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Flexural-Shear Cracking Mechanism in Slender
Reinforced Ccencrete Bems
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2
Kim Woo

ABSTRACT

This paper describes an experimental investigation into the cause of critical-shear
cracking in slender reinforced concrete beams, utilizing sixteen simply supported reinforced
concrete beams loaded to failure. The basic approach used was that the test beams were
specially designed and fabricated to artificially isolate or add the effect of a certain factor
on the critical-shear cracking process. Then these test results were compared with results
from ordinary control beams, and the differences were analyzed to deduce the major cause
for the initiation and the propagation of flexural-shear cracking. The results indicated that
the initiation of flexural-shear cracking was strongly associated with the bond between
concrete and reinforcement. Also, it was found that the propagation of the critical shear
crack depended exclusively on the intensity of horizontal cracking. Some results were
incompatible with the concept of shear strength of critical sections that forms the basis of
current shear design provisions. A more rational hypothesis of bond-induced shear failure
mechanism is derived based on these experimental results,
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1. Introduction

The shear failure of slender reinforced
concrete beams is characterized by the
occurrence of a flexural-shear crack (inclined
shear crack)™”. This crack develops after the
onset of nearby flexural cracking: thus the
initial flexural cracks greatly influence the
stress redistribution that follows the
development of the flexural cracks. Hence,
attempts to quantify analytically the
mechanism of flexural-shear cracking have
not been successful to date. In addition,
since shear failures of beams without web
1‘einfor'cement are brittle in nature,
experimental observations have provided
insufficient information on the shear failure
process in spite of the large number of
previous laboratory investigations.
Considerable differences in opinion exist
regarding the flexural-shear cracking
mechanism in reinforced concrete beams.

The present work explores the fundamen-
tal cause of flexural-shear failure in slender
reinforced concrete beams. This work is
based on a comparative study of strength
and deformational characteristics, as well as
fracture processes, of various reinforced
concrete beams with the same overall
geometry and loading conditions, but with
selectively different features such as
debonding of reinforcement over part of its
length, support conditions that do not
provide restraint, and shear reinforcement at
carefully defined locations. Attention herein
was focused mainly on inclined shear
cracking: the mechanism of inclined shear
crack initiation and the manner of inclined
shear crack propagation for beams with
shear span-to-depth ratios ranging from 1.5
to 4.0,
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2. Experimental Program
2.1 Design of test specimens

The test beams consisted of 16 rectangular
concrete beams, each 127 mm wide and 230
mm deep, with two-D16 high strength bars
as tension reinforcement (steel ratio =
0.0165).

The effective depth was 190 mm.
Symmetrical 2-point loads gave shear span-
to~depth ratio a/d values from 1.5 to 4. This
experimental investigation included 5 series
of specimens as outlined in Table 1, with the
first series of 5 beams forming the control
specimens. The CNB series (control normal
beams) consisted of 5 normal beams to
provide a basis of comparison for subsequent
test results. The results were designated as
the control value for reference purpose. The
variable was the shear span ratio, with
values of 1.5, 2.0, 2.5, 3.0, and 4.0. Each of
the other 4 series had different feature,
which was specially designed and fabricated
to isolate or add the effect of a certain factor
on shear behavior as followings:

+ UBB series (beams with unbonded bars)
—Four beams were used to investigate the
effect of unbonded tension reinforcement.
The bond between the steel and the concrete
was artificially eliminated over selected
lengths of the reinforcement along the shear
span using lengths of PVC pipe covers. Three
beams had a/d of 3, and the other had a/d of
4. The variable in this series was the length
and location of unbonded zone along the
tension bar, as shown in Fig. 1(b).

* NRC series (beams with no reaction
confinement) —Two beams were designed to
explore the effect of support reaction
confinement. The support reactions were not

directly transferred to the bottom surface of
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the beams. As shown in Fig. 1(c¢). the
reactions were resisted by the corbels that
projected from the side faces of the beam.
The corbel on either side was attached only
at upper portion of the gide face, and
separated at the bottom portion around the
steel level up to 64 mm from the beam lower
face.

* CHC series (beam with confined
horizontal cracking) —Horizontal cracking
was confined with prestressed external
stirrups (so-called clamps), as shown in Fig.
1{d). The clamps were placed on the section

at the one third point of either shear span,

which was the most probable section of

horizontal crack initiation.
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Fig. 1 Geometrical configurations of Test Specimens:
(a) Schematical layout of test setup,
{b) Beams in UBB series
(¢} Details of the support in NRC series,
(d) Beam in CHC series,
{e) Beams in P series
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* P series (beams with preformed crack)—
Four beams (each with a/d = 3) were made
to have artificial preformed crack. As shown
in Fig. 1(e). three different types of crack
were prefabricated: inclined crack in 3PIC,
horizontal crack in 3PHC, and flexural crack
in 3PFC1 and 3PFC2.

2.2 Materials, loading, and instrumentation

The concrete mixes used were designed to
develop cylinder compressive strength of 31
MPa (320 kg/cm?) at 28 days. The cement
was commercial Portland cement Type I, The
sand was a local product from a glacial
alluvial deposit: it consisted mainly of quartz
and had a fineness modulus of 2.60. The
gravel was crushed limestone with a
maximum size of 12.5 mm. The materials
were batched by weight ! the water to
cement ratio was 0.58, and the cement to
sand to gravel ratio was 1:3:3. The
reinforcing steel was commercially available
deformed bars. D16 bars were used for
longitudinal reinforcement. with the actual
yield strength = 461 MPa (4720 kg/em®).
After casting., the specimens and test
cylinders were covered with plastic sheeting
and kept moisture for seven days. Tests were

performed 21 to 28 days after casting.
3. Results and Discussion

The main results are summarized in Table
1. The shear cracking load Pe was the
applied load at which the inclined shear
crack was first observed, and the ultimate
load P« was the maximum load measured
during each test. Since the concrete
compressive strengths ranged from 26.5 MPa
to 37.7 MPa, the test results were modified

to allow individual tests to be compared on
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an equal basis. Modified ultimate loads Puu
were obtained by normalizing the test
results with respect to a nominal concrete
strength of 31 MPa, using the assumption
that. within the concrete strength range
used, shear strength was proportional to the
square root of the compressive strength.
Thus. the shear cracking loads as well as the
failure loads were multiplied by \,31 /f.

3.1 Effect of a/d Ratio

Fig. 2 shows the crack patterns in the
CNB series beams. The critical shear crack
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Fig. 2 Crack configurations of beams in CNB series
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Fig. 3 Pattern of inclined shear crack initiation observed
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initiation process was the same in all beams
regardless of a/d ratio. After the formation of
the flexural cracks, a distinct diagonal crack
appeared suddenly a short distance above
the tension steel and in the vicinity of the
outermost previously developed flexural
crack, as shown in Fig. 3.

This initiation of shear cracking observed
in the tests was quite different from the
inclined extension of an ordinary flexural
crack. Then as the load increased, this crack
propagated further in both directions. At the
upper end it extended toward the load point,
and at the t propagated downward across
the steel or along the steel. For the
convenience of the present study, the
upward branch of this critical crack was
called an inclined shear crack, and the
downward branch was called a horizontal
crack.

In all beams in CNB series, the crack
propagation rate into the compression zone
with increase of load. however, differed
greatly with the a/d variation. Correspond-
ingly, the ultimate failure in the compression
zone took different forms. In the shorter
beams 1.5CNB and 2CNB, the horizontal
crack did not form distinctly and the upward
inclined shear crack was stable, resulting
finally in crushing failure at the compression
zone {shear-compression failure). In the
longer beams 3CNB and 4CNB, the inclined
shear crack propagated in an unstable
manner as soon as it initiated. resulting in
sudden failure by separation of the beam
into two parts (diagonal-tension failure).
Thereby, the reserve strength P. (defined
herein by difference in load between Pcr and
P.)} varied considerably with the variation of
a/d ratio as illustrated in Fig. 4, and
tabulated in Table 1.
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Fig. 4 Variation of cracking and failure loads of beams in
CNB and NRC series
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3.2 Effect of unbonded reinforcement

The primary objective of the beams with
unbonded bars (UBI) series was to study
the effect of unbonded lengths along the
tension reinforcement on shear crack pattern

and load carrying capacity. The recorded
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crack patterns for these beams are shown in
Fig. 5. and the load-deflection curves are
compared with that of the control normal
beam in Fig. 6.

In beams 3UBBI and 4UBB1 [whole span
except anchorage bond length was unbonded
as in Fig. 1(b)], one or two flexural cracks
formed in the pure moment zone at very
early stage of loading. The cracks opened
extremely wide and extended deep into the
compression zone with increasing load.
Flexural stiffness was less than that of the
control normal beam, and crushing occurred
progressively in the compression zone, with
accompanying large deformation and
formation of hinging, as represented by the
load-deflection curve for 3UBBI in Fig. 6.
The ultimate loads for 3UBB1 and 4UBBI
were 96.5 kN and 76.1 kN respectively,
which were 94 % and 98 % of their nominal
flexural strengths as summarized in Table 1.

In beams 3UBB2 and 3UBB3 [bond along
a part of the reinforcement in the shear span
was artificially eliminated. as in Fig. 1 (b)],
the first flexural crack formed at the interior
end of the unbonded region in the shear
span at a very early loading stage. With
further increase of load, the first flexural
crack in the shear span extended deep into
the shear compression zone. opened widely,
and then stabilized. The failure of 3UBB2
occurred by crushing in the compression
zone when the load reached 110.3 kN, which
was 104 % of its calculated nominal flexural
capacity, and nearly twice of the ultimate
load of the control normal beam 3CNB. One
important fact observed in 3UBB2 was that
the first flexural crack in the shear span,
although it was inclined as a typical flexural-
shear crack and openced extremely widely,

did not become the critical crack which
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governed the failure of the beam.
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Fig. 5 Crack configurations of beams in UBB series
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Fig. 6 Comparison of load-deflection curves of beams in
UBB series with that of control normal beam (3CNB)

The critical inclined crack in 3UBB3
formed at lower load stage, developed much
more extensively, and opened far more
widely because the bars were unbonded.
Consequ-ently, the aggregate interlocking
became less effective: thus, in turn,
increasing the shear carried by the
remaining uncracked concrete above the
crack tip as well as the dowel shear. Hence.
smaller shear carrying capacity should have
been expected. Nevertheless, the actual
failure load was 24% higher than that in the
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control normal beam 3CNB.

From the above test results, it is evident
that the critical inclined crack in SUBB2 and
3UBB3 was fundamentally different from
that in 3CNB although the cracks were
nearly identical in overall geometry. The
former was stable, and the latter was
unstable. Thus the elimination of bond
resulted in a drastic change in failure mode
as well as a large increase in load capacity.
This experimental evidence indicates that the
bond between concrete and reinforcement is a
critical factor in flexural-shear cracking in

reinforced concrete beams.
3.3 Effect of released horizontal cracking

Since an inclined shear crack produces
effects conducive to further localization of
internal stresses, any inclined shear crack in
a beam is potentially dangerous. However,
initiation of an inclined shear crack does not,
of itself, mean complete rupture of the beam.,
as evidenced by high reserve strength in
some beams having a short shear span. As
illustrated in Fig. 4, the shorter beams
1.5CNB and 2CNB showed a large reserve
strength. [t is believed that the stability of
an inclined shear crack is related to the
degree of horizontal cracking along the
tension stecl. In the short beams, 1.5CNB
and 2CNB, horizontal cracking was naturally
restricted by the support reaction pressure
as soon as it initiated because the section at
which the crack started was quite close to
the support. This also stabilized the upward
inclined crack so that high reserve strength
resulted. To study this issue, two beams,
1.5NRC and 2NRC, were designed to
artificially eliminate the support bearing
confinement effect and thus allow extensive

horizontal cracking. As shown in Fig. 1(c),
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the beams were supported on their sides
with no support force acting on the lower
face of the beams.

The crack configurations of NRC series are
shown in Fig. 7, and the load-deflection
curves are compared with those of the
corresponding control normal beams in KFig.
8. In the early loading stage up to the shear
cracking load, the crack pattern was quite
similar to that of its control normal beam.

Furthermore, the slopes of the load-

deflection curves were identical to those of

the control beams up to the shear cracking
load as shown in Fig. 8. This indicated that
the change of the support system in NRC
series did not alter the behavior of a normal

beam at early loading stages.
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Fig. 7 Crack configurations of beams in NRC series
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Fig. 8 Comparison of load-deflection curves of beams
in NRC series with those of control normal beams

After the inclined shear crack formed,
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however, the behavior of the NRC beams was
fundamentally different from that of the
control beams. In the beams without support
reaction confinement, 1.5NRC and 2NRC, the
initiated inclined shear crack extended very
fast at both ends of the crack, toward the
loading point and along the tension steel
forming a distinct horizontal crack. Thereby
the heams were ruptured by total separation
in a brittle diagonal tension failure mode
when the load reached 95.6 kN for 1.5NRC
and 76.1 kN for 2NRC, giving reserve
strengths of about 10 kN. These load-carrying
capacities were only 44 % and 54 % of those in
their corresponding control normal beams.
The results of these tests show that the
elimination of the support reaction
confinement in short span beams leaded to
extensive horizontal cracking along the
reinforcement, with premature failure at
greatly reduced load capacities. Thus the
from shear compression type to diagonal
tension type, and resuited in negligibly small

reserve load carrying capacity,
3.4 Effect of confined horizontal cracking

In the contrast to the shear behavior of the
beams with short shear span (a/d { 2.5), the
longer span beams (a/d 3) had inclined
cracks that propagated through the entire
section with zero or negligibly small reserve
load. as illustrated in Fig. 4. The author
postulated that the instability of the shear
crack in the longer shear span beams was
attributed to extensive horizontal cracking at
the level of the reinforcement. In order to
verify the assumption, the beam 3CHC was
designed and built to suppress the horizontal
cracking by providing an external prestressed
clamp (stirrup) at outer third section of the

shear span [see Fig. 1(d)], which was the
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most probable location for a horizontal crack
initiation (as occurred in 3CNB). Cracking
behavior is shown in Fig. 9

1The numbers denote extent of eracking at the given leads expressed
in kips)

Fig. 9 Crack configuration of beam 3CHC

Comparing the results for this beam 3CHC
with that of the control normal beam 3CNB,
at loadings below the shear cracking load,
the cracking patterns at given load levels
were the same. However, the rate of the
shear crack propagation into the
compression zone differed greatly. In 3CHC
the inclined shear crack extended very
slowly into the compression zone with
increasing load, requiring a large additional
load of 49 kN for failure by crushing in the
compression zone at 109 kN, almost twice
the capacity of 3CNB and equal to the full

flexural load-carrying capacity of the section

as indicated by the flexural strength ratio of
1.01 in Table 1. Some of this increase of

strength might be attributed to the increase
of the dowel resistance due to the external

stirrups provided.
3.5 Effect of preformed crack

Four beams in the P series were tested to
study the effect of various preformed cracks.
The resulting crack patterns are shown in Fig.
10, and the measured loads are summarized
in Table 1. In 3PIC. an artificial inclined crack
was prefabricated at the middle of each shear
span to closely simulate the actual inclined
crack observed in the control normal beam
3CNB (see Fig. 1(e)]. As loading progressed, a
horizontal crack started from the bottom end
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of the preformed crack at 31 kN. At 33 kN the
upward crack formed at the upper end of the
preformed crack, then stabilized with
accompanying large deformation. When the
load reached 52.1 kN. the beam failed by
sudden disintegration of the concrete at the
right loading point. This failure load was only
3 % lower than in the control normal beam
3CNB, even though most of the aggregate
interlocking resistance was eliminated
because of the prefabricated crack. It should
be noted that conventional approaches to
shear capacity would infer that the aggregate
interlocking shear resistance should account
for approximately 50 % of the total shear
resistance of a beam {according to Ref. 3).
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Fig. 10 Crack configurations of beams in P series

In 3PHC, a concrete portion 51 mm depth
and 190 mm length at the center of each
shear span was blocked out to simulate the
effect of a horizontal crack as well as to
lessen dowel stiffness. With the application
of load, the first crack formed at the inward
end of each notch at very low load levels.
With increasing load, this crack extended
gradually and penetrated the whole depth
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when the load reached 38.3 kN. which

corresponded to 74 % of the shear strength of

the control normal beam 3CNE.

In 3PFCI and 3PFC2. an artificial flexural
crack, which was 127 mm high and slightly
bent at the top of the crack to simulate a real

flexural crack in the shear span as shown in

Fig. 1(e), was formed into both shear spans of

each beam. 3PFC2 was designed to restrict
horizontal cracking by providing smali
stirrups in the exterior half of each shear
span. In both beams, although the
prefabricated flexural crack started to extend
at an early loading stage because of the stress
raigser effect at the tip, this crack was stable
until the horizontal crack started to

propagate. As the horizontal crack extended

toward the support, the upward extension of

the preformed crack approached the loading
points. The beam 3PPFC1 failed at 98 % of P,

in 3CNB, even though a substantial part of

the interlocking shear portion was eliminated
by the preformed crack. Moreover, the load
carrying capacity of the beam 3PFC2 was 33
% higher than that of the intact beam 3CNB.
The primary reason for this strength increase
was attributed to the effect of confined
horizontal cracking due to the small stirrups
provided. From these results. it can be said
that an inclined flexural crack. by itself,
without any horizontal crack along the
reinforcement. cannot become critical, and
that horizontal cracking is a prerequisite for

beam failure in shear.

4. Bond-Induced Shear Failure
Mechanism

The present experimental results provide

some clues to help explain the major cause

and the process for the initiation and
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propagation of shear cracking in reinforced
concrete beams.

The bond forces existing between the two
different materials (concrete and steel)
would appear to be the primary cause for the
initiation of the shear crack. and its
propagation into the compression zone may
well be an after-effect of the horizontal
cracking along the longitudinal reinforce-
ment. Incorporating this experimental
observation with mechanics principles, a
behavioral model is driven for the critical
shear cracking. and then the model is
applied to more [ully explain the behavior
obtained from the present experiments.

4.7 Initiation of shear crack

According to the present tests as well as
other tests on reinforced concrete beams
under point loading, the manner by which
the shear crack initiates has certain common
characteristics: Shortly after the onset of
flexural cracking in the shear span, a small
distinct diagonal crack suddenly appears a
short distance above the longitudinal
reinforcement, and in the vicinity of a
previously developed flexural crack, as
illustrated in Fig. 3. Therefore, the state of
shear stress in a reinforced concrete beam is
examined when the beam is loaded to the
level that produces some flexural cracking
and incipient shear cracking just outside the
flexurally cracked region.

A two-point loaded reinforced concrete
beam of rectangular cross section after
formation of some flexural cracks is shown in
Fig. 11(a). Since the beam has both a
bending moment M and a shear force V
acting on the shear gpan, the shear stress
can be calculated from the equilibrium of an

element opgr [Fig. 11(b)]} taken from the
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lower end segment of the free body diagram.
The horizontal shear force acting on the
shear surface g-r is vbac, where v = average
shear stress. From horizontal equilibrium of
the forces on the clement opqgr, this shear
force equals the reinforcement tension force
T at the flexural crack section p—r. Hence the
average shear stress v on the horizontal
plane is: v = T /(b a). The principle behind
this equation is identical to that in an elastic
homogeneous beam, but the value of shear
stress v in the concrete beam needs very
careful consideration because of the
discontinuities produced by cracking and the
complexities in stress distribution produced
by composite action of the two materials.
Since the reinforcement force T is
transferred to the concrete through bond,

and the shear surface g-r is close to the level
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Fig. 11 Shear stress concentration for flexural-shear
crack initiation (a) Overall beam configuration prior to
shear cracking, (b) Beam end part, (¢) Shear (bond)
stress ditribution along along a horizontal plane g-r, and
(d) Shear stress distribution along a vertical plane s-t
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of the longitudinal reinforcement. the shear
stress distribution on the surface is highly
dependent on the bond phenomena.
Recognizing that the element opqr in
Fig.11(b) is analogous to a simple pullout
bond test specimen having special boundary
conditions, the approximate state of shear
stress due to the bond may be determined.
For the condition that the stress level of
the embedded bar is below yield, the pullout
bond test results show that maximum bond
stress occurs near the loaded end (at surface
pr in Fig. 11(b) in the present casel. with
ratio of maximum bond stress to average
bond stress of much more than 2 according
to Ref. 4. Hence the distributions of the
shear stresses along the surface g and s-t
are the forms shown in Fig. 11(c) and (d)
respectively. This argument implies that
immediately after the flexural crack p-r
forms. the bond phenomenon leads to highly
concentrated shear stress in the zone above
the reinforcement and adjacent to the crack.
The important point to be made above is
the substantial magnification of shear stress
in the zone slightly above the reinforcement
and near the outermost flexural crack (the
critical zone in Fig. 11(a)) from the effects of
the local bond stress concentration. This
zone of the local shear stress concentration
coincides well with the experimentally
observed zone of shear crack initiation (see
Fig. 3). In view of the above, with no bond
between the concrete and the reinforcement
in the shear span zone of the beams in UBB
series, the bond-induced shear stress was
absent, and a shear crack did not form,
resulting in the avoidance of a shear failure.
In view of the above, it is concluded that
the nature of local bond stress concentration

immediately after flexural cracking is a
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major cause for the initiation of the flexural-
shear cracking in reinforced concrete beams.
The parallel analytical formulation is

described in detail in Ref. 5.

normal stress 4

small COD N distribution '

normal stress |
distribution

{b) After horizontal cracking

Fig. 12 Effect of horizontal cracking on flexurai-shear
crack propagation

4.2 Propagation of shear crack

It appears from the present work that the
stability of the critical shear crack extending
into the compression zone varies with the
extent of the horizontal cracking. Hence, a
basic concept of fracture mechanics will be
applied to explain the effect of horizontal
cracking on shear crack extension. In fracture
mechanics, crack opening displacement (COD)
is an alternative measurement of crack tip
stress.” This is because the crack tip strain is
related to the COD., which is a measurable
quantity. From the above view point, extensive
horizontal cracking may result in a large
increase of COD at the inclined shear crack
mouth zone, while a beam with no horizontal
crack has small COD, as conceptually
compared in Fig. 12. The increase in the COD
at the shear crack mouth zone may result in

two major changes in the shear compression
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zone ahead the critical shear crack tip: (1) the
stress at the crack tip will be higher because
the element at the crack tip experiences high
straing, and (2) the component of shear force
carried by the uncracked concrete will be
increased because the widely opened crack
width will result in smaller resistance by
aggregate interlocking. Based on this
observation, an extensive horizontal cracking
produces severe modifications of the internal
stress system, resulting in sudden increase of
the stress at the head of the shear crack. Then,
the shear crack becomes unstable, and in turn,
is followed by brittle diagonal-tension failure.
One of the important characteristics of
horizontal cracking along the reinforcement is
that, once a horizontal crack starts to extend,
the crack extends quickly to the support point
without any additional load. This is easily
borne out by Fig. 11(b): As the crack extends
toward the support, the area of horizontal
shearing surface (bac in Fig. 11(b)) resisting
load becomes smaller, while the steel tension T
stays constant or increases. Thus the
horizontal crack is unstable by nature. When
this unstable horizontal crack reaches near the
support section, it is contined or retarded by the
support reaction bearing pressure, as evidenced

by the present test results in NRC series.

5. Conclusions

The following conclusions are based on the
present experimental investigation into the
flexural-shear cracking behavior on slender
ordinary reinforced concrete beams without
web reinforcement.

1) The initiation of the critical-shear cracking
is found to be strongly associated with the
magnification of actual shear stress produced by

a distinct local stress concentration effect arising
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from the formation of the nearby flexural cracks.
This local shear stress concentration is produced
by the nature of bond between the concrete and
the flexural reinforcement.

2) The stability of the critical-shear
cracking into the compression zone depends
on the extent of the horizontal cracking along
the longitudinal reinforcement. Extensive
horizontal cracking produces sudden increase
of stresses at the head of the inclined shear
crack and an unstable propagation mode.
The primary factor for the variation of shear
strengths and failure modes with respect to
a/d is directly related to the intensity of
unstable horizontal cracking.

3) The new concept of the bond-induced shear
failure mechanism described in this paper may
lead to a comprehensive understanding of the
causes and mechanisms of flexural-shear
cracking failure in reinforced concrete beams in

terms of initiation and propagation.
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