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ABSTRACT

This paper is devoted to investigate experimentally and theoretically the structural

behavior of reinforced concrete hollow beams which have internal transverse ribs under effect of
shear. The number of the internal ribs is the major variable adopted in this research, while, the
other variables are kept constant for all tested specimens. The experimental part includes poured
and test of four (200x300x1200mm) beam specimens, three of these specimens were hollow with
different locations of internal ribs and one of them was solid. The experimental results indicated
that the shear strength are increased (33%) to (60%) for beams containing internal ribs in
comparison with reference beam. Also, the change of beam state from hollow section to solid
section led to increase the capacity for about (100%). In order to study more thoroughly the
performance of tested beams, a nonlinear analysis using ANSYS-11 finite element program is
used. The analytical results indicated that the load-deflection response, ultimate loads, and crack
pattern are in good agreement with the experimental results.
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1. INTRODUCTION

Hollow (or box) cross section beam, mean closed thin walled section beam. A thin walled
beam is characterized by relative magnitude of its dimensions; the wall thickness is small
compared to the other linear dimensions of the cross section, Abbas, 2007. A hollow beam
structure consists of top and bottom flanges connected by vertical (or inclined) webs to form a
cellular section. Presence of these hollow through a solid beam eliminates a significant amount
of dead space, and as a result the beam stiffness reduced and this lead to alter the simple beam
behavior to a more complex one. The reduced stiffness of the beam may also give rise to
excessive deflection under service load and result in a considerable redistribution of internal
forces and moments. These sections are used for the various fields such that in buildings, hall,
bridges, offshore structure and towers, AL-Maliki, 2013. It is one of the most popular forms of
highway bridges; primarily because of the high flexural and torsion rigidities .The use of box
beams in highway-bridge construction has proven to be a very efficient structural solution, Al-
Janabi, 2005.

Several researches are interest in hollow beams under the effect of flexural, shear and
torsion loads, Chiad, 2013. Shear behavior of reinforced self-compacting concrete deep box
beams strengthened internally by transverse ribs, also studied, Ruaa, 2015. In the present
research, shear behavior of reinforced concrete hollow beam strengthened internally by
transverse ribs will be studied as well as the effect of the number of internal cells which were
separated from each other by concrete ribs.

2. EXPERIMENTAL WORK

2.1. Experimental Program

In this paper, four simply supported beam specimens with rectangular sectional area,
under monotonically concentrated load were poured and tested. The tested beams are reinforced
in longitudinal direction (flexural reinforcement at the bottom), transverse direction (shear
reinforcement) and have been designed to ensure failed in shear mode of failure. The number of
internal cells, which were separated from each other by concrete ribs, is the major adopted
variable. The sectional area, length, ratio of shear span-to-depth, flexural and shear
reinforcement are kept without change for all tested beams. To evaluate the compressive strength
of concrete, the experimental program consists, also, cast and test of a series of control
specimens (cubes).

2.2. Beam Sample Details

The actual dimensions and the details of beam specimen are shown in Fig.1 and Table 1.
The overall length is (1200 mm), while, the overall depth and width are (300mm) and (200 mm)
respectively. All beam specimens are reinforced with (2412 mm) deformed bars as tension
(flexural) at the bottom and (¢ 6 mm @150mm) deformed bars as shear reinforcement (stirrups).
To hold the shear reinforcement (stirrups) in place, (244 mm) smooth bars at the top are used,
see Fig. 2.
The first beam specimen, (B-1), is poured without any internal ribs (but with two ribs at the
ends), while the beam specimens (B-2) and (B-3), are poured with one and three internal ribs (in
addition to two ribs at the ends) respectively. The last beam specimen, (B4), is poured without
internal cells (solid). For beam specimens containing ribs (interior or at the ends), the thickness of
rib is (50mm). It may be noted that the main function of the ribs at the ends is to prevent the
local failure of hollow beams due to high concentration of stress near supports. While, the main
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function of the internal ribs is to assist or evaluate its contribution to increase shear strength of
tested beams (that have internal ribs). The locations of ribs are shown in Figs. 3 and 4.

The cross section of the hollow beam contains a polystyrene void that blocks out the
center of the beam over specified lengths. The void is included to block out concrete where it
does not add much resistance to the section and reduce the self-weight of the beam. For practical
reasons, the void in the beam cross-section is obtained by a stay-in-place polystyrene block. The
creation of the void through the polystyrene block makes casting the beam both time and labor
intensive. There are three lengths of polystyrene block pieces as shown in Fig. 4.

1- One piece with length of (1100mm), for beam specimen (B-1), with one cell and one rib

(50mm width), at each end of the beam.

2- Two pieces with length of (525mm) for each one of them for beam specimen (B-2), with
two cells separated by three ribs (50mm width) (one internal and two at the ends).

3- Four pieces with length of (237.5mm) for each one of them for beam specimens (B-3),
with four cells separated by five ribs (50mm width) (three internal and two at the ends).

2.3. Materials
In manufacturing the tested specimens, local construction materials are used (except steel
bars), description of materials properties are reported and presented in Table 2.

Tensile test of steel reinforcement (manufactured in Ukraine) is carried out on (¢12mm)
hot rolled, deformed, high tensile steel bar used as flexural reinforcement, and (¢6mm)
deformed mild steel bar was used as stirrups (shear reinforcement). Also, the test included
testing of (¢4mm) plain mild steel bar which was used to hold stirrups in place. Table 3 shows
the results of tensile test for bars.

2.4. Concrete Mix Design

One concrete mix is used in this work; the concrete mix proportions are reported in Table
4. 1t was found that the used mix produces good workability and uniform mixing of concrete
without segregation.

2.5. Molds

One wooden molds containing four boxes, (200x300x1200mm) dimensions are used to
poured beam specimens. The molds were manufactured with (18mm) thick plywood base and
seven movable sides. The sides were fixed to the base by screws. When the mixing process was
completed, the samples were then cast in layers and compacted by a table vibrator to shake the
concrete and consolidate it into the molds. Then, the top face of samples (top surface) was
finished and leveled off by using steel trowel; and finally the samples were covered by a nylon
sheets to impede water evaporation. It may be noted that, to ensure that it would be easy to
remove the samples when the concrete hardened, the inner faces of molds was oiled.

2.6. Test Apparatus

Hydraulic machine was used to test the control specimens and beam specimens.
Deflection at the mid-span (center) has been measured by using ELE type dial gauge of (30mm)
capacity and (0.01mm) accuracy. The ELE gauge was put below the bottom face of each span at
the mid. Beam profile and loading arrangement is shown in Fig. 5.
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2.7. Concrete Mixing and Placing (Pouring)
2.7.1. Concrete mixer and vibrating table

The concrete was mixed by using a horizontal rotary mixer with (0.19 m®) capacity.
While, vibrating table are used to vibrate the concrete of specimens (beams and control
specimens). The vibrating table consists of (1.0x1.5m) table made of (10mm) thick steel plate.
The source of vibration was a rapidly rotating eccentric weight which makes the table vibrates
with a simple harmonic motion. The vibrator was manufactured by Marui Company, Japan. The
frequency of vibration was (7000rpm).

2.7.2. Curing and age of testing

After (24) hours, the beam specimens and control specimens were stripped from the
molds and cured in water bath for (28) days with almost constant laboratory temperature. Before
(24) hours from the date of testing, they were taken out of the water bath and tested in
accordance with the standard specifications.

2.8. Results of Control Specimens Tests

Mechanical properties tested results of control specimens (compressive strength) are
reported and summarized in Table 5. Cubes compressive strength (f.,) was carried out on
concrete based on BSI 881-116 with standard cubes (150mm). The cubes were loaded uniaxially
by the universal compressive machine up to failure.

2.9. Test Methodology (Test Procedure)

The beams were tested at (28 days) age, where they were prepared by cleaning them and
paint with white color, in order to detect the propagation of cracks. The beam specimens have
been placed on the testing machine with a clear span of (1100mm), then adjusted to fit the
supports, beam centerline, dial gauge and finally tested under a monotonic single-point loading
up to failure; Fig. 5 shows the setup of beam specimens.

Initially each beam is loaded with small load to ensure that the dial a gauge is in touch
with the bottom faces of beams and working correctly. After that, the load increased regularly at
(1.0 kN/sec) and the readings taken every (5 kN). When the beams reached advanced stage of
loading, smaller increments of load were applied until failure, as the load indicator stopped in
recording or returned back and the deflection increased very fast without any increase in applied
load. Throughout the test, all necessary measurements and notices were recorded.

3. THEORETICAL STUDY

To study the performance of tested beams, ANSYS (Version-11) finite element program
is used to analyze two selected beam specimens, (B-1) and (B-2). A nonlinear, eight nodes brick
element, (SOLID-65), with three translations DOF at each node is used to model the concrete.
For FEM modeling of the steel reinforcement, two nodes, discrete axial element, (LINK-8), with
three translations DOF at each node is used. To avoid stress concentration, (10mm) thick steel
plate is added at the load locations and modeled by using a nonlinear, eight nodes brick element,
(SOLID-45), with three translations DOF (per node) in x, y and z-directions.

3.1. Properties of Materials
3.1.1. Concretes

For finite element modeling, concrete constitutive stress-strain curve in compression can
be described by isotropically, multi-linear stress-strain relationship. Constitutive model (surface
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of failure) in ansys can be specifying only by two constants (tensile strength ( f, ) and

compressive strength of concrete ( fcl )) as given by criterion of Willam and Warnke, 1975.
In this paper, transfer coefficients of shear for opened cracks (B, ) and closed cracks (B.)

are assumed to be (0.2) and (0.25) respectively. These values are selected to avoid convergence
problems during iteration.

The stress-strain curve for concrete in tension is assumed to be linear-elastic up to the
maximum tensile strength. Smeared crack approach is used to model the concrete cracking.
Poisson’s ratio, for finite element modeling of concrete is assumed to be (0.2). In order to
modeling the finite element of concrete, empirical equations of ACI-318 Committee are used to
determine the young’s modulus and tensile strength, as listed in Table 6.

3.1.2. Steel Plates and Reinforcement

Elastic modulus and yield stress for the steel plates and reinforcement used in FEM
follow the design material properties used for the experimental investigation. The steel for the
finite element models is assumed to be an elastic-perfectly plastic with strain hardening material
and identical in tension and compression as shown in Fig. 6. Von-Mises failure criterion is
adopted for modeling. To avoid convergence problems during program iteration, the modulus of
strain hardening is assumed to be (0.03x Es).

The steel plate under the applied load is assumed to be behaves as linearly-elastic
materials. Young’s modulus of (200GPa) and Poisson’s ratio of (0.3) are utilized in FEM for
steel plates and reinforcement.

3.2. Finite Element Modeling

The dimensions of the beam specimens are shown in Fig. 1. Due to variation of internal
ribs locations and simple geometry of the tested beams, entire (full) beam is used for modeling,
Fig. 7.

It may be noted that, the origin point of coordinates lie in one corners and only one
loading plate are provided at the top of beam (under load) to prevent load concentration. In the
beginning, the beams and steel plates are modeled as lines, then areas, and finally as volumes
(solid elements).

3.2.1. Finite element meshing

After creating of volumes, meshing of the finite element model is needed. In this stage,
the FEM model is divided into a number of small elements. When the model problem is solving,
the stresses and deformations (strains) are estimated at the Gaussian points of these small
elements. Best results can be achieved by dived (meshing) the model into square (or rectangular)
elements, Fig. 7.

Before distribution (spreading) of the applied load by using steel plates (in the early
attempt), and due to load concentration on concrete elements, concrete crushing started to create
in elements which located directly under load. Thereafter, the concrete elements adjacent to the
applied load were crushed within few steps of loading. Finally, large displacement (deflection)
take place, the solution in not converges and as a result the FEM model failed prematurely. To
prevent this FEM failure phenomenon, steel plates are used and inserted under the applied load.
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3.2.2. Load application and boundary conditions

To ensure that modeled beams behave as tested beams, boundary conditions (displacement
constrains) at supports should be satisfied (need to be applied at the supports locations). Thereafter,
one of the supports is to be modeled as a hinge and the other one is modeled as a roller.

Since the external load was applied on a steed plate and as a basic of FEM, the plate load
must be transformed to adjacent nodes; therefore the applied load is represented by an equivalent
nodal force on the top nodes of plate. Since the steel plate had eight divisions in transverse
direction (Z-direction), the equivalent nodal force on the plate becomes (P/9) of the applied force
(assuming equally distributed of applied load).

The applied load is divided into load steps and done incrementally up to failure (based on
Newton-Raphson technique). At a certain stages in the analysis, load step size is varied from
large (at points of linearity in the response) to small (when cracking and steel yielding occurred).
The failure is assumed to be occurred when the solution, for a minimum load is diverging and
the models have a large deflection (rigid body motion).

4. RESULTS AND DISCUSSIONS
As indicated before, the aims of this paper are to evaluate the effect and contribution of
internal ribs (at different locations) on shear strength of hollow reinforced concrete beams.

4.1. Experimental Results

Ultimate load capacities, load versus deflection at the center of the bottom face of each
tested beam were recorded throughout the experimental work. To appear the cracks pattern and
imported details, photographs for the tested specimens are taken. Tests observations, general
behavior and recorded data are reported to recognize and understand the effects of adopted
parameters on the strength of the tested specimens.

4.1.1. General behavior

Photographs of the tested beams are shown in Fig. 8 and tests results are given in Table
7. 1t may be noted that, all beam specimens were designed to be failed in shear, which was
distinguished by sudden failure and diagonally wide cracks which extend from supports towards
the applied load locations.

The general behavior of the tested beams can be described as follows; at early stages of
loading, small vertical deflection initiated in the mid span of tested beams, with further loading,
diagonal cracks extended upwards and became wider in shear span. One or more cracks
propagated faster than the others and extend through weak locations in the beam (hollow zones)
and reached the compression face (near applied load), where crushing of the concrete near the
positions of applied loads had occurred due to high concentrated stresses under load.

4.1.2. Failure mode

The appearance of the cracks reflects the failure mode for the tested beams. The
experimental evidences show that the diagonal cracks extended horizontally along the tension
reinforcement and eventually, the failure take place due to diagonal tension cracks were formed
diagonally and moved up and towards the position of load, this crack is associated with crushing
of the concrete near the positions of applied loads, this mode of failure is called “Shear-
Compression” failure, as shown in Fig. 8.

4.1.3. Ultimate shear strength (Vu)
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The recorded ultimate loads of the tested beams are presented in Table 7. As expected,
test results show that the reference beam (B-1) has the minimum ultimate strength in comparison
with the rest beams. This may be due to absent of any internal ribs (concrete) in the section (in
shear span).

As shown in Table 7, the ultimate shear strength increased when the number of ribs increased (in
shear span) and when we moved toward of and closes up to the support.

For the tested beam (B-4), which have made as solid without hollows, the ultimate shear
strength increased by (100%) in comparison with reference beam, this clearly due to concrete
contribution to resist shear stress.

The ultimate shear strength increased about (33%) to (60%) for the tested beams (B-2) and
(B-3) respectively, the presence of internal ribs led to increase resistant area of concrete and as a
results, the shear strength increased significantly.

4.1.4. Effect of number of ribs on ultimate strength

As shown in Table (7), presence of internal ribs in hollow section leads to increases the
stiffness of tested beams due to concrete contribution, and this leads to increase in carrying
capacity.

In other words, due to abrupt changes in the sectional configuration (from solid to

hollow), the hollow beam corners, closed thin webs and flanges are subject to high stress
concentration that may lead to reduction in stiffness of the tested beam and produced cracking
and excessive deflection, see Fig. 9.
As shown in Table 7, presence of internal ribs (see B-2 and B-3), led to increase the ultimate
shear strength from (33%) to (60%). The increasing in ultimate load was (100%) for tested beam
(B-4) when the section made fully without hollows. This means that the presence of internal ribs
affected significantly on ultimate capacity of tested beams.

4.1.5. Load versus deflection curves
Load versus deflection curves of the tested beam specimens at the center of bottom face at
all loading increments up to failure are shown in Fig. 9.

In the beginning, the curves are identical and the tested beams exhibited linear

behavior and the initial change of slope of the load-deflection curves occurred between (10 kN to
30kN), which may be indicated the first crack loads. Beyond the first crack loading, each beam
behaved in a certain manner. Behavior of reference Beam (B-4) exhibited greater loads and
smaller deflections in comparison with the other beams. This beam had the greatest stiffness due
to absent of any hollows.
Load-deflection curves for the tested beams (B-1, B-2 and B-3) shows smooth increase, in both,
applied loads and deflection. Presences of hollows lead to decreasing in carrying capacity of load
beyond the first cracking, this associated with reduction in beams stiffness and this is reflected
on the associated deflection (excessive deflection). For tested beams (B-1 and B-2), slight
increase in ultimate deflection of beam (B-1) is observed by comparing with (B-2). This is may
be due to absent of any interior rib in the beam (B-1) which leads to decreasing of beam rigidity
(stiffness) and as a result, slight increases in deflection is occurred.

4.2. Finite Element Results
4.2.1. Load versus deflection curves

Vertical displacements (Deflection in y-direction) are measured, at mid-span, at the
center of the bottom face of tested beams. Deflected shape of finite element beam model due to
the vertical load is shown in Fig. 10. The load versus deflection curves obtained from the FEM
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analysis together with the experimental tests are constructed and compared in Fig. 11, for tested
beams (B-1) and (B-2). In general, it can be noted from the load-deflection curves that the finite
element analyses are agree well with the experimental results throughout the entire range of
behavior. Comparing with the experimental results, all the finite element models show relatively
large capacity at the ultimate stage.

4.2.2. Ultimate loads

Table 8 shows the comparison between the ultimate loads of the experimental (tested)
beams, (Py)exp., and the final loads from the finite element models, (Py)rem. The final loads
for the finite element models are the last applied load steps before the solution starts to diverge
due to numerous cracks and large deflections.
As shown in Table 8, the ultimate loads obtained from numerical model agree well with the
corresponding values of the experimental (tested) beams.

4.2.3. Crack patterns
The crack pattern is recorded, after first crack, at each load step. Cracks pattern come by
the FEM analysis and the failure modes of the tested beams are agree well, as shown in Fig. 12.
Cracks pattern appearances reflect the failure mode of tested specimens. The model of
FEM, accurately, predicts that the tested beams are failing in shear and predicts that the vertical
and inclined cracks formed in the shear span regions respectively. The cracks are concentrated
under load region and vanish diagonally towards the beam supports.

5. CONCLUSIONS

In the previous items, an experimental program together with finite element analysis has
been performed, thereafter the following conclusions are obtained:-
1-Ultimate load carrying capacity in beams is found to be increasing with increase the number of
the internal ribs, and the deflection at ultimate load is found to be decreasing.
2-The ribs work as internal stiffeners which contributed to increase the shear strength in a certain
degree. The shear strength increased (33%) and (60%) for beams containing one and three
internal ribs respectively.
3-The change of beam state from hollow section to solid section led to increase the capacity for
about (100%).
4-Based FEM analysis (using ANSYS program), it can be concluded that the computational
finite element models adopted in the current study are useful and able to simulate the behavior of
tested beams. The analytical tests indicated that the load-deflection responses, ultimate loads and
the structural behavior are in good agreement with the experimental results.

6. NOMENCLATURE

bw = beam width, m.
h= overall depth of beam, m.
d=  effective depth, m.

fC = cylinder compressive strength of concrete, MPa.

fou=" cube compressive strength of concrete, MPa.
fi=  tensile strength of concrete, MPa.

fy=yield strength of steel bars, MPa.
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ultimate tensile strength of steel bars, MPa.

Ec=  modulus of elasticity of concrete, MPa.

modulus of elasticity of steel, MPa.

P.= cracking load, KN.
Pu,= ultimate load, kN.
«= ultimate Shear Force, kN.

(Vy)i= ultimate Shear Force of a certain beam, kN.
¢ = reinforced bar diameter,mm.
B.  shear transfer coefficient for closed cracks.
B,  shear transfer coefficient for open cracks.
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Figure 12. Crack pattern from FE model (right) and experimental tests (left) for B-2.

Table 1. Beams designation and details.

Beam Dimensions (mm) Reinforcement Transverse Ribs
Designation | b, h | Flexural Shear **
(B-1)* Two (At Ends Only)
B-2 Three Ribs
B3 200 | 300 | 1200 | 2¢12mm | 46 mm @150mm Five Ribs
B-4 Without Ribs (Solid)

*Reference Beam

**(50mm) thickness

Table 2. Construction materials description.

Material Descriptions
Cement’ Ordinary Portland Cement (Type I)

Sand”~ Natural sand from Al-Ukhaider region with maximum size of (4.75mm)
Gravel ™ Crushed gravel with maximum size of (12mm)

Water Clean tap water (used for both mixing and curing)

* Conform to Iraqgi specification No. 45/1989.  ** Conform to Iraqi specification No. 45/1984.

Table 3. Steel bars properties.

Nominal Diameter Bar Tvpe fy* fu Elongation
(mm) yp (MPa) | (MPa) %
4 Plain 461 633 16
6 Deformed 383 545 11
12 Deformed 860 915 16

* Average of three samples (Each 400mm length)
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Table 4. Proportions of concrete mix.
Parameter Quantity
Water/cement ratio 0.40
Water 168 Liter
Cement 420 kg/m®
Fine Aggregate 600 kg/m®
Coarse Aggregate 1200 kg/m®

Table 5. Mechanical properties of concrete

Property (MPa) Value (MPa)
Cube compressive strength (f.,) 30
Cylinder compressive strength ( f.)™ 24.6

*Average of three samples.

Fx fC =0.82 fcu

Table 6. Modulus of elasticity and tensile strength adopted in FEA.

Empirical Equation fc' (MPa) Value (MPa) Note
Ec=4700,/ f, E. =23311
; ‘E 24.6 i ACI-318
fi=0.62,/f f=3.08
Table 7. Ultimate shear strength of tested beams.
Beam Vy (KN)** | (V) )il (Vu)r Mode of
Designation Pu (kN) | Pe (kN) (kN) (%) Failure
(B-1)* 90 15 45 1.0 Shear-Compression
B-2 120 20 60 1.33 Shear'ComprESSion
B-3 144 24 72 16 Shear-Compression
B-4 180 o5 90 20 Shear-Compression
*Reference Beam **\V, =P./2

Table 8. Comparison between experimental and finite element ultimate loads.

) _ Ultimate Load (KN) (P,)cem
Beam Designation (Pu)exe. (Pu)eem W
u/EXP.

B-1 90 99 11

B-2 120 126 1.05
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