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Abstract:

The main objective of this research is to study the shear strength outcomes from the
nonlinear constitutive reinforced concrete T-beam models and make a comparison with
experimental results. The models were performed in the finite element computer program
ANSYS V-19.2 so as to apply the 3D nonlinear analysis of flanged specimens. Ninety-six
samples were tested simply supports under two concentrated points of static loading up to
failure. Several validation studies have been carried out on flanged beams with variable
flange dimensions. The current work presents good results between experimental and
numerical results about (1.03 and 0.87 %) for the load-deflection curves and the crack
patterns. Moreover, parametric studies have been occurred to discuss the effect of structural
parameters on the performance of T-section against shear straining action. Four design
parameters were arranged to involve flange dimensions, longitudinal reinforcement in flange,
concrete compressive strength “fc”, and shear span to depth ratio. Beams were shown to
obtain the load-deflection relationships, the ultimate loads, and the crack patterns. Therefore,
they are compared to the solid reference one. The flange dimensions effect on the increased
the shear strength by up to 260% of the shear strength of the web alone, and the effect of
longitudinal reinforcement in flange enhancements the shear capacity up to 40%, finally shear
span to depth ratio improvements the shear strength from 85% to 260%. Three experimental
T-beams were in the main concern of this research and they were done in variety to ensure the
validity of types.
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1. Introduction

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 [1] 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 supports 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.

According to Hesham et al. [2] 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. [3] 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.

2. Finite Element Modeling Using ANSYS
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
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concentration problems such as localized crushing of concrete elements near the bearing and
loading 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. 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 [9,10,11].
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. 2 shows the occurred load and the supports
conditions. The maximum number of iterations in each load step was set as program default.
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Fig. 1. Structural elements 10eanzation tor the numerical models [9]
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Fig. 2. Applied Load and Support Conditions.
2.2.Constitutive Relations
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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.

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 [12](Shah, et al. 1995).
Fig.3 shows a typical stress-strain curve for normal weight concrete [13](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 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 fc,, the curve begins to decline into a softening
region. finally, crushing failure happens at an ultimate strain & .

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 [13].
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Fig. 3. Typical uniaxial compressive and tensile stress-strain curve for concrete (Bangash 1989)

For concrete, ANSY'S requires input data for qualifications of materials as follows:
Elastic modulus (E).

Ultimate uniaxial compressive strength (/7).

Ultimate uniaxial tensile strength (modulus of rupture, f;).

Poisson’s ratio (v).

Shear transfer coefficient (4;).

2.2.1.1. Compressive Uniaxial Stress-Strain Relationship for Concrete
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The uniaxial stress-strain relationship for concrete in compression was needed to the
ANSYS program. Numerical terminologies (Desayi and Krishnan 1964), Eq. 1 &2, were used
along with EQq.3 (Gere and Timoshenko 1997) to establish the uniaxial compressive stress-
strain curve for concrete [14].

f= Ee ‘ (1)
1+ (i\
g, 2)
T
E. 3)
E = I
£

Where:

f =stress at any strain ¢, psi

¢ = strain at stress f

g = strain at the ultimate compressive strength f.’

E. = the initial tangent modulus for concrete in MPa and is defined according to ACI-318 14
[17] by the following equations:
E,=4700\/f.'
(4)
Fig. 4 shows the simplified compressive uniaxial stress-strain relationship that was used in
this study.

f » 5 ultimate compressive strength
<

strain at ultimate strength

op = .

v

Fig. 4. Simplified compressive uniaxial stress-strain curve for concrete

The simplified curve of which reflects stress-strain for each beam model is formed from six
points. The points are related by straight lines. The curve begins at zero stress and strain. Point
No. 1, at 0.30f7, is calculated for the stress-strain relationship of the concrete in the linear
range (Eq.3). Point Nos. 2, 3, and 4 are gained from (Eq.1), in which & is calculated from
(EQ.2). Point No. 5 is at g and f;'.
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2.2.1.2. 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 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.5. The most considerable nonzero principal stresses found in the x and y
directions, are symbolized by oy, and oy, respectively. Three failure in the surfaces are
exhibited as projections on the oyy-ay, plane. The mode of failure is a function of the sign of
ayp (principal stress in the z direction).

Oyp

Cracking ﬁ Cracking

I

£ o
0zp > 0 (Cracking)
0z = 0 (Crushing) A

Ozp < 0 (Crushing)

Cracking

Fig.5. 3-D failure surface for concrete (ANSYS)

For example, if oy, and oy, are both negative (compressive) and oy, is slightly positive
(tensile), cracking would be revealed in a direction perpendicular to o, Although, if o, is zero
or slightly negative, it is supposed that the material will crush.

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). 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 shows the idealized stress-strain relationship mentioned in this
research. Material properties for the steel reinforcement are stated as follows:

Elastic modulus, Es = 200,000 MPa
Yield stress, f, = 420 MPa (Lab test)
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Poisson’s ratio, v=0.3
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Fig.6. Idealized stress-strain curve for reinforcing steel
3. Model Validation studies

Validation studies were discussed on several T-beams. Table 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, Ahmed H. et al. [16]. 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. 9

aplel

300
408

100, 1200 100,

Joe, 350 J60, 200 J08 350 S0, B

o |2T18
[ g |

z j' £50 400 450 i j for
@a@100

{300

Fig. 7. Specimen details and arrangement of reinforcement (All dimensions in mm) [16]

[Table-1] Experimental Program
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Cross . Stirrups in  Longitudinal reinforcement o
) Flange Dim. . Longitudinal
Cross Sectional flange in Flange .
. . o reinforcemen
Specimen  Sectional Area within )
2 . t b¢ As Bottom Top tin Flange
Area (cm?) Increasing " shear zone
(cm) (cm)  (cm) Steel Steel [%]
(%) (mm)
co 300 0 - e e e e
G1-T1-0.3 480 60% 0.3h=9 30 270 - e e
6010+ 2@8+ 2
G3-T3-0.5 900 200% 0.5h=15 50 750 a8@75 . 1.046%
110/side 26

G = Reinforcement group, "G1" without reinforcement, "G3" with longitudinal and stirrups in shear zone. Total depth 300
mm, web width (bw) 100 mm. T = Flange thickness, "T1=0.3h" 90 mm, "T2=0.4h" 120mm& "T3=0.5h" 150mm. 0.3&0.5 =
Flange width; "0.3" 300 mm& "0.5" 500mm.

Load Cell I |
|
- - .

| Spandrel Rigid Beam

oncrete Block

Fig. 8. Preparation of Test set-up Specimens [16]
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[b]- Finite Element Model for G1-T1-0.3
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[c]- Finite Element Model for G3-T3-0.5

Fig. 9. Finite Element Simulation Models for specimens in Ref. [16]
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3.1.Load deflection curves
The load-deflection curve achieved outlined results such as the ultimate load capacity (Py)
and the corresponding ultimate deflection (A,). The area under the load-deflection curve

which

represents the toughness (I) is also calculated. Fig. 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 [16] and the desired results at different
levels of response, the load-deflection plot from the finite element analysis matches well the
experimental data for CO, 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.
Fig. 10. Predicted and Measured Load-Deflections curves for specimens in Ref. [16]
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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& 516.2kN. 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.

3.3.Crack pattern and failure mode

A comparison between the predicted crack patterns against the experimental crack patterns
for tested beams in Ref. [16] is shown in Fig. 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.
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(c)Experimental crack pattern for G1-T1-0.3 (d) Predicted crack pattern for G1-T1-0.3
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(e) Experimental crack pattern for G3T3-0.5  (f) Predicted crack pattern for G3T3-0.5
Fig. 11. Predicted & observed cracking patterns for specimens in Ref. [16]

3.4.Concluding remarks

For all discussed cases, a noticed connection found due to the comparison 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 [Pug) /
Puexr)] ratio and [Aug) /Auexe)] 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.
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4. Parametric study
4.1.General

Table 2 Parametric Study

. width ratio depth ratio Longitudinal steel in flange
Specimen a/d fe
(po) (p) p%
s e e 2.0 3 -
S01:12 3 0.10,0.3,0.5& 0.7 0.5,1.0,and 2.0 30 0.5
Total

Width ratio (pp = bt/by) is the ratio of flange width “bf “and web width “b,,“, depth ratio (p;= 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.

In order to discuss the effect of different parameters on the structural response; groups of
reinforced concrete T-beam, which labeled as (S1, S2... S12) are analyzed. As given in Table
2, the main parameters studied here include: (1) the concrete strength (f¢’), (2) width ratio (py),
(3) depth ratio (py), (4) ratio of longitudinal steel in flange (), 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 2.

4.2 .Evaluation criteria of the parametric studies

The load - deflection curve gave an indication that the effects of the analyzed parameters,
which have been already studied, are using the following measures:

= Loads at the yield level (P,) and at the ultimate level (P,).

= Deflection at the yield level (4y) and at the ultimate level (4,).

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

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

For the above parameters, the outcomes of a specified specimen (S) are regarded as
reference values to calculate the following relative measures:

Qur=Pu /Pur (5)
auR:Au /Aur (7)
lig=1 /lyr (8)
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Table 3 The output results for the analyzed specimens of parametric studies.

Specimen P, (kN) Py (kN) Per (KN) Ay (mm) 4y (mm) Aer (Mm) Qur R | IR
S 14161 - 33.47 281 - 0.34 1 1 1089 1.0
S1 559.50 356.40 140.44 2.86 3.03 0.36 3.95 1.02 2907 2.7
S2 516.96 437.77 142.56 2.04 251 0.33 3.65 0.73 3846 3.5
S3 692.85 430.30 150.87 291 3.18 0.38 4.89 1.04 3673 34
S4 714.67 N.Y* 178.62 2.43 N.Y* 0.38 5.05 0.86 4364 4.0
S5 300.22 210.57 72.36 2.53 2.82 0.38 2.12 0.90 1717 1.6
S6 328.58 271.78 72.66 2.67 3.53 0.33 2.32 0.95 2715 25
S7 440.19 427.09 73.28 3.92 4.21 0.34 3.11 140 3104 2.9
S8 500.99 N.Y 86.67 3.65 N.Y 0.33 3.54 1.30 3119 2.9
S9 156.09 100.52 38.30 2.69 7.35 0.32 1.10 0.96 1022 0.9
S10 198.57 147.53 35.73 3.57 5.05 0.27 1.40 127 1446 1.3
S11 270.99 195.03 37.47 4.50 5.37 0.27 191 160 1674 15
S12 354.17 N.Y 45.78 5.13 N.Y 0.29 2.50 183 2127 2.0

*: The longitudinal steel in flange Not Yield

Where:

Py : Ultimate load (kN).

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

Ay : The deflection at the ultimate (mm).

4y The deflection at the yielding (mm).

Aer = The deflection at the first crack (mm).

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.
Ay Deflection at the ultimate level for the control specimen.
l,r  : Toughness ratio.
lor @ Toughness of the control specimen.

4.3. Effect of flange dimensions: width ratio (p,=bs / b,) and depth ratio (p;
=t/h)
4.3.1. Width ratio (pp)

A parametric thesis used the 3D FEM is implemented to convey the effect of flange
dimensions (pp & pr) in T- beams on shear capacity. In the parametric investigation, the
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flange width was changed depending on width ratio py to shift from 3 to 9 as shown in
table 2. Fig. 12 describes that predicted width ratio curve for four analytical T-beams. The
result is compared to control beam S, they are all compared to flange width. The
adequate providing main steel reinforcement causes all specimens to fail in shear failure
mode. Then the Load increases step by step until the drop.
From the vivid shape it’s found out that, beam with larger width ratio is showing higher
ability in resisting shear capacity with reference to control beam. The shear capacity is rising
up to 150, 209, 231& 262% respectively comparing to S specimen.
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500 A

__ 400 1 Py
= —n1
x
=< 300 —_—3
a

200 —+—>5

—_——7

100 A 9

o 1 2 3 4 5 6 7 8 9 10
Py
Fig. 12. Effect of flange width

4.3.2. Depth ratio (py)

The flange depth is changed according to depth ratio p; that vary from 0.1 to 0.7 as shown in
table 2. Fig. 13 reveals predicted depth ratio curve for four analytical T-beams, which is
compared with control beam S. As shown in fig.13, a beam which has a larger depth ratio is
showing higher ability in resisting shear capacity compared to S. The shear capacity is getting
up gradually to 12.74, 75.13, 175.05, and 262.18% respectively comparing with S.

600
500 -

400 A

300 - —sbro

——0.1

P, (kN)

200 A

100 1 ——0.5

—e—0.7

0 Ofl OI.2 0T3 Opl.4 OTS OI.G OI.7 OI.8
t
Fig. 13. Effect of flange depth

4.4. Effect of longitudinal steel in flange

The Three categories of longitudinal steel reinforcement ratio (p) in the flange occupy
between 0.5, 1 and 2% in the flange concrete area. Fig.14 clarifies the comparison between the
given results of some groups with deferent value of a/h. It indicates that when there is an
increasing of p, it leads to a growth in shear capacity by 14:18% for a/h =0.5, 5:9 % for a/h = 1
and 37:40% for a/h = 2.
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Fig. 14. Effect of longitudinal reinforcement in flange
4.5.Effect of shear span to depth ratio.

In this study three groups are explained with different shear span to depth ratio (a/h) “0.5, 1
and 2”. The received results curves of a/h for the specimens with different flange width are
involved in Fig. 14-(a&b). Mostly, an increase of (a/h) reduced the shear capacity of the
flanged concrete beam. The decline of (a/h) ratio led to a good high rise in the shear capacity
of flanged beam about 83:260 %. Fig.14-c represents the effect of (a/h) on the toughness,
where the increasing (a/h)

600 A~ ‘
—a— S1
500 4 |
—r— S5
400 A |
= S9
<300
S
[
200 A+
100 A
0 T
0 0.5 1 15 2 25
a/h

Fig. 14-a

decreases slightly the toughness (1). As shown in the load-deflection curves Fig.14-c, the
toughness is lowered for example specimens S8& S12 when compared with S4 by 28% and

49% respectively.

182



a/h=0.5
800 -
0  a/h=1
700 = M afhe2
600
=" 500
=
400 A
& s
300 A iy
200
100 A
0 vl L
33385333 239
(%] wv %]
Specime
p=0.5, pb =3 & fcu = 30 MPa
Fig. 14-b
800 4 a/h =05 =S4
700 A
a/h=1 S8
600 A
a/h=2 s12
E500 1
=400 VW\\—
3
300 A
200 A
100 4
0 T T T T T T T T T 1
o 1 2 3 4 5 6 7 8 9 10
Def. [mm)]
Fig. 14-c

Fig. 14. Effect of shear span-to-depth ratio

A considerable increase with significant enhancement in the toughness (1) which is
calculated as the area under the load- deflection curve is observed as a result to an increase of
fc'. The load

deflection curves in Fig.15 expresses how toughness is so significant to an average of 74%.
At last, for the crack patterns that are drawn in Fig. 16., It is observed that the raise of (f¢)

causes to delay the occurrence of premature shear failure for flanged beam.

Fig. 15. Effect of concrete characteristic strength on Deflection
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Fig. 16. Crack patterns

5. Conclusions

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

[1] 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
[Pure) / Puexr] ratio and [Ayre) /Auexp)] ratio for the experimented specimens were 1.03 and
0.87 respectively. This result led us to the use of FE programs.

[2] The most important parameters in this paper were acted by The effectiveness of the ratio
of flange width to web width (bs/b,) and 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 (bt/by) caused a
rise in shear resistance from 12:260%.

[3] 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.
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