FINITE ELEMENT ANALYSIS OF SHEAR DEFICIENT LARGE SIZE REINFORCED CONCRETE
BEAMS

INTRODUCTION

In recent years, the concrete elements of large size are being used owing to the
advances made in materials, and improvement in design and construction techniques. One of
the problems of increase in size is the evaluation of nominal shear strength. The nominal
shear strength of a reinforced concrete beam has been found in experiments to be gradually
reduced as the beam depth increases; this is generally regarded as the size effect in shear. In
order to estimate the accurate shear strength of large reinforced concrete structures, the
experiment for large reinforced concrete beams without shear reinforcement was conducted
where the effective depth ranges from 10 cm to 300cm®. On the other hand, the progress of
numerical procedures based on the finite element method for reinforced concrete structures in
the past twenty years is remarkable and shear behavior of reinforced concrete structures has
been studied .

During the last twenty five years, a considerable amount of researches had been
conducted world-wide with the aim of developing behavioral model for reinforced concrete
in shear comparable to the rationality and generality of the plane-section theory for flexure.
These researches were commenced in the belief that the recent advances in both
computational power and behavioral understanding make possible the development of a new
generation of design models for reinforced concrete subjected to shear ©. The material
usually used as reinforcement in concrete is Grade 60 A615 steel rebar. However, newly
available high-strength materials could be safer and more cost-effective than the current
industry standard. Higher strength steel such as A1035 offers not only an increase in strength
but also corrosion resistance. As a result, most design code provisions use empirical models
developed based on simplified rules of mechanics and/or regression analyses of experimental
data. The number of experimental observations used then for developing such models was
often limited. These deterministic models exhibit uncertain biases and errors that prevent
accurate predictions over a wide range of input parameter values. This uncertainty is due to
imperfect descriptions of shear transfer mechanism, missing parameters, and insufficient
amount of the test data .

In this study, finite element analyses, which were performed using the ANSYS
software, were used to investigate shear behavior of large size beams reinforced with high-
strength steel. To validate the present finite element model, comparisons were made with

experimental results of previous researchers.
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OBJECTIVE

Currently, there is no general agreement on a theory describing the shear behavior of
large size reinforced concrete members reinforced with high-strength steel flexural
reinforcement. The objective of the research reported herein was to develop
recommendations for the theoretical analysis of reinforced concrete beams reinforced with

high-strength steel that could be used by practicing engineers.

FINITE ELEMENT MODEL

For this study, finite element analyses, which were performed using the ANSYS
software ©, were used to investigate shear behavior of large size beams reinforced with
normal and high-strength steel as a flexural reinforcement, with different concrete
compressive strength and different loading locations.

Eight reinforced concrete beams with different material properties and boundary
conditions were modeled without web reinforcement. The loading arrangement, geometrical
properties and reinforcement distribution of the analyzed beams are shown in Fig.(1). All
beams are subjected to concentrated load acting at midspan. Only the longitudinal
reinforcement has been considered. Concrete modulus of elasticity is calculated from E; =

4700 /£, ) and concrete cracking stress or rupture module is taken as f, = 0.624 /£, for

normal weight concrete, A = 17 while the Poisson's ratio for concrete is considered as v, =
0.2. Shear transfer coefficient f; which represents conditions of the crack face ranges from
0.0 to 1.0, with 0.0 representing a smooth crack (complete loss of shear transfer) and 1.0
representing a rough crack (no loss of shear transfer) ©. The important shear transfer
mechanisms include (1) the shear in the uncracked compression zone, (2) the dowel action of
the longitudinal reinforcement, (3) the interface shear transfer due to the aggregate interlocks
or the surface roughness of the cracks, and (4) the residual tensile stresses across the cracks.
The shear transfer coefficient used in present study varied between 0.3 and 0.4 because these
values showed the best representation of the model and gave results very close to the
practical results. Details of the analyzed beams are listed in Table 1.

A 3D element, SOLID65 © is used to model the concrete in ANSYS. The solid
element has eight nodes with three degrees of freedom at each node, translations in the nodal

X, Yy, and z directions. The element is capable of plastic deformation, and cracking in three
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orthogonal directions. The concrete is assumed to behave as a homogeneous and initially
isotropic material. The multilinear isotropic representation for compressive uniaxial stress-
strain relationship for concrete model are used in the present study ®. Link8 element © was
used to model steel reinforcement. The steel for the finite element models is assumed to be an
elastic-perfectly plastic material while strain hardening is ignored and steel assumed to be
identical in tension and compression for both normal and high-strength steel. A Poisson’s
ratio of 0.3® is used for the steel reinforcement. The steel reinforcing was connected between
nodes of each adjacent concrete solid element, so the two materials shared the same nodes,
therefore, a perfect bond between the concrete and steel reinforcement was considered.

In the finite element models, each load is distributed over a small area as for the
experimental beams. A 25 mm thick and 250 mm length steel plate, modeled using SOLID45
elements ©, is implemented at the support and loading locations in order to avoid stress
concentration problems. This provides a more even stress distribution over the support and
loading areas. An elastic modulus equal to 200000 N/mm? and Poisson’s ratio of 0.3® are
used for the steel plates. The steel plates are assumed to be linear elastic materials.

By taking advantage of the symmetry of the beams, a quarter of the full size beams
tested by previous researchers © is used for modeling with proper boundary conditions. The

finite element mesh, boundary condition and loading regions of the beam are shown in
Fig.(2).

VALIDATION OF FINITE ELEMENT MODEL

The goal of the comparison of the finite element model results with the experimental
results is to ensure that the elements, material properties, real constants and convergence
criteria are adequate to express the behavior response of the member. The results obtained by
the numerical finite element model for six beams (Bl to B6) are compared with the

experimental results described in previous research ©.

LOAD DEFLECTION CURVES

Midspan deflection values have been plotted at different loading stage up to failure
load using finite element model. Fig.(3) and Table (2) show a comparison of the values of
midspan deflection between the numerical and experimental results. As seen in Fig.(3), the

general behavior of finite element results agree well with the experimental results for the six
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beams (B1 to B6). Table 2 shows that the average value of the ratio of the predicted load at
first crack to the corresponding load observed in the experiment was found to be 94%. The
average value of the ratio of the predicted load at ultimate to the corresponding load observed
in the experiment was found to be 93%. The average value of the ratio of the predicted
deflection at ultimate to the corresponding deflection observed in the experiment was found
to be 90%. That indicates that, the ANSYS model predicted the load and deflection at various

stages, namely, at cracking and at ultimate quite accurately.

CRACK PARTERRES

Figure (4) show that the cracks predicted using the finite element model was found to
be in good agreement with the experimental observation. The ANSYS model predicted
cracking of concrete at the ultimate load, which was indicated by large deformation at the
node. ANSYS program displays circles at locations of cracking or crushing in concrete
elements. Cracking is shown with a circle outline in the plane of the crack, and crushing is
shown with an octahedron outline. The first crack at an integration point is shown with a red
circle outline, the second crack with a green outline, and the third crack with a blue outline !,
The comparison of the crack pattern predicted to that observed in the experimental results
indicated that the ANSY S model predicts the zones of critical cracks quite accurately.

RESULTS AND DISCUSSIONS

The effectiveness of the analytical model in simulating the structural behavior of
beam schemes was validated by comparison the numerical results with experimental results
in previous research section, in this section finite element model will be used to investigate
the effect of the yield strength of flexural reinforcement and the concrete compressive

strength on the beams behavior.

LOAD-DEFLECTION BEHAVIOR

The mid-span deflection values for six beams with a/d equal to 1.9 are calculated and
plotted as shown in Fig.(5). The six beams are divided into three groups each group consist of
a pair of beams the odd beam reinforced longitudinally with normal strength steel while the
even beams reinforced with high strength steel, each group have a different value of concrete

the even beams reinforced with high strength steel, each group have a different value of
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concrete compressive strength (beams B7 and B8 having f. =32 N/mm?, beams B3 and B4
having f. =38 N/mm?, and beams B5 and B6 having f. =51 N/mm?). All beams appeared to

display linear behavior to the cracking load point and from that point to first yield of the steel
reinforcement. After yielding of the reinforcement began, a large increase in deflection was
noticed, while the applied load changed little, this behavior continued until failure was
happened. Figure (5) shows that the ultimate applied load increased with use of high strength
steel and concrete. The use of high strength steel inhibit the tension failure in the tie and
exhibit the compression failure in the strut, therefore; the concrete compressive strength is
highly influenced the beam shear strength and the use of high strength steel reinforcement
must be accomplished by using high strength concrete to reach to the ultimate strength of the

two materials.

DUCTILITY

As seen in Fig.(5) the beam reinforced with high-strength steel show preferable higher
ductility at failure than the same beam that reinforced with conventional steel reinforcement.
This behavior is due to the high steel strain and smaller area of reinforcement used in high
strength steel beam. The values of steel tensile strains at the mid span section for the analyzed
beams are shown in Table (3). The overall ductility for all beams are decreased with use of
high strength concrete, that decrease is coming from the fact that using high strength concrete

allow the beam to resist more loads before the crushing of diagonal strut occur.

MODE OF FAILURE

The results of analysis show that the failure of beams reinforced with conventional
steel reinforcement was sudden and show relatively little cracking. While the beams
reinforced with high-strength steel show high ductile behavior and large number of cracking.
For beams reinforced with conventional steel reinforcement when the tension reinforcement
began to yield, flexural-shear cracks began forming in the flexural region of the beam. All
cracks continued to grow while the direction of their propagation started to lean towards the
load point at approximately from 60° to 90° angles as shown in figure 3. For beams
reinforced with high-strength steel reinforcement when the tension reinforcement began to
yield, shear and flexural-shear cracks began forming in the shear region of the beam. All

cracks continued to grow while the direction of their travel started to lean towards the load
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and support points at approximately 45° angles. This continued until the cracks reached

approximately 90% of the beam depth and failure occurred.

CONCLUSIONS

From the predicted previously results, namely, loads, deflections and cracking

behavior using the model the following conclusions can drawn

The presented finite element model is capable of producing results in good agreement
with previous published test results and it can be confidently used in design and
analysis situations.

The use of high-strength steel flexure reinforcement improves the post cracking
tensile stiffness of the concrete.

The shear strength of large size concrete beams reinforced with high-strength steel
was significantly higher than that of the beams reinforced with conventional steel
reinforcement.

The use of high-strength steel flexure reinforcement gives a less brittle behavior of the
reinforced beams.

The high yield strength of high-strength steel inhibit the tension failure in the tie and
exhibit the compression failure in the strut, therefore; the high concrete compressive
strength and high vyield strength of flexural steel reinforcement do highly influence

the beam shear strength and must be used together.
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NOMENCLATURE

a Shear span (mm)
Effective beam depth (mm)

E. Concrete elastic modulus ( N/mm?)

E, Steel elastic modulus ( N/mm?)

fi Ultimate uniaxial compressive strength ( N/mm?)

f, Concrete modulus of rupture ( N/mm?)

f, Steel reinforcement yield strength (N/mm?

Ve Concrete Poisson’s ratio

Vs Steel Poisson’s ratio

B Shear transfer coefficient

Modification factor reflecting the reduced
mechanical properties of lightweight concrete,
all relative to normal weight concrete of the

same compressive strength
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Table(1): Summary of beams details®.

Bl B2 B3 B4 B5 B6
Shear span to depth ratio a/d 27 27 19 19 19 19

Concrete compressive strength, N/mm? (%) 32 32 38 38 51 51
Steel reinforcement yield strength, N/mm? (f,) 420 827 420 827 420 827
Steel modulus of elasticity, N/mm? (E)x10° 200 200 200 200 200 200
Top reinforcement ratio, % 0.72 044 0.72 044 0.72 0.44

Bottom reinforcement ratio, % 036 022 036 022 036 0.22

Table(2): Comparison of numerical and experimental result.

Bl B2 B3 B4 BS B6

First cracking load Numerical 445 445 670 670 670 670
(kN) Experimental® 470 470 700 700 710 710
_ Numerical 552 638 753 1364 871 1560
Failure load (kN) ) .
Experimental® 600 680 830 1430 910 1610
Numerical 10 20 7 17 5 15

Deflection (mm) ) 5
Experimental® 11 22 8 18 5.5 17

Table3: Values of steel tensile strains at the mid span section.

B7 B8 B3 B4 B5 B6

steel tensile strains =

0.019 0.053 0.015 0.049 0.013 0.048
(mm/mm)

Diyala Journal of Engineering Sciences, VVol. 03, No. 02, December 2010
9



FINITE ELEMENT ANALYSIS OF SHEAR DEFICIENT LARGE SIZE REINFORCED CONCRETE
BEAMS

P
de = a ;:
ald=2.7 i
iy a< Y
L 4590 mm : i
4900 mm ' R

a. Dimension and reinforcement of Bland B2.

.

\

1
s be- &
3230 mm L

4900 mm

a. Dimension and reinforcement of B3, B4, B5, B6, B7 and BS.

Y | P " vy

2025+1d22 3D19
d=850 mm 15mm d=850 mm 915mm

4D25+2d22 6D19

- - - | ;cEEE " - - e 3 _

- -’
s 460mny 7 460mm’
Section b-b

Section a-a
Beams reinforced with conventional Beams reinforced with high-strength

c. Beams cross-sections and reinforcement.

Fig.(1): Loading arrangement and geometrical properties of analyzed beams ©
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Fig.(2): Finite element mesh, boundary condition and loading regions for a quarter beam
model of all beams.
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Fig.(3): Validation of load deflection curves.
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c. Crack patren for beam B5.

Fig.(4): Validation of Crack pattern.
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Fig.(5): Load deflection curves.
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