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1. INTRODUCTION

There are many advantages in favor of the use ®&FCHRaterials for repair and rehabilitation of
bridges and structures. Cost savings may be réatiz@ugh labor savings and reduced requirements fo
staging and lifting material. The dead weight adtted structure is minimal due to the high strenigth
weight ratio of CFRP materials. Application of bexdd CFRP materials results in reduced stress-
concentrations as compared to mechanical fasteBiagpite the high material costs associated witRIEF
materials, when overall costs for a strengthenirgjegt are determined, overall project costs apécally
reduced.[1]

Bond strength can be defined as the ratio of mainmad and interfacial area. However, a local
bond-slip relationship is independent of geometoinditions, and therefore a local bond-slip moday e
appropriate to measure bond performance. Whileeatgteal of research has been carried out on blymd—s
relationships of CFRP sheet/plate bonded to comqgaghts [2-9], research on CFRP plate/sheet tel ste
bonded joints is limited [10-15].

Previous research [10] showed a significant stiemgtrease by using CFRP—epoxy strengthening
technique. In this research a theoretical model dealoped to estimate the load carrying capadityudt-
welded very high strength steel tubes strengtharsdg CFRP. In previous papers [11-14], the authors
showed significant strength enhancement of CFRéhgthened steel plate and steel tube by experilnenta
theoretical and finite element analysis. None efdabove research developed bond-slip relationship.

This paper describes a series of double strap jeBis loaded in tension to investigate the bond
between CFRP sheets and steel plates. The foctisegbaper is on using nonlinear finite element (FE)
method to predict the load—deflection behavior distribution of strain along the bonded length loé t
CFRP bonded steel plate.
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2. NUMERICAL WORK
2.1. Finite Element Model

In this study, finite element method (FEM) is used perform tensile testing simulations by
nonlinear static analysis on double strap jointedeal by adhesive and CFRP sheet material. Special
attention needs to be paid when joining two différenaterials, in this particular case adhesive bund
between steel and CFRP. The simulation was implesdensing commercially available finite element
analysis software ANSYS V12.1, the elements usdiliial this model listed as below:

2.1.1. Brick Element (SOLID45 as denoted in ANSYSLE])

The element is defined by eight nodes having thesgrees of freedom at each node: translations in
the nodal x, y, and z directions. The element Hastipity, creep, swelling, stress stiffening, kamgflection,
and large strain capabilities. The geometry, nadations, and the coordinate system for this elérasn
shown in Figure 1. This element used to model stkeeé.

J

Figure 2. (SELL41) Element Geometry [16]
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2.1.2. Shell Element (SHELL41 as denoted in ANSY36])

The element is defined by four nodes, four thickess a material direction angle and the
orthotropic material properties. Orthotropic maderdirections correspond to the element coordinate
directions. The element have membrane stiffnesdbémaling stiffness) so the element is used to mthael
CFRP laminate. The element may have variable tiisknThe thickness is assumed to vary smoothly over
the area of the element, with the thickness inpuhe four nodes. If the element has a constankiieiss,
only one thickness (in any node) need be inputédfthickness is not constant, all four thicknessest be
input (for four nodes). The geometry, nodes locgtand coordinate of the element are shown in Eigur

2.1.3 Target element (TARGE170 as denoted in ANSY%$6])

In studying the contact between two bodies, théasarof one body is conventionally taken as a
contact surface and the surface of the other bady trget surface. The “contact-target” pair cphéms
been widely used in finite element simulations. Figid-flexible contact, the contact surface iscasated
with the deformable body; and the target surfacstrha the rigid surface. For flexible-flexible cact, both
contact and target surfaces are associated withirdable bodies. The contact and target surfacestiaae a
“Contact Pair". TARGE170 is used to represent wsi@-D "target" surfaces for the associated contact
element (CONTAL74). Hence, a “target” is simplyemmetric entity in space that senses and respohds w
one or more contact elements move into a targeheegelement. The target surface is modeled thr@agh
set of target segments; typically several targgtrsmnts comprise one target surface. Each targetesgigs a
single element with a specific shape or segmer, t¥mode quadrilateral element is used in thidystu

2.1.4. Contact element (CONTA174 as denoted in ANSY[16])

CONTAL74 is used to represent contact and slidietyvben 3-D “target” surfaces (TARGE170)
and a deformable surface, defined by this elemEm. element is applicable to 3-D structural andpdea
field contact analyses. This element is locatethersurfaces of 3-D solid or shell elements withoid-side
nodes. It has the same geometric characteristittseasolid or shell element face with which it anoected.
Contact occurs when the element surface penetoae®f the target segment elements (TARGE170) on a
specified target surface. The element is definefohy nodes; the node ordering is consistent withriode
ordering for the underlying solid or shell element.

2.2. Materials properties
2.2.1. Steel Plate

A typical uniaxial stress-strain curve for a stegécimen loaded monotonically in tension is shown
in Figure 3.

The stress-strain diagram may for simplicity consfstwo branches as shown in Figure 3: the first
branch starts from the origin with a slope equdtsg¢modulus of elasticity), up tfy (yield stress). A second
branch is horizontal or, for practical use of comeps, is assumed to have a very small slope such as
(0.01*E9 and this last case is limited to the strain Gabd&ording to EC4 [17].
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Figure 3. Idealization for computer calculationg][1
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2.2.2. FRP material

The FRP composites being modeled here were adhebiorded to the steel. The CFRP strips used
in tests were 50 mm wide and 0.176 mm thick. Th&ERnaterial properties, summarized in Table 1, were
previously determined from tests and reported hyzraet al. [1].

2.2.3. Bond-slip models

The FRP-to-steel interface behaves like an isotramterial and can be modeled by a thin layer of
elements. The strength criterion of the thin laygéerface material is dominated by shear debonthiigre.
The properties of this layer depend on bonded nadigmoperties as listed in table 1 were reportedawzia
et al. [1].

Table 1 Bonded material properties

CFRP Steel plate Adhesive
Tensile modulus (GPa) 215 195 1.9
Tensile strength (MPa) 1710 484 32
Tensile strain 0.008 0.015 0.04
Poisson's ratio 0.28 0.25 0.21

3.  SIMULATION OF A DOUBLE STRAP JOINT BETWEEN STEEL PL ATES AND CFRP

The homogenized material model for steel togeth#r &n elastic material model for the CFRP and
the bi-linear interface element material model weoded into the finite element program ANSYS 121 t
simulate the behavior of a CFRP strips bonded dteal plate. In the experiments reported by Fawrial.
[1] a total of four specimens were prepared withnmad modulus CFRP. All steel plates have a dimensio
210 mm in length and 50 mm in width and 5 mm th&ds1 The steel plates were ground in the area to be
bonded to ensure a better mechanical interlockihgee layers of CFRP sheets were applied on bdds oif
the plate. Each specimen was loaded in tensiom %90 kN capacity universal testing machine with a
loading rate of 2 mm/min. The details of the testd experimental results can be found in Fawz#l. §14].
A schematic view of the specimen is shown in Figur@he observed failure mode for the normal moslulu
CFRP was bond failure. Table 2 gives test resaltslifferent bond length.

Table 2 Results of specimen testing

Specimen label Bond length  Ultimate loadPy Failure mode
L1 (mm) (KN)

SN40 40 49.9 Bond failure

SN50 50 69.8 Bond failure

SN70 70 80.8 Bond failure

SN80 80 81.3 Bond failure

—— CFRP Sheets _ Steel Plate

v : | v
P g —p P

Ly Lo

420 mm long and
50 mm wide

Figure 4. A schematic view of specimen (not to scHl]

Figures 5, 6, 7, and 8 show the load—displacemanvies for the experimental and the numerical sitrara
where it can be seen that the homogenized model gery good predictions. The value of maximum sgai
at specimen (SN80) also compared well with thedatt as shown in Table 3.
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Table 3 Comparison of maximum strain of (SN80)itierent load value
Load SN80
Numerical Experiment
100 % of UL 0.0067 0.0063
75 % of UL 0.0051 0.0041
50 % of UL 0.0029 0.0025
25 % of UL 0.0011 0.0011
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Figure 5. Load vs deflection for bond length 40 mm.
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Figure 6. Load vs deflection for bond length 50 mm.
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Figure 7. Load vs deflection for bond length 70 mm.
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Figure 8. Load vs deflection for bond length 80 mm.

4. EFFECTIVE BOND LENGTH

The ultimate load carrying capacity is plotted igufe 9 against the bond length L1. It can be seen
from Figure 9 that the load carrying capacity resch plateau after the bond length exceeds arcedaie.
This length, beyond which no significant increasdoiad carrying capacity will occur, is called thiéective
bond length. The effective bond length of 75 mm jtants with normal modulus CFRP is adopted in the
experiment which is same as that reported by JiwoZhao [18] for joints between steel tubes andnabr
modulus CFRP. It seems that the curved surfacdeel subes does not affect the effective bond kengt
between steel and normal modulus CFRP. In thisystueny parameters will be taken to examine the
changes of effective length under same conditions.
4.1. Effect of CFRP sheet thickness

Finite element analysis has been carried out feddengths of 40, 50, 60, 70 and 80 mm for two
values of CFRP sheet thickness. Two values of Csiitfet thickness specimens exhibited similar behavio
Figure 9 gives the results for specimens with théds of CFRP sheet 0.176 and 0.352 mm. It candre se
that the effective length is not affected by theRBFsheet thickness.
4.2. Effect of adhesive layer thickness

175 + —&— Modified Hart-Smith Model
for plates
155 - —#— EE results Py
135 - == mm thickness of CFRP 0.352
z
?_5 | —>=mm thickness of 0.448
= adhesive layer
==
595 .
=
o
75 A
55 -
35 T T T T T T 1
35 45 55 65 75 85 95 105
Bond length (mm)

Figure 9. Effective bond length for CFRP joint
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The thickness of the adhesive layer has a sigmifieffect on the failure mode for CFRP laminate
strengthening [15]. A parametric study has beerdaoted to investigate the effect of bond line thiess.
Figure 9 shows the results from two different mededing 0.224 and 0.448 mm adhesive thickness.[tResu
show that the slip is directly proportional to aslive thickness. Results also show that both mokiale
same effective length.

4.3. Effect of steel plate thickness
Figure 9 shows the results of two thicknessested| plate (5 and 10 mm). Results show that no
significant effect of the effective length.

4.4 Effect of CFRP layers

Finite element analysis has been carried out fileréint numbers of CFRP sheet 1, 2, 3, 4, and 5
layers with the same tensile strength value and EEReet thickness. Figure 10 gives the results for
specimens compared with Hart-Smith model. It carséen that the number of CFRP sheet layers have a
little effect on the effective length. The effe&ilength increases to 80 mm when use one or twardagnd

become about 75 mm when use three layers, the asimgre than three layers reduce effective lengtho
mm.

95 -
85 -
Z 75 -
o —&— Hart smith
g 65 - = layer 1
: 55 - == |ayers 2
=== |ayers 3
45 -
—0—layers 4
35 T T T T T T *46%9%’-55—|
35 45 55 65 75 85 95 105 115 125
Bond length (mm)

Figure 10. Effect of CFRP sheet layers number ésttfe bond length for CFRP joint

5. CONCLUSION

Numerical methods have been used to analyze thmmes of double strap joint between steel
plates and normal modulus CFRP. The numerical maasl evaluated by comparing the predictions with
test data. The following conclusions and observatire made based on the numerical analysis:
1- The numerical load carrying capacity was foumd kie in close agreement with that obtained
experimentally
2- Comparison of the predicted strain distribuficom numerical agrees well with experimental result
3- The effective length is not affected by the khiess of CFRP sheet, adhesive layer, and steel plat
4- The number of CFRP sheet layer has significHats on the effective length.
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