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Abstract: The current research is dedicated to studying
the flexural behavior of composite box beams with
corroded bottom flanges. Six simply supported beam
specimens were manufactured and tested. The
composite box beams were fabricated with steel box
beams of 1100mm, 100mm, and 100mm for length,
width, and height, respectively, while the concrete deck
slabs were made with dimensions of 1100mm, 400mm,
and 50mm for length, width, and thickness, respectively.
The composite sections were formed by connecting the
RC deck slabs with the steel box beams by using a
headed shear connector. Three main variables were
considered; the load type (monotonic or repeated),
bottom flange thickness (with or without corrosion), and
whether to consider or ignore the strengthening by CFRP
strip. Experimental results indicated that the ultimate
loads were decreased by 29-33% for the corroded
bottom flange beam specimens; while the ultimate loads
for the strengthened beam specimens were increased by
60-67% as compared with the un-strengthened corroded
corresponding beam specimens. Also, the change of the
applied loads from monotonic to repeated leads to a
reduction of the ultimate load by 17-22%.

Keywords: Composite sections; box beam; corrosion;
Carbon fiber reinforced polymer; monotonic loads;
repeated loads

1. Introduction

In relation to this research, the composite beam
is built-up of a reinforced concrete deck slab
and steel beam (I-section, box section, hybrid....
etc.) joined together by using mechanical shear
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connectors  (compositely). It has been
demonstrated that using a composite beam that
resists load as a unit can frequently support 33
to 50 percent or more load than a steel beam
alone in non-composite (no mechanical bond of
shear from the slab to beam or shear transferring
across the common interference) [1]. Shear
connectors that give a mechanical bond that
transfers the horizontal shear between the two
interference materials have a provisional factor
to have a composite member. In recent decades,
however, composite structural members have
been adopted and widely used since the 1950s,
especially for highway bridges [1]. Presence the
of corrosion in steel bars and steel plates which
were used to fabricate the structural and non-
structural elements such as buildings, bridges,
machines, and any other steel structures leads to
harmful and passive effects on the architectural
and structural performance [2]. This problem
should be taken into account throughout the
planning, studying, and designing stages of any
project. Each year, about 20% of the production
of steel and iron is used to compensate for the
metallic materials that have been abandoned
because of rust, which leads to corrosion [2].
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The increasing concentration of the molarity of
sulfuric acid means the rate of corrosion will
increase; for example, steel with high phosphor
content has a high corrosion rate [2]. Referring
to (ACI 440.4R-04), the beams reinforced with
CFRP have the same flexural behavior when
they are reinforced with steel. The brittle nature
of FRP should not be ignored because it doesn’t
have a yield point. In addition to limited
research, however, the strength and lightness
make this material suitable for construction
manufacture [3].

Ahmed, (2001) [4], prepared research devoted
to a new system that combines the utilization of
corrugated steel plates as webs for plate or box
girders, and its advantages in contrary to the
usual flat plate. The flexural strength of the
beam is merely provided by the flanges of the
new system with no participation from the
corrugated web, which provides the shear
capacity of the system. The shear behavior of
girders with corrugated webs is discussed in this
research, in addition to the torsion behavior of
composite box girders with corrugated steel
webs. Two structural characteristics concluded
the investigation:

-The contribution of the corrugated web to the
moment capacity and then its effects on the
flexural strength of the composite steel-concrete
beam is inconsiderable, and it can be completely
dependent on the flange yield stress.

-There is no interaction between the flexural
behavior and the shear behavior of the
composite  steel-concrete beam with a
corrugated steel web. The shear strength is
provided merely by the web, which is controlled
by buckling.

Abdullah, et al (2004) [5], studied
experimentally the performance of composite
steel I-beams with a damaged bottom flange
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(tension zone) and strengthened them by using
CFRP plates. Six beam specimens of composite
steel-concrete beams were manufactured and
tested. The composite beams were made with 1-
steel section type (W8x12), grade (A572) with
(2.4m) length, and a concrete deck slab of
(812mm) width and (76mm) depth connected
directly by shear connectors to the top flange of
the steel I-section beam. The experimental work
includes two intact steel beams (reference steel
beams) and four specimens of composite steel
beams damaged by cutting part of the bottom
flange thickness on the assumption of causing
corrosion and then strengthened with CFRP
plate. All beam specimens were tested under
four-point loads with a clear span of (3.05m).
Test results found that the strength and stiffness
of the strengthened damaged composite beams
were increased significantly.

Qing, et al (2005) [6], established a three-
dimensional finite element model to study the
flexural and shear behavior of simply supported
composite beams subjected to combined
bending and shear and then to evaluate the
participation of the concrete slab and composite
action at the moment and shear endurance of the
composite beam. The numerical investigation
was done by using ABAQUS finite element
software. Numerical results indicate that the
vertical shear strength of composite beams
increases with an increase in the degree of shear
connection.

Amer, and Qussay, (2013) [7] carried out the
numerical study using a nonlinear finite element
computer program. ANSYS (version-12) to
analyze the structural behavior of composite
steel-concrete beams and compare the results
with obtainable experimental tests. A three-
dimensional finite element model was
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developed. The factors that were achieved in
this study investigation included the effect of
the number of shear connectors, concrete grade
(compressive strength f'c) ratio of thickness to
the width of the concrete slab, yield strength of
steel beam (fy), and the effect of ultimate load
for the shear connector. The geometry and
details of the cross-section for the composite
beam under study were (5490mm) for length,
composed of a reinforced concrete slab of
(1220mm) width and (152mm) thickness,
connected by the shear connector to the top
flange of a steel I-section beam of (152mm)
width and (18mm) depth. The depth of the steel
I-section was (305mm) with a web thickness of
(10mm). The external concentrated load was
applied at the mid-span of the simply supported
composite beam.

AZ. Muhammad, (2014) [8] investigated the
effect of soil properties on the corrosion of
carbon steel pipelines. In this research about
(180) samples of carbon steel plate were
embedded in different types of soil conditions
for at least five months to achieve the actual
corrosion rate. PH value of the soil condition
with less than (0.05) is the essential parameter
in corrosion rate. For data analysis, the weight
loss method was used because it was simple and
practical and the results are quite good. There
were many factors that affected the rate of
corrosion of steel plates embedded in the soils.
Generally, such as alkalinity, hardness, and PH
value, for example, water with a low PH value
is confirming the corrosion, while with a high
PH value calcium carbonate is more possible to
deposit a shell and reduce the corrosion.
Bacteria are another factor causing and
expediting corrosion.
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Amanda, et al (2018) [9] studied the structural
behavior of the corroded steel girders by using a
3D finite element model built in ABAQUS. In
addition  to  experimental  testing, the
investigation is emphasizing the effects of web
area loss of the steel girder and web thinning on
the load capacity, and the impacts of location,
size, and shape of the area loss upon the shear
and web buckling resistance. Four types of
specimens were prepared and tested by
compression test setup to evaluate the influences
of web area loss and web thinning on the
behaviors of the girder. The experimental results
data contained the stress-strain relationship, the
ultimate strength before failure, and deformation
measurements. Specimen type (1) was used as a
reference, type (2) consisted of corroded steel
specimens simulating the web thinning effect,
and type (3) contained steel specimens with
different sizes, shapes, and locations of the
losing area to simulate the web area loss and the
fourth type included corroded steel girder
specimens with the web area loss for simulating
the combined influence of web thinning and
area loss. The last type is approaching the actual
status of steel girder deterioration.

Amer, et al (2019) [10] studied the flexural
behavior of composite concrete slab-box section
steel beams. The experimental work was
performed to examine and study the effect of
using different steel tube (box) section shapes
(hexagonal, square, and rectangular) with the
same shear connector type (headed stud or angle
stud, or perfobond) on the flexural behavior of
the composite beams, and also to investigate the
flexural behavior of those beams under the
influence of using the different types of shear
connectors on the same tube section shape.
Eighteen composite concrete slabs with tube
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(box) steel beams were fabricated and tested
through distributing them into two groups. Each
group contained nine specimens. The first group
focalized on the three types of steel section,
each of them with the same shear connector
type, while the second group specified the
testing of every type of steel section with the
three types of shear connectors. The geometric
shapes and dimensions of the composite beams
with the following main unified dimensions and
properties for all of the specimens the same
reinforced concrete slab dimension
(200x400x130mm), steel tube thickness of
(2mm), yield and ultimate stress of (322 MPa)
and (390 MPa) respectively, depth of all steel
tube section was (100mm). Test results show
that:-

1. The steel tube section shapes (hexagonal,
square, and rectangular) were adopted for
engineering construction utilities
practically, improving and supporting and
supporting the nature of services for the
building, providing a distinguished strength
and stiffness starting by (114 kN) for
hexagonal shape to research up to (170 kN)
for rectangular shape which means that it
provides a better structural characteristic
because of higher effective area of its steel
section.

2. Higher strength and then the ultimate load
were provided by using the perfobond shear
connector type, (6.25% to 9.74%) compared
with the headed stud shear connector and
(3.66% to 9%) compared with the angle
shear connector, moreover, the demanded
load for obtaining the beam slips with
perfobond shear connector where higher
than the loads required for the beams with a
headed stud and angle shear connectors.

2. Research Significant
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Sometimes, the composite steel-concrete
sections are subjected to local damage due to
several reasons, such as overload, earthquake,
sulfate attack, etc., which lead to local
retardation in their structural function. The
current study concerns the structural behavior of
the composite steel-concrete box beams with
corroded bottom flanges. Therefore, the
mechanism of action of corroded bottom flange
composite beams and the extent to which they
bear the applied forces are almost unknown, not
well understood, and not covered in the past
literature.

3. Experimental Work
3.1 Experimental program

The  experimental  work  consists  of
manufacturing and testing six simply supported
composite steel-concrete box beam specimens
as well as a series of control specimens (cubes,
cylinders, and prisms) to assess the mechanical
properties related to fresh and hardened
concrete. Three main parameters have been
adopted; type of loading (monotonic or
repeated); bottom flange thickness (with or
without corrosion) and strengthening by CFRP
strip (considered or ignored).

3.2. Beam Specimens Description

The steel box section was manufactured by
using (2mm) steel plate bent by using a bending
machine (press machine) to form the required
shape, which consists of five steel plate pieces;
two vertical steel webs with (1100x100mm)
dimensions were connected at the bottom by
one bottom steel flange of (1100x100mm)
dimensions, and at the top, each web was
connected by one steel top flange (wings to the
right and left sides) expanded along the width of
(50mm). To prevent the local failure of the steel
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box section at the ends (supports), three pieces
of steel plate with dimensions of (100 x 2mm)
have been welded on each support zone at a
distance of (50mm) apart, starting from the end
of the beam at (90°) within the longitudinal axis
of each beam. The six beam specimens
comprised of reinforced concrete slabs were
poured with normal strength concrete (NSC) by
the usual shuttering procedure and bonded
compositely with the top flanges of the steel box
beams by using a headed stud (screw) shear
connector. The beam specimen deck slabs have
a typical rectangular shape with a dimension of
(1100x400x50mm) for the length, width, and
thickness respectively, and are cast with one
layer of longitudinal and  transverse
reinforcement placed at the bottom of the slab
with a concrete cover of (10mm). The
longitudinal reinforcement consists of (5@6mm)
steel deformed bars distributed equally in the
transverse direction; while (13@4) deformed
steel bars were used as transverse reinforcement
and distributed equally in the longitudinal
direction. Table 1 and Fig.1 show the
description and details of the tested specimens.

Table 1. Description of Tested Beam Specimens

Beam Loading  Bottom Strengthening
Coding  Type Flange by CFRP
BMF Monotonic  Un-corroded None
BMCF Monotonic Corroded None
BMCSF  Monotonic Corroded CFRP
BRF Repeated Un-corroded None
BRCF Repeated Corroded None
BRCSF  Repeated Corroded CFRP
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Figure 1. Beam Specimen Details

3.3 Materials

Many materials were used to manufacture and
create both, the beam specimen and control
samples. Ordinary Portland cement (type I)
conformed to Iragi Specification No0.5/1984
[11]; natural sand passing through a sieve size
of (4.75mm) conformed to the lraqi standard
Specification N0.45/1984 [12]; crushed gravel
with a maximum size of (12mm) conformed to
Iragi Specification N0.45/1984[12]; High range
water reducing admixture (superplasticizer) type
(Viscocrete5930) conformed with ASTM
C494/C494M-99a [13] were used to produce
concrete mixes. (@6mm) and (@4mm) steel
deformed bars conformed to ASTM A370-02
[14], were used as longitudinal and transverse
reinforcement,  respectively. The tensile
strength of the used steel tubular columns was
tested by using steel plate strips of thickness
(2mm) conformed to ASTM A615/A615M-86a
[15]. Carbon fiber reinforced polymer
(SikaWrap-300C) tap with (50cm) width was
used for the external strengthening of tested
beam specimens. Epoxy resin (sikadoure-330)
was used to stick the CFRP at the bottom flange
of the steel box beam.

3.4 Mix and Cast Concrete

One concrete mix with (530 Kg/m®) cement,
(673 Kg/m®) sand, (912 Kg/m®) gravel, (201
Liter/m®) water and (0.4 Liter/m®) HRWR was
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used throughout the present study. The row
materials and admixtures of the adopted
concrete mix were mixed using a rotary mixer
with a capacity of (0.2m®). Six wooden molds
were made by using plywood with inside
dimensions of (400x50x1100mm) were used to
produce the concrete deck slab which represents
a major part of the composite box beam. The
wooden molds were fixed to the top of the steel
box beams by using steel screws (shear
connectors). The inner faces of the molds were
oiled to make the stripping process of the
specimens easier; then, before pouring the
concrete mix, the necessary reinforcements were
placed inside the wooden mold. As soon as the
concrete mixing process is completed, the
pouring process is started by placing the
concrete mix in the mold which was prepared to
get a deck slab (50mm) thick. After the casting
process is completed, the specimens were
placed on the table vibrator for compaction
purposes, and then left on laboratory conditions.
After 2 days, the wooden molds were removed
from the concrete specimen and cured by using
wet burlap for 28 days.

Figure 2. Beam Specimen Deck Slab Cast

3.5 Fresh and Hardened Concrete Tests

The wet concrete unit weight (Density) test was
performed for the fresh concrete using a
cylinder with dimensions of (100x200mm)
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according to (ASTM-C138) [16]. While, the
cube concrete compressive strength (fc) test,
cylinder concrete compressive strength (f'c) test,
splitting tensile strength (f;) test, flexural tensile
strength (fr) test, and dry unit weight (yc-dry) test
were carried out after the (28days) of concrete
curing according to (BS1881-116-1983) [17],
(ASTM C39/C39M-01) [18], (ASTM C496M-
04) [19], (ASTM C78-02) [20] and (ASTM
C138) [16] respectively. Test results were
summarized and provided in Table 4.

Table 2. Test Results of Fresh and Hardened Concrete

Property Value
fe(MPa) 46.6
f'c (MPa) 38.28
fr (MPa) 3.10
fi (MPa) 2.64
Yp (Kg/m?) 2356
yw (Kgim?®) 2388

3.7 Corrosion Process

As mentioned in the experimental program, four
box beam specimens were made with corroded
bottom flange; therefore, four beam specimens
were subjected to rapid corrosion by being laid
in a polyethylene circular basin of (1.5m)
diameter, containing a diluted sulfuric acid
solution with (10%) concentration, Fig. 3.

Figure 3. Beam Specimens in basin contained a diluted
sulfuric acid solution

To create the local corrosion for the bottom
flanges alone, the height of diluted sulfuric acid
solution at the basin was not more than (1cm)
for a time of subsequently the specimens were
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brought out the basin and exposed to the normal
environment (humid air and oxygen) to have a
corroded condition of the bottom flanges, the
condition which was actually occurred. As
second stage, the specimens were embedded on
a natural agricultural moist soil which has a low
clay content for about (38 days), by excavating
a shallow groove of not more than (2cm) depth
for each specimen (to ensure exposing the
bottom flange of the steel box beam only), and
adding a diluted sulfuric acid solution of (10%)
concentration to increase the acidity
environment of the soil moisture content and
reduce the (PH) value, Fig.4.

E

Figure 4. Beam Specimens in soil with a diluted sulfuric
acid solution

The impact of corrosion, due to exposure to an
acidic medium and normal environment, leads
to reduce the bottom flange thickness by (41%).

3.8 Strengthening Process

As mentioned in the experimental program, two
of the four corroded bottom flange specimens,
(BMCSF) and (BRCSF), were strengthened by
using CFRP strips. As a first step, the corroded
layers were removed from the substrate by using
an electric steel brush and cleaned of any debris,
dust, foreign particles, etc. Then, the strain
gauges were fixed on the bottom flange of each
specimen  for the  subsequent testing
requirements and were protected by a silicon
pad before applying the epoxy resin. Then, the
CFRP pieces were prepared to the required
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dimensions of (1100x100mm) by cutting the
CFRP fabric by a scissor, Fig. 5.

s

.‘.',.

Figure 5. Strengthening of corroded bottom flange by
CFRP Strip

The final step is preparing the epoxy resin by
mixing two components thoroughly for about
five minutes, and then the prepared epoxy resin
is used directly onto the substrates as the first
layer by an ordinary brush. Then the CFRP
pieces are attached carefully to the applied
epoxy resin and smoothened by hand and derive
out any irregularities or air pockets by using a
hand steel roller until the resin was squeezed out
of the slots of the fabric. Finally, another thin
layer of epoxy resin was applied on the CFRP
strip, and the specimens were left out for not
less than 2 weeks for curing and hardening of
CFRP.

3.9 Instrumentation and Measurements

All specimens were tested using a hydraulic
universal testing machine (MFL system) with an
ultimate load capacity of (3000kN). To measure
the vertical deflection, dial gauges with an
accuracy of (0.01mm/div.) were used. For each
tested beam specimen, the dial gauges were
fixed at the bottom flange face, one at the mid-
span and the other at a quarter of the span.
Strain gauges were used to evaluate the
performance of the concrete deck slab and steel
box beam and to measure the deformations of
reinforced concrete and steel box beam during
the load application. An automatic data logger
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instrument of type (TML/ TC-32K) was used to
convert the electrical signal emanating from
strain gauges to a corresponding strain
reading. The strain gauges were fixed in four
different locations, as shown in Table 3.

Table 3. Distribution of the strain gauges

Gauge No. Location
1&2 Bottom Mid-span (L/2)
Flange Quarter-span (L/4)
3 At mid span, mid-height on the
web side of steel box beam
4 Top face, atthe center of the

RC deck slab

Figure 6. Data logger and location of strain gauges

3.10 Test Setup

Six simply supported beam specimens of
composite concrete- steel box section with
(1000mm) clear span, were tested by a universal
testing machine under one monotonic or
repeated  concentrated load. For  the
monotonically tested beam specimens (BMF),
(BMCF), and (BMCSF) the tests were done
directly. While for repeatedly tested beam
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specimens (BRF), (BRCF) and (BRCSF), the
maximum repeated load was taken as (78%) of
the ultimate load capacity of monotonically
tested reference beam specimens (BMF), and
applied in three cycles increments until failure.
As a first step, the tested beam specimens were
arranged and adjusted so that the supports,
applied load, and instruments were in their
correct location. Then, the load is applied
gradually with a constant rate of (5 kN) up to
the failure state. At the end of each load
increment, all test observations and
measurements for the vertical deflection, strains,
and deformation development on the surface of
the tested beam were recorded. When the tested
beams reached an advanced stage of loading,
smaller increments were applied until failure.
All tests photos and measurements were
recorded, marked, arranged, and analyzed to be
presented and discussed in the next articles.

4. Test Results and Discussion
4.1 Ultimate load capacity (Pu)

The ultimate load capacity of the tested beam
specimens was summarized and provided in
Table 6. For the beam specimens which were
tested under the effect of monotonic load, the
ultimate loads were (90kN), (60kN), and
(100kN) for the beam specimens (BMF),
(BMCF), and (BMCSF) respectively. While, for
the beam specimens which were tested under
the effect of repeated loads, the ultimate loads
were (70kN), (50kN), and (80kN) for the beam
specimens (BRF), (BRCF), and (BRCSF)
respectively. From the above results, it can be
seen that the obtained results are proportioned to
the state of each tested beam specimen.

4.2 Effect of Corrosion on (Pu)

As mentioned before, the impact of corrosion,
due to exposure to an acidic medium and normal
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environment, leads to reduce the bottom flange
thickness by an average (of 41%). The flexural
behaviors of the corroded specimens were
studied, and the test results of Table 6 show
decreases of (33%) and (29%) for the beam
specimens (BMCF) and (BRCF) in comparison
with the reference specimens. This implies that
the decrease in the effective cross-sectional area
of the bottom flange, due to corrosion, leads to
loss of beam flexural strength, which in turn
reduces the beam loading capacity.

Table 4. The ultimate load of tested Beams

Beam Pu Pu/(Pu)r
Coding (kN) (%)
BMF* 920 -
BMCF 60 0.67
BMCSF 100 1.67
BRF* 70 0.78
BRCF 50 0.71
BRCSF 80 1.60

*Reference of monotonically and repeatedly tested beams.

4.3 Effect of Loading Type on (Pu)

When the load type changed from monotonic to
repeated, the ultimate loads were reduced by
(22%), (17%) and (20%) for the tested beam
specimens (BRF), (BRCF) and (BRCSF),
respectively in  comparison  with  the
corresponding monotonically tested beam
specimens. The decline in strength is caused by
the redistribution of loads during repeated
processes, which causes energy dissipation and
decreasing in ultimate load capacity.

4.4 Effect of Strengthening by CFRP

Two tested beam specimens (BMCSF) and
(BRCSF) were strengthened by CFRP strips
after being subjected to local damage by
corrosion and then tested under monotonic and
repeated loads respectively. The adopted
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strengthening technique, using CFRP strip, lead
to an increase in the ultimate load by (67%) and
(60%) for the tested beam specimens (BMCSF)
and (BRCSF), respectively in comparison with
un-strengthened corroded corresponding beam
specimens (BMCF) and (BRCF). The presence
of the CFRP in the longitudinal direction, at the
bottom, creates an additional tension component
that works with the tension force of the corroded
bottom flanges to resist the bending stresses; as
a result, the flexural strength and beam rigidity
(stiffness) were increased significantly and as
well as the ultimate loads in compared with the
reference beam specimens (un-strengthened
beams).

4.5 Load-Deflection Relationship

As mentioned before, the vertical displacements
(deflections) were measured by using two dial
gauges located underneath each tested beam
specimen at the mid-span and quarter of span.
The load-deflection curves of the tested beam
specimens are plotted and provided in Fig. 7 to
Fig.12. It can be observed from evaluating the
relationship between the repeated load and
deflection that the vertical deflection values
increased as the number of repeated cycles
increased, owing to a decrease in beam stiffness.
The deflection values were increased in
comparison with the reference specimens; the
presence of corrosion leads to reduced beam
flexural stiffness, and the results show an
increase in vertical deflection. In the opposite
direction, the strengthening by the CFRP strip
leads to increased beam flexural stiffness and
decreases the corresponding deflection as
compared with the reference specimens.
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4.6 Mode of Failure
The tested beam specimens (BMF), (BMCF),

and (BRF) failed by a flexural mode of failure
due to the yielding of the steel box section at the
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bottom flange. Also, the tested beam specimen
(BRCF) failed by flexural failure due to the
yielding of the steel bottom flange and then by
the local buckling failure of the top steel
flanges. While for the corroded-strengthened
beam specimens (BMCSF) and (BRCSF), the
failures occurred due to rupture of the CFRP
strips, which means that the CFRP strips
reached their ultimate tensile strength before
rupture.

Figurel6. Mode of failure of beam BRF
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5. Conclusions

The obtained results show that the ultimate
loads were proportioned with the state of each
tested beam specimen and the change of the
applied loads from monotonic to repeated, lead
to reduce the ultimate load by (17-22%). The
decline in strength is produced by load
redistribution during repeated loading, which
causes energy dissipation as a result, the load
capacity decreases, and the deflection increases.
For the corroded beam specimens, the ultimate
loads were decreased by (29-33%) in
comparison with the corresponding reference
specimens. This implies that the decrease in
effective cross-sectional area of the bottom
flange, due to corrosion, leads to loss of beam
flexural strength, which in turn reduces the
beam loading capacity. The ultimate loads for
the strengthened beam specimens were
increased by (60-67%) in comparison with the
un-strengthened corroded corresponding beam
specimens. The presence of the CFRP creates an
additional tension component that works with
the tension force of the corroded bottom flanges,
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as a result, the flexural strength increased as
well as the ultimate loads.
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