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ABSTRACT

This research presents the test results of a special designed and a

conducted experimental study. The aim of the thesis is to evaluate the
performance of T-beams with thick and wide flanges in compression for
instance the cap beam. Most of the present design codes as ACI 318-14 and
ECP-203 ignore the contribution of the flanged part on RC flanged beams in
shear resistance. The studied variables were about flange dimensions
(thickness and width) and reinforcement (longitudinal and/or vertical).
Nineteen simply supported beam specimens were tested to failure under a
load configuration made of two concentrated loads. Eighteen specimens had
T-shaped cross sections, while one specimen had rectangular cross section for
comparison purposes. The items monitored during testing included the
development of diagonal cracks, concrete strains, reinforcement strains,
maximum loads, and deflections. Test results showed that the shear capacity
of T-beams was with a notable increase compared to that of rectangular
beams with the same web size. For T-beam specimens without transverse
reinforcement in their webs, the flange increased the shear strength by up to
160% to 330% of the shear strength of the web alone.

The percentage increased in the shear strength due to flange existence
which varied depending on flange dimensions and amount of longitudinal
reinforcement in flange. In addition, test results were compared to the
prediction of a simple model that included the contribution of flange to shear
capacity in T-beams [2], where good agreement was observed. A simplified
method to include the flange contribution in evaluating the shear strength of
flanged beams is proposed and verified by numerous comparisons with test
results and finite element predictions. Moreover, statistical analysis for
comparison of the proposed method with the code formulation and F.E.

results.
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Nonlinear constitutive models are proposed for reinforced concrete T-
beam for shear strength prediction. The models were implemented in the
finite element computer program ANSYS V-19.2 for 3-D nonlinear analysis
of flanged specimens under concentrated two-points static loading. Several
validation studies have been per-formed for flanged beams with variable
flange dimensions. Good agreement is generally achieved between
experimental and numerical results for the load-deflection curves and crack
patterns. Additionally, parametric studies have been performed in order to
investigate the effect of structural parameters on the performance of T-
section against shear straining action. Four design parameters were
considered, including flange dimensions (width and depth), longitudinal
reinforcement in flange, concrete compressive strength “fc’” and shear span
to depth ratio. Ninety-six models of simply supported reinforced concrete T-
beams were loaded monotonically with two incremental concentrated loads.
Beams were simulated to obtain the load-deflection relationships, ultimate
loads and crack patterns and compared them with the solid reference one.
Three experimental T-beams were considered in this study and verified to

ensure the validity of models.
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Chapter (1) Introduction

CHAPTER (1)
INTRODUCTION

1.1- General

Reinforced Concrete T-beams are frequently used in industrial
construction, especially in building floors, retaining walls, bridge decks,
and more generally in all reinforced concrete construction projects where
an appropriate portion of the slab is associated to the resisting section of

the supporting beam.

Most of the previous experimental studies were focused on reinforced
(RC) beams under flexure, shear and torsion. The behavior of T shaped
beams with both web and flange are not fully explored. In this research,
an innovative test setup capable of simulating the behavior of T-shaped
beams under shear was developed and implemented. Reinforced concrete
(RC) flanged beams are being used as the main girders that support the
lateral secondary precast beams or slabs which is one of the popular
structural systems for many existing bridges and parking garages. The
behavior of T-shaped beams is more complicated “specially in shear

analysis” than that of conventional rectangular RC beams.

The performance of T-beams with thick and wide flanges in
compression was investigated in this thesis. The major goal of this study
is to evaluate the shear behaviour of RC thick flanges with rectangular
and T cross sections, as well as the effect of the flange and its
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contribution to shear strength, both experimentally and analytically. The
results of this study help in saving construction costs by utilizing the
flange's contribution to shear strength for flanged beams with thick
flanges in the compression side such as the case of double-cantilevered
cap beams with inverted T sections.

The thesis consists of seven chapters as follows:

Ch.-1: Contains an introduction and definition of the problem, the

objectives of the research work, and the thesis outlines.

Ch.-2: Presents a literature review for the previous investigations carried
out on the torsion and shear behaviour of RC girders with rectangular and
T cross sections.

Ch.-3: Presents a description of experimental program carried out in this
study, which includes detailing, fabrication, instrumentation and test set

up of the specimens.

Ch.-4: Includes the analysis and discussion of the experimental results
obtained from the tested beams. Results were analyzed and compared
under the effect of the parameters investigated.

Ch.-5: Analytical analysis by using model for shear capacity of T-beam.

Ch.-6: Finite Element (FE) analysis Method for test specimens were
carried out. This chapter also includes the general comparative study
between experimental and analytical result and proposed simplified

model.

Ch.-7: Includes the summary and conclusions obtained from this

research.
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CHAPTER [2]
LITERATURE REVIEW

2.1 Introduction

RC beams with T-cross sections are frequently used in construction
especially in building floors, bridge decks, and other reinforced concrete
construction projects. An important application of RC, flanged beams is their
use as the main girders that support precast beams or slabs. Examples of such
applications are present in the structural systems of many bridges and multi-
story parking buildings.

2.2 Review of T-beam

RC beams with T-cross sections are frequently used in construction
especially in building floors, bridge decks, and other reinforced concrete
construction projects. An important application of RC flanged beams was
used as the main girders that supported precast beams or slabs. Examples of
such applications were presented in the structural systems of many bridges

and multi-story parking buildings.

Thamrin et al. [1] investigated the shear strength of RC T-beams without
stirrups. Test results showed that the shear strength of T-beams is affected by
both flange size and the main longitudinal reinforcement in the web. They
found that the shear capacity of T-beams was 5% to 20% higher than that of
rectangular beams with same web dimensions. It was also stated in the
research that the angle of the diagonal crack was significantly influenced by
the web longitudinal reinforcement ratio in the shear span. Generally, the
angle of diagonal cracks decreased when the longitudinal reinforcement in

the beam web increased for both rectangular and T-sections.
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Cladera et al. [2] provided an analytical model for the ultimate shear
capacity prediction of slender RC beams with rectangular section and T-
section, they concluded the contribution of the compression flanges to the
shear strength which was extremely relevant and couldn’t be neglected.
When the neutral axis lied in the flanges, both the global inclination and the
horizontal projection of the critical crack increased. As a result, the
contribution of concrete and the web transverse reinforcement have

increased, resulting in higher ultimate shear capacity resistance.

Elgohary et al. [3] studied the influence of flange dimensions on shear
capacity of RC T-beams. six of RC beams without stirrups were tested: one
with R-sec and five with T-sec, and these have variable flange width to web
width ratio. Test results showed that an increase in shear strength ranging

from 10% to 30% occurred due to the flange contribution.

Deifalla et al. [4] studied the action of the T-shaped beams. They were
tested and influenced by the torque-to-shear ratio rating. Reducing the
applied torque to the sum of shear force applied was resulting in the
following: (1) Significant decrease in the spacing among diagonal cracks,
angle of strut for inclination, cracking and ultimate torque, flange and web
stirrup strain ; (2) Significant increase in failure, cracking and ultimate shear,
cracking load, and torsional rigidity after cracking,; (3) The efficiency of the
stirrups has been reduced and therefore beams have failed due to concrete
diagonal failure rather than the yield of stirrups. The flange's presence
revealed a section's shear strength increased by 29 % relative to the

rectangular beam.

Etman [5] showed that strengthening RC beams in shear zone using carbon
fiber-reinforced polymer (CFRP) enhanced the shear capacity of existing RC

beams. The main objective was to obtain a good understanding and enhance
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the experimental database of shear behavior of RC T-beams strengthened by
externally bonded reinforcement (EBR) systems. The existence of the flange
showed a 29 % increase in the shear capacity of the section compared with
the rectangular section. The use of CFRP sheet reflected higher specimen

stiffness, compared to steel.

Amna et al. [6] studied the shear behavior of lightweight reinforced
concrete T-beam by experimental and FE model. This study showed that T-
beams with different flange widths decreased vertical deflection, longitudinal
steel strain, stirrup steel strain, and the compressive concrete strain. In the
event of failure, the shear stresses tended to concentrate in flexure around the
neutral axis in the compressed concrete area. It leads to an obvious
contribution of the flanges to the shear capacity. The maximum percentage
of shear force taken by the entire compressed concrete area in flexure
exceeded 51.8%, whereas the total percentage of shear taken by the flanges
for the cases analyzed was 31.3%. This total percentage can be considered a
highly significant quality as the shear force generated by the flanges
increases with the increase in width and depth. Since shear stresses are
concentrated around the web, their distribution in the flanges is minimal, so
their contribution shows an asymptotic tendency towards 25% of the total
shear resisted. This trend was not observed as the depth of the flange

increased.

Ayensa et al. [7] showed that the contribution of flanges may lead to
significant cost savings in new structures and might be decisive in assessing
the shear capacity of existing structures. Analytical model was used to
analyze the shear response of beams with different geometry and main
longitudinal reinforcement in the web. It has been found that, to a certain

extent, the contribution of flanges to the shear capacity increased as the
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amount of web longitudinal reinforcement decreased. Increasing the width
and thickness of flange led to increasing the contribution of the flanges to the
shear capacity. Moreover, the maximum contribution of flanges found in the

study was 31.3% of the total shear resisted.

Eswaramoorthi et al. [8] investigated two RC T-beams and one rectangular
beam both experimentally and analytically. The study found that the beams
were strengthened by Glass Fiber Reinforced Polymer (GFRP). T-beam's
total load carrying capacity was 23% higher than that of the rectangular
specimen. Also, shear capacity of the tested T-beams was significantly
influenced by the flange presence and the ratio of main beam web
longitudinal reinforcement. The deflection of the strengthened flanged beam

was reduced by 5% in all the load cases compared to the rectangular beam.

Other studies [9-12] showed that shear strength of T-beams was much
higher than the shear strength of their corresponding rectangular beams. This

is solely due to the compression zone increase.

Most experimental studies on the subject focused on RC beams under
shear strength. In this research, a test was set up to detect the capability of
simulating the behavior of flanged beams under shear force, the saying of
“without transverse reinforcement within shear zone” was developed and
implemented. The study variables were embodied in flange dimensions

(thickness and width) and in the existence of reinforcement in flange.

Flanged reinforced concrete beams have been widely used in many
applications in the civil engineering field. The behavior of this kind of
structural members was investigated experimentally as well as analytically.
Numerical analysis technique based on the finite element method has been

used in this research work to investigate the effect of the flange on the
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reinforced concrete T-beam in the pre. and post-cracking stages of loading
and up to ultimate load. The extensive research in the field of numerical
modeling of reinforced concrete members and structures has led to the
development and formulation of many models which are capable of
predicting their behavior under various conditions. These models are put to
real use when implemented in a suitable computer code. Then they can be
used for both practical and research purposes. Many computer codes exist
and are used daily in the construction industry, research activities and

engineering education.

Flanged reinforced concrete beams have been widely used in many
applications in the field of civil engineering. The attitude of this kind of
structural members was discussed experimentally as well as analytically.
Numerical analysis technique that is based on the finite element method has
been checked in this research to detect the effect of the flange on the
reinforced concrete T-beam in both pre- and post-cracking stages of loading

and up to ultimate load.

ANSYS [13] is one of the most exceedingly famous computer programs
which used structural analysis through the finite element method. The overall
study in the area of numerical modeling and finite element support the
engineers and researchers with many applications not only in construction on
but also in other industries and scientific aspects. One of the characteristics
of ANSYS, which was appealing to researchers, is the possibility of
specification through adding extra features and qualities. This simplified the
research process by contributing in the production of new material models or
finite elements and anticipated to the spread of understanding knowledge in

all scientific realms.
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According to Hesham et al. [14] a numerical experimental study was
fulfilled to check the validity of using lightweight concrete beams. It
observed the shear behavior of lightweight concrete; six lightweight concrete
beams were tested in two-point bending to urge the effect of flange width
and shear span on depth ratio. In the experimental and FE studies, the failure
load of the T-beams with different flange widths (320, 520, and 720 mm)
were increased in proportion to the flange width. During the experimental
and FE studies, the failure load noticed to be inversely proportional to all the
shear span to depth ratio, vertical deflection, longitudinal steel strain, stirrup
steel strain, and compressive concrete strain of the T-beams with various

flange widths (320, 520, and 720 mm) respectively.

As Balamuralikrishnan et al. [15] mentioned, the main objective of this
work is to evaluate the static load trend of RC T-beams reinforced internally
with GFRP reinforcements using finite element analysis software ANSYS.
Totally twelve numbers of specimens were completely Pm outlined in this
study in a way of varying parameters such as the type of reinforcements,
reinforcements ratio, and concrete grade. Modeling of the T- beams was
done with ANSYS by using solid 65 and link 8 element and the same was
tested under static loading atmospheres. The experimental outcomes of the
flanged beams met perfectly that of the analytical results that were gathered
from the flanged beams reinforced with steel and GFRP reinforcements. The
accomplishment of the flanged beam resulted from the analytical tool

ANSY'S was approximately equal to the experimental values.

El-din et al. [16] showed that Finite Element Modeling FEM which used
ANSYS program was done to explore the efficiency of strengthening. Here
carbon Fiber Reinforced Polymer CFRP and basalt Fiber Reinforced
Polymer BFRP sheets for RC T-beams were used to achieve shear zone large
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rectangular opening. A combination of the RC shallow T-beams and
openings could react as solid beams when only they were properly
strengthened. Finite element modeling could expect reasonably the final load
and mode of failure for the analyzed beams. It could be substituted by the

highly cost experimental work.

Biscaia et al. [17] put in his consideration that the serviceability
circumstances of the T-beams can be improved step by step due to an
increase of the concrete strengths. It reflected that concrete had an essential
influence on the de- bonding phenomenon. Still, the FEA with interface
finite elements and the rotated crack approach could check together the
displacement at mid-span, then they could calculate precisely the

deformation of the T-beams.

Pansuk et al. [18] also reached the result that, an increase in the flange
width of a T-beam gave higher shear capacity with a nonlinear relationship
for the T-beam with shear reinforcement. In the case of a T-beam without
shear reinforcement, however, the width of the flange has almost no effect on

shear capacity.

Pansuk et al. [19] proved that Existing of concrete top flange had
significant effects on shear behavior of RC T-beams as in shear strength
stress, in shear reinforcement and in crack propagation. Concrete top flange
could reduce the strain of concrete in the web. For original shear resisting
mechanism of T-beam, concrete top flange near compression zone should be

considered with average stress on the appropriate flange area.

Giaccio et al. [20] fifteen flanged specimens were tested, each specimen
had a constant amount of shear, web longitudinal reinforcing, and a constant

web width. There was an effect of the ratio of flange width to web width
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(bi/bw) on the shear strength of a point-loaded reinforced concrete T-beam
which depended on the ratio of flange depth to effective depth for shear
(di/do). It is suggested for the geometric ratios used in the research
experiments that as long as the ratio di/do is above a certain minimum value
(d/do > 0.25 for the experiments in this study), then the increase in shear
resistance for a given increase in bt/bw is independent of dt/do, would provide
the beam with shear failure mechanism appeared on the specimen.

2.3 Research Significance.

T-beams are widely used in many structures. In precast structures, the
flange thickness is relative to the web depth and is much larger than of
beams in ordinary buildings that is cast in situ. Thus, it does not seem wised
to ignore the flange contribution in resisting shear as it is currently done by
various design codes [21-24]. For example, ACI 318-19: Building Code
Requirements for Structural Concrete and the Egyptian Code of Practice
ECP-203 do not utilize any contribution of the flange in resisting shear.
Therefore, experimental, and theoretical studies on this subject shall be of
great benefits to structural engineers, construction companies, and other

involved bodies.
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CHAPTER [3]

EXPERIMENTAL STUDY

3.1 Introduction

This research presents the test results of an experimental study on shear
strength of reinforced concrete (RC) flanged beams. The studied variables are
flange dimensions (thickness and width) and reinforcement in flange.
Nineteen simply supported specimens (the first has rectangular cross-section
while the remaining have T-shaped sections) were subjected to two-point
loads and tested until failure. During the tests, development of diagonal cracks,
crack width, reinforcement strains, maximum loads, as well as the deflections
were monitored. In addition, a simple model for predicting the contribution of
flange to shear capacity in T-beam was presented.

3.2 Experimental Test Program

3.2.1 Details of Test Specimens.

The test specimens consisted of nineteen simply supported beams, one with
rectangular section “control specimen”, and remaining specimens with flanged
section (T-Section), which consists of 6-Groups and each group contains 3-
specimens with variable depth ratio of flange (pt = t; /h), three groups with
width ratio (p» = br/bw) equal 3 and the remaining three groups with width
ratio (pp) equal 5, from each three groups one of them without longitudinal
reinforcement in flange (G1), the second with longitudinal reinforcement (G2)
and the third with longitudinal and stirrups in flange (G3). The total length of
the tested specimen was 1400 mm with overall depth equal to 300 mm, web

width 100 mm and the effective span of 1300 mm giving an I//h ratio (span-
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to-depth ratio) > 4. To prevent the failure of the bearings at supports,
increasing the web width over supports to equal the flange width. The end
supports were reinforced with two vertical bars U-shape @10 and three
horizontal stirrups @6. The beams were monotonically loaded until failure
with two-point loads” with shear span to depth ratio equal 1.5” using a 1000
kN capacity hydraulic jack and all specimens were designed in such a way to
induce shear failure prior to any flexural distress, the typical details of tested
specimens are shown in Fig. 3.1. Each specimen has a main bottom
reinforcement consists of four steel bars @16 (diameter of 16 mm, area of 201
mm?) laid in two layers at the bottom of the beam cross section and two @10
bars (diameter of 10 mm, area of 78.54 mm?) laid in one layer at the top. The
bottom and top bars are anchored at the support with 90-degree hooks to
prevent premature anchorage failure, The web reinforcement was @ 8 @ 100
mm spacing in the middle part between two applied loads, for flanged beams
with longitudinal reinforcement, the ratio of longitudinal reinforcement in the
flange nearly1%, of flange concrete area, and the stirrups @8 steel bars with a

distance a part 75 mm with branch distance 100 mm as shown in Fig.3.2.

The nomenclature of tested specimens given in Table3.1 includes three parts.
The first Part refers to reinforcement in the flange (G1 without reinforcement,
G2 with longitudinal reinforcement and G3 with longitudinal and flange
stirrups within the two shear zones). The second Part refers to the flange
thickness “depth ratio” (pt = 0.3, 0.4 and 0.5). The third Part refers to the flange
width “width ratio” (p» = 3 for flange width equal 300mm and 5 for flange
width equal 500mm).
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Fig. 3.1 Specimen details and arrangement of reinforcement
(All dimensions in mm)
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Fig. 3.1.c Specimen with T-cross section with longitudinal steel and
without stirrups in flange within shear zone (G2)
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Fig.3.1 (cont.)
Fig. 3.1.d Specimen with T-cross section with longitudinal steel
and with stirrups in flange (G3)

3.3 Characteristics of Reinforced Concrete Materials.

The test specimens in this investigation were made from normal-strength
concrete using local materials. The production of normal-strength concrete
according to the standard specifications met the requirements for workability
and strength. Fine and coarse aggregates were composed of ordinary siliceous
sand and Dolomite of good quality, respectively and clean from impurity
materials. Cement used was Ordinary Portland Cement. High and normal
strength reinforcement bars locally produced were used. The properties of
these materials were determined from tests carried out according to the
standard specifications, the obtained results were compared with the limits

given in these specifications.
3.3.1 Fine Aggregates

Natural siliceous sand was used as fine aggregate in the concrete mix. It
was clean from impurities, silt, loam, and clay. It was free from organic
materials. The Fineness modulus of the used sand was 2.75. Table (3. 1) lists

the physical and the mechanical properties of fine aggregates.
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Table 3.1 Physical and mechanical properties of fine aggregates

Property Test Result
Specific gravity 2.61
Volumetric weight (t/m?) 1.75
Void ratio 35%
Fineness modulus 2.75
Clay, silt, and fine dust (by weight) 1.85%
Chloride % (by weight) 0.02

3.3.2 Coarse Aggregates

Crushed hard Dolomite with maximum grade size of 10 mm was used in

the concrete mix and had well-graded gravel. Moreover, their general

particular shape was round and sub-angular, and the surface textures were

more or less smooth and uniform and free from any undesired impurities.

3.3.3 Cement

Ordinary Portland cement used in all experimental work was provided from

Suez-factory, Egypt. The usual chemical and physical properties are in
compliance with the Egyptian Standard Specification ESS 373/2007. Table

3.2 gives the test results.

Table 3.2 Physical properties of ordinary Portland cement

Test Description

ESS 373 /2007

Specification Limits

Test Results

Fineness of cement percentage retained on the
standard 0.09 mm sieve by weight

Not more than 10 %

6.80%

Soundness of cement

(Le Chatelier test)

Not more than 10 mm

3.5mm
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Table 3.2 (cont.)
Percentage of water to give a paste of standard
S e e 30%
consistency, w/c %
Setting Time (Vicat test ): hr.: min.
Initial Not less than 45 min. 1:45
Final Not more than 10 hr. 6: 50
Compressive strength of mortar 7x7cm cubes
after 3 days Not less than 160 kg / cm? 215
after 7 days Not less than 240 kg / cm? 290
3.3.4 Water

Clean drinking fresh water free from impurities was used for mixing and

curing the tasted beams.
3.3.5 Steel Reinforcement

Normal mild steel bars grade 24 / 36 were used for horizontal and vertical
stirrups 6 mm diameter and top reinforcement 8 mm diameter. High tensile
steel bars grade 36 / 52 were used for all other reinforcement. Tests were
performed to evaluate yield stress, ultimate strength, and elongation for the
steel used. The reinforcing steel used in this research was obtained from El-

Ezz steel company, Egypt. The results are given in Table 3.3.

Table 3.3 Mechanical properties of steel reinforcement

) ) Elongation Modulus of
Yield Stress Tensile Strength o
Steel Type o Elasticity
(MPa) (MPa) Yo
(MPa)
High Tensile 366.5 536.1 16.12 205940
Normal Mild 254.0 374.2 24.21 200056
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3.4 Concrete Mix Design

The method used for the concrete mix design was the absolute volume
method. Four trail mixes have been designed using this method. The following

equation was applied:

£+F'A+%+ﬂ:1m3 ........................................ (3_1)

pc pFA pCA pW

Where

C : Cement weight.

F.A: Fine aggregate weight.

C.A: Coarse aggregates weight.

W : Water weight.

Pc : Specific gravity of cement.

Pea:  Specific gravity of the fine aggregate (natural sand).
Pca: Specific gravity of the coarse aggregates (gravel).
Pw : Specific gravity of water.

The main variables considered in mix proportioning were the cement
content, water/cement ratio (w/c) and the ratio of coarse aggregate to the fine
aggregate. The obtained average compressive concrete cube strength was 33
MPa at 28 days age (based on 15 cm cubic specimens). The concrete mixes
proportions, and compressive strength at 28 days are presented in Table (3.4).
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Table 3.4 Concrete mix proportions and compressive strength

] . Cube
Mix proportions = _ Compressive
= = < © Strength
o
X Kg/m? 2 é 0 MPa
2 g U = 28 days
C w FA | CA MPa
1 350 175 602 | 1204 | 2331 | 2 50 33
where,

C= Cement, W = Water, F.A = Fine aggregate and C.A.=Coarse aggregate

3.5 Casting and Curing Procedures.
3.5.1 Moulds

The mould for beams were made of 25 mm thick plywood sheets with very
smooth faces and having the dimensions the same as that of the tested beam,
as shown in Fig. (3-2). Along with each beam, three cubes of 15 cm size were
cast to determine the compressive strength of the concrete used in tested
beams. Standard steel moulds were used for casting of these control
specimens.

Fig. 3.2 wooden forms prepared to cast specimens
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3.5.2 Casting

Before casting, the beam moulds were tightly assembled and checked for

dimensional accuracy. The moulds were cleaned well. Required cover was
ensured by placing cover blocks made of cement mortar placed between the
stirrups and the mould, and the thick plywood sheets were used to create the
open.

A 360-liter capacity mixer was used with a speed of about 50 revolutions
per minute. Materials were added in the following sequence: coarse aggregate,

sand, cement. The dry constituents were mixed without water for

two minutes, then the water was added, and the operation continued for

300 ‘ 500
=03 e - oo
5 [ 200 o] 2ome 208
=04 L . - | 410 PR S S A — un:
é w | 2010 . . v w|ami0
=05 T ot s . AT T S R YT
100 100
pp=3 | pr=3

Fig. 3.3 Arrangement of longitudinal reinforcement and stirrups in flange

additional three minutes to ensure adequate mixing. The forms were coated
with oil before casting. The reinforcement was then placed in their right
position in the forms. A batch size of about 120 liter was required to cast two
specimens and six control test cubes. Pouring concrete in the forms took place
immediately after mixing. After filling the mould to about half depth of the
specimen, the concrete was vibrated by a mechanical vibrator. Later the top

half of the mould was filled with the concrete and vibrated.
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After vibration, the excess concrete at the top of the moulds was struck off
with a straight edge and the top surface was finished smooth by trawling. Fig.
3.3 shows the arrangement of longitudinal reinforcement in flange, Fig 3.4

shows the steel reinforcement details.

Fig. 3.4.a Details of reinforcement for control beam
Fig. 3.4 Details of reinforcement for tested specimens

Fig. 3.4.b Details of reinforcement for flanged beams
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3.5.3 Curing

The beams were left in the forms for 24 hours, after that the sides of the
forms were stripped away. The specimen was cured by water sprinkling twice
a day for 28 days as shown in Fig. 3.5. Then they were left in the lab
atmosphere until testing day. Generally, the concrete standard test cubes were
also removed from the molds after 24 hours from casting and then cured by

submerging them in a tank filled with water until the testing day.

Fig. 3.5 Specimens curing
3.6 Test Setup and Testing Procedure

3.6.1 Test Setup and Preparation of Specimens for Test

The test set-up used in this study consisted of rigid steel frames supported
by the laboratory rigid floor in Reinforced Concrete laboratory at faculty of
engineering-Benha University. All the beams were tested under pure shear.
Schematic arrangement of loading for the tested beams is shown in Fig. 3-5.

3.6.2 Loading system and instrumentation

The test set-up used in this study consisted of rigid steel frames
supported by the laboratory rigid floor in reinforced concrete laboratory at
faculty of engineering-Benha University. All beams were tested over a simple
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span of 1300 mm, and the load was applied through two symmetrical points
of 400 mm apart. Schematic arrangement of loading for the tested beams refer
to Fig. 3-6. The load was applied using a hydraulic jack of 1000 KN capacity
and measured by using load cell connected to Data Acquisition System. To
monitor the deflection, three of Linear Variable Differential Transformer
(LVDT) were placed beneath the center of the specimen and under the two
load points. The applied load was equally distributed on two concentrated
points. The specimens were prepared for testing in a simply supported
condition under two symmetrically placed concentrated loads and testing

procedure for the all the specimen is same as mentioned above.

Load Cell l I
- -

[ Spandrel Rigid Beam

Concrete Strain Gauges

-

oncrete Block

\ - ) \
LVDTS

Fig. 3.6 Preparation of Test Specimens

Strain gauges were used to measure the strain in the longitudinal

reinforcement in flange and in the concrete within shear zone.
3.6.3 Test Procedure

After the specimen aligned within the testing frame, all the initial reading
of all instruments was noted down. A load increment was applied, noting down
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all the reading at the end of each load step. Load was applied at a regular load

interval (10 kN), before the formation of first crack. After the formation of

first crack, the load was applied at a regular load interval (5 kN), the load was

kept constant while cracks were marked and photographed and recording the

reading of all dial gauges for deflection.

Table 3.5 Experimental Program

Cross Crc::eiec. Flange Stirrups in Longitudinal rti% [}%Irtéjedr;]r;lt
Specimen Seg\t:g:al Tty Dim. flange reinforcement %
(cm?) (%) pt b Bottom Top

Co 300 e e e e
G1-03-3 e
G2-0.3-3 480 60% 90/h=03 -

— 408 306 1.055 %
G3-0.3-3 28@75
G1-04-3 e
G2-0.4-3 540 80% 120/h=04 3 - 4310 236 1.029%
G3-0.4-3 @8@75 :
G1-05-3 e
G2-0.5-3 600 100% 150/h=05 = - 4010 310 L 0479%
G3-0.5-3 28@75 '
G1-035 e
G2-0.35 660 120% 90/h=03 - io10 296+ L046%
G3-0.3-5 728@75 @8
G1-045 e
G2-0.4-5 780 160% 120/h=04 5 - +
G3-0.4-5 28@75 6010 > %86 2 1.046%
G1-055 e
G2-0.5-5 900 200% 150/h=05 - 6210 4210 L 046%
G3-0.5-5 @8@75 '

Finally, we would like to focus attention on, a test set-up and program were

developed to investigate the performance of T-beams with thick and wide

flanges in compression.
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CHAPTER (4)
ANALYSIS AND DISCUSSION OF
EXPERIMENTAL RESULTS

4.1. Introduction

This chapter presents the experimental results of reinforced concrete
(RC) thick and wide flanges in compression. The studied variables are
flange dimensions (thickness and width) and reinforcement. Nineteen
simply supported specimens (the first has a rectangular cross-section
while the remaining have T-shaped sections) were subjected to two-point
loads and tested until failure. During the tests, development of diagonal
cracks, crack width, reinforcement strains, maximum loads, as well as the
deflection was monitored. The experimental results, for all specimens
were presented and discussed for all tested variables.

4.1.1. The Effect of Web Reinforcement (By Ansys)

One factor that affects the design of test specimens is the capacity of
the test frame. In this study, the tests were conducted at the reinforced
concrete laboratory of the Faculty of Engineering, Benha University,
which has a test frame with a capacity of approximately 60 tons. Since
our initial calculations of the specimen capacity were close to this
maximum value, few options were considered to reduce the maximum
required load. As the study focuses on the flange contribution to shear
strength, one choice was to use specimens without stirrups in the web
(within the test shear zone). This way the maximum shear capacity of
specimens was marginally reduced to below 60 tons. To verify that the

use of such specimens will not affect the experimental evaluation of
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flange contribution to shear strength, we first analyzed FE models of all test
specimens for the two cases of with and without web stirrups. The following
section presents an assessment of the error in the FE estimates of the flange
contribution to shear strength when no stirrups are used in the web.

4.1.2. Model Validation

Thirty-eight FE models (19 without and 19 with stirrups in the web) that
are exactly similar-to the test specimens are analyzed. The objective is to
evaluate the relative error in using beams without stirrups in the web to
estimate the flange contribution to shear strength. The details of models

(specimens) are shown in Fig. [4.1-a& b].
4.1.3. Discussion of results

Table 4.1 shows the FE results of all 38 models, also includes the
difference (error) in flange contribution to shear strength calculated using
models without stirrups in the web compared to the standard case of models
with stirrups. Also, Fig.4.2 presents the estimated error in relative flange
contribution. It is seen from Fig.4.2 that the error in relative flange
contribution does not exceed £5% for t/h=0.3 and does not exceed +7% for
t/h=0.4 and ranges from +10% to +15% for t/h=0.5. Thus, using test
specimen without stirrups in web is justified for thin flanges (tv2 < 0.4) as
the error is marginal. For thicker flanges (t/h = 0.5), however, the error is
always positive and amounts to 15%. So, the flange contribution obtained

from beams without stirrups in the web may be conservatively estimated by

reducing it by a factor of 1—115 ~ (0.87).
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Fig. 4.1.b Specimen without web stirrups within shear zone

Fig. 4.1 Specimen details and arrangement of reinforcement
(All dimensions in mm)

Table 4.1 The output results for the analyzed specimens. (By Ansys)

Without Stirrups With Stirrups A A
Specimens Pu(kN) (Aw) kKN (As) kKN aw— as
Ansys Aw
AW2PUT-PUco ASZPUT-PUCO
Co 113.40
with stir. 232.90
G1-0.3-3 275.00 161.60
-2.17
with stir. 398.00 165.10
G2-0.3-3 304.00 190.60
-3.50
with stir. 430.16 197.26
G3-0.3-3 346.70 233.30
-3.81
with stir. 475.08 242.18
G1-0.3-5 301.77 188.37
221
with stir. 417.11 184.21
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Table 4.1 (cont.)

G2-0.3-5 364.38 250.99

-3.05
with stir. 491.53 258.64
G3-0.3-5 423.32 309.92

4.28
with stir. 529.56 296.66
G1-0.4-3 358.46 245.06

-3.58
with stir. 486.73 253.83
G2-0.4-3 368.78 255.38

-3.46
with stir. 497.12 264.22
G3-0.4-3 375.70 262.30

-6.65
with stir. 512.64 279.74
G1-0.4-5 401.11 287.71

2.53
with stir. 513.32 280.42
G2-0.4-5 382.55 269.15

-4.86
with stir. 515.13 282.23
G3-0.4-5 431.55 318.15

4,76
with stir. 535.52 302.62
G1-0.5-3 434.9 321.50

10.22
with stir. 521.54 288.64
G2-0.5-3 437.392 323.99

9.42
with stir. 526.356 293.46
G3-0.5-3 452.94 339.54

9.41
with stir. 540.478 307.58
G1-0.5-5 420.36 306.96

14.01
with stir. 496.87 263.97
G2-0.5-5 445.85 332.45

9.91
with stir. 532.39 299.49
G3-0.5-5 474.9 361.50

14.39
with stir. 542.39 309.49
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Fig. 4.2 Error percentage in relative flange contribution between
all tested specimens with and without web stirrups by FE model.
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What has been described above supports and clarifies the tested results
that will be explained in this chapter, Where the dispensing of web stirrups in
the nerve in all tested specimens, as was previously indicated, in order to

maintain the error rate of all specimens.
4.2. Ultimate Load

Fig.4.3 shows a comparison of ultimate load (Py) for all tested specimens.
It is obvious that increasing the dimensions of flange, either the width or the
depth, generally increased Py “for tested ratio”. Increasing width ratio pp =
3& 5, the ultimate load Py increases from 6% to 8% for the first group that
(without any reinforcement in flange). But, when comparing to rectangular
specimen “control”, we find that the Py increasing from 165 % to 307%. The
increasing of depth ratio p: leads to enhancement of the ultimate load for
flanged specimens, for increasing of pt from 0.3 to 0.5, leads to increasing of
Pu from 29% to 53% for specimens having p» =3, and 31% to 44% for
specimens having p» =5. But when compared to rectangular specimen, we
find that improving in Py in the range, from 165% to 307%. The adding of
longitudinal reinforcement to flange increases the ultimate load in the range,

from 207% to 320% when compared with control specimen.

Table 4.2 Experimental Results specimens.

Cracking ~ Ultimate A —Puc, Max.
feu, Load Load P Recorded  Mode of
Specimen PPy ¢ )
(Mpa) "Pe" "Py" Deflection  pailyre
(kN) (kN) (mm)
Co 364 - - --- 95 106 0 2.33
G1-0.3-3 364 03 3 --- 100 282 165 4.74

G1-0.4-3 364 04 --- 105 363 241 5.97
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Table 4.2 (cont.)

G1-0.5-3 36.4 05 --- 110 431 305 5.98
G2-0.3-3 342 03 1.055 90 326 207 5.80 Shear
G2-0.4-3 342 04 1.029 105 377 255 5.87
G2-0.5-3 342 05 1.047 115 439 312 4.43
G3-0.3-3 342 03 1.055 110 358 237 5.89
G3-0.4-3 368 0.4 1.029 100 384 261 7.07
G3-0.5-3 36.8 05 1.047 115 454 327 6.22
G1-0.3-5 368 03 5 --- 115 299 181 4.49
G1-0.4-5 356 0.4 --= 120 392 268 4.79
G1-0.5-5 356 05 --- 115 432 307 6.59
G2-0.3-5 356 0.3 1.046 110 342 221 511
G2-0.4-5 356 04 1.046 120 383 260 6.51 Shear
G2-0.5-5 356 05 1.046 115 446 320 9.11
G3-0.3-5 348 0.3 1.046 95 429 304 8.05
G3-0.4-5 348 04 1.046 85 437 311 9.56
G3-0.5-5 348 05 1.046 125 474 346 10.13

{ : Longitudinal reinforcement ratio in flange, Py depth ratio (t/h), Py : width ratio (bi/bw), Puc: ultimate
load of control specimen

While when compared with the first group, we find enhancement in Py
from 2% to 16%. The existing of stirrups with longitudinal reinforcement in
flange induces to increase in the ultimate load in the range of 5% to 43%
when compared with the first group that without any reinforcement in the

flange.
4.3. Load Deflection relationship.

It is very clear from Fig.4.4, that the load-deformation relationship of RC
T-beam is changed because of the existing of the concrete top flange. Also,

the shear strength of flanged beam is higher than that of the rectangular
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specimen. After the first diagonal crack appeared a larger deflection was
observed with increasing load, especially for specimens that without
longitudinal reinforcement in the flange. Reinforcement decreased by 30%-
80% with respect to the deflection of control specimen, which means that
there is a very good control on mid-span deflection when adding longitudinal

reinforcement in flange, where a large reduction in the deflection at the same

load.
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450 430.58 438.56
400 2
16272 377.45 25844 7S
350 325.98

300 281.90

200
150
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100
50
o
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(i}Specimens (control & Flange width 30 cm)
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391.61 18325
341.78
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(ii}Specimens (control & Flange width 50 cm)

Fig. 4.3 Max. ultimate load for all
specimens
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Specimens with different flange dimensions and without reinforcement
provided for the study of the flange dimensions effect, during a comparison
between them and another rectangular one” control specimen”. At 25% Py of
control specimen, the deflection of specimens with longitudinal Fig.4.4- (a-c)
and (d-f) show load-deflection curves of the tested specimens. Comparison
between load-deflection curves for individual group with rectangular and T
sections are shown in Fig.4.4. It is shown from these figures that beam
capacity increases as the depth ratio (pt) and width ratio (p) of flange
increase, also the shear capacity “strength” improves with the existing of
longitudinal reinforcement within the flange. In addition, it is confirmed
from Fig.4.4-f that beam G3-0.4-5 and G3-0.5-5 failed in shear after
longitudinal reinforcement yielded. This is indicated by the flat region in the
end part of load-deflection curve “improvement the ductility”. However, the
reinforcement in beams G3-0.3-3 and G3-0.3-5 did not reach the yield

strength up to the occurrence of shear failure.

—2Co
500 ---G1-0.3-3
o G1-0.4-3
JREN — - —=G1-0.5-3

400 Py N

350 ',."l~’1-\'\\\ : \
_ 300 A N
=2 o=~ ~ S
X 250 I}'I v o NN
=] 4 RN \\
& 200 5 ~ NN

lll‘ S AN AN
150 S -
7+ N N\
100 | ¢ 'é >
4
50 |1 /'
0
0 2 4 6 8 10 12 14
Deflection [mm]

Fig. 4.4 Load deflection relationship
Fig. 4.4.a G1, pp =3
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Due to the contribution of flange in the compression zone of the section, it
is revealed that the capacity and stiffness of beams with T sections are higher
than that of beams with rectangular sections and lead to improvement in the
shear strength significantly.

—C0
- = (G2-0.3-3
00, G2-0.4-3
450 Mo — . —G2-0.5-3
400 n N
350 AN
rd 7 \\
300 LN
= 4 v \ \\
£ 250 ;] NN
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& 200 Y 4 \ N
,'. 0'1 \\ AN
\
150 . I/I \ AN
100 | Lo/ v \
'J \
0 y\r\ .
0
0 5 10
Deflection [mm]
Fig. 4.4.b G2, pp =3
—Co
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450 .
7\ — . —G3-05-3
400 : .
/./ ,./v"\\
JITES N
350 /. r{; 7 s Y \\\
g 300 4 O
5250 Nad QO
a » \ S
200 ,4/ TN
N\
150 4 \ N
i
100 | +f
T
0
0 5 10 15
Deflection [mm]

Fig. 4.4 (cont.)
Fig. 4.4.c G3, pp =3
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Fig. 4.4 (cont.)
Fig. 4.4.e G2, pp =5
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Fig. 4.4 (cont.)
Fig. 4.4.fG3, pp =5

4.4, Cracking pattern and failure mode

The cracking pattern and modes of failure of all specimens with flange
are as shown in Fig.4.5. For the rectangular specimen, the diagonal cracks
were initiated at the shear zone about 89% of maximum load, and these are
followed by diagonal cracks on both sides. With load increasing more
inclined cracks appeared in the compression path joining the end load plate
and end support plate, while for flanged specimens, the diagonal shear cracks
appear at a load of 19-30% of maximum load, in addition, the failure modes
are listed in table 4.2.

The cracks started at the center of both shear zones. As shown in Fig.4.5
the load increases, the crack widened and propagates towards the support and
loading plates. For the flanged specimens leading to diagonal shear cracks at
a load form 104-125 kN “19-30% of maximum load” and a horizontal crack
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appeared at the flange but late, depending on the thickness, width of the
flange, and the presence of reinforcement in it. The inclined cracks followed
a much shallower path (approximately 15-25°) in the flange according to the

flange thickness and longitudinal reinforcement in flange.

Fig. 4.5 Experimental Crack Pattern
Fig. 4.5.a Control specimen

Fig. 4.5.b Specimens without reinforcement (pp =3)
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Visual inspection of control specimen CO at failure revealed that it had a
wider main inclined crack compared with the corresponding cracks in
flanged specimens. Afterwards, more diagonal cracks were initiated within
both the web and the flange, which were uniformly distributed, as shown in

Fig. 4.5 (cont.)
Fig. 4.5.c Specimens with longitudinal reinforcement (pp =3)
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G1-0.4-5

Fig. 4.5 (cont.)
Fig. 4.5.e Specimens without reinforcement (pp =5)
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Fig. 4.5 (cont.)
Fig. 4.5.g Specimens with longitudinal and shear reinforcement (o, =5)
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4.5, Strain analysis

This part of the study investigates the behavior of the longitudinal steel
and the concrete element. The extensive instrumentation for strain
monitoring was carefully engineered to provide the information and data
much needed for the understanding of the shear resistance mechanisms of
flanged reinforced concrete beams.

4.5.1. Strain in longitudinal reinforcement

Fig.4.6 presents a variation in the strains in the flange longitudinal steel
with the applied shear force for different flange thicknesses at flange width
ratios of 3 and 5, respectively. These curves indicated that the behavior of the
longitudinal steel went through three phases during loading. In the first initial
phase, no noticeable contribution of the steel to the resistance was observed.
In the second phase, the first diagonal cracks initiated, and the longitudinal
steel started to strain. In the flanged specimens, for instance, this phase
started at an average applied load of approximately 95-125 kN “26-29%" for
G2& G3 specimens.
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Fig. 4.6 Steel Strain
Fig. 4.6.a Specimens with pp=3
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The longitudinal steel strain continued to increase with increasing load
until the steel yielded and at that time the failure occurred easily by flexure
in flange. Given the applied load, the strain in the longitudinal steel was
substantially greater in specimens with p:= 0.5. It must be noted, however,
that yielding of longitudinal steel wasn’t achieved in most cases, this is due

to smallness of flange thickness.
4.5.2. Concrete strain

The curves representing the shear force versus the concrete strain
measured on the concrete are presented in Fig.4.7. For all specimens, these
curves which featured similar pattern, indicated that in the initial phase of
loading, the compression concrete struts were not strained practically. This
held true up to an applied shear force of approximately “80% of Py” for
specimens with rectangular section “control specimen” and “22%-33% of
Py for specimens retrofitted with flange. In other words, the contributions of
both the concrete struts and the flange engage only after the diagonal cracks
have developed. Consequently, the truss mechanism became effective only
after the formation of the diagonal cracks. Since then, it has been observed
that the strut strain increased almost linearly with increasing loads until it
reached approximately 800 micro-strains on average. Beyond that point, the
curves featured a somewhat plastic response. Physically, this corresponded to
the propagation of cracks towards the compression zone. The strut strain at

failure attained 1000 to 1800 micro-strains on average.
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5.1. Introduction

The shear strength was assumed to be the sum of the shear transferred by
a chord of the concrete compression, along the crack which happened due to
residual tensile stress, frictional stress, the stirrups and the longitudinal
reinforcement where available. As generally accepted, the total shear
resistance, Eq. (1), was the combination of the shear resisted by concrete and
by the transverse reinforcement (Vs). However, the shear resistant
contribution of concrete was explicitly divided into the following
components, the importance of which is considered to be variable as damage
propagates: shear resisted in the uncrack compression head (Vc), Transfer of
shear across web cracks (Vw) and the contribution of the longitudinal

reinforcement (V).
V=Vc+ Vy+ V| +Vs
=fer -b - d - (VetVutVi+vs) [1]
Where v, v, Vi and vs are the dimensionless values of the shear transfer action.

fct : tensile concrete strength

5.2. Model for shear capacity of rectangular beams.

5.2.1. Compression head contribution (vc)

The shear capacity of the compression chord was evaluated assuming that
failure occurred when the first fiber in the compression chord reached the
Kupfer’s failure envelope. It is considered that failure occurred when the
principal stresses reached the Kupfer’s compression-tension branch of

the failure surface [25].



5-2

Chapter (5) Analytical Study

Table 5.1 simplified expressions of dimensionless shear contributing

components. [25]

Contributing Final simplified dimensionless expressions

component

Cracked concrete fu 266, (2]
web w = ]675—«(1 " ff,d)

Longitudinal if ;>0 — 2, =02372,~0255-005 > 0 [3a]
reinforcement if -0 — 2, -0 [3b]

Trar_ls.vers_ai s = ngsl’n’fy’f [4]
reinforcement

Compression chord ¢, = {[(0.88 + 0.70w5)4 + 0.02] [5]

{=12-02-a = 0.65 (a in meters) [6]

Where, fct : tensile concrete strength,
Gt : fracture energy, = 0.028- 218 . @932
E. : concrete modulus of elasticity = 22- (0.1f)*® (Mpa)

fyw : yield strength of the transverse reinforcement

5.2.2. Cracked concrete web contribution (vw)

Shear resistance of cracked concrete in the web is considered as the
residual tensile stress of cracked concrete. The mean tensile stress of the
softening curve is considered distributed in a depth xw of the cracked zone of
the cross-section where the tensile o— curve reached zero tension, see
Fig.5.1. A linear softening branch of the c— curve has been assumed which
was consistently dependent on the fracture energy. The derivation of the
equation was carried out in Ref. [26] and the resulting equation is presented
in Eq. (2) of Table5.1.
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_fct w oy neutral axis
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I

Where, X is the depth of neutral axis and d is the effective depth.

Fig. 5.1 Contribution of cracked concrete to shear resistance. [25]

5.2.3. Transversal reinforcement contribution (vs)

Transversal reinforcement contribution, Eq. (4) of Table5.1, is taken as
the integration of the stresses cut by the inclined crack up to a height of (d-
X), see Fig. 5.2, and assuming that transversal reinforcement was yielded

along the total crack height.
5.2.4. Longitudinal reinforcement contribution (vi)

Contribution of longitudinal reinforcement, or dowel action, is considered
only when transversal reinforcement exists, Eq. (3a), became negligibly
when there are no stirrups, Eq. (3b). Stirrups provided a constraint to the
vertical movement of the longitudinal bar enabling them to transfer a certain
shear. To evaluate such shear force, it is considered that the longitudinal bars
were doubly fixed at the two stirrups adjacent to the crack initiation and
subjected to bending due to a relative imposed displacement between those
points. This vertical relative displacement was caused by the critical crack

opening and the shear deformation of the compression chord. This
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contributing component clearly depended on the tensile steel ratio which was
implicitly represented by means of the x/d parameter. The simplified

expression is presented in Eq. (3a) of Table5.1.

1 7
T c W

+ d-x + + dx

=
=~
%

Fig. 5.2 Shear stresses distribution in the imminent failure situation and qualitative

distribution of the different contributing actions. [25]

5.3. Model for shear capacity of T-beams

According to numerical analyses performed [26,27,28] only a portion of
the flanges closer to the web contributed to resist shear, this portion was
approximately equal to hs at each side of the web. Similar analyses have
been performed to other T-shaped beams, arriving to similar results.
Consequently, in this work a shear effective flange width by was defined as
indicated in Eq. (7) and in Fig.5.3.

by = bw + 2hi < b [7]

Eqg. (7) is coincident with that proposed by Placas and Regan [29] and
Zsutty [30]. However, Paulay and Taylor [31] reduced the influence of the
flanges considering an effective width equal to bw +1.5ht, Moayer and Regan
considered the influence of all the flange depth, hr, and not only until the
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neutral axis depth, x, as in the model utilised. Wolf and Frosch [32] proposed

an effective flange width equal to by + hy.

Fig. 5.3 Effective width in a T-shaped section.

The cracking moment of a T section is different to that of a rectangular
section. This fact affects the position where the critical crack initiated, the
position of the critical section and the level of normal stresses at the
compression concrete chord. The ratio between the cracking moments of the
T section (Mc,7) and that of a rectangular reference section of the same
height and b = bw, (Mcr,r), is called Kcr, and could be obtained analytically. A

very good approximation could be also obtained by Eq. (8).

Kcr:M erT [8]

cr,R

It is also possible to define a coefficient Kt as a product of K¢ by the ratio
bw/b. This coefficient will be useful in the derivation of the contribution of

the compression concrete chord for T-shaped beams, and it is given by Eq.

9).

M b
K - cr,T Zw 9
T M cr,R b [ ]

The uncracked concrete zone and a neutral axis depth (x) were treated as
equivalent. It is assumed that it can be obtained by standard analysis of
cracked reinforced concrete sections under pure flexure Eq. (10). In a
cracked T beam, in the case that the neutral axis depth, x, was placed inside
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the concrete chord (x < 4s), the width of the concrete compression block was
equal to the flexural effective width of the flanges, b. The neutral axis depth
became, therefore, smaller than that of the reference rectangular section of b
= bw. The following equation provides the limit condition for the location of

the neutral axis depth with respect to the flange’s depth, hy:

§=aep(—1 + (142 ) [10]

de P
where ae = E¢/E¢ is the modular ratio between steel and concrete

and p = As/(b.d) is the longitudinal reinforcement ratio.

Ly

1-65"' [11]

h A
5=7f; p=—

. 1
< <= -
X < ht Ifocep_2 v

In that case, Eq. (10) which corresponded to a rectangular section of
effective depth, d, and width, b, might be used to obtain the neutral axis
depth (see Figs.5.4 and 5.5a). Therefore, in a T-beam the neutral axis depth
will be lower than that of a similar rectangular beam with a constant width
equal to that of the web of the T beam, bw, and the cracks will be more

vertical.

H*-!- T

Critical Crack

j—"
Cracked zone /

Bending moments
digram Mx

Mx =Mx + V. 0.85d
S = Scr+0.85d

Fig. 5.4 Scheme of cracking in a beam with T section (x < hy). [2].



5-7

Chapter (5) Analytical Study

At Eqg. (11) not satisfied; the neutral axis depth will be x > hf and it could
be calculated by solving Eqg. (12), which is derived by setting the equilibrium
of horizontal forces in the section, accounted for the two different widths of

the section as shown in Fig.5.5b.

&+ 26 [6(M-1) + aepry] — [6°(n -1) + 20ep7]] [12]

where 1 = b/bw and the rest of parameters have been previously defined.

h| fe—Ltf | ¥ B et o |
TTi N-A-‘Fj:: c f TTﬁ | ??_/CC1
nod Y nod Inal ¥ _ | 27; Y,
| 1 e A I N
- by — - by —
[a] [b]

Fig. 5.5 Neutral axis depth in a T section. (a) X < ht. (b) X > hy.

Neutral Axis (N.X) P2 X h
_ , | * %——I
Flange Crack = A et R I I
o

Web Crack

Fig. 5.6 Inclined crack with two branches in beams with T section.

When x < hy, the crack might penetrate into the flanges assuming a more
horizontal path than in the web. This could be due to the difference in the
ratio between the normal and the shear stresses generated by the change of
width as shown in Fig.5.6. Therefore, the horizontal projection of the critical

crack, pd, was higher than the reference of the rectangular section.
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To evaluate the effect in Vs, it was essential to obtain the inclination of the
crack in the flanges and the global angle of inclination. From Fig.5.6, the
following ratio between the global crack angle, 6, the inclinations of the web
crack, 6w, and the flange crack, 67 was obtained from geometrical

considerations Eq. (14).

b
(d=hg)+(hp—x )ﬁ 0.85

Cot&= Cotély — = 1=K [13]
Where Ko
il [14]
d—x
and the horizontal projection of the crack will be:
Bd=0.85.Ko.d [15]

In order to obtain the beam shear capacity V. for T-beam, the non-
dimensional compression chord contribution to the shear strength had to be
modified to take into account the influence of the T-shape, according to the
above considerations. Related to the position of the neutral axis depth, the

following situations should take place:
5.3.1. Neutral axis inside the compression flange (x < hx)

The formulation developed for rectangular sections was still valid for this
case, with small modifications. When calculating the normal stresses due to
bending, the neutral axis depth had to be obtained with a reinforcement ratio
p= Asl(b.d) relative to the compression flange flexural effective width, b. In
addition, the cracking moment of the T section, M7, had to be used.

Further, by relating the vertical confining stress (oy) with the capacity of the
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transversal reinforcement (vs), EQ. (16) is derived for the shear capacity of
the compression chord, where Rt = o1/fct, was a reduction factor of the tensile

stress due to the biaxial stress state.

2.4(0.2K1+ Bve+ vipzy +0.5.8 v5) Vs Vs
4 (1—§)Rt PRt PR¢

W=RK . j 1- [16]
where ( is the size effect parameter for the compression chord = 1.2-0.2a >

0.65 (a: shear span in meter)

_ 0.85.d—0.5.xy, .cotf
w =

[17]

cos26

Zw is the lever arm.

The position of the critical fiber could be reasonably considered constant,
for reinforced elements, and approximately equal to A = 0.425. And K was a
parameter relating the mean shear stress in the compression chord with stress
in the critical fiber. Therefore, it depended on the shape of the distribution of

shear stresses in the compression chord and the critical fiber.
5.3.2. Neutral axis in the web (x > hy)

In order to obtain V¢, it must be integrated in two domains: corresponding to
the flanges (x < hr, b = by) and to the compressed part of the web (x > hf, b =

bw), and becomes:

h T3.byerf. x
Ve[ fy)-by.dy + f 13)-by . dy = S [18]
Where;

brer =by [2(3—21) + 2 (1-32 +27; v=2 [19]
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Eq. (20) can be used, that conservatively fits quite well the actual results, that

valid for any value of the neutral axis depth:

ve=¢[(0.70 + 0.18K7 + (0.20 + 0.50 %) %)% 0.02 K| 22t [20]

The effective width for shear strength calculation, byefr, was calculated as

follows:

i. Ifx < hy, bv,eff =bv=bw+2ht <b [2]-]
ii. If X >hy, byest use eq. (19) [22]

Finally, the shear strength of T-beams was given by substituting from (Eq.
23-26) in the equation Eq. (1)

Table 5.2 simplified expressions for rectangular or T beams of dimensionle-
ss shear contributing components. Adapted from Ref. [2]

Contributing component Final simplified dimensionless expressions

Cracked concrete web vy ]57% (1 ) %>% [23]

Longitudinal reinforcement if o>0 — =023 [24.8.]
if o, =0 — 9, =0 [24b]

Transversal reinforcement v 0-85wa’n-J}“—f [25]

Compression chord Ve — ;[(0_70 + 018Ky 4 (0.20 | 0_50[,%) ps)g | o_ozm} beat [26]

5.4. Experimental verification

The simple model published in [2] was applied to predict the ultimate
shear strength of reinforced concrete T-beams. Table 5.3 shows comparison
of the theoretical results according to the model with 19 test results of T-
beams. The model underestimated the flange contribution for short and/or

thick flange without transverse reinforcement.
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The experimental and the theoretical model results were in good
agreement for all tests with a mean deviation less than 1.06 and a standard
deviation of 0.21.

Table 5.3 Verification of experimental results for rectangular and T
specimens.

Specimen Pu(exp.) Py(cal.) Pu(exp./cal.)
Cco 106.35 105.80 1.01
G1-T1-0.3 281.9 261.40 1.08
G1-T2-0.3 362.72 288.38 1.26
G1-T3-0.3 430.58 294.15 1.46
G2-T1-0.3 325.98 271.67 1.20
G2-T2-0.3 377.45 297.55 1.27
G2-T3-0.3 438.56 303.09 1.45
G3-T1-0.3 358.44 385.98 0.93
G3-T2-0.3 384.28 443.95 0.87
G3-T3-0.3 454.10 470.88 0.96
G1-T1-0.5 299.28 311.88 0.96
G1-T2-0.5 391.61 375.37 1.04
G1-T3-0.5 432.33 462.15 0.94
G2-T1-0.5 341.78 305.16 1.12
G2-T2-0.5 383.35 375.37 1.02
G2-T3-0.5 446.46 453.54 0.98
G3-T1-0.5 429.41 438.52 0.98
G3-T2-0.5 436.98 541.40 0.81
G3-T3-0.5 473.82 679.50 0.70
mean 1.06

Standard deviation 0.21
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CHAPTER (6)
Shear Strength Prediction of RC T-Beams by Nonlinear FE

6.1 Introduction

Flanged reinforced concrete beams have been widely used in many
applications in the civil engineering field. The behavior of this kind of
structural members was investigated experimentally as well as analytically.
Numerical analysis technique based on the finite element method has been
used in this research work to investigate the effect of the flange on the
reinforced concrete T-beam in the pre- and post-cracking stages of loading
and up to ultimate load. The extensive research in the field of numerical
modeling of reinforced concrete members and structures has led to the
development and formulation of many models which are capable of
predicting their behavior under various conditions. These models are put to
real use when implemented in a suitable computer code. Then they can be
used for both practical and research purposes. Many computer codes exist
and are used daily in the construction industry, research activities and

engineering education.

6.2 Finite Element Modeling Using ANSY'S

6.2.1 Geometric

Finite element modeling and nonlinear analysis are performed by using
ANSYS software. The structural element types which helped for geometric
idealization of the different materials are SOLID 65 for concrete, LINK 8 for
steel bars and stirrups. In order to avoid stress concentration problems such

as localized crushing of concrete elements near the bearing and loading
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plates, steel plates with 30 mm thickness are modeled by SOLID 45 at the
location of supports and loading places in specimen. The structural element
types functioned to simulate the different materials which are presented in
Fig.6.1. For solving the nonlinear analysis equations of specimen, Newton-
Raphson equilibrium iteration technique is used in the ANSYS software.
This technique relayed on a series of successive linear approximations with
corrections. According to this study, the convergence criterion relies on a
displacement control. The infinite norm of displacement and the convergence
precision is 0.05 [33,34,35]. Thus, to improve the convergence of nonlinear
analysis, adaptive descend gene, linear searching, fore-casting, and
dichotomy were applied at the same time. The displacement boundary
conditions are necessary to protect the models. To show the cut off support
boundary condition of the specimen, the translations at the nodes (UX, UY
and UZ) were specified as a constant value of zero, whereas the other
support was displayed as roller by indicating the translations at the nodes
(UY) equal zero value. The force (P) at two points was placed at the top of
specimen in the gravity direction to reveal the experimentally tested. The
applicable load was known as incremental loads. There was an adjustment
for every increase in the result at certain specific load level. Fig.6.2 shows
the occurred load and the supports conditions. The maximum number of

iterations in each load step is set as program default.

(a) Solid 65 (b) Link 8 (c) Solid 45

Fig. 6.1 Structural elements idealization for the numerical models [34].
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Applied Point Load

Hinged support Symmetry B.C

Fig. 6.2 Applied Load and Support Conditions.
6.2.2 Constitutive Relations

Constitutive relationships were desired to connect average stresses to
average strains for both the reinforcement as well as the concrete. These
relations may deviate much from the usual local stress-local strain relations

which are specified by the standard materials tests.

6.2.2.1 Constitutive relation for concrete

To develop a model for the attitude of concrete, it was a difficult activity.
Concrete is a quasi-brittle material and has different reaction in compression
and tension. The tensile strength of concrete is typically 8-15% of the
compressive strength [36](Shah, et al. 1995). Fig.6.3 shows a typical stress-
strain curve for normal weight concrete [37](Bangash 1989).

To cover a descriptive analysis, the stress-strain curve expressed for
concrete is linearly elastic up to about 30 percent of the maximum



6-4

Chapter (6) Shear Strength Prediction of RC T-Beams by Nonlinear FE

compressive strength. Above this point, an increase of stress is shown
gradually up to the maximum compressive strength. After it reaches the
maximum compressive strength fcy, the curve begins to decline into a
softening region. finally, crushing failure happens at an ultimate strain ec . In
tension, the stress-strain curve for concrete is almost linearly elastic up to the
maximum tensile strength. After this point, the concrete cracks and the

strength rises down gradually to zero [38].

-0

|
N\ |
| |
! |
/ slpfreniug |
Compression I I
| |
! |
|
|
|
|

|
strain at maximum stress
v '
te o Ly =

80 g(’H

——-| Oy = maximum tensile strength of concrete
Tension

+

Fig. 6.3 Typical uniaxial compressive and tensile stress-strain curve for concrete
(Bangash 1989) [37]

For concrete, ANSYS requires input data for material properties as follows:
Elastic modulus (Ec).
Ultimate uniaxial compressive strength (/7).

Ultimate uniaxial tensile strength (modulus of rupture, f;).
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Poisson’s ratio (v).
Shear transfer coefficient (5.
I. Compressive Uniaxial Stress-Strain Relationship for Concrete

The ANSYS program requires the uniaxial stress-strain relationship for
concrete in compression. Numerical expressions, Eq. 1 &2, were used along
with EQ.3 (Gere and Timoshenko 1997) to construct the uniaxial

compressive stress-strain curve for concrete [38].

£ E e :
1+[i\ 1)
gD
_2r,
©="g @)
g =L 3)
£

Where:
f =stress at any strain &, psi
& = strain at stress f

&o= strain at the ultimate compressive strength f¢'

Ec = the initial tangent modulus for concrete in MPa and is defined according
to ACI-318 14 [39] by the following equations:

E.=4700/f.
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Fig.6.4 shows the simplified compressive uniaxial stress-strain relationship

that was used in this study.

-0

5

ultimate compressive strength

strain at ultimate strength

e

> g

Fig. 6.4 Simplified compressive uniaxial stress-strain curve for concrete

The simplified stress-strain curve for each beam model is constructed from
six points connected by straight lines. The curve starts at zero stress and
strain. Point No. 1, at 0.30/", is calculated for the stress-strain relationship of

the concrete in the linear range (Eq.3). Point Nos. 2, 3, and 4 are obtained

from (Eq.1), in which & is calculated from (Eq.2). Point No. 5 is at o and fc'.

ii. Failure Criteria for Concrete

The model gives an expect failure for concrete materials. The cause for this

return to both cracking and crushing failure modes. The two input strength
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parameters i.e., ultimate uniaxial tensile and compressive strengths are
important to define a failure surface for the concrete. Then, the standard of
concrete failure DC which is caused by a multi-axial stress state can be
calculated (William and Warnke 1975). A three-dimensional failure surface
for concrete is described in Fig.6.5. The most considerable nonzero principal
stresses found in the x and y directions, are symbolized by ox and oyp,

respectively.

&

) rs
Cracking Cracking

Ve
s
0z > 0 (Cracking)
Ozp = 0 (Crushing) 7

0z < 0 (Crushing)

Cracking

Fig. 6.5 3-D failure surface for concrete (ANSYS)

Three failures in the surfaces are exhibited as projections on the oxp-oyp
plane. The mode of failure is a function of the sign of oz (principal stress in
the z direction). For example, if oxp and oyp are both negative (compressive)
and o is slightly positive (tensile), cracking would be revealed in a direction
perpendicular to oz Although, if oz is zero or slightly negative, it is

supposed that the material will crush.
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6.2.2.2 Constitutive relation for steel

The experimental beams originated steel reinforcement with typical Grade
60 steel reinforcing bars. In this FEM discussion, steel reinforcement had
certain qualities, i.e., elastic modulus and yield stress, it follows the design
material properties shown in the experimental investigation (Kachlakev and
McCurry 2000) [40]. The steel for the finite element models was assumed to
be an elastic-typical plastic material and identical in tension and
compression. Poisson’s ratio of 0.3 was applied for the steel reinforcement in
this study (Gere and Timoshenko 1997). Fig.6.6 shows the idealized stress-

strain relationship mentioned in this research.

Compression

:
B

Tension

———————]»

Fig. 6.6 Idealized stress-strain curve for reinforcing steel
Material properties for the steel reinforcement are stated as follows:
Elastic modulus, Es = 200,000 MPa
Yield stress, fy = 420 MPa (Lab test)

Poisson’s ratio, v = 0.3



6-9

Chapter (6) Shear Strength Prediction of RC T-Beams by Nonlinear FE

6.2.3 Model Validation studies

Validation studies were discussed on several T-beams. Table 6.1 introduces
a summary for the geometrical and mechanical properties of the available
specimens. FE model offers an alternative tool that is used in the analysis
process, and also for getting different results with the previously done
experiments, Hesham et al. [14]. The details and set-up of tested specimens
are shown in shape. 7& 8 respectively. Also, the finite element simulation

models are shown in Fig.6.9.

Fig. 6.7.a Specimen with Rectangular cross section (control)

>
s}

400 +100+ 300 100 + 400 : bw | b,
[

o

: ’/’f/

o167

12016 /2016
: ¥ >z16

300mm —

300 ——
l B

+—h

i |
' o6l A ge@i00
1300

1400

el \

+100 + 1200 +100+

_d

—300—

Fig. 6.7 Specimen details and arrangement of reinforcement

(All dimensions in mm)
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450 i 400- & 450

[>

300mm

oll:

' 20 6 i 2 8@100{-— +100+
Sec [A-A]
Fig. 6.7 (cont.)
Fig. 6.7.b T-cross section without stirrups
450 [ 400 | 4508 —b
! - — T 1 1
[ [ [ ]! AN e A2k
[ [N R [ S f——— - —|---1-]- _.I._.l_.s_.l_l E s \
; o 10 8@75
M| = 2016 ;é
| 2018
20 67 ! 2 8@100— 1A 1100+
Sec [B-B]
Fig. 6.7.c T- cross section with stirrups
Table 6.1 Experimental Program
Cross Stirrups in Longitudinal
Cross Section Flange Dim. flange reinforcement in Longitudinal
Specimen  Sectional al Area within Flange reinforcement
Area (cm?)  Increasi tt br As shear zone  Bottom Top in Flange [%]
ng (%) (cm) (cm) (cm?) (mm) Steel Steel
co 300 e e e e
0.3h=
G1-0.3-3 480 60% . 30 270 e e e
0.5h= 6010+ 208+
G3-0.5-5 900 200% 50 750 28@75 . 1.046%
15 1010/side  2@6

G = Reinforcement group, "G1" without reinforcement, "G3" with longitudinal and stirrups in shear zone. Total depth 300
mm, web width (bw) 100 mm. 0.3 = Flange thickness, "0.3=0.3h" 90 mm, "0.4=0.4h" 120mm& "0.5=0.5h" 150mm. 3& 5 =

Flange width; "3b"= 300 mm& "5b"= 500mm.
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Fig. 6.8 Preparation of Test set-up

ANSYS | oo ANSYS
R192

1BIGEEE:

Fig. 6.9.a Finite Element Model for CO (control)

Fig. 6.9 Finite Element Simulation Models for specimens

P - ANSYS [ eins

13:10:40

Fig. 6.9.b Finite Element Model for G1-0.3-3
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ANSYS| [ ANSYS

R19.2 ) S R19.2

Fig. 6.9 (cont.)
Fig. 6.9.c Finite Element Model for G3-0.5-5

6.2.3.1 Load deflection curves

The load-deflection curve achieved outlined results such as the
ultimate load capacity (Py) and the corresponding ultimate deflection
(Ay). The area under the load-deflection curve which represents the
toughness (1) is also calculated. Fig.6.10 introduces the obtained
numerical results altogether with the experimental results for definite
specimens. The figure is reflecting a good agreement between the
experimental results and the desired results at different levels of
response, the load-deflection plot from the finite element analysis
matches well the experimental data for C0O, G1-T1-0.3& G3-T3-0.5. In
the linear range, the load-deflection which is derived from the finite
element analysis is stiffer than that from the experimental results by
about 10.7, 8.8& 16.1% respectively.
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Control "CO"
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Fig. 6.10 Predicted and Measured Load-Deflections curves
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6.2.3.2 Ultimate load comparison

The ultimate load had the test for CO, G1-T1-0.3& G3-T3-0.5 was 106.4,
281.9& 473.8 kN respectively, while on the other hand the ultimate load
obtained from ANSYS analysis was 113.4, 264.1& 516.2 kN. So, the
difference is about £ 6% and this assures that ANSYS program is an
appropriate method to know the behavior of reinforced concrete T-beams.

6.2.3.3 Crack pattern and failure mode

A comparison between the predicted crack patterns against the
experimental crack patterns for tested beams is shown in Fig.6.11. As cleared
in the shape, there is an outstanding harmonization noticed between the
experimental and the numerical crack patterns. For all specimens suggested,
the expected failure mode becomes shear mode. The failure mode is
distinguished by wide shear diagonal cracks which occurs so close to the
support column intersection with loading steel plate at the top. In addition,

the figure describes that the spreading of cracks is changing in relation to the

flange dimensions.

(a) Experimental crack pattern for CO (b) Predicted crack pattern for CO
Fig. 6.11 Predicted & observed cracking patterns for specimens
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(c) Experimental crack pattern for G1-0.3-3 (d) Predicted crack pattern for G1-0.3-3

0
7 e

o
)
s so ®l0

I
i 501 e | P
N N S

(e) Experimental crack pattern for G3-0.5-5 (f) Predicted crack pattern for G3-0.5-5

Fig. 6.11 (cont.)

6.3 Concluding remarks

For all discussed cases, a good agreement was observed when comparing
between the experimental and the predicted results by finite element (FE)
which involved the load-deflection curves and crack patterns. At the final
level, the total average value for [Pue) / Puexp)] ratio and [Aue) /AuExp)]
ratio for all specimens were 1.03 and 0.87 respectively. Hence, ANSYS
computer program which was applied to joint with the offered constitutive
models was a good tool for modeling. This program was mainly designed to
study the flange effect on the shear strength of flanged reinforced concrete
beam with or without longitudinal reinforcement in flange and with different

material parameters.



6-16

Chapter (6) Shear Strength Prediction of RC T-Beams by Nonlinear FE

6.4 Parametric study

6.4.1 General

In order to discuss the effect of different parameters on the structural
response; groups of reinforced concrete T-beam, which labeled as (S1, S2...
S96) are analyzed. As given in Table 6.2, the main parameters studied here
include: (1) the concrete strength (f¢), (2) width ratio (pb), (3) depth ratio
(p1), (4) ratio of longitudinal steel in flange (p), and (5) shear span to depth
ratio (a/d). For each parameter, the predicted response curve is personalized
by the load-deflection curve. The control used specimen in this paper is the

rectangular beam S plus the geometry given in Table 6.2.

Table 6.2 Parametric Study

width ) Longitudinal
depth ratio No of
Specimen ratio ald fo steel in flange
(pb) (ov) p % Runs
S e e 2.0 3 - 1
S01:12 3 0.10,0.3,0.5&0.7 0.5,1.0,and 2.0 30 0.5 12
S13:24 5 0.10,0.3,0.5&0.7 0.5,1.0,and 2.0 30 0.5 12
S 25:48 7 0.10,0.3,0.5& 0.7 0.5,1.0,and2.0 30 and 60 0.5 24
S49:84 7 0.10,0.3,0.5&0.7 0.5,1.0,and 2.0 30 0.0, 1.0,and 2.0 36
S 85:96 9 0.10,0.3,0.5&0.7 0.5,1.0,and 2.0 30 0.5 12
Total 97

Width ratio (pb = bt/bw) is the ratio of flange width “br “and web width “bw “, depth ratio (ot = t/h) is the
ratio of flange thickness “t” and total web depth “h”. Control specimen S is rectangular section, with total
depth 300 mm and width 100 mm.
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6.4.2 Evaluation criteria of the parametric studies

From the predicted load-deflection curve, the effects of the analyzed

parameters have been studied using the following measures:
= |oads at the yield level (Py) and at the ultimate level (Py).
= Deflection at the yield level (4y) and at the ultimate level (4,).

= Displacement ductility (u4) = (4u/4y).

= Toughness (I) = the area under the load-deflection curve.

For the given parameters, the results of a specified specimen (S) are

considered as reference values to calculate the following relative measures:

QuR:Pu /Pur

owr=Au / Aur

lur=1 /lur

(5)
()
(®)

Table 6.3 The output results for the analyzed specimens of parametric studies.

Specime Per Ay Ay Aer
Pu(kN) Py (kN) QR ar | luR
(kN) — (mm)  (mm)  (mm)

S 14161 - 33.47 281 - 0.34 1 1 1089 1.0
S1 559.50 356.40 14044 2.86 3.03 0.36 395 1.02 2907 27
S2 516.96  437.77 14256 2.04 251 0.33 3.65 0.73 3846 35
S3 692.85 430.30 150.87 291 3.18 038 489 104 3673 34
S4 714.67 N.Y* 178.62 2.43 N.Y* 0.38 505 086 4364 4.0
S5 300.22  210.57 72.36 2.53 2.82 0.38 212 090 1717 1.6
S6 32858 27178 7266  2.67 3.53 0.33 232 095 2715 25
S7 440.19  427.09 73.28 3.92 421 0.34 311 140 3104 29
S8 500.99 N.Y 86.67 3.65 N.Y 0.33 354 130 3119 29
S9 156.09 10052 3830  2.69 7.35 0.32 110 096 1022 09
S10 198.57  147.53 35.73 3.57 5.05 0.27 140 127 1446 1.3
S11 270.99  195.03 37.47 4.50 5.37 0.27 191 160 1674 15
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Table 6.3 (cont.)

S12

S13

S14

S15

S16

S17

S18

SillY

S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30
S31
S32
S33
S34
S35
S36
S37

354.1
7
572.6
4
623.8
7
769.9
6
882.4
2
284.2
5
361.6
0
520.5
2
651.44
155.06
205.31
291.47
437.37
539.03
601.13
813.05
955.33
291.17
370.20
583.19
683.84
155.33
216.92
345.30
468.64
966.03

N.Y

560.06

621.41

756.27

N.Y

193.88

282.53

492.87

N.Y
98.58
172.54
253.38
422.75
450.27
555.55
598.64
N.Y
206.89
340.28
432.66
N.Y
142.38
162.65
N.Y
N.Y
780.48

45.78

148.62

157.71

168.70

218.41

71.34

73.14

80.92

110.52
34.58
38.04
43.59
59.74

147.13

155.19

186.74

266.28
75.67
76.91
89.37

140.99
40.71
43.43
48.58
73.43

184.95

513 N.Y 0.29 250 1.83

2127 2.0
2.54 2.56 0.38 404 0.90

3088 2.8
2.93 2.90 0.37 441 1.04

4861 45
2.75 3.50 0.40 544 0.98

6633 6.1
2.86 N.Y 0.34 6.23 1.02

6909 6.3
2.35 411 0.33 201 084

1883 1.7
2.70 3.72 0.32 255 0.96

2871 2.6
4.67 5.07 0.33 3.68 1.66

4373 4.0

4.23 N.Y 0.33 460 151 4493 41
4.24 6.02 0.23 1.09 151 1087 1.0
3.23 6.78 0.30 145 115 1540 14
4.14 5.38 0.23 206 147 2194 20
5.62 5.01 0.29 3.09 200 3605 33
2.50 1.55 0.36 381 0.89 4428 4.1
2.03 2.28 0.36 424 072 5587 51
241 4.57 0.37 574 086 6426 5.9
251 N.Y 0.35 6.75 0.89 6911 6.3
2.16 3.73 0.32 206 077 2055 19
2.53 411 0.31 261 090 3413 31
3.64 4.33 0.31 412 129 4434 4.1
3.85 N.Y 0.33 497 137 5042 4.6
2.58 5.27 0.28 110 092 1172 11
3.07 6.90 0.23 153 1.09 1683 15
441 N.Y 0.26 244 157 2678 25
4.76 N.Y 0.28 331 169 3403 31
3.21 3.44 0.29 6.82 114 8841 81
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Table 6.3 (cont.)
S38 116045 109152 190.97 4.03  3.66 030 819 143 10419 96

S39 1616.71  1488.36 22587 1142 514 0.33 1142 4.06 16049 147
S40 157532  1409.87 337.32 4.47 8.56 033 1112 159 12934 119
S41 537.98 45799 8835 381 5.05 0.33 380 135 4829 44
S42 729.11 67425 9484 1530 7.70 0.31 515 544 9242 85
S43 899.35 830.58 11321 1734 6.49 0.31 6.35 6.17 13217 121
S44 1089.80  1010.36 178.46 1249 527 0.33 770 444 14311 131
S45 291.42 25880 4389 541 7.07 0.27 206 193 2239 21
S46 387.44 362.88  46.12 1157 6.76 0.26 274 412 3544 33
S47 471.56 420.76  57.63 1146 5.11 0.26 333 4.08 4526 4.2
S48 594.53 51521 9398 12.00 4.23 0.28 420 427 5637 52
S49 552.96 N.Y 14113 234 N.Y 0.33 390 0.83 4069 3.7

S50 618.56 15558 2.23 0.29 437 080 5694 52
S51 772.52 15725 2.73 0.25 546 097 5932 54
S52 831.80 18454 2.95 0.24 587 1.05 7118 6.5

S53 305.85 102.28 2.40 0.60 216 085 2832 26
S54 340.13 76.79 235 0.31 240 084 1628 15
S55 456.24 87.24 321 0.30 322 114 3252 3.0
S56 648.25 135.01 5.25 0.35 458 187 5316 49
S57 161.20 3759  2.66 0.27 114 095 1086 1.0
S58 229.81 39.64  3.93 0.27 162 140 1591 15
S59 310.08 46.74  5.56 0.27 219 198 2277 21
S60 336.09 65.19 6.74 0.26 237 240 3019 238

S61 545.20 43537 14633 2.21 9.09 0.36 385 0.79 4563 4.2
S62 673.43 N.Y 159.83 2.25 N.Y 0.39 476 080 5696 5.2
S63 839.89 188.97 251 0.33 593 089 6190 5.7
S64 972.73 25432 245 0.31 694 087 8186 75
S65 319.21 216.90 7821 247 9.33 0.37 225 088 2430 2.2
S66 418.11 N.Y 83.40  3.02 N.Y 0.37 295 107 3392 31

S67 610.65 9159 444 0.30 431 158 5294 49
S68 703.74 15169 3.51 0.34 483 125 5627 52
S69 155.78 4091 250 0.28 110 089 1139 1.0
S70 246.86 3821 3.84 0.25 174 137 2008 1.8

S71 433.35 4918 6.42 0.26 3.06 228 3222 3.0
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Table 6.3 (cont.)

S72 460.77 8291 461 0.30 325 164 3440 32
S73 564.70 147.63 255 0.36 3.99 091 4697 43
S74 744.36 15398 2.94 0.31 526 1.05 5158 4.7
S75 853.55 196.26  2.37 0.32 6.03 084 6025 55
S76 982.97 29572 454 0.35 6.87 162 8148 75
S77 325.30 7243 263 0.32 230 094 2289 21
S78 396.49 7721 270 0.31 280 096 3879 36
S79 574.60 99.76  3.09 0.32 406 110 4708 4.3
S80 690.89 160.98 3.47 0.34 488 124 5451 50
S81 169.86 38.23  3.02 0.27 120 107 1317 1.2
S82 260.72 39.36 461 0.27 184 164 2169 20
S83 401.81 5143 420 0.26 284 150 2647 24
S84 473.23 87.67 494 0.29 334 176 3589 33
S85 552.58 14338  2.30 0.32 390 082 3252 3.0
S86 657.33 159.68 6.30 0.29 464 224 5226 4.8
S87 855.04 21125 543 0.36 6.04 193 4052 3.7
S88 1091.01 26226  3.22 0.29 770 115 4738 44

S89 307.32 19259  76.99 240 4.66 0.32 217 085 2017 1.9
S90 406.85 381.67 8437 275 4.01 0.31 287 098 3574 33
S91 613.52 462.25 10229 3.70 4.40 0.32 433 132 4266 3.9
S92 690.99 N.Y 164.68  3.37 N.Y 0.33 488 120 6088 56
S93 159.26 12955 3748  2.73 7.28 0.27 112 097 1203 11
S94 247.99 19269 4181 3.78 6.50 0.27 175 134 1920 138
S95 389.48 302.82 53.68 5.79 8.00 0.26 275 206 2914 2.7
S96 512.85 N.Y 85.62  5.08 N.Y 0.28 3.62 181 2074 19

*: The longitudinal steel in flange Not Yield

Where:

P,  :Ultimate load (kN).

Py  :Load at yielding of longitudinal steel reinforcement in flange (kN).
Per : Cracked load (kN).

Auv  : The deflection at the ultimate (mm).

4y 1 The deflection at the yielding (mm).

Ao The deflection at the first crack (mm).
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I : The toughness (the area under the load-deflection curve).

Where:

Qur : Shear capacity ratio at the ultimate load level.

Pur . Shear capacity at the ultimate load level for the control specimen (S).

owr : Deflection ratio at the ultimate load level.
A : Deflection at the ultimate level for the control specimen.
lig  : Toughness ratio.

lor @ Toughness of the control specimen.

6.4.2.1 Effect of flange dimensions: width ratio (po=bs/
bw) and depth ratio (p: =t/h)

Fig. 12 presents the variation of beam ultimate shear strength, Py, with the
flange width ratio (pp) for T-beams with variable flange thickness ratio (o).
In addition, Fig. 13 presents the variation of beam ultimate shear strength,
Pu, with the flange thickness ratio (pt) for T-beams with variable flange width
ratio (pn). The data in Figs. 12 and 13 corresponds to beams with p= 0.5, f¢’=
30, and a/h= 2. Compared to control beam S (with P,= 141.61 kN), presence
of flange with a width of triple times web width (pp= 3) and with thickness of
0.1, 0.3, 0.5, and 0.7 of beam depth; increased beam shear strength P, by
10%, 40%, 90%, and 150%; respectively. Besides, for flange width of nine
times web width (pp=9), the corresponding increases in beam shear strength
become 12%, 75%, 175%, and 260%; respectively. Both flange width and
thickness affect the shear strength of T-beams while the effect of flange
thickness is more pronounced. For thin flanges (o= 0.10), increasing flange

width does not help.
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Fig. 6.12 Variation of ultimate load P, with flange width ratio (ps) at different
flange thickness ratios (pr) for p= 0.5, fc’= 30 MPa & a/h= 2.
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Fig. 6.13 Variation of ultimate load P, with flange thickness ratio (pt) at
different flange width ratios (pb) for p= 0.5, fc’= 30 MPa & a/h= 2.
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6.4.2.2 Effect of longitudinal steel in flange

The ultimate load predicted for T-beams with variable flange
longitudinal reinforcement percentile ratios (0, 0.5, 1.0, and 2) is shown in
Fig.14 for three cases of shear span to depth ratio (a/h= 0.5, 1.0, and 2.0).
This figure shows that increasing flange longitudinal reinforcement, p, from
0% to 2% increases the beam ultimate load by an average of 8%, 29%, and
27% for a/h= 0.5, 1.0, and 2; respectively.

900.0 ] s75
800.0
527 63
700.0 { ~S51
600.0 - s79
1 S67
S 5000 A 53
= 55 83
I~
S 4000 s71
300.0 ¢ 35
559 a/h=0.5
200.0 -
a/h=1
100.0 A a/h=2
0.0 . . . .
0.0 0.5 1.0 1.5 2.0

Fig. 6.14 Effect of flange longitudinal reinforcement on Ultimate load for
different shear span to depth ratios for pp =7, pt =0.5 & fc’ =30 MPa.
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6.4.2.3 Effect of shear span to depth ratio

Results for T-beams with different shear span to depth ratios (a/h= 0.5,
1, and 2) are shown in Figs. 14 and 15 for pt =0.3 and p =0.5. Fig.15 presents
variations of the ultimate shear strength with the shear span-to-depth ratio for
pb =7 and two values of concrete characteristic strength (f.’= 30 MPa and 60
MPa), pt =0.3, p =0.5) and pp =7. For fc’ =30 MPa, Fig. 16 depicts
variations of the ultimate shear strength with the shear span-to-depth ratio at
various flange widths (p» =3, 5, 7, & 9). The increase in (a/h) obviously
reduced the shear capacity of flanged beams. Decreasing the shear span to
depth ratio from 2.0 to 1.0, and then to 0.5 increased the ultimate shear
strength by an average of 49% and 120%, respectively. This trend is repeated
for all flange widths and concrete strengths. The load deflection curves for
three T-beams that are identical but have different shear span to depth ratios
(a/h= 0.5, 1.0, and 2.0) are presented in Fig.17. The curve indicates that the
beam toughness (1) is reduced as the shear span increases. Numerical values
revealed that the toughness of beams having a/h of 1.0 and 2.0 were less than
that of the similar beam with a/h of 0.5 by about 28% and 49%, respectively.
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Fig. 6.15 Effect of shear span-to-depth ratio on ultimate shear strength of
T-beams for two values of concrete characteristic strength
(po =7, pt =0.3, p =0.5).
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Fig. 6.16 Effect of shear span-to-depth ratio on ultimate shear strength of
beams with various flange widths (ot =0.3, p =0.5& fc’ =30 MPa).
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Fig. 6.17 Effect of shear span-to-depth ratio on load-deflection curves of
flanged beams (pb=3, p=0.7, fc =30 MPa & p=0.5.)

6.4.2.4 Effect of concrete characteristic strength.

Values of the ultimate shear strengths calculated for 24 T-beams are
displayed in Fig. 18. These values correspond to T-beams with one flange
width pp=7; four values of flange thickness p+=0.1, 0.3, 0.5 & 0.7; and two
values of concrete characteristic strengths (fc’= 30 and 60MPa). Study of
data in Fig.18 and Table 3 showed that- on average- doubling concrete
strength of beams results in doubling the first-yield load and increases the
first-crack load by about 20%. The increase in beam ultimate shear capacity
varies with both shear span and flange thickness. Numerically, doubling fc’
lead to shear capacity increases of 65%:99% for a/h =0.5; 54%:97% for
a/h=1; and 27%:88% for a/h=2. It is also noted that the increase in shear
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capacity with increasing concrete strength becomes less pronounced as the

span length or the flange thickness increases.

To examine the effect of concrete characteristic strength on beam

30 and

60MPa are presented in Fig. 18 for three flange thickness ratios p= 0.1, 0.3

toughness, the load-deflection relationship for beams with fc

0.5). Considerable increase with an

a/h

7,
in beam toughness,

&0.7 (other variables are pp

is observed with the increase in fc’

from 30 to 60 MPa. Finally, Fig.19 shows that the flexural crack pattern at

average of 74%

failure is similar for beams with concrete strength of 30 to 60 MPa, while the

use of higher concrete strength delayed the premature shear failure.
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Fig. 18 Effect of concrete characteristic strength on shear capacity for beams
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Fig. 6.19 Effect of concrete characteristic strength on Deflection
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Fig. 6.20 Crack patterns
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Fig. 6.20 (cont.)
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6.5 Proposed simplified calculations.

In international codes, such as the ACI Building Code Equation (1), and
the Euro code, the shear force in a T-beam is assumed to be carried only by
its web. This simplified assumption, which has prevailed in the shear design
practice, is not correct for T-beams with a thick flange in the compression
side. Experimental measurements as well as results of the finite element
made it clear that the enhancement of shear strength due to beam flanges
(when subject to compressive stresses) cannot be neglected. Analysis of all
results showed that, limited to the range of parameters considered, we can
conservatively assume that the total area of the flange is effective in resisting
shear. Then, the shear strength of T-beams with the flange in the
compression side is calculated using Figure 6.21 and Equations (1 and 2) as
follows:

a) Width ratio
(pb=bi/bw) <5

b) Depth ratio
(pt=tt/n)uptol

C) L’ < 2bw
where L’ is the left and right part of Fig. 6.21 Cross-section
flange.

ACI 318M [21]- Simplified method

Apfyd
S

Ve =[0.171/f; Joud + [1]
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Where A is the modification factor to reflect the reduced mechanical properties of lightweight concrete relative to

normal weight concrete of the same compressive strength, for normal weight concrete = 1

Proposed equation for shear strength of flanged beam (Vp, proposed)

Vp, proposed = Ve + Vs + Vst

Ay fyd]

Vp, proposed = [0.17/1 \/ﬁ ] [bwd+2L 't ] +[ "

2 @

Vc: nominal shear strength provided by concrete
Vs.w: nominal shear strength provided by web shear reinforcement
Vs.1: nominal shear strength provided by flange shear reinforcement

A three-dimensional finite element “F.E” program ‘ANSYS’ was used for
the numerical analysis of all specimens without reinforcement in flange
“G1”, and additional specimens with different depth ratio “pt” to verify the
proposed method (Equation 2). Table 6.4 shows good “conservative”
agreement between the results of the proposed equation, which assumes that
the total area of the cross section is effective- and experimental as well as
finite element results. This is true for T-beams when the flange is subjected
to compressive stresses, and the limits given above. The limits are width
ratio: (pb= br/bw) <5; depth ratio: (pt= tr/h) of up to 1; and flange protrusion

length L’ < 2by on each side.
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Table 6.4 Verification of proposed equation with F.E results& ACI

Avw: area of web stirrups

Ay . area of flange stirrups

Dimensions [mm] Av (mm?) Exper. FE ACI Proposed method (kN) _ )
Specimen §' é‘ method § >E
EE o d Ut Aw Ay VR VRE Vaa Ve Vew Vet Ve s 3

(kN) (kN) (kN)
co 0 0 0 0 0 53 56.7 2554 2554 2554 100 045
T G10153 45 % 765 33.76 3376 132 044
G1-0.30-3 90 70 141 142.4 41.97 4197 164 029
G1-0.40-3 120 100 1815 181.0 47.44 4744 186  0.26
G1-0.50-3 L 10 130 - 2155 2175 2554 5291 5291 207 024
G1-0.65-3 S 195 175 = S 2201 61.13 6113 239 028
G1-0.80-3 P R N— 250.8 69.34 69.34 271 028
G1-0.90-3 270 250 e 2473 74.81 7481 293 030
G113 8 300 280 s 2560 7663  76.63 g 8 7663 100  0.30
G1-0.155 45 25 = I — 96.4 41.97 4197 164 044
G1-0.305 90 70 1495 150.9 58.39 5839 229  0.39
G1-0.40-5 120 100 196.0 200.6 69.34 69.34 271 035
G1-0.50-5 s 150 130 s 216.0 226.0 2554  80.28 8028 314 036
G1-0.655 & 195 175 = — 2455 96.71 9%6.71 379 039
G1-0.80-5 240 220 e 274.0 11313 11313 443 041
G1-0.90-5 270 250 301.4 124.07 12407 486 041
G115 ° o g 300 280 3072 12772 12172 12772 100 042
co-s & & S T80 o0 0 0 56 0 116.50 76.26 2554 50.71 0.00 76.26 100 065
T G30153 235 45 % 184.28 3376 42.56 16.10 9241 121 050
G3-0.30-3 190 90 70 179 237.50 41.97 3441 4507 12145 159 051
G3-0.40-3 160 120 100 192 256.30 4744 2898  64.38 14080 185 055
G3-0.50-3 130 o 150 130 o 227 270.20 76.26 5291 2355 8370 16016 210 059
G3-0.65-3 85 = 195 175 (S J— 311.12 6113 1540 11267 18919 248 061
G3-0.80-3 40 240 220 e 319.25 69.34 724 14164 21823 286  0.68
G3-0.90-3 10 200 250 e 317.78 7481 181 16096 23758 312 075
G3-1-3 0 300 280 - 35056 25691  76.63 000 18028 25691 100 073
T G30155 235 5 25 2 — 205.95 4197 4256 24.14 10867 143 053
G3-0.30-5 190 90 70 2145 264.80 5839 3441  67.60 16040 210 061
G3-0.40-5 160 120 100 2185 267.80 6934 2898 9658 19489 256 073
G3-0.50-5 130 o 150 130 = 237.0 271.20 76.26 80.28 2355 12555 22938 301 085
G3-0.65-5 85 & 195 175 =S — 356.74 96.71 1540 16901 28111 369  0.79
G3-0.80-5 40 240 220 369.52 11313 724 21247 33284 436  0.90
G3-0.90-5 10 210 250 392.70 124.07 181 24144 36733 482 094
G315 0 300 280 e 41171 39814 127.72 0.00 27041 39814 100 097

Where:
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The proposed method is compared to the code formulation and F.E. Table
6.5& 6.6 present statistical analysis for comparison of the proposed method
with the code formulation and F.E. results. It can be observed, the proposed
equation 2 correlates better with F.E. results than of the code formulations
studied, as it has the lowest coefficient of variation (0.08 to 0.24 for
specimens without shear reinforcement and 0.15 to 0.20 for specimens with
shear reinforcement) at compared with F.E. results that indicates a good
conservative result. On the other hand, the code gives a high coefficient
(0.38: 0.47), which leads to an increase in the cost of this concrete sections
due to neglect the flange effects.

Table 6.5 Statistics of the ratio of proposed to calculate and analysis.

[specimens without shear reinforcement]
ACT Proposed

Specimens Vg () Vo () VelVaa Vp/Vig
Co 25.54 25.54 1.00 0.45
G1-0.15-3 33.76 1.32 0.44
G1-0.30-3 4197 1.64 0.29
G1-0.40-3 47.44 1.86 0.26
G1-0.50-3 2554 5291 2.07 0.24
GI1-0.65-3 61.13 2.39 0.28
G1-0.80-3 69.34 271 0.28
G1-0.90-3 74.81 2.93 0.30
G1-1-3 76.63 76.63 1.00 0.30
mean 1.88 0.32
standard deviation 0.71 0.08
coeffecient of var. 0.38 0.24
G1-0.15-5 41.97 1.64 0.44
G1-0.30-5 58.39 2.29 0.39
G1-0.40-5 69.34 2.71 0.35
G1-0.50-5 25.54 80.28 3.14 0.36
G1-0.65-5 90.71 3.79 0.39
G1-0.80-5 113.13 443 0.41
G1-0.90-5 124.07 4.86 0.41
G1-1-5 127.72 127.72 1.00 0.42
mean 2.98 0.39
standard deviation 1.34 0.03

coeffecient of var. 0.45 0.08
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Table 6.6 Statistics of the ratio of proposed to calculate and analysis.

[specimens with shear reinforcement]

Specimens A Pmposed Ve/Vacr "o/Vi g
Viacr (kN) Vp(kN) - '
Co-S 76.26 76.26 1.00 0.65
G3-0.15-3 9241 1.21 0.50
G3-0.30-3 121.45 1.59 0.51
G3-0.40-3 140.80 1.85 0.55
G3-0.50-3 76.26 160.16 2.10 0.59
G3-0.65-3 189.19 248 0.61
G3-0.80-3 218.23 2.86 0.68
G3-0.90-3 237.58 312 0.75
G3-1-3 256.91 25691 1.00 0.73
mean 1.91 0.62
standard deviation 0.79 0.09
coeffecient of var, 0.41 0.15
G3-0.15-5 108.67 1.43 0.53
G3-0.30-5 160.40 2.10 0.61
G3-0.40-5 194.89 2.56 0.73
G3-0.50-5 76.26 229.38 3.01 0.85
G3-0.65-5 28111 3.69 0.79
G3-0.80-5 332.84 4.36 0.90
G3-0.90-5 367.33 4.82 0.94
G3-1-5 398.14 398.14 1.00 0.97
mean 2.87 0.79
standard deviation 1.36 0.16

coeffecient of var. 0.47 0.20
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Besides, Figure 6.22 shows that the results of the proposed equation are

safe enough compared to the experimental and F.E. results.

Fig. 6.22 Correlation between the proposal, F.E. and the experimental results
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Table 6.4 Verification of proposed equation with F.E results& ACI

s 8 Dimensions [mm] Ay (mm?) Exper. :M.MM.N g ACT Proposed method (kN) 3 g

w Specimen m. = v Vv v M WH
m C0 0 0 0 0 0 53 56.7 25.54 25.54 25.54 1.00 045
m G1-0.15-3 45 25 e 76.5 33.76 33.76 13 0.44
3l G1-0.30-3 90 70 141 1424 41.97 41.97 1.64 029
m G1-0.40-3 120 100 181.5 181.0 47.44 47.44 1.86  0.26
3 G1-0.50-3 o 150 130 = 215.5 217.5 25.54 52.91 5291 207 024
_nI_D G1-0.65-3 =195 175 S 220.1 61.13 61.13 239 028
@] G1-0.80-3 240 220 250.8 69.34 69.34 2.7 0.28
m G1-0.90-3 _ 270 250 2473 74.81 5 5 74.81 2.93 0.30
s G1-1-3 Wo\_ 300 280 M 256.0 76.63 76.63 M M 76.63 1.00  0.30
B G1-0.15-5 45 25 = 96.4 4197 41.97 1.64 044
M G1-0.30-5 90 70 149.5 150.9 58.39 58.39 229 039
a G1-0.40-5 120 100 196.0 200.6 69.34 69.34 271 0.35
...m. G1-0.50-5 o 150 130 = 216.0 226.0 25.54 80.28 80.28 3.14 036
m G1-0.65-5 195 175 S —— 2455 96.71 96.71 3.79 039
b7y G1-0.80-5 240 220 e 274.0 113.13 113.13 4.43 0.41
W G1-0.90-5 270 R 301.4 124.07 124.07 486 041
& G1-1-5 M e s 300 20 e 307.2 127.72 127.72 127.72 1.00 042
C0-S a o= 280 0 0 0 56.6 [ 116.50 76.26 25.54 50.71 0.00 76.26 1.00  0.65

G3-0.15-3 235 45 25 184.28 33.76 4256 16.10 9241 1.2] 0.50

G3-0.30-3 190 90 70 179 237.50 4197 34.41 45.07 121.45 159 051

G3-0.40-3 160 120 100 192 256.30 47.44 28.98 64.38 140.80 1.85 0.55

G3-0.50-3 13 o 150 130 o 227 270.20 76.26 52.91 23.55 83.70 160.16 210 059

G3-0.65-3 85 =195 175 P J— 311.12 61.13 15.40 112.67 189.19 248 061

G3-0.80-3 40 240 220 e 319.25 69.34 7.24 141.64 21823 286 0.68

G3-0.90-3 10 270 25 e 317.78 74.81 1.81 160.96 237.58 3.12 0.75

G3-1-3 0 300 280 © - 350.56 25691 76.63 0.00 180.28 256.91 1.00  0.73

G3-0.15-5 235 45 25 a o - 205.95 41.97 42.56 24.14 108.67 1.43 0.53

G3-0.30-5 190 90 70 2145 264.80 58.39 34.41 67.60 160.40 2.10 0.6l

= G3-0.40-5 160 120 100 2185 267.80 69.34 28.98 96.58 194.89 256  0.73
IvH G3-0.50-5 13 S 150 130 *® 237.0 271.20 76.26 80.28 23.55 12555 229.38 3.01 0.85
..Wv. G3-0.65-5 85 o 495 175 R e 356.74 96.71 15.40 169.01 281.11 3.69  0.79
m G3-0.80-5 40 240 220 369.52 113.13 7.24 212.47 332.84 43 0.90
O G3-0.90-5 10 270 250 392.70 124.07 1.81 241.44 367.33 482 0%
G3-1-5 0 300 2800 - 411.71 398.14 127.72 0.00 270.41 398.14 1.00 097
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Conclusions and future recommendations

7.1 Conclusions

Based on the analysis of test results presented above, the following

conclusions were drawn (limited to the indicated size, arrangement, and

reinforcement of tested specimens):

(1)

)

(3)

The shear capacity of T-beams was notably higher than that of
rectangular beams with the same web size. Presence of flanges
increased the shear capacity by 160% to 330% of the web alone
(rectangular beam without transverse reinforcement). The actual
increase depended on the flange dimensions and the amount of
reinforcement in the flange. Moreover, the cracking load of T-
beams was slightly higher than that of beams without flange. The
results obtained are computed based on the absence of web stirrups,
and it is acceptable for pi= 0.3, 0.4 and for p= 0.5 can be reduced by
0.87.

The flange thickness was most effective for increasing the shear
capacity especially for T-beams without reinforcement in flange.
Increasing the ratio of the flange thickness to total depth (pt) from
0.3 to 0.5 increased the shear capacity by 53.7%, 34.5% and 26.7%,
for G1, G2 and G3 respectively. All refer to flange reinforcement
while the web had no shear reinforcement.

Increasing the width of flange had less effect on the shear capacity
of T-beams compared to increasing its thickness. For instance,
increasing the ratio of the flange width to web width (pn) from 3to 5

increased the shear capacity by 6% to 19%.
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(4)

(5)

(6)

(")

(8)

(9)

Use of longitudinal reinforcement in flange increased its shear
strength and this increase was more pronounced for thinner flanges.
In particular, flange reinforcement increased the shear strength by
14% to 43%; 4% to 12%; and 2% to 10%; at flange thickness to
total depth ratios, pt, of 0.3, 0.4, and 0.5, respectively.

Presence of flanges delayed crack propagation especially for flanges
with longitudinal reinforcement.

The simple model published in [2] for predicting the shear capacity
of T-beams gave results that were in good agreement with the
experimental results in terms of the mean value and standard
deviation. For the 19 tested beams “without web’s transverse
reinforcement”, statistical analysis of the ratio of experimental to
theoretical strength values yielded a mean of 1.06 and a standard
deviation of 21%.

To sum up from the validation and parametric studies of the finite
element computer program ANSYS, the following conclusive
points are derived:

A good harmonization in the ending results was achieved by all
reached cases of validity, the detected load-deflection response, the
points of cracks, and the failure modes which applied the nonlinear
FE program (ANSYS). At the final level, the total average value for
[Purg) / Puexr)] ratio and [Aure) /AuExp)] ratio for the experimented
specimens were 1.03 and 0.87 respectively. This result led us to the
use of FE programs.

The most important parameters in this research were acted by The

effectiveness of the ratio of flange width to web width (b#/bw) and
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the ratio of flange depth to web depth (t/h) on the shear strength of a
point-loaded reinforced concrete T-beam .To consider the geometric
ratios discussed in this theoretical study, it was suggested that the
rise in the ratio (b#bw) caused a rise in shear resistance from
12:260%.

(10) The push of longitudinal steel reinforcement ratio (p) in the flange
from 0.5: 2% of the flange concrete area has helped to enhancement
in shear capacity by 14:18% for a/h =0.5, 5:9 % for a/h =1 and
37:40% for a/h = 2.

(11) The decrease of shear span-to-depth ratio (a/d) resulted to an
observed increase in the shear capacity of flanged beam by a range
of 83:260 %, where the increasing (a/h) lowered slightly the
toughness (). As expressed in the load-deflection curves, the
toughness was reduced on specimens S8& S12 when they were
compared with S4 by 28% and 49% respectively.

(12) The shear capacity (Vu) and the toughness (I) are affected by the rise
of concrete compressive strength (fc’). The use of concrete with fc’
=60 MPa drove to an enhancement in shear capacity by 55:99% for
a/h =0.5, 55:97% for a/h=1 and 27:88% for a/h=2. compared to
concrete with f¢’ = 30 MPa.

(13)Based on obtained experimental and F.E. results, and within the
considered limits of section geometry, a simple method is proposed
for predicting the shear strength of reinforced concrete T-beams
with the flange in compression. This simple method utilizes the full
area of T- sections in lieu of the area of web alone specified by

design codes. It is shown that the shear strength calculated using the
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proposed method is conservative, i.e. less than that obtained by tests

and/or F.E. analyses.

(14) The results of this study help in saving construction costs by

utilizing the flange's contribution to shear strength for flanged
beams with thick flanges in the compression side such as the case of

double-cantilevered cap beams with inverted T sections.

7.2 Recommendations and suggestions for future studies

This research confirmed the significant contribution of thick flanges of

beams with T-shaped sections with flanges in the compression side to the

beam shear strength, within the stated geometric limitations. Based on the

findings, the following recommendations and suggestions for future research

are made:

1)

)

(3)

(4)

(5)

More theoretical work is needed to develop a more rigorous method
for the calculation of shear strength of flanged beams with flanges
in compression.

Cases of flanged sections with flanges in tension need to be
considered experimentally and/or theoretically.

Effects of heavy longitudinal reinforcement in flange and web as
well as level of web reinforcement in web and flange require further
investigations.

More “larger” values of the shear span to depth ratios shall be
studied.

Committees of design codes both nationally and internationally are
encouraged to modify their shear strength calculation formulas for
flanged beams to include the contribution of flanges. Such
modification shall include the effect of relative flange dimensions
and position of neutral axis.
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