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Abstract

The main objective of the current study is estimate the structural performance of box steel beams
strengthened with composite materials. Eight steel box beams (typical beam and seven strengthened
beams) were tested in four-points loading. The beam samples are 50x50x1000 mm. Four out of the seven
beams were strengthened with steel elements. The other three beams were strengthened with composite
materials; CFRP and GFRP flexible sheets. The sheets were wrapped around the whole section of beams
at the critical locations. The tested beams also were simulated by the Finite Element (FE) method using
ANSYS program. The numerical results in terms of load—deflection curves, load-strain curves and failure
modes were compared with experimentally measured data. Also the normal stresses distribution for the
eight beams as obtained from the numerical model were presented. Additionally the comparisons between
the results of the eight beams were presented and discussed. From these results, it was observed that the
predicted FE results are in good agreement with the experimental results. Also the experimental results
showed that the failure in the strengthened beams with carbon fiber occurred in the top flange and the
upper part of the two webs due to debonding and breakage in CFRP.

Keywords: Box steel beam, Composite materials, Finite element analysis; Non-linear analysis

1. Introduction

The conventional method of retrofitting steel bridges and structures involves bolting or
welding; additional elements such as steel plates or channels to the structure (refer to Bakht et al,
1979 “). This method has a number of constructability and durability drawbacks. These
drawbacks include increasing time consuming, losing steel cross section in case of bolting,
happening fatigue in case of welding, steel corrosion. Also applying steel plates requires heavy
lifting equipment and it causes increasing in the structure dead loads (see Shaat, 2007 ).

Recently a second method has become more popular method for strengthening and repairing
steel, concrete and steel-concrete composite structures using Fiber Reinforced Polymer (FRP).
FRP is a composite material and it has high tension strength, light weight and high resistance to
corrosion. It is produced from Carbon Fiber Reinforced Polymer (CFRP) or Glass Fiber
Reinforced Polymer (GFRP). FRP rigid plates and flexible sheets are available and can easily be
applied to the metallic surface. FRP flexible sheets in particular offer a unique advantage of
being able to conform to complex and curved surfaces. CFRP material is classified according to
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its elastic modulus to Standard Modulus (SM)-CFRP, High Modulus (HM)-CFRP and Ultra
High Modulus (UHM) -CFRP. SM-CFRP has an elastic modulus value less than that of steel
(ECFRP < 200 GPa) while HM-CFRP has elastic modulus ranging between 200 GPa and 400
GPa. CFRP material with high value of elastic modulus larger than 400 GPa was referred to as
Ultra High Modulus-CFRP (refer to Schnerch et al, 2007 “?, Tavakkolizadeh and Saadatmanesh,

2003 Y Al-Saidy et al, 2005 ), Photiou et al, 2006a *”, Photiou et al, 2006b *®, Michael. 2005
(14 (10) (22) (24)

, Jagtap et al Shaat and Fam, 2006 and Shaat and Fam, 2009 ).

FRP is fixed in the steel using adhesive (resin) material. The bond at the interface between
the two materials controls in the transferring force between FRP and steel. Bond performance is
effected by several factors such as type of fibers and adhesive (resin), surface preparation,
thickness of adhesive, and thickness of FRP laminate, the bonded length and width (Lam et al,
2004 M),

Various researches studied the retrofitting steel |1 beam by applying CFRP plate to the beam
lower flange. The results of these researches showed that the presence of the CFRP plate can
help to increase the ultimate strength and post-elastic stiffness of typical I-steel beams (especially
when a high modulus CFRP is used). This means that the strains in the beam are reduced under
the same load and the first yielding of the beam is delayed (EI Damatty et al, 2003
@), (12) (13) ©)

Lenwari et al, 2006 , Linghoff et al, 2006 and Colombi and Poggi, 2006 ). Various failure
modes occurred for such FRP-plated steel beams. Plate end debonding in an FRP-plated steel
beam is the famous mode of failure. It is due to high localized interfacial shear stresses and
peeling stresses in the vicinity of the plate end. Plate end debonding is more likely to occur when
the plate end is farther away from the adjacent support in a case of simply-supported beam (in
three- or four-point bending). Plate end deponding can be delayed by increasing the bonded
length (see Colombi and Poggi, 2006 ) Deng and Lee, 2007 ©, Tenget al, 2012 Salamact al,
2011 @ yu et al, 2010 “® and Hmidan et al, 2013 ®). Ochi et al, 2011 ®® investigated
experimentally a method to prevent the CRFP plate end debonding. This method is bolted steel
plates onto the CFRP strip at the both ends. Their results indicated that the debonding prevention
plates effectively work to prevent the debonding of the CFRP strip.

In the current research, eight steel box beams were tested in four-points loading. The current
research passes through three different stages. The first stage is studying the structural
performance of typical box beam in four-point bending test. The results of the first stage
indicated that the failure in the typical beams occurred at the loading positions and their
surrounding area (in top flange, lower flange and the two webs). The previous researches in the
field of strengthening the steel beams depended on applying the strengthening elements at the
tension flange only. The second stage includes four box beams while the third stage includes
three box beams. In the second stage, the typical beam is strengthened with different steel
configurations at the critical locations (at the loading positions and their surrounding area (in top
flange, lower flange and the two webs). In the third stage, the typical beam was strengthened
with composite material (CFRP and GFRP sheet). These sheets were wrapped around the whole
section of beams at the critical locations. Also the results of tested beams were compared with
the results of an employed Finite Element (FE) model by ANSYS program. The results indicated
that intermediate debonding followed by fiber breakage at the location of the load (in the top
flange and the upper part of the two webs) was occurred in the two strengthened beams with
CFRP.
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2. Experimental work

2.1.  Specimen details

A schematic diagram of the cross-section and elevation of the typical beam (BC) and the
corresponding strain and dial gages locations are shown in Fig. 1. Eight steel box beams were
manufactured and tested in four-point loading. All beams have 1000 mm length and they were
manufactured from a steel plate with 3 mm thickness. Each beam was manufactured by bending
a steel plate to beN -shape to form the upper part of the beam (top flange and the two webs).
Then this part was fixed in a lower plate (bottom flange) with 60 mm width by welding. All
details of the tested beams are presented in table 1.

2.2.  Strengthening methods

Four beams (SB1, SB2, SB3 and SB4) were strengthened by applying steel elements with 3
mm thickness. SB1 beam was strengthened by welding four longitudinal stiffeners in the typical
beam at the location of the two supports and under the applied loads as shown in Fig. 2. SB2
beam was strengthened by welding four X diaphragms (20 mm width) in the typical beam at the
location of the two supports and under the applied loads as shown in Fig. 2. In SB3 beam, the
lower flange was strengthened by welding a steel plate (60 mm width and 400 mm long) at the
mid-span of the beam and by two plates (60 mm width and 20 mm long) at the location of the
two supports. Additionally steel N-shape element with 400 mm long was welded in the beam top
flange and the two webs (see Fig. 2). SB4 beam is same as SB3 except that both of the length of
strengthening flange steel plate and steel N-shape element were increased to be 600 mm.

Two layers of a unidirectional woven glass fiber fabric were used in strengthening the sixth
tested beam (SB5). Its thickness is 0.172 mm. One layer and three layers of SikaWrap®-230 C
that is a unidirectional woven carbon fiber fabric for the dry application process were used in
strengthening SB6 and SB7; respectively. Its thickness is 0.131 mm. Sikadur®-330 supplied by
Sika Company was used in this study to get sufficient bonding between steel beam and both of
carbon fibre and glass fibre. It is a two parts (A and B). Part A is a resin (white) and the second
part is a hardener (gray). The mixing ratio was 4:1 (A: B) by weight. Before applying the
strengthened materials, the surface was clean from any dust by manual sandblasting. The
composite materials were wrapped around the steel beams with 600 mm long at the critical
positions as shown in Fig. 3. Table 2 shows the material properties of the CFRP, GFRP, steel and
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Fig. 1: Typical beam details, strain and dial gage locations (all dimensions in mm)
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Fig. 2: Details of strengthened beams with steel elements (all dimensions in mm)
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Fig. 3: Details f strengthe ied beams 1th composite materials (all dimensions in mm)

Table 1: Specimens details

Beam Designation  Type of Strengthening Strengthening Configuration

SB1 4 Longitudinal stiffeners

SB2 . 4X diaphragms with 20 mm long

Steel elements with 3mm :

SB3 thickness ISotﬁgl N-shape + plate with 400 mm

SB4 Steel N-shape + plate with 600 mm
long

SB5 GFRP Two layers with 600 mm long

SB6 CFRP One layer with 600 mm long

SB7 CFRP Three layers with 600 mm long

Table 2: Material properties of steel and composite materials

CB Non Non

(control beam)

Density E-Modulus (Gpa)  Tensile strength (Mpa)  Strain
glem®

Yield Ultimate Yield Ultimate

Steel 7.8 200 320 410 0.0016 0.035
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CFRP 1.76 238 4300 0.018
GFRP 2.56 18.3 381 0.0208
Adhesive 3.8 4500 0.009

2.3. Test setup

The 1000 mm long box beam were simply supported with a span of 900 mm between the two
supports and tested under four-points bending static loading with 160 mm spacing between the
two concentrated point loads (see Fig. 1) using Flexural Testing Machine of 100 kN capacity.
The beams were tested under an increasing load up to failure at a constant loading rate (1 kN).
The behavior of beams was monitored by measuring the deflection at mid-span and at distance
200 mm from the mid-span using two dial gauges with an accuracy of 0.01 mm. A set of four
demec points was fixed in one side of the specimen to allow measuring the strain versus load

during the test. Tvbical test set-up and instrumentation is shown in Fia. 4.

Fig. 4: Specimen test

3. FE Simulation

In the present study, finite element program (ANSYS V.12.0) was used to build a three
dimensional model to simulate the tested steel beams numerically up to failure. Two types of
element were used to represent the tested beam. The first element is Solid185 element (refer to
Narmashiri and Jumaat, 2011 ®® and ANSYS, 2009 ®). This element was used to simulate the
steel beam and the strengthening steel elements. Each element is defined by eight nodes. Each
node has three degrees of freedom at each node: translations in the nodal x, y, and z directions.
The element has plasticity, creep, swelling, stress stiffening, large deflection, and large strain
capabilities. The second element is Shell181 element and it was used to simulate the composite
materials. Shell181 element (ANSYS, 2009 ®)) is suitable for analyzing thin to moderately-thick
shell structures. Shell181 is a 4-node element with six degrees of freedom at each node:
translation in X, Y and Z direction and rotation about X, Y, and Z axes. The geometry, node
locations, and the coordinate system for used elements are shown in Fig. 5. The FE simulation of
the control beam as example is presented in Fig. 6.
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a) Solid185 b) Shell181

Fig. 5: Finite elements geometry

The material nonlinearity was represented by Multi-linear Kinematic Hardening Constants
(MKIN). It assumes that the total stress range is equal to twice the yield stresses, so that
Bauschinger effect is included. MKIN may be used for materials that obey von Mises yield
criteria. The material behavior was described by a stress-strain curve as presented in the
experimental work. It starts at the original and it is with positive stress and strain values. The
initial slope of the curve is represented the elastic modulus of the material. In the current
analysis, load-control technique is used. In this technique, total load is applied to a finite element
model. The load is divided into a series of load increments (load steps) during the analysis.
ANSYS program uses Newton-RaEhson method for updating the model stiffness (refer to
ANSYS, 2009 ) and Kadhim, 2012 ©).
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Fig. 6. Geometry of the FE model.
4. Results and discussion

At the first, the results of the control beam (the first stage of the research) are presented and
discussed. The total applied load-deflection curves at dial (1) and dial (2) points from the
experimental work and FE simulation are presented in Fig. 7. This figure showed that the relation
between load and the deflection is linear up to 17.5 kN total load and 5.38 mm corresponding
mid-span deflection. After that the plasticity took place and growth in the bottom flange, the top
flange and the two webs at the loading positions and their surrounding area, making load-
deflection curve nonlinear up to an applied load equals 19.6 kN and the corresponding deflection
at mid-span equals 20.4 mm, after that the deflection increased without significant change in the
load. Also from this figure, it can be concluded that the control beam (CB) failed at 20.7 kN and
19.87 mm total applied and mid-span deflection; respectively from the numerical model. Also
this figure indicated that the beam was failed at 17.36 mm and 17.93 mm deflection at dial (2)
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point as recorded from the experimental work and numerical model; respectively. The deformed
shape at the ultimate load as observed from the experimental work and as obtained from the
numerical analysis are showed in Fig. 8. This figure indicated that it is ductile failure mode. The
total applied load-strain curves at the two locations of measurements (A and B) are presented in
Fig. 9. From this figure, it is observed that the yield started in the two locations (compression and
tension) at the same time. From this figures, it can be observed that the experimental and FE
simulation results are very close. The normal stresses distribution as obtained from the FE
simulation is presented in Fig 10. This figure indicated that the stresses are concentrated under
the applied load: compression stresses in the top flange and the upper part of the two webs (~410
Mpa) and tension stresses in the bottom flange and the lower part of the two webs (~390 Mpa).



25 - 25
é 20 - F¢=- 220
ERE K815 /
- 10 - Experimental Results - /
% —FE Simulation 2 10 / ~——Experimental Results
25 2 s FE Simualtion -

N4
0 ] T T 1 0 !
0 5 10 15 20 25 0 5 10 15 20
Deflection (mm) Deflection (mm)
a) Atdial gage (1) b) At dial gage (2)

Fig. 7 Experimental and FE simulation total load-deflection curves of control beam

|(_Zontrol beam|
AN
Max. Defl. 19.9 mm o

=i

.....

0 v
'-'::w...—l“"k-“"? rBlc T

14128

Fig. 8 Failure mode of the control beam (CB)

RODAL SOLOTION C{]Iltrol beﬂm AN s

% ,.. :H:EE:;E:SE

=

8 Max. Stress=410)\pa

- Exp.(A)

= Exp. (B)

a —FE (A)

< ——FE (B)

-0.002 -0.001 0 0.001 0.002 B =3 ~144.178 8.060 210.309 387,661
Strain

Fig. 9 Load-strain curves of control beam Fig. 10 Numerical normal stresses distribution

of CB beam at the ultimate load

In this section, the results of the strengthened beams are presented and discussed. The
comparison between the experimental and the numerical results in terms of load-deflection
curves and load-strain curves for strengthened beam with steel elements (second phase of the
research) are presented in Fig. 11 and Fig. 12. From these figures, it can be clearly seen that the
numerical model gives a good outcome compared to the experimental tests results; the difference
between the results not exceed than 15%. Also Fig. 13 and Fig. 14 present the comparisons
between load and deflections and load and strain for strengthened beams with composite
materials as obtained from the experimental and FE simulation results. From this figures, it can
be noted that the FE simulation results are closed to the experimental results in case of SB5 beam
(the steel box beam that was strengthened with GFRP). On the other hand, Fig. 13 and Fig. 14
showed that the experimental and FE simulation results are similar in the linear stage and the
difference between the experimental and numerical results are appeared in the nonlinear stage.
This is because the failure in the experimental test took place in the compression zone (top flange
and upper part of the webs) under the applied load locations due to the occurrence of the
debonding and CFRP breakage (see Fig. 15). Also this is due to the consideration of the perfect
contact between the steel beam and the composite material in the current numerical model.
Additionally Fig. 14 shows that in SB7 beam, shear lag (strain were almost constant while the
load continued to increase) appears after 31.5 kN total load in the numerical load-strain curve
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and no shear lag appears in the experimental load-strain curve.
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Fig. 15 shows the failure modes for all straightened beams as obtained from the experimental
and numerical works. From this figure, it can be observed that the failure mode for strengthened
beams by steel elements is similar to the failure mode of the control beam (ductile failure mode)
except the failure mode of SB3 beam. The failure mode of this beam (SB3) is ductile failure
mode followed by local failure in the top flange of the typical beam at the end of the
strengthened steel element (N-shape) due to the concentrated stresses at the end of the
strengthened elements and this may need to increase the length of the strengthened element. Also
this figure indicated that there was no apparent bond failure between the composite (GFRP) and
the steel box beam on either side of the failure section in the case of SB5 beam, therefore
complete composite action, between the two components. On the other hand, in the two
strengthened beams with CFRP; SB6 and SB7, there were local failure occurred at the locations
of the applied load. There was intermediate debonding followed by fiber breakage at the location
of the load without complete debonding due to the CFRP sheet was wrapped around the steel box
beam.

The effect of strengthened methods for box steel beams are presented and discussed in
the current sections (see Fig. 16 to Fig 21). Fig. 16 and Fig 17 shows the experimental
load-deflection curves at mid-span and at dial point 2; respectively of all tested beams in
comparing with the control beam. Fig. 18 and Fig 19 present relationship between all

11
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tested beams in terms of the ultimate and mid-span deflection. From these figures, it can
be seen that the two strengthened beams SB5 and SB6 have the same behavior; their
ultimate loads are greater than that of the control beam by about 11% while SB1 and SB2
beams achieve an increase in the ultimate load by about 3.5% than the ultimate load of
the control beam. Beam SB7 enhances the yield and ultimate loads by about 57% and
43%; respectively in comparing with the control beam. SB3 beam showed enhancement
in the yield and the ultimate load by about 57% and 96%; respectively while SB4 beam
increases the yield load and ultimate load by about 102% and 108%; respectively than the
control beam. Also SB5 beam gives the biggest deflection at the ultimate load. Fig. 20
indicates the load-strain curves for all tested beam from the experimental work. This
figure showed that SB3 gives the least strain. Fig. 21 showed that the maximum normal

stresses 1n all tested beam are at the locations of the loading and their surrounding areas.
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Fig. 21: Numerical normal stresses distribution for strengthened beams at the ultimate load

Conclusions

The current research presents experimental and numerical study for eight steel box beams
(typical beam and seven strengthened beams) under flexural to investigate the suitable method to
strengthen the box steel beam under concentrated loads. Based on these studies, the following
conclusions are drawn:

1) The FE simulations give acceptable results in comparing with the experimental results in
case of the control beam and strengthened beam with steel elements and GFRP.
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2)

3)

4)
5)

2)
3)

4)

5)

6)

7)

8)

The employing numerical model gives closed results in the linear stage comparing with
the experimental and it gives a difference results in non-linear stage in comparing with the
experimental results.

The failure mode of the control beam and strengthen beam with steel elements are ductile
mode failure. Additionally in the case of SB3 beam, there was local failure in the typical
beam at the end of strengthened elements in top flange.

There was complete composite action between the steel and GFRP in SB5 beam.

Intermediate debonding followed by fiber breakage at the location of the load (in the top
flange and the upper part of the two webs) was occurred in the two strengthened beams
with CFRP.

6) Strengthening the steel box beam wit -shaped steel plate and flat plate gives the best
structural performance.

7) By increasing the numbers of CFRP layers, the structure behavior of the steel box beam
increased.

8) SB1 and SB2 beams do not enhance a clear increasing in the ultimate load than the control
beam.
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