresses
than the rest of the concrete. The softening of concrete is caused
when the compressive stress in these locations reaches the concrete

specified strength.

When very large gross transverse tensile strains develop in the
concrete (g,>0.03 for the tested specimens), closely spaced cracks
form in the concrete. These cracks divide the concrete into a number
of prisms. The softening of the concrete in this case is causcd by the
buckling of the prisms before the stress in the concrete reaches the
concrete cylinder strength. At failure, crushing of concrete may not

be observed.

The expression for the effective strength of concrete with
transverse tension developed by Collins and Vecchio*® and included
in the General Method of the current CSA Code? underestimate the
strength of concrete in the test panels. The reason is that the
equation was based on tests of concrete panels, most of which failed
by mechanisms not involving failure in the principal compression

direction.

The strength softening in reinforced concrete due to transverse
tension is mechanically different from the strength reduction of plain
concrete with combined tensile and compressive stresses. In the

later case failure is defined by first cracking and the longitudinal
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compressive stress reduces the transverse tensile strength. It is a
mistake to use the interaction diagram of plain concrete to calculate

the compressive strength of reinforced concrete with cracks due to

transverse tension.

8.3.1 The Effective Strength of Concrete in Beam Webs

Collins and Mitchell*> derived their expression for the principal
strain in a beam web on a plane section analysis. A new equation for
the principal tensile strain has been derived based on the strains in a
compression field web which gives much lower principal tensile
strains and hence higher effective compressive strengths. On the
basis of this, an efficiency factor with a constant value of 0.75 can be
used in the design of slender beams using the truss model or the

shear-friction truss model.
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APPENDIX A

PHOTOGRAPHS OF THE SHEAR-FRICTION

SPECIMENS AFTER FAILURE
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APPENDIX C

CRACK PATTERNS OF THE TEST BEAMS

BY SCORDE! 'S AND BRESLER
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