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Abstract:

A truss model is presented in this paper to predict the load—deflection response of reinforced concrete
beams subjected to flexure and shear. The truss model which has struts at various angles is derived
considering concrete contribution. The concrete contribution is then integrated into the modified
truss model through the concept of equivalent stirrup reinforcement. The validity and applicability of
the proposed truss model is evaluated by comparing results with experimental data. Good
correlations with the experimental data have been obtained. This study shows that the truss model
analogy, if properly treated, can be used to access both shear strength as well as the load—deflection

response of reinforced concrete elements subjected to shear and flexure.
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1. Introduction

It is common to use concrete to carry compressive forces and steel reinforcement to carry tensile
forces in flexural design of reinforced concrete (RC) beams. This idea was further developed into
the concept of a truss analogy utilizing concrete blocks as compression struts to resist compressive
forces and reinforcing bars as tension ties to carry tensile force. The truss analogy, which is based
on relevant experimental evidence, assumes that inclined cracks form in RC beams at failure. The

concrete stress blocks between adjacent cracks would carry the inclined compressive forces and



act as diagonal compression struts. This led to the realization that a truss-like action could be
achieved through longitudinal reinforcement representing the tensile chord of the truss while the
concrete represents the compressive chord on either side of the beam, and then stirrups to provide
vertical tension ties joining the adjacent longitudinal chords. Such a truss model analogy has
greatly influenced the shear design procedure for determining ultimate shear capacities of RC
beams throughout the years. Moreover, its visible nature allows it to represent the shear failure
mechanism, through which many analytical models have been developed. These models aid in the
analyses of stiffness and deformation of RC elements. Significant contributions have been made
by many researchers to the development of truss models of RC beams subjected to shear and

flexure.

Bresler and MacGregor [1] reviewed the mechanism and analyses of RC beams which failed in
shear and gave graphical illustrations based on a classical truss model. This provides an initial
concept for the modified truss model with struts at various angles. In this model, the chords are
assumed to be parallel to each other. All shear must be carried by tension in the transverse
reinforcement as neither chord can transmit any transverse load. However, to account for the
experimentally observed shear capacity of concrete in a beam (with and without reinforcement),
it may be assumed that the compression chord of the truss is curved. This is then known as the
modified truss model. Although further analytical work on these models was not available at that
time, they gave a very good conceptual basis for further research on truss model analogy.

Paulay [2] found that shear deformation was developed due to truss action when estimating
deformations of coupling beams after cracking. A considerable portion of shear force was found
to transfer from one support to the other through a truss formed by the stirrups and the diagonal
concrete strut. An analogous truss model with tapered struts was used by Paulay [2] to study the
principal dimensions of the compression struts and deformation of a typical shear transfer
linkage. Then from the compatibility condition, shear rotation of the analogous variable angle
truss model was determined. Paulay’s work laid the solid foundation for further detailed analysis

with the truss model analogy.

Recently, To et al. [3] attempted to develop strut-and-tie model formation procedure, which



allowed the cyclic hysteretic response of RC structures to be examined. For this purpose, an
idealized uniaxial fiber model was proposed to simulate the axial force—displacement
characteristic of a combined concrete and steel reinforcing element. The model was
subsequently employed as the top and bottom longitudinal chord members in the strut-and-tie
model. The dimensioning of chords struts and ties and allowable strength of these members were
briefly discussed too. The strut-and-tie model obtained from their suggested procedure gave
satisfactory analytical results to the experimental evidences. However, the suggested procedure
was simple and thus resulted in several deficiencies in the prediction.

As reviewed earlier, truss model analogy demonstrated its convenience and potential in
analyzing strength and deformation of RC structural members. The Current ACI 318 [4] design
code also comments that requirement for serviceability besides the ultimate limit state should be
complied when using the truss model analogy for design. Thus, there is a need to investigate
strength and deformation of RC elements when modeled by the truss analogy. The objective of
this paper is to propose an analytical truss model with struts at various angles, capable of tracing
the response of RC beams subjected to shear and flexure.



Notations

Psu

P

Shear span length or depth of the equivalent
rectangular stress block

Depth of the transformed equivalent rectangular
tress block

Sectional area of compression chord

Sectional area of longitudinal reinforcement
Sectional area of stirrup reinforcement converted
from concrete contribution

Section area of diagonal strut

Sectional area of shear reinforcement

Beam total sectional width

Width of confined core measured to outside of
stirrups

Distance from extreme compression fiber to neutral
axis

Resultant of concrete compression force

Resultant of reinforcement compression force
Effective depth of the beam taken from the extreme
compression fiber to the centroid of the outermost
layer of tension reinforcement

Concrete compressive stress

Cylinder strength of concrete

Stress of tensile reinforcing steel bar

Stress of compressive reinforcing steel bar

Yielding stress of reinforcing steel bar

Height of truss

Flexural lever arm

Critical strut length

Spacing of stirrups

Resultant tensile force

Truss contribution

Stirrup contribution

Slope of descending branch for confined concrete in
the stress—stain relationship

Strut angle

Concrete strain

Strain in longitudinal tension reinforcement

Strain in longitudinal compression reinforcement
Ratio of volume of shear reinforcement to volume of
concrete core measured to outside of Stirrups

Ratio of area of longitudinal reinforcement to beam
effective sectional area




2. Proposed modified truss model approach

A graphical presentation of the overall configuration of the modified truss model is illustrated in
Fig. 1. Compressive members are shown in dotted lines while tensile members are shown in solid
lines. Particularly, the shear span of the RC beam is modeled by a statically indeterminate truss
model with struts at various angles. In the middle portion of the truss where the moment is
constant and the shear force is zero, two 2-dimensional elastic panels are thus used in the truss
model without losing of any generality. Every element in the truss model will be illustrated in
detail herein. The top chord members of the truss, which represent longitudinal top reinforcement
and concrete, are modeled by idealized uniaxial fiber model according to To et al. [3] to simulate
the axial force—displacement characteristics of a combined action of concrete and steel
reinforcement. The longitudinal bottom chord members of the truss, which carry tensile force, are
represented by longitudinal tension reinforcements only and concrete tensile contribution is
ignored. The height of the modified truss model is standardized and defined to be the distance
between the centroid of the top chord to the bottom tension reinforcement. The longitudinal top
and bottom chord members of the truss are further connected by diagonal compression struts of the
truss model that represent the cracked concrete in compression and transverse tension ties of the

truss.

The compression struts and tension ties in the transverse direction are the primary mechanisms
for shear transfer and resistance. The choice of the strut configurations needs reasonable
justification. Considering equilibrium in the shear span of a beam, the moment resistance of the

beam can be expressed by:
M = Tjd. (1)
The contribution of the dowel force towards flexural resistance is neglected in Eg. (1). Combining
Eq. (1) with the relation between the shear and rate of change of bending moment along a beam, the
following modes of internal shear resistance result:

dM d ,,dT d(jd)

V=—=—(Tid)=jd— +T ) 2
dx dx”' de+ dx @)




The first term of Eq. (2) expresses the behavior of a true flexural member in which the internal
tensile force T acting on a constant lever arm jd changes from point to point along the beam. It is
the equation for perfect “beam action”. The second term of Eq. (2) is the extreme case that the
bond between steel and concrete is destroyed over the entire length of the shear span. Under such
circumstances the external shear can be resisted only by the inclined internal compression. This
extreme case may be termed “arch action”. In a normal RC beams, where the full bond force
required for beam action cannot be developed, these two mechanisms offer a combined resistance
against shear forces.

It is known that the arch action could also be an important mode of shear resistance. Hence,
both the beam action and the arch action should be considered when modeling RC beam. The
proposed modified truss model in this paper caters for the arch mechanism by introducing
compression struts which directly connects the loading points with the supports. Meanwhile, the
beam action is represented by diagonal compression struts with variable angles of inclination.
This variable angle of inclination is achieved by dividing the shear span into four equal portions.
Each portion of compression strut is then connected to the loading point in the lower portion or
to the support in the upper portion as shown in Fig. 1. This simple y direct method to construct
the truss with struts at various angles is found to be sufficient as the results will later show.

Concrete contribution in the beam action is also included in these struts at various angles.
3. Properties of the modified truss model

Elements in truss model must have their material properties before the truss model can be further
analyzed. In the proposed truss model, the stress-strain relationship for concrete follows the
constitutive curve proposed by Kent and Park [5] as shown in Fig. 2. The equations governing the

behavior are given below:
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|26 c )2
Je=1c [0.(?02 N (0.302) } ' )



For region CD

fo=f11-Z (e — 0.002)] )
L= s?uf— 0.002 ©)
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Here, the ascending parabola is simplified by bilinear sections ABC while the descending
branch remains the same. The stress—strain relationship for reinforcing steel in Fig. 3 is
bilinear and has a general strength-hardening ratio of 0.005. The yielding stress and strain of

the reinforcement are specified from the experimental works accordingly.

Over the past 20 years, many researchers have concluded that the truss model analogy
tends to overestimate the shear capacity and stiffness of RC beams when the failure stress of
the concrete struts is assumed to be the uniaxial concrete compressive strength. Thus the
stress that each type of concrete member can achieve should be carefully considered. In
conventional flexural design theory, the uniaxial compression of concrete is assumed to
prevail. The design concrete strength is taken to be 0.85f, . The factor 0.85 considers the
difference between the concrete cylinder strength and the strength of actual structures.
Moreover, the compressive strength of concrete is affected by the presence of transverse
stresses. In reality, a RC beam under flexure and shear is subjected to biaxial stress with
tensile stresses with tensile stresses in the direction perpendicular to the principle
compressive stresses. Therefore, the strength in the principal compressive direction is
reduced by the principal tension perpendicular to it. This softened compressive stress is
referred to as the “effective compressive stress of concrete” and is a function of certain
factors. Considerable research has been conducted in an effort to determine the limiting
concrete compressive stress. This paper adopted the suggestion from Schlaich et al. [6,7] for

the effective stress of concrete. Therefore, 0.8f/ is taken for the longitudinal chord concrete



element as parallel cracking with normal crack width. A compressive strength of 0.4f is
chosen for the diagonal compression struts to cater for skew cracks with extraordinary crack
width. These reductions together with 0.85 make up the stress levels and then used to regulate

the concrete member in the modified truss model.

Top chord members of the truss, consisting of top compression reinforcement and
concrete stress block, are modeled by the uniaxial fiber element. The concrete area is
defined as the compression zone. However, the center of the concrete stress block does not
coincide with the center of top compression reinforcement. The concrete stress block will be
transformed into an equivalent area centered at the center of top compression reinforcement
by maintaining internal moment equilibrium as shown in Fig. 4. To accomplish this
transformation computationally, it is assumed that the extreme fiber in the compressive
concrete passes the strain at the maximum stress when the ultimate strength is reached and
that the concrete stress block can be simplified as an equivalent rectangular stress
distribution. This assumption is quite true as the concrete compressive strain at the
maximum stress is quite small and can be achieved shortly after loading. Fig. 2 illustrates
this transformation and the equivalent concrete area in the uniaxial fiber element. The

sectional area of compression chord can then be derived as:

A (d— Asfs )
o 0.85f] 3 1.7f/b < b. (8)

Ideally, Eq. (8) gives the concrete area of each top chord member as long as fs of the
corresponding longitudinal bottom reinforcement is known. However, this is not very much
operational as fs, which is only obtainable from experimental strain gauge readings may not
be available at every desired section. To overcome this disadvantage in the transformation,
another equation is proposed from the view of flexure capacity that a top chord member can
sustain. The top chord member of the truss must be able to sustain the ultimate moment
demand at a reasonable stress state. From this consideration, the area of concrete in the top

chord can be written as:

Am = —. 9)



It should be noted that Eq. (9) does not consider any reduction in strength as the reduction factor
will further increase the concrete area which makes the reduction in strength meaningless. In
deriving Egs. (8) and (9), the influence of top compression reinforcement is not included in the
transformation as the area of top compression reinforcement is relatively small and is only
subjected low strain in most beams. Furthermore, under the simplifications made in this paper,
both Egs. (8) and (9) give the maximum available concrete area for top chord members. For the
longitudinal bottom chord elements, the properties are readily defined as the longitudinal bottom

reinforcement in the position.

Next, the diagonal compression struts are discrete representation of the stress field inside the
beams. One strut covers the stress flow in its nearby region. As the stress flow is continuous in a
beam, the areas of the compression struts are determined from its geometrical consideration. An
effective section [, is defined on this basis for each strut; the sketch in Fig. 5 illustrates this concept.
It can be seen that the area defined is actually the maximum allowable for each strut and this

area is given as:

Asmn = Ip < b. (10)

The geometrical property of the arch member is calculated in the same way as described above
together with the struts for beam action. The analytical results confirm that the arch action
contribution for shear is highly related to this area determined herein. It should be also noted that
maximum area is adopted for both concrete in top chord members and struts. Therefore, the
behavior of these concrete members is reflected through the stress variations in them. It should be

noted that these stresses are the average stresses within the members.

4. Concrete shear contribution

In a standard truss model illustrated in Fig. 6, one typical tension tie member ij in the transverse
direction is formed by lumping all the stirrups cut across by section A-A. The compression strut that
runs parallel to section A-A and connected to member ij transfers the force to the tension tie. If all

stirrups reach yield when failure load is applied with all struts inclined at a same angle, the



distribution of stirrups would be considered ideal. Therefore, it is appropriate to assume that all the

stirrups have yielded and each develops a force of A, f,, Based on these assumptions, the truss
shown becomes statically determinate. From the equilibrium condition, the truss model capacity in

shear V is obtained:
h
V. = Al.fy; cot . (11)

From this point of view, it can be seen that the shear resistance mechanism in the standard
truss model mainly comes from the transverse ties or the stirrups. Hence, the truss model
ignores the shear resistance components from the concrete contribution such as shear in the
compression zone, aggregate interlock across crack, and the dowel action [8]. The modified
truss model proposed herein works the same way as the standard truss model in principle
when concrete shear contribution is null. This is again verified from an analysis of the
proposed modified truss model for Beam S2-3 and S2-4 tested by Kong and Rangan [9] with
no concrete contribution to shear resistance. Results shown in Fig. 7 clearly indicate that at
the point of tension tie yielding, the shear capacity developed is significantly lower than the
experimental ultimate strength (only 58% of the ultimate shear capacity). Also, the overall
shear stiffness of the model is smaller than the test beam. A larger deflection is obtained for
the modified truss model at the same level of shear force as compared with the experiment.
Furthermore, due to the lower shear capacity, the ultimate deflection in the experiment

cannot be achieved satisfactorily for the model without concrete shear contribution.

Thus, we conclude that a truss model without considering the concrete contribution in shear
results in excessive conservation in both shear capacity and stiffness, and hence the
deformation. The additional strength and stiffness required to capture the realistic behavior of
the RC beams utilizing the truss model could only come from the shear resistance mechanism
of the concrete contribution correctly incorporated. The importance of the inclusion of some of
the components of the concrete shear failure mechanism to shear design has already been

noted in the current ACI 318 design philosophy. ACI 318-02 [4] specifies this contribution as:

Vyd
Ve = (0.16JE+ '17.zpw1\;1_‘) bd < 0.3,/f!bd. (12)
u



This additional term is a supplementary to the truss model that the ACI 318-02 code adopts.

A conceptual distribution between concrete shear contribution V. and stirrup contribution V;
can be visualized in Fig. 8 [10]. The concrete contribution here remains constant throughout
the monotonic loading process. This is justified for high strength concrete as the crack
surface for high strength concrete is distinctly smoother [10,11], indicating that the
subsequent effect of wearing off of the aggregate interlocking mechanism due to future
loading is minimized. The dowel action is always present, unless the longitudinal
reinforcement is broken apart. Therefore, the concrete contribution in shear can be reasonably
recognized as a non-diminishing term in this analysis as Kong and Rangan [9] used high

strength concrete in their experiment.

A truss model that works as a shear analytical tool relies on compression struts to transfer
the shear force to the tension ties and the tension ties actually act against this force. So it has
inherent difficulty in incorporating the concrete shear mechanism such as aggregate
interlocking which is a shear resistance between struts and dowel action along the
longitudinal reinforcement. Any other additional created member for concrete contribution
into the truss model is not feasible. In this paper, an equivalent stirrup reinforcement ratio
concept is proposed to deal with this problem in the modified truss model. Concrete
contribution term V. can be converted to the equivalent stirrup reinforcement with known

yielding strength f,,.

A = —. (13)

The concrete contribution V. in this paper follows the existing one in ACI 318-02 [4] (Eq.
(12)). The yielding strength should be corresponding to that of the stirrups in the experiment.
This equivalent steel area (Eg. (13)) is then uniformly distributed among the three ties that
have been crossed by the struts for beam action. Finally, a tension tie should take into account
both the distributed equivalent steel area and lump summed area from the shear

reinforcement.



5. Experimental verification and discussion experimental and analytical validation

To validate the proposed truss models, a comparison with published experimental results
with respect to the shear strength and load—deflection response obtained from test results is
demonstrated. Using the complete methodology as introduced previously, a proposed truss
model was set up for each beam according to its dimensions and detailing. Table 1 shows the
details of the reinforced concrete beams. These beams encompass a wide range of cross
sectional sizes, material properties, shear reinforcement ratios, longitudinal reinforcement

ratios and shear span to effective depth ratios.

The modified truss models with established member properties are analyzed with the
DRAIN-2DX code [12,13]. It was found that the average ratio of the predicted to
experimental shear strength by the proposed model is 0.870 as shown in Table 2, showing a
good correlation between the proposed model and experimental data. The shear strengths of
beams in the database calculated based on ACI 318-02 [4] are also showed in Table 2. The
mean ratio of the predicted to experimental strength and its coefficient of variation are 0.783
and 0.165, 0.870 and 0.158 for ACI 318-02 [4] and proposed model, respectively.
Comparison of available models with experimental data indicates that proposed model
produces better statistical correlation than the ACI 318-02 [4] model. The proposed model
may be suitable as an assessment tool to calculate the shear strength of reinforced concrete

beams which have similar detailing in the database.

The proposed truss models are also validated by plotting the analytical results in terms of
shear force versus mid-span deflection response for a series of beams tested by Kong and
Rangan [9] and comparing them with experimental data. The results are illustrated through
Figs. 9-11. The proposed truss models demonstrate good reliability in these analyses.
Reasonable matching of test and analysis curves is observed. One deficiency of the proposed
truss model is that the predicted shear force versus mid-span deflection response curve is
nearly linear. The stiffness in the initial loading stage is also small, compared to the
experiment. This deficiency could be attributed to two reasons. Firstly, the concrete

contribution is assumed to be constant throughout the loading and this would produce the



linear shear force versus mid-span deflection response. Secondly, the truss model analogy is
strictly not applicable to the uncracked RC beams. If the truss model analogy is used for that

range of loading, a smaller predicted stiffness is foreseeable.

The shear capacity of a RC beam is the key issue that is examined in the proposed truss model
for each beam. Traditionally, the shear capacity of the truss model is attained when any one of
the tension ties in the model yields. In the proposed truss model, yielding of the tension ties
indicates that both concrete and stirrup in that position have fully participated in the shear
resistance. Therefore, the shear capacity is reached too. The analytical results show that yielding
is first observed at the second tension tie at the middle of each beam model under the current
configuration of the modified truss model. This result corresponds well with Paulay’s

assumption for the variation of stirrup force intensity along the span of the coupling beam [2].

Further investigations were carried out to examine the internal stress distribution of the
truss models for a series of beams tested by Kong and Rangan [9]. The stresses in each
member of the proposed truss models are shown through Figs. 12—14. For concrete members,
the stresses are expressed in term of £, , while the stresses for steel members are expressed in

term off;,. Crack patterns are shown in dotted line for easy comparison.

All tested beams failed in shear. As such, the proposed truss models for the tested beams
also demonstrated distinct shear governing behavior with the stirrups reaching vyield first.
Flexural longitudinal reinforcement for all truss models is well below yielding point at every
position along the shear span of the tested beams. Stress for the top chord concrete member,
however, varied in a fluctuating manner. This is due to the member area, which depends on
the ultimate moment capacity from the experiment as determined from Eq. (9). However, the
available experimental data were not consistent in some cases. For tension ties, as discussed
above, the yielding starts at the second tie from the center. The other two ties are of moderate
stress level ranging from 60% to 70% of f,, respectively. Reduction factors work well for
concrete members as the stresses in these members did not exceed the limited values. For the
concrete in the top chord members, the reduction is approximately 0.72f, and the maximum

average stress reached by all modified truss models is around 0.40f,. For struts, the reduction



is approximately 0.34f, and the maximum average stress for these members is around 0.25f;.
This value is lower than that specified and thus the web crushing failure is prevented. This
correlates well with the current design practice which requires that failure due to concrete
crushing prior to yielding of the reinforcement is avoided with the use of the truss model
approach within the general ductile framework.

6. Parametric analyses

The test parameters are the shear reinforcement ratio, longitudinal reinforcement ratio, and
shear span to effective depth ratio can be reflected from the internal stress analysis of the
proposed truss models. For tested beams S2-1, S2-2, S2-3, S2-4, and S2-5, (see Fig. 9) the
shear reinforcement ratio varied decreasingly with the spacing of the stirrups. With the
increase in shear reinforcement ratio, the shear capacity of the beams increased as expected in
the modified truss models. Fig. 15 clearly shows this trend when compared with experimental
data. Stress of the longitudinal reinforcement also increases as more stirrup content enhances
shear capacity and shifts the behavior of the beams towards a flexural domain. More stirrup
content does provide a confinement effect on the concrete core, enhancing the performance of
the compression struts. Thus, compression struts develop higher stresses with the increase of
stirrup content. It is noteworthy that the shear force carried by the arch action remains

relatively constant with the increase of the shear reinforcement ratio.

For the tested beams S3-1, S3-2, S3-3, S3-4, S3-5, and S3-6 (see Fig. 10), the proposed
model underestimates the shear strength of reinforced concrete beams with high longitudinal
reinforcement ratio (see Fig. 16). However, the stresses of the longitudinal bottom chord
members demonstrate a decreasing trend as the ratio goes higher. On the other hand, stresses in
the compression struts also build up. Especially for the arch members, the stresses go up at a

faster rate and eventually become the critical element among all the compression struts.

Beams S5-1, S5-2, and S5-3 had a constant effective depth while their respective shear-span
decreased which resulted in a decrease in the shear span to effective depth ratio a/d. The

behavior of shear domain is more pronounced with the decrease of shear span to an effective



depth ratio. This is proven by the decreasing trend of the flexural longitudinal reinforcement
stresses. Also, the shear capacity goes up for this series of beams, but the rate is rather gentle as
shown in Fig. 17. It is also found that the stresses of the struts catering for the beam action reduce
with a lower shear span to an effective depth ratio. However, stresses in the arch members build

up significantly as the ratio decreases.

7. Limitations and recommendations

According to the findings of the present study, the usage of the proposed truss model in the
prediction of the load—deflection response and shear strength of RC beams can be improved in
four aspects. Firstly, the treatment of the concrete contribution as a non-diminishing term in the
analysis is an insufficient simplification as this will lead to near linear behavior in terms of load—
deflection response. In addition, the non-linear degrading branch of load-deflection response
could not be modeled by assuming a non-diminishing concrete contribution. Concrete
contribution can be possibly taken as a variable during the whole loading process. Secondly, the
inclination of the diagonal struts is very much predefined when forming the modified truss
model. A more rigorous procedure can be developed to overcome this limitation. Thirdly, the
proposed truss model assumed the existence of both “beam action™ and “arch action”. Hence, the
proposed truss model is only applicable for reinforced concrete beams with aspect ratio, a/d in
range of 2-3 where both “beam action” and “arch action” prevail. Other models could be
developed for reinforced concrete beams with high and low aspect ratios. Fourthly, the proposed
truss model is an analytical tool to understanding the mechanisms of RC beams subjected to
flexure and shear. Due to its indeterminate nature, it can only have limited usage in design. An
approach with variable angle truss model enabling hand calculation for strength and stiffness is
needed. It is concluded that further researches should focus on these aspects to further improve

the proposed truss model.

8. Conclusions

The study presented in this paper provides a systematic development of a truss model that can

be used to predict the load—deflection response of a cracked RC beam subjected to shear and



flexure. It was found from this study that even the truss model with struts at various angles
which only utilizes stirrup as the shear resistance mechanism, is not sufficient to model the
primary mechanism of shear resistance. On this basis, the proposed truss model did provide a
concept of equivalent stirrup reinforcement to deal with the concrete shear contribution. With
these considerations, the modified truss model enables researchers to predict the load—deflection
response of RC beams subjected to shear and flexure without excessive conservation. The
predicted shear strengths and load—deflection responses correlated fairly well with the available
experimental data, with the exception of a few specimens. Furthermore, the truss model analogy,
or particularly the modified truss model proposed herein, can demonstrate clearly the stress
distributions in various members within the truss. This results in a better understanding of the

resistance and failure mechanisms in RC beams subjected to shear and flexure.
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Beam mark Beam Shear reinforcement Longitudinal reinforcement
g h b d a Diameter Spacing 5 Top Bottom i
(MPa) (mm) (mm) (mm) (mm) (mm) (mm) (MPa) (mm?) (mm?) (MPa)
Kong [9] S2-1 725 350 250 202 730 250 5.0(2) 150 569 224 2046 452
52-2 725 350 250 292 730 250 5.0(2) 125 569 224 2046 452
52-3 725 350 250 292 730 250 5.0(2) 100 569 224 2046 452
S2-4 725 350 250 292 730 250 5.0(2) 100 569 224 2046 452
§2-5 725 350 250 202 730 250 5.0(2) 75 569 224 2046 452
53-1 67.4 350 250 297 740 249 4.0(2) 100 632 224 1232 450
§3-2 674 350 250 207 740 249  40(2) 100 632 224 1232 450
53-3 67.4 350 250 293 730 249 40(2) 100 632 224 2046 452
S3-4 674 350 250 203 730 249 40(2) 100 632 224 2046 452
535 67.4 350 250 299 720 241 40(2) 100 632 224 2760 442
S3-6 674 350 250 209 720 241 40(2) 100 632 224 2760 442
85-1 894 350 250 292 880 3.01 5.0(2) 100 569 224 2046 452
S5-2 894 350 250 202 800 274 5.0(2) 100 569 224 2046 452
55-3 894 350 250 292 730 250 5.0(2) 100 569 224 2046 452
Tompos[14] V36-2 275 915 457 852 2553 3.0 6.4(2) 165 483 125 3847 482
V36-3 275 915 457 852 2553 3.0 9.4(2) 371 483 125 3847 482
Vis-2 275 486 229 425 1276 3.0 6.4(2) 186 538 145 1013 552
V18-2¢ 275 486 229 425 1276 3.0 6.4(2) 186 538 145 1013 552
Rahal [15] AB5-140 62.1 370 200 320 900 2.8 6.0(2) 140 240 229 1473 440
AB5-110 60.9 370 200 320 900 2.8 6.0(2) 110 240 229 1473 440
AB5-95 62.1 370 200 320 900 2.8 6.0(2) 95 240 229 1473 440
B65-140 65.1 370 200 320 900 28 6.0(2) 140 305 229 2457 440
B65-125 66.4 370 200 320 900 2.8 6.0(2) 125 305 229 2457 440
B65-110 66.4 370 200 320 900 2.8 6.0(2) 110 305 229 2457 440
Rahal [16] §3-25-50 273 400 300 340 1020 3.0 8.0(2) 170 445 312 1968 440
$3-25-75 253 400 350 340 1020 3.0 8.0(2) 170 445 312 1968 440
$3-40-50 416 400 300 340 1020 3.0 8.0(2) 170 445 312 1968 440
$3-40-75 422 400 350 340 1020 3.0 8.0(2) 170 445 312 1968 440
Ozcebe [17]  S-59-ACI 730 360 150 325 975 3.0 40(2) 120 255 157 2057 410
S-59-TH 73.0 360 150 325 975 3.0 40(2) 80 255 157 2057 410
S-508-TS 73.0 360 150 325 975 3.0 40(2) 60 255 157 2057 410
Johnson[18] Beam7 51.3 610 305 550 1670 3.0 6.0(2) 267 479.2 1284 4093 5247
Beam 5 558 610 305 550 1670 3.0 6.0(2) 133 4792 1284 4003 5247
Naravanan[19] 554 433 150 85 131 262 20 3.0(2) 80 320 116 254 530

Table 1



¥

L2

Beam Mark  Vu (kN) V(kN) Vo (ACI)(KN) 4 T
Kong [9] 821 2603 1994 1664 0766 0.639
52-2 2325 2129 1751 0916 0753
823 2533 2310 1882 0911 0743
524 2194 2310 1882 1.053 0.858
52-5 2821  257.6 2099 0513 074
831 2002  170.1 1589 0.813 0760
53-2 1780 170.1 1589 0956 0.893
833 2286 2100 1664 0817 0728
534 1749 2100 1664 1.201 0951
835 2966 2256 1793 0761 0.606
536 2829 2256 1793 0797 0634
85-1 2417 2218 1932 0918 07%9
§5-2 2509 2300 1957 0.885 0753
55-3 2438 2424 19941 0.594 0817
Tompos [ 14] V3G-2 4875 5125 5144 1.051 1.055
V36-3 5115 5125 5144 1002 1.006
Vi3-2 1721 186.2 1751 1082 1.017
Vi8-2c 1530 1862 1751 1217 1144
Rahal [15] ABGS-140 1500 1200 1171 0.200 0730
ABS-110 1880 1342 1248 0714 0663
ABGS-95 2200 1418 1320 0645  0.E00
BE5-140 2350 1453 1122 0618 0477
BG5-125 2420 1484 1168 0613 0483
BE65-110 2j00 157.3 1215 0.583 0450
Rahal [16] 53-25-50 1990 1921 2002 0965 1.006
§3-25-75 2440 2270 2108 0.930 0.864
53-40-50 2520 2378 2203 0508 0.841
53-40-75 2640 2550 2386 0966 0.904
Ozcebe [17] S-50-AC1 1118 929 974 0.831 0.872
5-59-TH 1429  105.6 107.0 0745 0749
5-50-T5 1792 1194 1167 0666  0.651
Johnson [18] Beam 7 3170 2762 2794 0.871 0.880
Beam 5 4330 370.8 3385 0.856 0782
MNaravanan [19] 554 320 23 230 0696 0719
Average 0.870 0783
cov 0.158 0.165

Table 2
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