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INTRODUCTION

A study was conducted to investigate the use ob@aFiber Reinforced Polymers
(CFRP’s) to prevent and repair fatigue damage itfgbrstructures, which is a very common
problem afflicting older steel bridges with weldashnections.

The presence of fatigue cracks in older steel lesdiepends on factors such as the
frequency of loading and the intensity of loadirkgpr example, the intensity of loading (defined
in terms of the stress range) is inversely propodi to the rule of the fatigue life of the
structure, with a relationship that is linear wipdotted using a logarithmic scale. Another
important factor affecting fatigue life is the geetny. For example, regions of a structure that
have abrupt changes in geometry connection are seasitive to fatigue damage.

This study investigates mainly two different topietated to the use of CFRP’s for
strengthening and repair of steel bridges: theofi€&FRP’s to prevent damage in fatigue
vulnerable welded connections prior to fatigue-knadiation, and the use of CFRP’s to stall the
propagation of fatigue cracks in welded connectamd in steel plates subjected to tension. The
findings are discussed in three different papeesgmted in the following chapter.

The use of CFRP’s to prevent fatigue damage wasstigated experimentally and
analytically through the analysis of subassembbgsesenting a segment of the tension flange
of a steel bridge with a welded coverplates. Type of welded connection is defined as a
fatigue category E’ in accordance to the AASHTQIbe design code if the weld tying the
flange to the coverplate is smaller than 102 mnam (4 and perpendicular to the direction of the
flange. The subassembly used to simulate the flangerplate connection was loaded under

three point bending, and consequently it is retetoeas a bending specimen.



Bending specimens were repaired with three diffetygres of preventive treatments to
minimize fatigue damage in the welded connectic@BRP overlays made with continuous
fibers that were prefabricated under laboratoryddmns, chopped-fiber sprayed overlays which
were simpler to fabricate, and smoothing of thdamr of the welds. The findings related to the
repair methods for the bending specimens are pieé@nthe first article.

There were several important findings from thremiplending specimen study. The
method of reinforcing the welded connections wité tontinuous fiber overlays was very
effective in reducing the stress demand on the syeldving the fatigue-crack initiation life into
the infinite fatigue life range of the AASHTO desigurves. The chopped fiber technique
evaluated in this study is fairly new. The studgwhd that this technique was still limited by the
bond strength of the overlay under fatigue loadifwgure studies will focus on improved
fabrication techniques to address this problem.

Crack propagation studies were performed both owlibg specimens and is tension
specimens consisting of a steel plate with a cdmals. The latter type of specimen was chosen
to investigate the possible use of CFRP’s to refasigue cracks propagating through webs and
flanges of plate girders.

The second study using a tension plate with a $toldied two different methods of
continuous and chopped fiber. The details of tlaelcpropagation study are presented in the
second article. Specimens reinforced with contusuiiber overlays had an excellent response,
extending the fatigue-crack propagation life of slpecimens by more than 30 times.

The third study that was carried out was intendegrovide a better understanding of the
factors that affect the bond between the CFRP aysind the steel. This study was carried out

using pull-out tests of various bond layer confagions under monotonic loading. During the
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development of the CFRP overlays, tests showedhkdimiting factor was maintaining the

bond between the composite and the steel duringcdgading. Several improvements were
made to the configuration of the bond layer to iowerthe strength under fatigue loading. One of
the most important ones was the embedment of a tdy®eather cloth within the bonding

layer, which led to large improvements in fatigiie.The pull-out tests were carried out to gain
a better understanding of the reasons that maderdagher cloth improve the performance of
the bond layer under cyclic loading. Another intpat finding of this study is related to the
importance of using breather cloth in resin laydrdifferent thickness. It was found that if the
bond layer was thin, the bond strength was notittemso the embedment of the breather cloth.
However, if the bond layer was thick enough, speciswith breather cloth developed bond

strengths 26% higher than those without breattweh cl



USE OF CFRP OVERLAYS TO STRENGTHEN WELDED CONNECTIO NS UNDER

FATIGUE LOADING

Abstract

In study, the performance of various methods tovgme and repair fatigue damage in
welded connections was evaluated. Fatigue is armaguproblem that affects a significant
number of steel bridges in the National inventoResults from experimental tests and analytical
simulations of specimens with welded connectionafeeced with carbon fiber reinforced
polymer (CFRP) overlays and loaded in three-poiehding are presented. Some of the
specimens were reinforced with prefabricated maijtered CFRP overlays, while others were
reinforced with sprayed CFRP overlays. Specimen wested under cyclic loading to evaluate
the fatigue-crack initiation life of the welded cwttions reinforced with CFRP overlays.
Experimental results were compared with resultsnfreimilar specimens treated using other
technigues to strengthen welded connections, natditgsonic Impact Treatment (UIT) and
weld surface smoothing. Test results showed thawdond between the CFRP overlay and the
steel was maintained, the reduction in stress ddmaas sufficient to extend the fatigue life of
the welded connections from AASHTO category E penfnce to the infinite fatigue life range.

It was found that bond was critical to the perfonee of this repair technique, and
additional fatigue tests were performed to evaltlagefatigue life of the interface layer used to
attach the CFRP overlays to the steel. Test reshltsved that the fatigue strength of the bond

layer was drastically improved by introducing brestcloth material within the interface layer.



Introduction

A significant number of studies have been performeaktly in the aerospace field, to
investigate the use of Fiber Reinforced PolymeRHJto repair metal plates with fully
developed fatigue cracks (Sabelkin et al. 2007uBbb et al. 1999; Tavakkolizadeh et al. 2003).
In most instances discussed in the literature episting cracks or notches are covered with one
or a few layers of composite sheets to effectivetuce the rate of crack growth. There are very
few studies (Nakamura et al. 2009) investigatiregube of composite materials to repair or
strengthen welded connections. Because weldedections are very common in existing
bridge structures, and because the implementaficgpairs in this type of connections is often
challenging due to limitations imposed by complermetry, the use of composite materials
presents a new alternative that significantly exigathe tools available to bridge engineers.

In terms of linear elastic fracture mechanics tiietirere are essentially three alternatives
to improve fatigue life, if material properties raim the same (Barsom et al. 1999): to reduce the
initial flaw size, to reduce the stress rangepdntuce a residual stress field that will causge th
area subjected to fatigue loading to be in comoass

Repair methods such as laser peening and ult@sopact treatment improve
fatigue life by reducing the initial flaw size amdroducing a residual stress field. Other repair
techniques, such as bolting, and attachment of fdaaforced polymer (FRP) overlays increase
fatigue life by reducing the stress demand. Theeemany examples in the literature that show
the effectiveness of FRP materials when used tairegisting notches or cracks. For example,
(Tavakkolizadeh et al. 2003) concluded that theaigeRP sheets to repair notched beam

flanges led to significant improvements in fatidiie. Because FRP repairs work by reducing



the stress range experienced in the metal suhdtinegenethod should be effective before and

after crack initiation, so long as bond betweenRR® and the underlying metal is maintained.

Background

Several studies conducted in the past (Nakamuah 2009; Tavakkolizadeh et al. 2003),
including recent experimental work performed atltmversity of Kansas on welded steel
connections (Kaan et al. 2008), show that bondiRB Bheets or overlays can be a very effective
technigue to improve fatigue-crack initiation lded fatigue-crack propagation life in steel
bridge components. This study focuses on the reparelded cover plate connections that have
thick cover plates, which are known to be vulnegablfatigue damage (Albrecht et al. 2007),
using prefabricated Carbon Fiber Reinforced Polyf@&RP) overlays. This particular type of
connection was chosen because its geometry falsnithe worst fatigue category in the
AASHTO LRFD Bridge Design Specification (2004), €gory E’, and consequently allows for
the evaluation of strengthening techniques thaigoabout large increases in fatigue life.

A thorough review of experimental work carried twtharacterize the fatigue
performance of welded cover plates in steel beamkiding several retrofit techniques, is
presented by (Albrecht et al. 2007). Experimedé&h presented in this review showed that
three techniques: end bolting, splicing, and bog@ithe cover plates with an epoxy adhesive,
resulted in large increases in fatigue life, pughhe beams to the infinite fatigue life range.

The present study is a continuation of studiesexdaut by (Vilhauer 2007), (Petri 2008)
and (Kaan et al. 2008), evaluating the performaricgrious repair and retrofit measures for

welded connections. (Vilhauer 2007) tested 17 ste&led cover plate specimens (Fig. 1) to



investigate the performance of several fatiguengtifeening methods. The specimens used in
that study each consisted of two steel plates adadall-around with an 8-mm (0.313-in.)
shielded metal arc (SMAW) fillet weld. One of thlates had dimensions of 1270 mm x 114
mm X 25.4 mm (50 in. x 4.5 in. x 1.0 in.), whileetbther had dimensions of 660 mm x 76.2 mm
x 25.4 mm (26 in. x 3.0 in. x 1.0 in.) Both platesre Grade A36 steel. The specimen was
supported in the vertical direction at a distanicééomm (3.0 in.) from both edges of the larger
plate. (Vilhauer 2007) evaluated three differemigize strengthening methods: ultrasonic impact
treatment (UIT), a post-installed fully-tensionedistural high-strength bolt, and a combination
of the two techniques. Vilhauer (2007) found thagcimens in which the welds were treated
with UIT were able to reach infinite fatigue lifehen tested at a stress range of 138 MPa (20
ksi).

(Kaan et al. 2008) studied the use of CFRP oveflayscreasing fatigue crack initiation
life. Kaan (2008) conducted experiments with tuftedent types of prefabricated overlays:
Type | and Type Il. Type | overlays were fabrichby placing successive layers of bidirectional
woven carbon-fiber ply until the desired geometasvachieved. Type Il overlays were
developed to obtain greater consolidation and umiy than achieved in Type | overlay
elements. Type Il overlays were comprised of 3&spbf bidirectional woven carbon fiber plies
(pre-impregnated with cyanamide-123 resin) and fidiess of boron fiber, and were more
uniform and more highly consolidated than Typeéntays. In testing that utilized Type |
overlays, fatigue failure occurred through the cosif@ material, instead of the bond layer or the
welded connection.

Four fatigue tests were conducted by Kaan (200@pukype 1l CFRP overlays, and the

results are presented in Table 1. Although thgdatcrack initiation life of the steel substrate
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increased, repeated bond failures between the GiRRBhe steel occurred. When debonding of
the overlay occurred, the specimen was subjectétitue cycles in the unreinforced
configuration until debonding was noticed througspection; in these cases, the CFRP overlay
was reattached to the steel specimen after subseigpgpection for cracks.

Table 1 : Experimental results of three point bendig performed by Kaan (2008) and

Vilhauer (2007)

a) g @ @ ..
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CFRP TRI02 137.9 (20) 0.76 (0.03) 460,000 460,000 275,000 1  Kaan (2008)

CFRP TRI06 137.9 (20)1.65 (0.065) 2,157,500 N/A 431,500 5  Kaan (2008)
CFRP TRI04 137.9 (20)3.18 (0.125) 1,359,600 1,332,000 226,600 6  Kaan (2008)
CFRP TRI05 137.9 (20) 6.35 (0.25) 1,205,000 N/A 1,205,0001  Kaan (2008)

None Cntrl_03 137.9 (20) 500,000 Vilhauer (2007)
None Cntrl_05 137.9 (20) 350,000 Vilhauer (2007)
UIT Uit 02 137.9 (20) 5,000,000 Vilhauer (2007)

After multiple debonding failures, the steel suatgrwas subjected to a significant
number of load cycles in the unreinforced configjorg placing it at greater risk for developing
a fatigue crack. For this reason, these testdgeaneaningful information about the fatigue life
of the bond layer under the various configuratitiveg were tested and also show that use of the
overlays leads to an increase in the fatigue-ciaitition life of the welded connection;
however, the tests do not present an appropriassune of the magnitude of the increase in
fatigue life of the welded connection if bond betweéhe CFRP overlay and the steel substrate is

maintained throughout the test.



The two main conclusions from the tests performg(aan et al. 2008) were that the
use of CFRP overlays led to an increase in fatigraek initiation life of the welded connection,
and that maintaining the bond between the CFRRIandteel substrate was a critical factor to

achieving the largest possible increase in fatigaek initiation life.
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[50in.] /‘ vl
1 ]

—

e T ) r
76mmT 229mm L 660mm L 229mm 76mm
[3in.]7 [9in.] 1 [26in.] 7 [9in.] T Bin]?
(a)
76mm |, 74mm 152mm \/ 152mm \/ 361mm \/ 152mm \/ 152mm 74mm | 76mm
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(b)

Figure 1 : Three point bending specimens: (a) Withat CFRP retrofit (Vilhauer 2007); (b)

With CFRP retrofit applied (Kaan 2008)

Objective

The primary objective of this study was to inveategthe effectiveness of CFRP overlays
as a fatigue strengthening method (attaching oygiafore crack initiation) for welded
connections, and to compare its effectivenessabahother methods used to strengthen welded
connections. A second objective was to deterntieeetfectiveness of CFRP overlays in
reducing fatigue crack propagation rate when usea r@pair method (attaching overlays after

crack initiation).



To meet both objectives, three point bending weldmcbr plate specimens were tested in
fatigue under a constant stress range. Pre-fabdc@FRP overlays were bonded to the ends of
the cover plates both prior to loading and aftégtee cracks were observed in the welds.

Finite element analyses were performed to gairttetenderstanding of the stress field
in the region surrounding the weld toe, and howstiness range demand is affected by the

configuration and geometric characteristics ofdterlay.

Finite Element Simulations

The stress distribution in specimens tested byh@tier 2007) and (Kaan et al. 2008) was
studied by (Petri 2008) with 3D analyses performsihg the finite element software ABAQUS
V.6.8 (Simulia 2008). Models were created usimgdir elastic material models for the steel and
composite materials, and a mesh consisting of 2i&fwick elements. The analyses showed that
attaching CFRP overlays to a welded steel covee mannection would result in a significant
reduction of peak stress at the toe of weld, whiels consistent with the increase in fatigue life
observed experimentally by Kaan (2008).

Deflected shapes and computed maximum principass#s under the peak load from the
various computational models analyzed by Petrshoavn in Fig. 2. The stress fields show that
the composite doublers are effective in reducirghigh stress gradients that occur at the weld
toe of the unreinforced specimen, and in distrigithose stresses over a much greater area.
Examination of Fig. 2 also shows that the edgdef@FRP overlay has a high stress demand,
and that this point is of critical importance toimain the bond between the FRP overlay and the

substrate steel.

10



Figure 2 : Elevation view showing maximum principalstress: (a) control specimen; (b)
specimen with smooth-shaped composite overlay; (short rectilinear composite overlay; (d)

rectilinear composite overlay; (e) long rectilinearcomposite overlay

Additional finite element simulations were condutctes a part of this study. 2D finite
element models were developed in ABAQUS v.6.8.tn(fia 2008) using linear elastic material

properties and 4-noded plane strain elements. Then@del captured a 25 mm (1.0 in.) mid-

11



width strip of the specimen. Twenty different misderere analyzed to provide the basis for a

parametric study. Parameters investigated inclutiedgeometric profile of the overlay, its

length, thickness (Fig. 3), modulus of elasticifyttee CFRP, thickness of the resin layer used to

attach the CFRP overlay to the steel surface, lmagitesence of an unbonded region (gap) in the

direct vicinity of the weld. The different geometprofile parameters that were investigated are

shown in Fig. 3.
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Figure 3 : Different configuration of CFRP overlayevaluated in the analytical model

The parametric study was intended to determin@ptienum configuration of the CFRP

overlay and to investigate how effective the owedauld be expected to be in decreasing the

peak stress demand at the weld toe. Computed stedds in the vicinity of the weld for the

unreinforced and reinforced (Fig. 3b) configurasi@me presented in Fig. 4. The 2D simulation

results were consistent with those obtained byi E2208) in that addition of the overlay resulted

in a significant reduction in the peak stress dehatrthe weld toe (on the order of 80% for the
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overlay configuration shown in Fig 3d). These siatioin results were also consistent with the
increments in fatigue life increase observed byrKetaal. (2008).

The suite of Finite Element simulations performedhis study evaluated the effect of the
following parameters: geometric configuration of thverlay, thickness of the interface bond
layer, and the modulus of elasticity of the comfmosi

The 2D simulations showed that the geometric prafflthe CFRP overlay did not have a
significant effect on the calculated stress densrttie weld toe, whereas the presence of a gap
between the weld and the CFRP overlay did havdabteeffect. This is illustrated in Figs. 5
and 6, which present the computed longitudinakstedong a path on the surface of the bottom
steel plate. The observed trends in the calculategltudinal stress and the maximum principal
stress were similar in nature, so the directiotraks presented in the figures was chosen on the

basis of clarity.

S, Max. Principal S, Max. Principal
(Avg: 75%) (Avg: 75%)
+8.500e+01 +8.500e+01
+7.708e+01 +7.708e+01
+6.917e+01 +6.917e+01
+6.125e+01 +6.125e+01
+5.333e+01 +5.333e+01
+4.542e+01 ¥ +4.542e+01
+3.750e+01 +3.750e+01
+2.958e+01 +2.958e+01
+2.167e+01 3 +2.167e+01
+1.375e+01 +1.375e+01
+ +5.833e+00 +5.833e+00
-2.083e+00 -2.083e+00
-1.000e+01 -1.000e+01

Figure 4 : Elevation view showing maximum principalstress: (a) control specimen; (b)

specimen with smooth-shaped composite overlay.
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In Figs. 5 and 6, the spike in stress observeddistance of approximately 298
mm (11.8) in. from the edge of the specimen cowedp to the location of the toe of the weld,
while the back of the weld was located at approxéhye8307 mm (12.1 in.) from the edge of the
specimen.

Figure 5 shows that a curved and a rectilinear EBfRerlay configuration were
equally effective in reducing the peak stress deharhe toe of the weld. Figure 6 shows that
the most effective retrofit scheme involved bonding overlay up to the location of the weld,
which resulted in a reduction on the peak stressatiel at the weld toe on the order of 80%.
When the analysis was performed leaving a gaptheaweld toe (configuration shown in Fig.
3d) the reduction in peak stress demand at the tweldvas still very significant, on the order of

60%, but the efficiency of the repair was diminighe
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Figure 5 : Effect of composite overlay shape on Igitudinal stresses in the area of the weld
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Figure 6 : Effect of composite overlay shape on Igitudinal stresses in the area of the weld

The analyses showed that within the evaluated rahgalues, other parameters related
to the shape of the CFRP overlay, such as lengthrenthickness of the overlay, did not
significantly affect stress demand at the toe efuield.

Of the remaining parameters, the modulus of eligtod the composite and the thickness
of the interface bond layer had the most signifiedfect on the stress demand at the weld toe.
The effect of the modulus of elasticity of the CF&FRrlay is illustrated in Fig. 7. A reference
value of 26.6 GPa (3,860 ksi) was adopted forntbeulus of elasticity based on experimental
measurements performed on the composite materdltosfabricate the overlays used in this

study. A suite of FE analyses were performed irclwvkthe CFRP modulus of elasticity ranged
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between 60% of the reference value (16 GPa [2,31][bd&nd 400% of the reference value (106
GPa [15,430 ksi]). Results presented in Fig. A@ar¢he overlay configuration shown in Fig. 3b.
Figure 7 shows that increasing the modulus of ieiasbf the CFRP overlay results in
diminishing returns. These results suggest thefbpricating the overlay to achieve higher fiber
contents leads to a greater increase in fatigaefithe welded connection, and also suggest that,
for the analyzed overlay configurations, payingengum for very stiff fibers may not bring
about a meaningful increase in fatigue life beytrat achievable with conventional fibers.

The effect of the thickness of the interface lagellustrated in Fig. 8, which shows that
explicitly modeling the flexibility of the interfaclayer resulted in a lower stress demand at the
weld toe. When the interface layer was modelextegsing the thickness of the overlay resulted
in a slight increase in the peak stress demartteaveld toe. This indicates that a thicker
interface layer is less effective in reducing tlealpstress demand at the weld toe than a thinner
interface layer. However, the analyses also shaha&idpeak shear and peel stress demands at
the interface between the composite and the boma &xhibited the opposite trend. Fig. 9
shows that as the thickness of the interface deete@vhich reduces the calculated stress
demand at the weld toe), both the calculated pkea#irsand peel stress demands increased,

which can be expected to have a detrimental effediond strength under cyclic loading.

16



200

150

100

Max. Stress (MPa)

50

(ksi)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
1 1 1 1 1 L 1 1 30.0
'.. Maximum von mises - 25.0
\ .'. e e e e e Maximum principal stress | |
\ .', «= «= | ongitudinal stress - 20.0
- 15.0
- 10.0
- 5.0
0.0
0.0 20.0 40.0 60.0 80.0 100.0 120.0
E (GPa)

(ksi)

Figure 7 : Effect of composite overlay stiffness omaximum stress demand at the wed toe

(in)

0.00 0.02 0.04 0.06 0.08 0.10
600 : : : ; 90.0

= 5 - 80.0
a A —&—Composite Overlay, Bond
= 500 Layer Modeled - 70.0
ﬁ 400 ® Composite Overlay, Bond - 60.0
& Layer not Modeled 00
—= - 50.
.g 300 A Without Composite Overlay 00
S e :
DE- 200 - 30.0
2 el - 20.0
S 100 -{e=—
< - 10.0

0 . . . 0.0

0.00 0.50 1.00 1.50 2.00 2.50

Bond Layer Thickness (mm)

(ksi)

Figure 8 : Maximum principal stress on the steel @te in the vicinity of the weld overlay

stiffness on maximum stress demand at the weld toe

17




(in)
0.00 0.02 0.04 0.06 0.08 0.10
: : : : 10.00
60.0 1 [ 9:00
;ct_? XShear Stress | | 8.00
< 50.0 mPeel Stress [ | 7.00
% 40.0 - 6.00 _
§ - 500 2
” 30.0 - 4.00
) X
(&)
= 20.0 u - 3.00
n
% 100 W 2.00
g x )I( 1.00
0.0 . — 0.00
0.00 0.50 1.00 1.50 2.00 2.50
Bond Layer Thickness (mm)

Figure 9 : Maximum stress demand at the interface étween the composite and the bond

layer

Experimental Analysis

The experimental program consisted of a seriesetd&d cover plate specimens loaded
in three point bending and subjected to cyclic ingdinder a constant stress range (Fig. 1). The
three point bending specimens were comprised ofptates with identical dimensions as those
studied by Vilhauer (2007) and Kaan et al. (2088} previously described. The specimens
were restrained from vertical motion at points 7 3.0 in.) from the edges of the larger plate.
The smaller plate was attached to the larger plittea continuous 7.9 mmi/(s in.) fillet weld
all around the perimeter of the smaller plate.

The experimental matrix is summarized in TableA2.shown, three different types of
treatments were utilized, including three differgqies of composite overlays. To establish a

frame of reference based on the type of geomestodtinuity, the welded connection between
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the two plates was classified as an AASHTO Categbddetail (AASHTO 2004). According to
the AASHTO design curves, the nominal stress rdoga Category E' detail should be
maintained below 31.0 MPa (4.50 ksi) in the aretnefweld to ensure that cracking will not
initiate under fatigue loading. Loads were sel@t¢teachieve a high stress range of 138 MPa
(20.0 ksi)at the transverse welds, at the location of thelwe#s. The ratio of maximum to
minimum load was selected Bs= 0.10. The maximum load was 17.1 kN (3.84 kips) the
minimum load was 1.70 kN (0.38 kips).

Three specimens were strengthened with prefabdaoatéti-layered CFRP overlays, and
were designated TRI 04, TRI 06, and TRI 07. Miayiered CFRP overlays were prefabricated
following the same procedure used by Kaan (2008Y ype Il overlays. The dimensions of
CFRP overlay were 300 mm x 76 mm x 38 mm (12 i8.&in. x 1.5 in). The shape of CFRP
was curved in profile, without leaving any gap be¢w weld and the CFRP (Fig. 3b). Breather
cloth approximately 2.4 mm (0.09 in.) thick was eated within the resin layer to improve
bond behavior under cyclic loading.

Of the three specimens treated with muli-layere@®E©Bverlays, two (TRI 06 and TRI
07) were intended to study the effectiveness of EBRerlays for preventing fatigue damage in
the area near the weld toe. The remaining spec{ifith04) was used to investigate the
effectiveness of the CFRP overlays to repair a eotion with a pre-existing fatigue crack in the
weld. One of the uncracked specimens (TRI 07)rieackr been loaded before, while the other
two specimens (TRI 04 and TRI 06) had already lsedected to fatigue loading by Kaan
(2008).

In addition to the specimens described above, tspeeimens were treated with chopped

fiber overlays. The chopped fiber overlays wergitatbed using an external mixing spray
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machine (a non-atomized resin LEL chopper systemnoercialized by BINKS). The spray
machine utilized a vinyl ester resin with Norox ME#025 catalyst and graphite fiber yarn.

Prior to spraying the composite material, the sierfaf the steel substrate was abraded using an
angle grinder and cleaned with acetone and isopedpghol. After cleaning, the fiber-resin mix
was sprayed in layers approximately 3.2 mm (0.2)3tivick and compacted using a hand tool
until the outer shape of the composite overlay swaslar to that of the multi-layered CFRP
overlay (Fig. 3b). The specimen was cured at reemperature for two days, after which the
remnant resin was cleaned from the steel substhatihe specimen designated CHP 2, a
breather cloth layer was placed on the surfachesbteel and saturated with resin before
spraying the combined resin-chopped graphite filigr In the specimen designated CHP 3, the
breather cloth was soaked with Hysol® resin an@ddor two hours at room temperature before
a resin-chopped glass fiber mix was sprayed.

Table 2 : Experimental matrix

Specimen ID Stress RangeThickness of Treatment Type Fiber Type
MPa (ksi) Bond Layer with
Breather Cloth

mm (in.)

TRI 04 138 (20) 6.4 (0.25) CFRP Overlay Carbon
TRI 06 138 (20) 6.4 (0.25) CFRP Overlay Carbon
TRI 07 138 (20) 3.2 (0.125) CFRP Overlay Carbon
CHP1 138 (20) None Chopped Fiber Carbon
CHP2 138 (20) 6.4 (0.25) Chopped Fiber Carbon
CHP3 138 (20) 6.4 (0.25) Chopped Fiber Glass
GRND 1 193 (28) Smoothed Weld

GRND 2 193 (28) Smoothed Weld

GRND 3 193 (28) Smoothed Weld

GRND 4 193 (28) Smoothed Weld

Control (TRI 08) 138 (20)
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Table 3 : Material test results

CFRP
Number of Layers Number of Avg Modulus of Elasticity Standard Deviation
in Coupon Coupons GPa (ksi) GPa (ksi)
1 3 85.8 (12,438) 10.0 (1,445)
3 4 75.3 (10,926) 10.9 (1,581)
5 3 61.7 (8,944) 0.3 (42)

9412 Hysol® Resin

Coupon Thickness
mm (in.)
6.4 (0.25) 6 2.1 (303) 0.2 (25)

Chopped fiber (Carbon Fiber)

Coupon Thickness

mm (in.)
4.8 (0.19) 7 14.1 (2,052) 6 (866)
Chopped fiber (Glass Fiber)
Coupon Thickness 5 7.2 (1044) 0.5 (77)
mm (in.) ' '

All other specimens tested were not treated withpasite overlays. An additional
control test (TRI 8) was performed to complemestdhta set developed by Vilhauer (2007) on
identical specimens (Table 1). The remaining spens without overlays (GRND 1 through
GRND 4) were treated by smoothing out the roughoé#ise surface of the welds using an angle
grinder. When the smoothing process was finistiexlsurface of the weld was approximately
flat, and formed an angle of approximately 45 degneith respect to the surface of both plates.
After grinding, the surface of the weld was cleandith a steel brush to ensure imperfections
from the welding process had been removed. Thisgs®was repeated until no imperfections

were visible. The two goals of the weld treatmentevo ensure that there was a smooth
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transition between the weld and the plate at thd Yo, and to significantly reduce the initial
size of the weld flaws created during the weldingcpss.

Measured material properties are presented in Tabl@oupon tests performed in
accordance with ASTM 3039/D 3039M (ASTM 2000) fremgle-layered specimens showed
that the modulus of elasticity of the CFRP was apipnately 83 GPa (12,000 ksi). The modulus
of elasticity of the 9412 Hysol® resin and of thepped fiber composite were also measured
using coupon tests (Table 3) as prescribed by ASUBB/D 3039M (ASTM 2000). The
measured modulus of elasticity of the resin wasGPa (300 ksi).

The stress-strain relationship for the steel isg@méed in Fig. 10. The yield strength of

the steel was found to be 300 MPa (43 ksi), andehsile strength was 490 MPa (70.9 ksi).
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Figure 10 : Stress strain curve for the steel

22



Pull-out Tests

As shown in Table 2, five out of the six specimarated with composite overlays were
fabricated to have breather cloth in the interfieesen layer between the steel and the composite.
The effects of using breather cloth were furthgestigated through a series of pull-out tests
carried out to complement the fatigue experimegmtagram. The breather cloth used in this
study was white polyester fiber mesh with the apm®ee of felt fabric. Two different types of
pull-out tests were performed. The first test gatlas comprised of a CFRP overlay and a steel
plate similar to the configuration used in the éapmint bending fatigue tests.

25mm |, |, |, 25mm

[Lin17 7 7 [tin]

%
le)
©_© ©
102mm
[4in.]

Steel Plate
Bond Layer
Composite Doubler

b) A-A Section

Figure 11 : Pull-out test fixture (a,b) pull-out test procedure (c)

The pull-out test fixture consisted of a steel@haith dimension of 38 mm x 100 mm X
13 mm (1.5in. x 4.0 in. x 0.50 in.) and a 25 mrardeter (1.0 in.) hole located 25 mm (1.0 in.)
from the center of the fixture (Fig. 11a). Thetplevas bolted to a steel box and the load was
applied to the CFRP with a pin that was pusheduiiinahe 25 mm-diameter (1.0 in.) hole with

a load frame (Fig. 4c). The observed mode of faibbserved in these tests was delamination of
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the CFRP overlay, instead of failure in the bongkta For this reason, all subsequent tests were
performed using a second steel plate instead offFC#Rrlay, so that bond strength
characteristics could be ascertained directly.s Becond steel plate had a dimension of 178 mm
x 95.3 mm x 12.7 mm (7.00 in. x 3.75 in. x 0.5Q.ifhe experimental matrix and results from

the second series of pull-out tests are summanzédble 4.

Table 4 : Pull-outtestresults

Number of tests Thickness of resin layer Breather Cloth (y/n) Avg. Peel Stress

mm (in.) (MPa [psi])
2 1.6 (0.0625) n 4.62 (669.4)
2 1.6 (0.0625) y 4.56 (661)
3 3.2 (0.125) n 3.16 (458)
3 3.2 (0.125) y 3.70 (536)
2 6.4 (0.25) n 2.23 (323)
2 6.4 (0.25) y 2.81 (408)

Results from Three-point Bending Specimens under Rigue Loading

There were two distinct modes of fatigue failurs@ived in the tests carried out by
Vilhauer (2007), Kaan (2008) and those performepaasof this study: fatigue failure of the
bond layer between the composite and the steeliadigdie failure of the welded connection. For
this reason the results are interpreted in termwofdifferent types of fatigue tests, those raelate
to the fatigue life of the bond layer (Table 5)dahose related to the fatigue life of the welded

connection (Table 6).

Fatigue Strength of the Bond Layer
The study by Kaan (2008) showed that compositelaygican effectively prevent fatigue
failure of the welded connection, but to do sa@s issential to avoid failure of the bond layer due

to fatigue. The effect of various bonding techni&joe the fatigue strength of the bond layer are
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shown in Fig. 12, and test results are summarizethble 5. Designations for the experiments
carried with multi-layered CFRP overlays were definn terms of the thickness of the bond
layer because overlays were reattached to the sawer plate specimen multiple times.
Specimens without breather cloth (tested by Ka®08) are designated by the letter C, those
with breather cloth (tested as part of this stuatg) designated BC, and the three specimens with
chopped fiver overlays (also tested as part of shugly) are designated by the letters CHP. The
number in the designation of specimens with malelred overlays represents the thickness of
the bond layer in units of ix 10",

The results show that all specimens with multi-tageoverlays that were bonded using
breather cloth achieved run-out at a very highsstianges without failure of the bond layer.
This is in direct contrast to the tests carried loytKaan (2008) without breather cloth. For
example, a fatigue test reported by Kaan (2008jopmed on a steel specimen with CFRP
bonded to it without breather cloth cycled 1.33lionl cycles before crack initiation; however,
the CFRP doubler debonded six times during the t&sch time a debonding occurred, the
CFRP overlay was completely removed from the speciand rebonded. The thickness of the
resin layer was 3.2 mni/§ in.). Fatigue tests performed utilizing breathiettt embedded in the
resin bond layer of the same thickness (3.2 gir.]) sustained 3.3 million cycles without any
observed debonding between the CFRP and steek Afemillion cycles, the CFRP overlay

was removed, and the steel substrate was inspistechcks. No cracks were discovered.
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Figure 12: Fatigue Life of Bond Layer for various Bonding Techniques

In specimens without breather cloth the averatigua life of the bond layer with
a thickness of 1.6 mm (0.06 in.) was 431,000 cyaidsle the average fatigue life for bond
layers with a thickness of 3.18 mm (0.13 in.) w&6,250 cycles. The coefficients of variation
were 0.51 and 0.75, respectively. The scatterefélsults can be appreciated in Fig. 12. The fact
that the trend opposes the results from the Fielgenent Analysis was indicative that fabrication
problems induced significant variability in the uéis and severely affected the fatigue life of the

bond layer.
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Table 5 : Fatigue Life of bond layer for various bading techniques

Stress
Test Range, Mpa Resin Layer Number of Cycles to
Designation (ksi) Thickness, mm (in.) Bond Failure
C0030-01 137.9 (20) 0.762 (0.0300) 275,000
C0030-02 137.9 (20) 0.762 (0.0300) 900,000
C0125-01 137.9 (20) 3.175 (0.1250) 529,800
C0125-02 137.9 (20) 3.175 (0.1250) 255,750
C0125-03 137.9 (20) 3.175 (0.1250) 134,150
C0125-04 137.9 (20) 3.175 (0.1250) 71,150
C0125-05 137.9 (20) 3.175 (0.1250) 204,500
C0125-06 137.9 (20) 3.175 (0.1250) 1,125,300*
CP0125-01 137.9 (20) 3.175 (0.1250) 1,060,950*
CP0125-02 137.9 (20) 3.175 (0.1250) 722,000*
CPB0250-03  137.9 (20) 6.350 (0.2500) 1,318,900*
CPB0250-04  137.9 (20) 6.350 (0.2500) 1,318,900*
CPB0250-05  137.9 (20) 6.350 (0.2500) 1,547,850*
CPB0250-06  137.9 (20) 6.350 (0.2500) 1,547,850*
CP0065-01 137.9 (20) 1.588 (0.0625) 279,750
CP0065-02 137.9 (20) 1.588 (0.0625) 283,900
CP0065-03 137.9 (20) 1.588 (0.0625) 802,900
CP0065-04 137.9 (20) 1.588 (0.0625) 153,706
CP0065-05 137.9 (20) 1.588 (0.0625) 637,846
CPB0250-07  137.9 (20) 6.350 (0.2500) 1,550,450*
CPB0250-08  137.9 (20) 6.350 (0.2500) 1,550,450*
CPB0250-01  137.9 (20) 6.350 (0.2500) 1,205,315
CPB0250-02  137.9 (20) 6.350 (0.2500) 1,634,756*
CPB0125-01  137.9 (20) 3.175 (0.1250) 1,725,900*
CPB0125-02  137.9 (20) 3.175 (0.1250) 1,725,900*
CPB0125-03  137.9 (20) 3.175 (0.1250) 1,564,300*
CPB0125-04  137.9 (20) 3.175 (0.1250) 1,564,300*

*Test was stopped without observed debonding after number of cycles exceeded infinite

fatiguelife

Of the three specimens reinforced with choppeerfdverlays, the best results

were obtained with test CHP2, in which a layer ifather cloth was first saturated with the
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same resin used in the chopped fiber compositelaa@dsprayed with the resin-fiber mix. Test
CHP1, in which the chopped fiber mix was sprayeddatly on the steel surface, had very weak
bond strength under fatigue loading. This was #isacase for test CHP3, in which a layer of
Hysol® with embedded breather cloth was adhergldasteel prior to spraying with the resin-
fiber mix. In this case, failure occurred at theerface between the Hysol® and the sprayed

fiber composite.

Fatigue Crack Initiation Life of the Welded Connections

The tests performed with breather cloth in the blaygr showed that by implementing
this fabrication technique the bond layer couldied run-out under very high applied stress
range. Having addressed the bond problem undegufatioading, the remaining research
problem was whether the reduction in stress denaffiodded by the composite overlays would
be sufficient to extend the fatigue life of the ded connections to the infinite range, as
suggested by the results from the Finite Elemenalysis. To address this question, two
specimens were strengthened with CFRP overlayg usieather cloth within the resin layer.
The first, designated as TRI 06 in Tables 2 ankla@l, been previously loaded with 2.1M cycles
without developing observable fatigue cracks (K&4&98). Testing conducted during the initial
2.1M cycles included a resin layer 1.6 mm (0.063timck, without breather cloth. Subsequent
testing performed on TRI 06 used a resin layerrém (0.25 in.) thick with breather cloth
embedded within the bond layer. The specimen watedeunder fatigue loading with the same
protocol described in Kaan (2008). After 1.55Mlegc the test was stopped, and the composite

overlay removed to inspect the weld for crack atitin. No cracks were observed.
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The second specimen, designated TRI 07, was tre@atech CFRP overlay and breather
cloth and had not been loaded prior to this stud@iige thickness of the resin layer was 3.2 mm
(0.13 in.) and it had embedded breather cloth. s Bgecimen was subjected to the fatigue
loading protocol for a total of 3.29M cycles. Aftirst 1.50M cycles, the test was paused and
the overlays were removed to inspect for fatiguecks. After inspection, the overlays were
reattached and the specimen loaded until a tote8.28M cycles were reached. The final
inspection showed that the specimen had not desdlapy detectable fatigue cracks.

To gage the effectiveness of the CFRP overlay répahnique, results from specimens
reinforced with composite overlays were compareith wnprovements in fatigue life associated
with other repair techniques evaluated using thmesdype of specimens. Results are
summarized in Table 6 and presented in Fig. 13eci@pens that were treated by smoothing of
the welds are designated GRND, specimens in whehwelds were treated with UIT are

designated UIT, and control specimens are desidr@ner|.
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Table 6 : Experimental results of three point bendig tests

5 0 o D g = ‘E 0 — 2 c S
S0 g2 Egs 83 c8%2 g
2~ BEL SZF EG 2386% 2
TRI 02 137.9 (20.0) 0.76 (0.03) 900,000 N/A
TRIO4  137.9(20.0) 3.18(0.13) 4,918,550 N/A
TRIO5  137.9(20.0) 6.35(0.25) 1,634,756 NJ/A
TRIO5  137.9(20.0) 6.35(0.25) 1,634,756 NJ/A
TRIO6  137.9(20.0) 1.59 (0.06) 3,105,106 N/A
TRIO6  137.9(20.0) 1.59 (0.06) 3,105,106 N/A
TRIO7  137.9(20.0) 3.18(0.13) 3,290,200 N/A
TRIO7  137.9(20.0) 3.18(0.13) 3,290,200 N/A
TRIO8  137.9 (20.0) 355,450
GRND1 193.1(28.0) 391,000
GRND 2 193.1 (28.0) 1,200,000
GRND 3  193.1 (28.0) 950,000
GRND 4 193.1 (28.0) 600,000
UIT02  193.1(28.0) 1,300,000  Vilhauer (2007)
UIT03  193.1(28.0) 2,100,000  Vilhauer (2007)
UITO1  137.9 (20.0) 5,000,000 N/A  Vilhauer (2007)
Cntrl_ 05 193.1 (28.0) 80,000  Vilhauer (2007)
Cntrl_06 193.1 (28.0) 50,000  Vilhauer (2007)
Cntl_04 137.9 (20.0) 350,000  Vilhauer (2007)

On average, control specimens tested at a strege td 193 MPa (28 ksi) had a fatigue-
crack initiation life of 65,000 cycles. Specimenghwsmoothed welds tested at the same stress
range had an average fatigue life of 785,250 cywiéis a coefficient of variation of 0.46. This
weld treatment technique resulted in a very sigaiit increase in fatigue life, on average raising
the fatigue performance from that consistent with”AASHTO Category E to that consistent

with an AASHTO Category B. However, it should heed that if the same statistical approach
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used to derive the ASHTO fatigue design curves is followed, the higiri@nce of the resul

would lead to a much more modest incren fatigue category.
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Figure 13 : Fatigue Life of Welded Connections for Various Types oTreatments

Figure 13shows that treating the specimens with composi&lays or treating the we
with Ultrasonic Impact Treatment wereually effective, extendindatigue life torun-out in

both instances.

31



Fatigue-Crack Propagation Life of the Welded Connections with CFRP

Overlays

One of the specimens, designated TRI 04, was queky tested by Kaan (2008)
and developed a fatigue crack after 1.36M cycléss $pecimen was repaired with CFRP
overlays with breather cloth embedded in the riesiar. The fatigue crack, detected using dye
penetrant after testing by Kaan (2008), was apprately 1.6 mm (0.0625 in.) long. This pre-
cracked specimen was reinforced with CFRP ovematfsa 6.4 mm (0.25 in.) thick resin layer,
and subjected to additional fatigue loading. Afte3M cycles into the additional testing, the
CFRP overlays were removed to inspect for fatigaels. After inspection, the overlays were
reattached and the specimen loaded until a tot2l8#M cycles were reached. The final
inspection showed that the crack length had nat@ba significantly.

It is meaningful to compare experimental resulttheoretical fatigue life predictions.
Theoretical calculations of fatigue-crack propagralife were performed using two different
underlying assumptions: (1) a surface crack iméinite plate, and (2) an edge crack in a finite
plate. The theoretical model based on the assompfian edge crack in a finite plate
(Cartwright et al. 1976) captured the known thidsand known width of the steel specimen. It
assumed a semi-elliptical edge crack subjecteditxial tensile stress. These theoretical
predictions were compared with experimental measengs of crack length at a known number
of fatigue cycles after crack initiation, as preasenn Fig. 14. This theoretical calculation, lzhse
on the assumption of an edge crack in a finiteephaelded the closest match to experimental
results obtained by Vilhauer (2007) using a cordpEcimen. The experimental results obtained
by Vilhauer, taken from a specimen subjected twess range of 193 MPa (28.0 ksi), are shown

for reference in Fig. 14. Other theoretical modeét were considered (e.g. surface crack in a
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finite plate) produced results that lay betweers¢hof the surface crack in an infinite plate and

the edge crack in a finite plate. Therefore, farity, only the former and latter theoretical dtac

growth predictions are presented in Fig. 14.
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Figure 14 : Theoretical and experimental propagatia life of untreated and CFRP

retrofitted three-point bending specimens

Theoretical crack propagation rates were examine@rgous stress ranges, with the aim

of determining the actual stress range the weldathection was subjected to when CFRP

overlays were bonded to the specimens. It wasddimat the experimental crack lengths

measured in steel specimens retrofitted with CFRe&rlays (shown in Fig. 14 as diamond

symbols) were in close agreement with the theakticack growth estimates for bare steel

specimen subjected to a 34.5 MPa (5.0 ksi) steasger.  Therefore, this exercise suggests that a
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Category E' specimen with CFRP overlays bonded and tested at a stress range of 138 MPa
(20.0 ksi) may be expected to perform similarlyato identical bare steel specimen tested at a
stress range of 34.5 MPa (5.0 ksi), suggestinglacteon of 80% in the stress demand, which is

consistent with results from the Finite Element Ksas.

Pullout Test Results

As previously discussed, fatigue tests showedrafgignt improvement in bond under
fatigue loading when breather cloth was embeddeldenmesin layer. Tests to evaluate the bond
strength between the composite and the steel shthaethe use of breather cloth had a
significant effect on bond strength under monotdogdling. Specimens with a 6.4 mm (0.25 in.)
thick bond layer sustained a failure load 26% highleen breather cloth was embedded in the
bond layer than specimens without breather clatrspecimens with a 3.2 mm (0.13 in.) thick
resin layer, the increase in failure load causethbybreather cloth was 17%. For specimens
with a 1.6 mm (0.063 in.) thick resin layer, thegnéude of the failure load was not sensitive to
the presence of breather cloth. Itis likely tthegt low ratio of resin volume to breather cloth
volume in the 1.6 mm (0.063 in.) thick resin layexs the reason for lack of any effect. The
breather cloth fabric was 2.4 mm (0.094 in.) thkd when embedded in a 1.6 mm (0.063 in.)
thick resin layer it had to be compressed to reéheharget thickness, resulting in a significantly
lower ratio of resin to breather cloth volume. cliratio of resin to breather cloth volume may
have caused a weaker bond between the CFRP ahbdestaese the resin has a significantly
higher strength than the breather cloth fibergh@ugh the average peel stress observed for the
1.6 mm (0.063 in.) thick resin specimens was insgago presence of breather cloth, the

observed failure mode was affected by the embedofdireather cloth. In specimens without
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breather cloth, the mode of failure was more lerittian observed in tests with breather cloth
(Fig. 15), with the latter exhibiting a larger defation at failure and a residual strength on the

order of 30%, both of which are indicative of gezabughness

(in)
0.00 0.02 0.04 0.06 0.08

: ' : 2500
1000

N ; - 2000
z .
800 7 - :

- , : - 1500
(@) ... ' .

< 600 7’ . =
o] .° | . =

g A :

| . - 1000

400 = ' .
..o ' oooou........
5 '
200 £ - 500
= == 1/16" resin layer without breather cloth
f eeeeee 1/16" resin layer with breather cloth
0 - — 0
0.00 0.50 1.00 1.50 2.00
Position (mm)

Figure 15 : Pull-out test results of 1.6 mm (0.061.) thick resin layer with and without

breather cloth.
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Figure 16 : Comparison of voids in bond layer (a) Wh breather cloth and (b) without

breather cloth.

It is evident from the pullout and fatigue testattthe use of breather cloth addressed two
different problems related to the bond of the ClER@rlays. The first was to eliminate as much
as possible the presence of voids in the resindmak to form during the mixing process. The
use of a layer of breather cloth allowed the abljes in the resin to escape, significantly
reducing the voids left in the bond layer afteriegr(Fig. 16). The second effect of adding the
breather cloth was to prevent the propagationtifda cracks through the interface resin layer

under fatigue loading.

Conclusions

There are several techniques that may be usedtease the fatigue crack initiation life
in welded connections. Options for reducing cragdngh rate in welded connections are much
more limited, due to difficulties presented by coexpgeometry that often exists at fatigue
details. This study focused on the use of CFRPlay® to repair and strengthen welded

connections of structural steel members. It wasdothat using CFRP overlays was highly
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effective both as a preventive measure to exteadctack-initiation life of welded connections
and as a repair measure to reduce the stress demamelded connections below the crack
propagation threshold. An improvement in fatigugck initiation life of at least 10.5 times was
recorded for specimen TRI 06, and at least 10 tifoespecimen TRI 07, when compared with
the fatigue-crack initiation life of untreated dtegpecimens. Composite overlays were as
effective as other established repair methods sscbIT (ultrasonic impact treatment), which
have been shown to provide significant improvementdatigue-crack initiation life (14x,
reported in Vilhauer (2007)).

The CFRP-retrofitted pre-cracked specimen sustaameadditional total of 2.88M cycles
after crack initiation without any measurable cragkwth. This test showed that the CFRP
overlays were able to reduce the stress rangesafriical point of the welded connection below
the crack propagation threshold.

Given the relatively simple bonding techniques eyedl, it is anticipated that with the
proper level of training, this repair technique Iviie equally effective under field conditions,
although it is recognized that there are some imapobiconsiderations to be addressed before it is
practical to do so with confidence.

A study of CFRP overlays to strength welded corioestunder fatigue loading that
with impaired loading technique, the fatigue sttengf welded connections can be impaired

significantly.
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IMPROVED METHOD FOR BONDING CFRP OVERLAYS TO STEEL FOR FATIGUE

REPAIR

Abstract

Experiments and computer simulations were carngdbthe University of Kansas to
investigate the use of composite materials fongfiteening and repair of fatigue-vulnerable steel
bridges. Prefabricated CFRP overlays were attattheelded coverplate specimens using a
layer of epoxy resin. The specimens were then stdijdo three-point bending under cyclic
loading at a constant stress range. Early testseghthat bonding CFRP overlays to steel was an
effective method to reduce the stress demand asaesceptible to fatigue damage, and that this
strengthening method could lead to substantiakases in crack initiation life. Fatigue tests also
showed that maintaining the bond between the CRRRays and the steel was the most critical
factor in the effectiveness of this strengthenehhique. It was observed that the presence of a
layer of breather fabric embedded within the layfeepoxy resin was the most important
parameter affecting bond behavior under fatigudita

This paper describes monotonic and fatigue testeedsout to evaluate the effect of the
presence of breather fabric and thickness of thi@ tayer on bond strength and on the
performance of the resin layer under fatigue logdihwas found that the mode of failure of the
resin under monotonic and fatigue loading changgficantly due to the presence of the
breather cloth. Although the presence of breattweh d1ad a negligible effect on the bond
strength of thin resin layers, its effect on sttérigcreased with the thickness of the resin layer.

It was also found that the presence of the bred#teic had a very significant effect on the post-
39



peak behavior of monotonic tests, which partiakplains its beneficial effect on behavior under

fatigue loading.

Background

Techniques to strengthen connections vulnerabiatigue damage in steel bridges must
be developed taking into account the specific attarstics of each particular detail. However,
there are some common principles that can be usadjaide to develop new solutions. Several

studies conducted at the University of Kansas lawestigated the concept of using composite
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Figure 1: Fatigue Specimen Strengthened with Compis Overlays
materials to strengthen fatigue-vulnerable conoastin steel bridge structures. An example of

the type of specimen used at Kansas to evaluaettangthening technique is shown in Fig. 1.
The specimen consists of two plates welded togeth@rsubjected to three point bending under
fatigue loading. This specimen was chosen becasseeae discontinuity exists at the point

where the two plates are welded, and the streseotnations in the discontinuity lead to fatigue

failure under cyclic loading.

Computer simulations of the specimen shown in Figerformed for this study using the
Finite Element Analysis program ABAQUS showed thidéching overlays made with

composite materials to areas of the specimen affdny stress concentrations (areas adjacent to
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the welds) led to significant reductions in thedlmed stress demand. This effect is shown in
Fig. 2 which shows the maximum stress demand awéhe region of the specimen for
configurations with and without a composite overlage Finite Element results indicated that
the composite overlays were effective in providamgalternate load path to the force transmitted
between the two steel plates, spreading the dlesaands over a larger area and consequently

reducing the stress gradient.
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Figure 2 Maximum Principal Tensile Stress for (a) areinforced specimen, (b)
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Figure 3: Peel stress demand along path C for varus thicknesses of epoxy resin

One of the most significant challenges associai#it tive implementation of this retrofit
technique is developing a fabrication processrisilts in stiff overlays that are properly
bonded to steel elements. Although composite pb@sbe applied directly on the field, better
results are obtained by prefabricating the overlayghop and subsequently attaching them to a
bridge. However, this fabrication sequence brirtgsua challenges, for example, because the
composite overlay may not align perfectly with teel, and because a method of properly
bonding the overlay to the steel must be develojretthis study, composite overlays were
prefabricated following the procedure describedbgn (2008) and attached to three-point
bending specimens shown in Fig. 1 by means ofex lafyepoxy resin between the composite
overlay and the steel. Finite element models wekeldped to investigate the effect of varying
the thickness of the layer of epoxy resin on thesstdemand at the toe of the weld, and on the

shear and tensile stresses at the interface betlweenrsin layer and the steel (Petri, 2008).
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Calculated stress demands using the Finite Elemedel are shown in Fig. 3. In tl
case of the threpeint bending specimehe thickness of theesin layer had a significt effect
on the peel stress between epoxy resin and theteel. A similar effect was observed for-
peel stress between thpoxyresin and the composite overldjhe magnitude of thmaximum
peel stress was significantly differeon each side of the epoxgsin layer and it was found
increase with decreasing thickness ofepoxy resin layer.

Kaan (2008) and Alemdar performed tests to evalegperimentally the results from t

Finite Element study. Their results are illustrateéig. 4
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Figure 4: Crack Initiation Life for Three -point Bending Specimens ‘ested by Kaan and

Alemdar.

The diamond shapes in Fig. 4 represent the irotidtfe of 4 control specimens testec
nominal stress ranges at the weld toe ofnd 28 ksi (Kaan, 2008). The average initiation dif¢
the control specimens tested at a nominal streggeraf 20 ksi was 425,000 cycles. The po
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labeled TRI 6 correspond to multiple fatigue tgmgformed by Kaan (2008) and later by
Alemdar as part of this study using a single thpee bending specimen strengthened with
composite overlays, at a nominal stress range é6RXaan (2008) performed his tests with a
layer of epoxy resin 1/4%6of an in. thick. The X-shaped markers correspongbints at which
Kaan (2008) observed debonding of the compositdayeEach time after debonding was
observed, the specimen was inspected and the gverktached. Kaan (2008) loaded the
specimen for a total of 2.1 million cycles withauty observable fatigue crack. There were a
total of 5 debonding events, with an average of 331 cycles between debonding events.
Loading of the specimen was later continued by Alan{shown by the round markers in Fig.
4). He used a Ys-in. thick epoxy resin layer witthended breather cloth. Alemdar was able to
load the specimen for an additional 1.5 millionlegawvithout any debonding events. After
loading for 1.5 million additional cycles (for aa&bof 3.7 million cycles) the overlay was
removed and an inspection showed that there weaobservable fatigue cracks.

The tests performed by Alemdar and Kaan showedlieatse of composite overlays
increased the initiation life of the specimen frd25,000 cycles to infinite fatigue life,
confirming the observations from the Finite Elem&nalyses. The aforementioned tests also
showed that the presence of breather cloth incdethsefatigue life of the epoxy resin layer from
an average of 431,000 cycles to infinite fatigde. Proper bond is critical to the performance of
this strengthening method because if an overlap@gdHthe specimen continues to cycle in the
unreinforced configuration until a repair is implemted. For this reason, and because the
observed fatigue life of specimens with breathetitivas significantly higher than those
without breather cloth, a series of experiments watertaken to study the effects of embedding

breather cloth on the bond strength and fatigeedifthe epoxy resin layer.
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Experimental Study

The effects of embedding breather cloth on thengtreand fatigue life of the epoxy resin
layer were further studied by performing two segémonotonic tests. The monotonic tests
were designed to simulate the state of stressieploxy resin layer of three-point bending
specimens. For the first series of tests a composkrlay similar to those used to strengthen the
plate-coverplate specimen was attached througbeh [gate using a layer of epoxy. The test

apparatus and its dimensions are shown in Fig. 5.
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Figure 5 : Test Apparatus for Peel Tests (all dimesions in in.
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Figure 6: Composite Overlays Attached to Steel Plat (a) Diagram of Loading Apparatus,
(b) Steel Plates Bonded to Composite Overlays, (@paction Apparatus Installed in Testing

Machine.

Monotonic tests were performed according to thimwahg protocol. The composite
overlay was bonded to the steel plate with a layepoxy of a pre-determined thickness. The
steel plate was subsequently bolted to the reaafaratus, which was attached to the testing
machine. The specimen was loaded using a pimtasipushed through a hole in the plate (Fig.
6), inducing a state of stress in the resin lalyat tombined the effects of direct tension and
bending (Fig 7). The part of the plate oppositeltiaeling pin was machined to avoid direct
contact between the composite and the reaction (. 6).

Finite Element analyses were performed to comperstate of stress in the resin layer
of the monotonic tests and the resin layer of ined-point bending specimen. Results from the

finite element analysis are shown in Fig. 7. Altgbuhe stresses shown in Fig. 7 do not
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constitute a perfect match of those in Fig. 3, ingoat features are repeated. In both cases the

normal stresses vary following a gradient from i@m$o compression, indicative of combined

tension and bending, with peak values at the efigeaesin layer.
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Figure 7:. Stress Demand on the Resin Layer (a) Fite Element Fringe Showing Stresses
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Results

For the first series of monotonic tests, in whisé tesin layer was used to bond a steel
plate to the composite overlay, most failures whre to delamination within the composite
overlay instead of loss of bond between the riesier and the steel (Fig. 8). This was likely due
to the fact that the resin used to bond the conposithe steel (Hysol) was stronger than the
resin used to fabricate the composite overlay. Meakload-deflection relationships for the
specimens tested are shown in Fig. 8. The dashesl iln Fig. 8 correspond to resin layers with
embedded breather cloth, while the solid linesespond to specimens without breather cloth.
As shown in Fig. 8 the average peel stress rangidelen 100 and 300 psi.

The failure of one of the specimens without breatheth illustrates one of the most
important effects of embedding breather cloth waitthe resin layer. Due to the low viscosity of
the resin, large voids formed in the resin layatrdyfabrication, resulting in much weaker bond
between the resin layer and the steel. This wasertheinstance in which failure occurred due to
loss of bond between the resin layer and the stetdad of debonding of the composite.

Because the main objective of the study was touatalthe bond between the resin layer
and the steel the test was modified to avoid premedhilure due to delamination of the
composite. For a second series of tests the cobtepmsriay was replaced by a steel plate,

guaranteeing that failure would be caused by l6&®od between the epoxy and the steel.
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Figure 8: Monotonic Peel Tests of Epoxy Resin Layewrith Composite Overlays.

The steel plate used to replace the compositeaybdd dimensions of 1-%2 in. wide, 4
in. long, and %2-in. thick. Of the steel plate, oal§-in. wide strip was bonded to the resin. The
remaining ¥2-in. was covered with Teflon tape tovpre bond with the steel (Fig. 5). In the
same manner as the first group of tests, there sggeimens with and without breather cloth
embedded in the epoxy resin layer.

The specimens were prepared according to the folpprocedure. The surface of the
two plates was roughened with a grinder and sulesgtyucleaned with acetone and methanol.
The edge of the area to be bonded was coverechditesive tape in order to build a dam for the
resin. In specimens with embedded breather claleltth was cut leaving a hole to allow
placing of a spacer to maintain the thickness efrésin. At this point the resin was prepared by
mixing and poured in the bond area. When cloth wgzsl, it was verified that the cloth absorbed
the resin evenly, and that sufficient resin wadied by the cloth. The second steel plate was
then placed on top of the resin pool making suaé tie plate was in contact with the spacer.

Pressure was maintained with a clamp throughoutuhieg process.
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A total of 14 peel tests were performed to evaltia¢eeffect of resin layer thickness and
presence of breather cloth on the average ternsgigssat failure. Resin layers tested had
thicknesses of 1/16 in., 1/8 in., and Y4 in. Speaqitgaracteristics and the average peel stress at
failure are summarized in Table 1. The average $teets was calculated as the maximum
measured force divided by the effective bond aFé& simple quantity was considered an
adequate to establish a basis of comparison bettheatifferent configurations.

Load-displacement curves for the peel tests arensho Fig. 9. Curves with dashed lines
correspond to specimens with cloth, while soligdirtorrespond to load-deformation curves for
specimens without cloth. In general, specimens tidather cloth achieved significantly higher
deformations at failure. Another trend that waseobsd was that in specimens without breather
cloth failure was sudden and led to a total lodsand between the two plates. Specimens with
breather cloth retained a residual capacity of ayaprately 30% of the maximum stress.

Figure 10 shows the resin layer of specimens withwithout breather cloth after
failure. Figure 10 shows that while the resin lay&hout cloth developed voids (Fig. 10 a), the
resin layer with breather cloth did not. Furthereot was observed that in the resin layer with
breather cloth failure occurred through the midufléhe resin layer, with residues remaining
attached to both steel plates. This is an indioatiat the tensile strength of the resin was the
limiting factor, and not the bond strength betw#ensteel and the resin. Figure 11 shows the
appearance of the steel plates after failure fecispens with a resin layer thickness of 1/8-in.
and Ys-in. Another feature that was observed wasrhapecimens with thinner resin layers
failure tended to occur through the middle of tbgim layer, while in specimens with thicker
resin layers the tendency was for a larger amolrgsin remaining attached to one of the two

plates.
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Table 1: Results from Peel Tests of Steel Plates

Average Peel

Specimen Thickness Cloth Stress
Designation (in.) (y/n) (psi)
1 0.0625 n 737.4
2 0.0625 n 601.4
3 0.0625 y 644.9
4 0.0625 y 677.4
5 0.1250 n 501.1
6 0.1250 n 360.6
7 0.1250 n 512.9
8 0.1250 y 488.3
9 0.1250 y 584.6
10 0.1250 y 535.4
11 0.2500 n 274.6
12 0.2500 n 3711
13 0.2500 y 381.7
14 0.2500 y 434.3

Figure 10 shows the relationship between the teijgéel) strength of the resin layer and
the thickness of the resin layer for specimens aitth without breather cloth. Figure 10 shows
that the strength of the resin layer decreased imitteasing thickness, and that the reduction in
strength with thickness was less pronounced fotispens with breather cloth. Also, it was
observed that for specimens with very thin resyeta the presence of breather cloth had a
negligible effect on strength, while for layers H4a. thick the difference in strength was on the
order of 25%. These results suggest that usingia k&yer with a thickness of at least 1/8 in.
with embedded breather cloth will provide the bresults. The observed benefits of breather
cloth were a lower propensity to develop voidshia tesin layer, higher strength (for layers with
a thickness of at least 1/8 in.), and a significastdual strength after cracking, which is likedy

slow crack growth under fatigue loading.
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Figure 9: Monotonic Peel Tests of Epoxy Resin Layewith Steel Plates.

, :

Figure 10: Appearance of Resin Layer after Failurdor Specimens from (a) Batch 5 (1/8-in.
thick) and (b) Batch 6 (1/4-in. thick).
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Figure 11: Effect of Resin Layer Thickness on Pe@&trength of Epoxy Resin Layer

Conclusions

Monotonic tests were performed to develop a beitelerstanding of the effects of the
thickness of the resin layer and the presenceedtber cloth on the fatigue life of the epoxy
resin layer. It was found that the use of breathe&th eliminated the occurrence of large voids in
the resin layer, which can act as a trigger fagteg cracks and significantly reduce the fatigue
performance of the bond layer. Although thickerelsyresulted in lower peel strength, these
were less susceptible to problems with voids. Aeotienefit associated with the use of breather
cloth was in terms of ductility. The monotonic teshowed that after failure of the resin took

place, the breather cloth was capable of tyingttoagethe two sides of the failure surface,
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resulting in a residual capacity of approximatedyBof the strength of the resin. In terms of
fatigue behavior, this type of post-peak behavimves that breather cloth likely has the effect of
retarding the growth of fatigue cracks within trent region. Both of these effects result in a
significant improvement in the bond strength urfdéigue loading between composite overlays
and steel elements, which is consistent with th@avements in behavior observed in fatigue
tests of three-point bending specimens.

Computer simulations and fatigue tests performepbaisof this study showed that
composite overlays were capable of significantlieasling the fatigue life of steel structures as
long as adequate bond was maintained between #rkags and the steel. Fatigue tests also
showed that excellent performance for this typeephir could be achieved by prefabricating
composite overlays and attaching them to the steattures using a layer of epoxy resin with

embedded breather cloth.
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USE OF CFRP FOR REPAIR OF FATIGUE CRACKS IN STEEL PLATE UNDER

TENSION LOADING

Abstract

A total of five specimens with pre-existing fatigaecks were tested under cyclic
loading to evaluate the performance of compositxlays to repair fatigue damage in steel
structures. Two were control specimen with no layermhe other three of the specimens were
repaired with Carbon Fiber Reinforced Polymer (C}RFkerlays. Two of the specimens were
repaired using multi-layered overlays prefabricatéth CFRP plies. The overlays in the third
specimen were fabricated using a spray fiber systEne composite overlays were removed for
inspection and re-attached every million cyclesdck fatigue-crack propagation. It was found
that specimens repaired with composite overlaysfaiggle crack propagation lives each
exceeding 3 million cycles, while the observed pggtion life of untreated specimens was
below 60,000 cycles. Results from a series oft€iBlement Analyses showed that the peak
stress demand was reduced by approximately 80%tkethddition of composite overlays when
compared to untreated specimens, which is consisfémthe observed change in fatigue-crack

propagation life in the experiments.

Introduction and Background

A significant number of aging steel bridge struetiexperience structural problems due
to fatigue cracks. After fatigue cracks becomgdagnough to be detected, some repair measure
must be undertaken to prevent structural failurthefmember and potentially serious damage to
the bridge. Methods that have been used in thet@aspair fatigue cracks in metal structures
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include welding, ultrasonic impact treatment, batiand the attachment of fiber reinforced
polymer (FRP) overlays. FRP overlays may be usa@eventive measure to enhance the
fatigue life of a bridge or as a repair methodrtest cracks and prevent further crack growth.

This study investigates the use of carbon fiberfoeced polymer (CFRP) overlays to
repair fatigue cracks that have already been datedthe main advantage of CFRP overlays is
that, if proportioned and bonded properly to tleektthe stress field in a vulnerable element or
connection can be reduced significantly, reducirgstress demand and increasing fatigue life.
One of the most important concerns when implemgritirs repair method is to achieve
adequate bond between the steel and the compesitay Voids or imperfections in the layer
of resin that is used to attach the composite aydd the underlying metal can lead to the
formation and propagation of fatigue cracks witthia resin. Preventing the initiation of fatigue
cracks within the bond layer is of paramount impoce because these cracks can eventually
cause debonding of the overlay, rendering the repeaifective.

A significant amount of research on the use of cositp materials to repair fatigue
cracks has been carried out in the field of aemseagineering to address fatigue problems in
the fuselages of airplanes (Mall et al. 2009; Umlaesavar et al. 1999; Schubbe et al. 1999;
Naboulsi et al. 1996; Lee et al. 2004; Liu, Xia@et2009). Consequently, most research
performed on this topic in the aerospace fieldfbassed on use of FRP patches to repair fatigue
damage in aluminum plates.

Bonding of CFRP patches to aluminum panels in tbeeenentioned studies is an
elaborate process. For example, in an experimstudy performed by Sabelkin et al, (2006), a

grit blast/silane (GBS) surface preparation tech@igyas used that involved grit blasting the
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aluminum surface, applying a hydrolyzed silane smhuthat was cured at 104 °C (219 °F) for
one hr. after being applied, and later sprayed witlorrosion inhibiting primer.

In general, researchers in the aerospace fielditfaduminum plates in terms of
thickness, with a thickness of 6.0 mm (0.24 innsidered to be the threshold between thin and
thick plates (Sabelkin et al. 2006). A commonlgdiparameter for proportioning composite
patches for the purpose of repairing fatigue danmgee ratio of axial stiffness of the composite
patch to the axial stiffness of the plate (Sabe#tial. 2006). The ratio is defined as:

SF = Ergp tere! Ests (1)

whereSF is the stiffness ratidzerp is the modulus of elasticity of the FRPse is the
thickness of the FRP patds; is the modulus of the steel, afyds the thickness of the steel plate.
The SF parameter is used to determine the number ofdayeeded to repair fatigue damaged
plates by assuming that the driving force is reibigted in proportion to the relative axial
stiffness of the two materials. In single-sideplaies, a stiffness ratio of 1.4 is recommended for
repair of damage in thin plates and 1.0 for thilgitgs (Sabelkin et al. 2006).

Studies evaluating the use of FRP patches fornegdatigue damage in the aerospace
field have generated very positive results. Anegxpental study by Mall and Conley (2009)
investigated the behavior of aluminum plates reitéd with unidirectional boron fibers. The
thickness of the aluminum plate was 6.35 mm (0On26and the thickness of the fiber patch was
1.14 mm (0.045in.). The load ratidor the specimens was 0.1, and the maximum sivass
240 MPa (38.81 ksi) in tension. Mall and Conle§d2) concluded that crack size played an
important role on the fatigue-crack propagatioa 6f specimens repaired with FRP patches, and
they found good agreement between the results Fioite Element (FE) models and

experimental results. The authors reported thatling a FRP patch to only one side of the
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aluminum specimen increased the fatigue-crack gapan life of the specimen between four
and 10 times with respect to the fatigue life & timtreated specimen. Wang et al. (2002) also
found an increase in fatigue crack propagation tifethe order of 10 times, in aluminum plates
repaired with FRP patches.

Studies have been performed to investigate th@usemposite overlays to repair
fatigue-related damage in steel structures. (Tlkoladadeh et al. 2003) studied the
effectiveness of CFRP sheets to improve the fatggrength of steel girders. In this study,
flanges of small I-shaped steel beams (S127x4.5 w4t to create a notch crack.
Unidirectional CFRP sheets were bonded over the @fréhe notch and the beams were tested
under various stress ranges ranging from 138 MP4# (&i) to 345 MPa (50.0 ksi). Surface
preparation of the steel flanges consisted of dastibg, washing with saline solution, and
rinsing. A total of six specimens were repairethviFRP sheets and tested. Observed crack
growth rates for the retrofitted beams ranged betw25% and 40% of the growth rate for
unretrofitted beams. The authors reported thatatigue-crack propagation life of the
specimens with CFRP sheets was extended by a fafca@proximately three compared with
that of control specimens.

(Liu, Al-Mahaidi et al. 2009) studied the tensi&igue behavior of notched steel plates
strengthened with single-ply CFRP patches. Orntbeparameters studied was the modulus of
elasticity of the carbon fiber used to manufactheeCFRP patch. One set of patches,
designated high modulus, had carbon fibers withodutus of elasticity of 640 GPa (93,000 ksi),
while the other set, designated normal modulus daablon fibers with a modulus of elasticity of
240 GPa (35,000 ksi). Another parameter in thdystuas the area over which the CFRP

patches were attached. Various placements wedesditincluding attachment over the crack,
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two separate attachment areas, either coveringtaravering the crack, and double or single-
sided attachment of the patch (the double sidedfatent consisted of bonding CFRP patches
to both sides of the specimen). Specimens witlblgesided patches were symmetric, which
prevented the introduction of any secondary steeassociated with the CFRP repair. The
authors reported that the single-sided repair elaérthe fatigue-crack propagation life of the
specimen by a factor ranging between 2.2 and Zhéreas the double sided repair extended the
fatigue-crack propagation life from 4.7 to 7.9. yRat al. (2009) performed a study using the
same type of materials and procedure used by Lali €009), but focused the study on the
single sided repair because of the inherent asymm&oy et al. (2009) paper reported an
extension of fatigue-crack propagation life by etda of 2.2 compared with that of the
unrepaired case. Both Liu et al. (2009) and Rat.42009) showed similar extension of
fatigue-crack propagation life of steel plates regghwith single-sided CFRP patches.

Analytical modeling of CFRP repairs using the Fridlement method is also a very
important tool to develop efficient retrofit schesnelo properly determine the effects of the
repair through use of computer models it is impdrta define the materials properties of the
specimen as accurately as possible. Liu et aQ9pand Lee and Lee (2004) developed
analytical models that included nonlinear matgsralperties,and reported that such level of
refinement was unnecessary if the steel plate tieis& was greater than 6 mm (0.24 in.).
Material nonlinearities only played an importanteravhen the thickness of the steel plate was
less than 6 mm (0.24 in.), due to the stress iitiefegtor.

Several researchers (Liu, Xiao et al. 2009; Lesd.€2004) have shown good agreement
between the change in stress demand predicted BEirmgnd experimental measurements of

change in fatigue crack propagation life. Thar@entioned researchers defined the material
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properties in their FE models as linear elastice Onthe limitations of linear elastic models is
that although such models are capable of providiggod representation of the stress field,
limited information can be obtained about the ptéthor debonding of the composite, which
has been shown to be a critical mode of failuriaiigue tests. In FE models that include a layer
of resin between the CFRP overlay and the undeylgetal, the potential for debonding could
be assessed by comparing the stress demand iesihenith a limiting value. The limiting

stress, for example, could be a fraction of theask&ength of the adhesive. This approach was

adopted in the FE simulations conducted in thidystu

Objective and Scope

The primary objective of the study described i {hper was to investigate the use of
composite materials to repair fatigue damage iel steuctures. Bonding of CFRP overlays was
performed using simpler techniques than those umstte aerospace field (Sabelkin et al., 2006),
so that repairs would be more representative okitie: of work that can be performed under
field conditions in bridge structures. Experimentye conducted to evaluate if fatigue-crack
propagation under constant amplitude tensile loasl similar in steel specimens repaired with
two different types of composite overlays with diffnt bonding techniques, and to evaluate if
the observed performance was similar to that regart previous studies on aluminum plates
reinforced with composite patches. Additionall\geondary objective of this research was to
determine the relative effectiveness of CFRP oysnehen applied to steel substrate with varied
magnitude of the axial stiffness paramegét,

The study also comprised a suite of Finite Elensentilations to investigate the validity

of the axial stiffness paramet8¥, frequently referenced in studies on aluminumgsato
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estimate the reduction in stress demand. ThefRElations were intended to evaluate the
correlation between fatigue-crack propagation ratescomputed values of Hot Spot Stress
(HSS). The use of HSS as a design parameter vedisad@d because it is a versatile parameter
that may be used for various types of geometridigorations, materials, and loading

conditions.

Computer Simulations
Computer simulations of the specimens tested duhegxperimental program (Fig. 1)
were carried out using the commercially-availabteté Element analysis software ABAQUS

version 6.8.2 (Simulia, 2009).

E Pinned

)/ CFRP

I

: Il Force
a) b) <)

Figure 1 : Tension specimen a) bare steel b) spe@mwith CFRP overlay attached c)

boundary and loading conditions imposed on the mode
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The FE models were developed using linear elasditerial models and meshes were
assembled using 8-node brick elements. The moddlekasticity’s for the steel, composite
overlay, and resin were selected as 200, 83, aB& (29,000, 12,000, and 300 ksi),
respectively. The mesh density was defined suahelements would be 0.30 mm (0.01 in.)
within a region 51 mm (2.0 in.) from the centeréhand 2.5 mm (0.10 in.) in all other parts of
the specimen. Interfaces between the steel angasite parts of the model were defined using
tie constraints. Motion was restrained at one @rttie model while the other end was free to
move only in the vertical direction (Fig. 1c). Twoncentrated loads were applied in the vertical
direction at the unrestrained end, one on eachdattee model. Maximum principal stresses,
shown in Fig. 2 for a model with CFRP plates atéa;lwere extracted along a path starting at
the center of the steel plate and ending at the @éig. 3) for comparison with other model

results,.

S, Max. Principal 4 S, Max. Principal
(Avg: 75%) (Avg: 75%)
— +7.500e+01 +7.500e+01

| +6.:858e+01 +6.858e+01
- +6.217e+01 - +6.217e+01
- +5.575e+01 +5.575e+01
- +4.933e+01 +4.933e+01
- +4.292e+01 +4,292e+01
- +3.650e+01 \ +3.650e+01
- +3.008e+01 = +3.008e+01
- +2.367e+01 . - +2.367e+01
- +1.725e+01 +1,725e+01
- +1.083e+01 ==- +1,083e+01
~ +4,417e+00 +4.417e+00
1. -2.000e+00 L -2.000e+00

Figure 2 : Maximum principal stresses at the centeof the specimen for the a) unreinforced

b) reinforced condition
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Figure 3 : Maximum principal stresses at the locatin of net cross-section for CFRP-

reinforced and unreinforced specimens

The path was defined through points located afrigethickness of the steel plate, along
the cross-section through the net section of el stThe magnitude of the stress demand along
the path is shown for the unreinforced and CFRRfoeted conditions in Fig. 3. A comparison
of the stresses presented in Fig. 3 indicategéaforcing the steel specimen with composite
overlays resulted in a reduction of peak stressatehiy approximately 80%.

Although maximum principal stresses were extraeledg the entire path through the
steel net section as shown in Fig. 3, further camapas were performed on the basis of the Hot
Spot Stress (HSS). In this paper, HSS was defisdtie stress at a distance half the thickness of

the steel plate away from point of peak stressclwvbiccurred at the edge of the hole in this case
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(Marquis et al. 1995). Hot Spot Stress analysis used as an indicator of stress range, and
consequently, as a measure of the effectivenegarmius composite overlay configurations.
The suite of computer simulations performed in ghigly were intended to investigate
the effects of four different parameters on thegtet performance of the retrofit scheme:
modulus of elasticity of the CFRP, thickness of @RP overlay, length of the CFRP overlay,
and thickness of the interface layer used to bbedXFRP overlay to the steel. The effects of

the four parameters investigated are discussdtkifotlowing.

Effect of the Modulus of Elasticity of the CFRP

Six different models were developed to investigheeeffect of the modulus of elasticity
of the CFRP on stress demand imposed on the gteahsen. Each of the models discussed in
this section had identical properties with the g@tio: of the modulus of elasticity of the CFRP,
which was varied between 27.0 GPa (3,860 ksi) &8dA@Pa (20,000 ksi), in increments of 28
GPa (4,000 ksi). Thickness of the composite oysn@as maintained as 6.4 mm (0.25 in.),
length of the CFRP patch was maintained as 458 1&0 (n.), and the thickness of the interface
layer was held at 0.600 mm (0.025 in.). The eféedc@FRP modulus of elasticity on hot spot
stress in the steel specimen is shown in Fig. e @goint corresponding to a modulus of
elasticity of zero represents results from the ysigalof the specimen without an overlay. As the
results show, the relationship between axial stggof the CFRP patch and HSS was parabolic
in nature, indicating that there is a significadvantage associated with using an overlay, even if
the modulus of elasticity of the composite matesgaklatively low. As Fig. 4 shows, HSS
dropped by 58% with the introduction of an ovendh a very low modulus (26,600 MPa,

3,860 ksi) when compared to the unreinforced césereasing the modulus of elasticity of the
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CFRP by a factor of five, from 26,000 MPa (3,86() ks 138,000 MPa (20,000 ksi), led to a
reduction in HSS by a factor of approximately thr@dese data show that increasing the
modulus of elasticity of the CFRP material exhiitsinishing returns, which is important to
consider when determining optimal configuratiorthedf overlay. If infinite fatigue or
propagation life can be achieved with a relativeBxpensive overlay, there is no economic

incentive for using stiffer, and often much morgeensive, fibers.
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Figure 4 : Effect of the stiffness of the CFRP ovéays on maximum principal Hot Spot

Stresses in the steel specimen

Effect of the Thickness of the CFRP Overlay

The effect of the CFRP overlay thickness on HSS evatuated using four different FE
models. In these models all parameters were kestant while the thickness of the CFRP
overlay on one side was varied using values 0fd3%,6.4, and 12.7 mm (0.063, 0.125, 0.250,

and 0.500 in.). For all models discussed in taidien, the modulus of elasticity of the overlay
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was maintained at 83.0 GPa (12,000 ksi), the leafithe CFRP overlay was kept as 457 mm
(18.0in.), and the thickness of the interfacerrésyer was held at 0.60 mm (0.025 in.). Results
are presented in Fig. 5. The relationship betwberCFRP overlay thickness and the maximum
principal HSS was found to be inversely propomiilornSimilar to the behavior found when the
CFRP modulus of elasticity was varied, increasimgthickness of the overlay exhibited
diminishing returns, with the largest change in H8Served between the unreinforced case and

the case in which a 1.6 mm (0.06 in) thick ovemas utilized.
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Figure 5 : Effect of the CFRP overlay thickness omaximum principal Hot Spot Stresses in

the steel specimen

Effect of the Length of the CFRP Overlay
Six different configurations were defined to invgate the effect of the length of the
CFRP overlay on the HSS along the critical patthensteel substrate. This effect was evaluated

in terms of the total length of the CFRP overlaithihe overlay centered with respect to the

67



center of the hole of the steel specimen. A twiaix models were developed, with overlay
lengths varied from 152 mm (6.00 in.) to 457 mm.Q1i&.), which is a dimensional range
equivalent to 24-72 hole diameters). For all mediétle modulus of elasticity of the overlay was
held at 83.0 GPa (12,000 ksi), the thickness of2RRP overlay was maintained as 6.4 mm
(0.25in.), and the thickness of the interface layas kept as 0.60 mm (0.025 in.). The results,
presented in Fig. 6, show that there was a veryisethuction in HSS in the steel substrate when
the CFRP overlay length was changed from 152 m@0(6..) to 203 mm (8.00 in.). For overlay
lengths greater than 203 mm (8.00 in.) the efféth® overlay length on maximum principal

HSS was found to be negligible.
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Figure 6 : Effect of the CFRP overlay length on maixnum principal Hot Spot Stresses in

the steel specimen

68



Effect of Thickness of Bond Layer

One of the parameters often neglected in FE simoasdf retrofit measures with
composite overlays is the flexibility inherent teetadhesive resin used to bond the overlay to the
metal substrate. To achieve adequate bond, awésimemonstrated acceptable adherence to
steel must be employed. In most analyses fourieititerature (Sabelkin et al. 2006; Liu, Xiao
et al. 2009; Mall et al. 2009), it was assumed thatthickness of such a layer was very small,
and that there was perfect bond between the cotepasil the substrate. Explicit modeling of
this layer provides an indication of the averagesstdemand on the resin and the tensile demand
on the resin-steel interface, which can be usefhge the potential for debonding. Because the
shear and tensile demands on the resin are affbgttte thickness of the resin layer, this is an
important parameter to consider in terms of fatigoné fatigue crack propagation life.

A total of five different models were defined to/@stigate the effect of the thickness of
the interface bond layer between the CFRP overlaytlae steel substrate, with the interface
layer thickness ranging from 0.60 mm (0.02 in.$1 mm (0.20 in.). For all models discussed
in this section, the modulus of elasticity of theeday was maintained as 82.7 GPa (12,000 ksi),
the thickness of the CFRP overlay was kept as 604(025 in.), the length of the CFRP overlay
was held at 457 mm (18 in.), and the modulus difteligy of the bond layer maintained as 2.1
GPa (300 ksi). The analyses results presentewiry fFndicate that the maximum principal HSS
was not affected by the thickness of the resinrlaggggesting that an increase in the thickness

of the resin layer has a negligible effect on tfieativeness of the retrofit measure.
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Figure 9 : Peak stresses demand on the CFRP layes a function of resin layer thickness

Although the FE analyses showed that the thickoé#®e resin layer had a negligible
effect on the HSS, another important design conaioim is the effect of the thickness of the
resin layer on the stress demand at the resin iesgdf. This is important because maintaining
bond between the composite and the steel is dribdae successful performance of the retrofit
scheme, and higher stress demands increase thabgitytof fatigue failure at the interface.

Fig. 8 shows the stress demand along the resin faya model with a layer thickness of 0.60
mm (0.02 in.). As Fig. 8 presents, the shear @ gtress (out of plane stress) demands are
relatively low along most of the interface. Strdssnands are greatest at both ends of the
interface, and this is the location consideredetahe most susceptible to fatigue failure.

Fig. 9 presents the variation of peak shear antgpessses as a function of the thickness

of the resin layer. The results show that incregatie interface layer thickness from 0.60 mm
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(0.02 in.) to 5.0 mm (0.20 in.) caused a reducitiopeak shear demand by approximately 66%.
Fig. 9 also presents that the same increase ithitiess of the interface layer led to a
reduction in peak peel stresses by approximatedy.4The trend observed for the peel stress
was different from that observed for the shearsstie that the lowest peel stress demand was
observed when an interface thickness of 2.5 mn(in.) was used, and any further increases in
the thickness of the interface layer led to anaask in the peel stress. Fig. 7,8, and 9 show that
although the thickness of the interface layer natybe relevant to fatigue crack propagation life
due to negligible effect on the stress range,atvery important parameter in terms of the bond
performance of the interface layer under cyclidiog.

Results from the suite of FE analyses have shoainthiat the effect of the thickness of
the interface resin layer and the length of the BleRerlay on maximum principal HSS were
much less significant than the effects of the theds of the overlay and the modulus of elasticity
of the CFRP, with the modulus of elasticity of thERP being the most significant of all four

parameters.

Ratio of Overlay Axial Stiffness to Steel Axial Stiffness

As discussed in Section 1, one of the design paemeeferenced in the literature for
proportioning FRP patches is the ratio of axidfratiss of the composite patch to the axial
stiffness of the underlying plate (Eqg. 1). As Ecghows, this ratio may be modified by changing
the modulus of elasticity of the FRP, the thicknalsthe FRP, or both. The results referenced in
Sections 2.1 and 2.2 were used to derive two cisliewing the effect of the stiffness raie
on the maximum principal HSS in the steel substr&tar each curve, one of the two parameters

(modulus of elasticity of the FRP and thicknesghefoverlay) was varied while maintaining the
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other constant. In all models discussed in thisice, the length of the overlay was 457 mm
(18.0 in.) and the thickness of the interface layas 0.60 mm (0.025 in.). The results, presented
in Fig. 10, show that changing the stiffness r&tdy changing the modulus of elasticity of the
CFRP had a more significant effect on the HSS tiemging theSF ratio by altering overlay
thickness. There was a common trend, in that sg@léncrements in the thickness of the
overlay and the modulus of elasticity of the CFR8uited in smaller reductions on the HSS.
These results suggest that in terms of improvitigda initiation life and fatigue crack
propagation life, the configuration of the overlayhot as important as ensuring that the overlay

remains bonded to the steel.
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Figure 10 : Comparison the stiffness factors for th simulation results

Experimental Program
The goal of the experimental program was to evaeltla fatigue crack propagation lives

of steel specimens with pre-existing fatigue craejmired using CFRP overlays under cyclic
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loading. The CFRP overlay dimensions were selgctdé® 457 x 63 x 6.4 mm (18.0 x 2.50 x
0.25 in.), with composite overlays attached to lsitles of the specimen. The thickness of the
bond layer was selected 0.60 mm (0.025 in.).

Measured material properties are presented in Tlab@oupon tests (ASTM 2000) from
single-layered specimens showed that the moduletasficity of the CFRP was approximately
83.0 GPa (12,000 ksi). Liu et al. (2009) observettheir experiments that successive layers of
CFRP in a repair patch experienced diminishingrsttamands. For example, their
measurements showed that the third layer of a ceitgpoverlay experienced 17 % of the strain
of the first layer. Because measurements by Lal.§2009) showed that after the second layer
the strain demand quickly dropped, the moduludadteity of the composite used for the
computer simulations was selected to be betweesuneé values for one and three layers.

The modulus of elasticity of the 9412 Hysol resismsvalso measured using coupon tests
(Table 1) performed as prescribed by (ASTM 200)e measured modulus of elasticity of the

Hysol resin was 2.1 GPa (300 ksi).

Table 1 : Measured material properties

Continuous CFRP

No. of Layers No. of Coupons  Avg. Modulus of Elasticity Standard Deviation
in Coupon GPa (ksi) GPa (ksi)
1 3 85.8 (12,440) 10.0 (1,450)
3 4 75.3 (10,930) 10.9 (1,580)
5 3 61.7 (8,940) 0.3 (42.0)

9412 Hysol Resin

Coupon Thickness  No. of Coupons  Avg. Modulus of Elasticity Standard Deviation
mm (in.) GPa (ksi) GPa (ksi)
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6.4 (0.25) 6 2.1 (303) 0.2 (25)

Chopped-CFRP Composite

Coupon Thickness  No. of Coupons  Avg. Modulus of Elasticity Standard Deviation
mm (in.) GPa (ksi) GPa (ksi)
4.8 (0.19) 7 14.1 (2,052) 6 (866)

Table 2 summarizes the test matrix for the expartaigorogram. Two unreinforced
control specimens were tested with nominal strasges of 166 MPa (24.0 ksi) and 221 MPa
(32.0 ksi). Two specimens with different typesomposite overlays were tested at a stress
range of 166 MPa (24.0 ksi). A third specimenarsgd with CFRP overlays was tested at a
higher stress range of 221 MPa (32 ksi).

Table 2 : Specimen test matrix

Specimen Overlay Type Stress Range Number of Final Crack Size
Designation MPa (ksi) Cycles mm (in)
Control 1 None 221 (32) 18,000 Total Failure
Control 2 None 166 (24) 55,000 Total Failure
F9 14-Layer CFRP 221 (32) 3,000,006 5.08 (0.20)
F 10 Chopped-CFRP 166 (24) 1,084,699 2.79 (0.11)
F12 14-Layer CFRP 166 (24) 4,059,048 5.08 (0.20)

Specimen Dimensions
The specimens were fabricated using grade A36 ateklvere 3.20 mm (0.125 in.) thick.
The stress-strain relationship obtained for thelsgepresented in Fig. 11. The measured yield

strength of the steel was 303 MPa (44.0 ksi), aedénsile strength was 460 MPa (66.7 ksi).
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Figure 11 : Stress strain curve for the specimen

Specimen dimensions are shown in Fig. 1. Eachirseechad a drilled and reamed hole
at the center of the specimen with a diameter2® &m (0.125 in.). Both sides of the hole had
pre-existing fatigue cracks with a length of appma¢ely 2.5 mm (0.1 in.), created by loading

the specimens under repeated cycles at a constass sange.

Surface preparation

Maintaining bond under cyclic loading is criticalthe successful performance of the
repair method discussed in this paper. To devatlgguate bond, the steel surface was prepared
by a process of abrading and cleaning. Abradimgisted of roughening of the surface with a
hand grinder to achieve a surface roughness obappately 0.80 mm (0.031 in.). After

abrading, cleaning of the surface was performedguscetone and methanol.
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Fabrication of the Multi-Layered CFRP Overlays

The multi-layered CFRP overlays were pre-fabricated subsequently attached to the
steel specimens. Each CFRP overlay had 14 laydxisdirectional pre-impregnated carbon
fiber ply for a total thickness of 6.4 mm (0.25)inAlthough previous experimental results (Liu
et al. 2009) showed that the strain demand in fHeFCplies after the third layer were small
compared with those in the first and second laybespverlay was fabricated with a total of 14
layers to facilitate removal for inspection andseu

Each layer was fabricated using a single pre-impa carbon fiber ply, with a sheet of
Scotch-Weld Epoxy adhesive (1838 B/A Green) addedyefourth layer of carbon fiber ply, to
ensure that there was a sufficient amount of resprevent voids from occurring between resin
layers during the curing process. The thicknegh@bverlay was controlled during the
fabrication process by using a mold consistinglafr@num plates placed between bolted steel
plates, as shown in Fig. 12. The fabrication pssde described in the following. First, the pre-
impregnated CFRP plies were cut to dimensions pfagpmately 457 x 152 mm (18.0 x 6.00
in.), which was double the size of the overlayte FRP sheets were placed on the bottom steel
plate of the mold, and were added one layer ahe.tiEvery fourth layer, a single sheet of
Scotch-Weld Epoxy adhesive (1838 B/A Green) resth the same dimensions was added.

The CFRP was surrounded by an aluminum spacerantitickness of 6.4 mm (0.25 in.).
Due to voids in the interfaces between layers dREplies, the total thickness of the overlay
was greater than the target 6.4 mm (0.25 in.) after4 layers of CFRP plies were placed in the
mold. The top steel plate of the mold was thewgdeon top of the CFRP stack, and pressure
was applied by tightening the bolts around thempetér of the mold. At this point, the overlay

was placed in the oven for curing. The curing owas preheated to a temperature of 175 C
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(347F). The CFRP overlays were cured inside the metdd oo three hours, and subsequently
allowed to cool to room temperature for 48 houkfter the curing process was completed, the
CFRP overlays were taken out of the metal moldscamdo final dimensions of 457 x 64.0 mm
(18.0 x 2.50 in.) using a diamond saw. Sand pégade 400) was used to smooth the edges of
the CFRP. A hole was drilled in the middle of @ERP overlays with a diameter of 3.18 mm
(0.125 in.) to facilitate alignment with the steplecimen.
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Figure 12 : Steel plates for making FRP plate
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The CFRP overlays were attached to the steel spedising Hysol® 9412 epoxy resin,
which has a nominal shear strength of 28 MPa (B(kBisol®). The thickness of the Hysol®
layer was 0.60 mm (0.024 in.), maintained duriryitation by using six spacers evenly
distributed throughout the interface. Draftingdaurrounding the steel plate was used to
prevent leaking of the Hysol® resin by creatingsim pool. A bolt was used to align the steel
plate and the two CFRP overlays at the center hidlesol® resin was poured inside the taped-
off area, and pressure was applied using gripsaintain the thickness of the interface layer at
0.60 mm (0.024 in.). After two days of curing theerface bond layer, final preparation was

performed by cleaning the specimen from remnamh rgsing a chisel and a heat gun.

Fabrication of CFRP Chopped-Fiber Overlays

Use of chopped-CFRP overlays was also investigatedaluate the performance of this
composite material in terms of fatigue-crack praytam life; this was an attractive alternative to
consider, due to simpler composite fabricatione €hopped fiber overlays were fabricated
using an external mixing spray machine (a non-atethresin lel chopper system
commercialized by BINKS). The spray machine usgohgl-ester resin with Norox MEKP-925
catalyst and graphite fiber yarn. The surface @r&gon performed was the same as that
described in Section 3.2. After surface prepanadiod subsequent cleaning, the fiber-resin mix
was sprayed on steel substrate in layers approgiynai2 mm (0.13 in) thick, and was
compacted using a hand tool until the average tigis& of the composite overlay was 6.4 mm
(0.25 in). The specimen was cured at room tempexdbr two days, after which the remnant

resin was cleaned from the specimen.
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Test procedure

A cyclic tensile load was applied at the ends efspecimen using an MTS closed-loop
servo-controlled loading system. The applied lovad determined on the basis of the nominal
stress demand at the net section of the steelmpacicalculated using the actual (measured) net
cross sectional area without any adjustments fesstconcentration in the area surrounding the
hole. These values, although not representativieeopeak stress demand, were adopted to
simplify the comparison between various specimérise ratio of minimum to maximum stress
was maintained constant at R=0.1. The rate ajdaticrack propagation was evaluated at two
different stress ranges, 221 MPa (32.0 ksi) andMBé (24.0 ksi). A maximum tension load of
19.4 kN (4.36 kips) corresponded to a stress rahgjee middle section of 221 MPa (32.0 ksi).
Upon loading, crack growth was monitored periodycaEvery million cycles, the CFRP
overlays were removed to measure the crack sizeamskequently reattached for additional

loading cycles. The reattachment procedures vireredme as described in Section 3.3.

Experimental Results

The propagation life of the steel specimens usetignstudy was calculated for different
stress range demands based on established thabexqaressions, as presented in Fig. 13. The
relationship between crack length and number ofesyevas calculated using the following

expression (Barsom and Rolfe, 1999):

da _ m
= AAK) 2)

wherea is crack lengthN is the number of cycle$y andm are material constants, and
AK is a stress intensity factor range. Material tams ofA=10E-10 andn=3 were adopted,

which correspond to values for ferrite-pearliteestBarsom and Rolfe, 1999). The stress
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intensity factor depends on the ratio of crack ternig plate width ¢/b) and the ratio of crack
length to hole radiusa(r) (Barsom and Rolfe, 1999). Stress intensity factor variousa/b and
alr ratios listed by Barsom and Rolfe (1999) were used

As shown in Fig. 13, the parameters in the expoesgirovided a close correlation
between the fatigue-crack propagation life of uamem specimens and the theoretical

propagation life for the corresponding stress range
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Figure 13 : Comparison between theoretical and expenental values for the fatigue-crack

propagation life of unreinforced specimens

As indicated in Section 3, the two nominal stresgyes that the specimens were tested at
were 221 MPa (32.0 ksi) and 166 MPa (24.0 ksi)esBwvalues were computed by dividing the
applied force by the cross sectional area at tlsection of the specimen, which was

approximately 90.3 mf(0.140 if). A comparison between observed fatigue-crack
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propagation rate in specimens with CFRP overlagstia@ calculated fatigue-crack propagation

rate in unreinforced specimens with low stress dwlnas presented in Fig. 14.
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Figure 14 : Comparison of crack propagation betweespecimens with CFRP overlays and

theoretical values for specimens without overlays

As shown in Fig. 14, the crack propagation rata specimen repaired with continuous
CFRP fibers subjected to a stress range of 166 (4.8 ksi) was similar to that of an
unrepaired specimen subjected to a stress rargfe MdiPa (5 ksi) theoretical values. These
results indicate that the presence of the ovedaylted in a reduction of approximately 80% in
the stress range. The test of the specimen repaitednulti-layered CFRP overlay subjected to
a stress range of 166 MPa (24 ksi) was stopped4ftgllion cycles, after the crack growth
started to become noticeable. Had the fatiguekdrathis specimen continued to propagate at

the theoretical rate for an unreinforced specimaaeu a stress range of 35 MPa (5 ksi), it would

82



have reached a crack length of 7.6 mm (0.3 imapatoximately 6 million cycles. A similarly
loaded unrepaired steel specimen reached a cnagthlef 7.6 mm (0.3 in.) at only 50,000
cycles (Fig. 13).

The fatigue crack propagation life of the continsidiber CFRP repaired specimen
subjected to a stress range of 221 MPa (32 ksi)gnester than 3 million cycles. At this point
the test was stopped after noticing measurabl& gamwth. The comparison between
unrepaired and continuous-fiber CFRP repaired cstsas's that the increase in fatigue-crack
propagation life provided by the continuous-fibéfRI repair was more than 50 times with
respect to an unreinforced specimen. The repajpedimen subjected to a stress range of 221
MPa (32 ksi) had a nominal maximum stress of 23 82.0 ksi), which was close to the
measured yield stress of 303 MPa (44.0 ksi) forsteel. The results show that the behavior of
the continuous-fiber CFRP repaired specimen wasasito that of an unrepaired specimen
subjected to a nominal stress range between 38i\akd 41 MPa (6 ksi), which indicates that
the CFRP repair was very effective at that highsstrange as well.

The experimental fatigue-crack propagation curvesvé in Fig. 14 also indicate that
rate of crack growth in repaired specimens hacdkatgr tendency to increase with crack size
than the theoretical relationship for unreinforspécimens (Eq. 2). This could be an indication
that as the fatigue crack grows, the bond betweeraemposite and the steel in the area
surrounding the crack is reduced, making the rdpag effective. It is hypothesized that this
detrimental effect could be lessened by drillinfgpée at the tip of the crack, to remove the sharp
crack tip and the process zone. The combinatidheoétress reduction due to the alternate load

path provided by the composite and the repair etighof the crack may be sufficient to drive
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the stress demand below the fatigue-crack-propag#treshold (Barsom and Rolfe, 1999).
This is a combination of techniques that warraatsre study.

Average crack propagation rates are presentedhbleBa The experimental curves were
divided into two regions. During early fatigue dragrowth the propagation rate was nearly
constant. Average rates of crack growth for therlyeconstant region are presented in the third
row of Table 3. After a significant amount of dkagrowth, the crack propagation rate increased
as the specimens approached failure and, in treeafagpecimens with overlays, the bond
between the overlay and the steel degraded. Tlhes/an Table 3 show that for specimens with
a stress range of 166 MPa (24.0 ksi) the effeth®bverlays was to decrease the crack growth
rate by a factor of approximately 45, and the réidadn the rate of crack growth was similar for
both types of composite overlays. For the specisudrected to a stress range of 221 MPa (32

ksi), the bonding of the overlays resulted in auctin in the crack growth rate by a factor of

approximately 300.
Table 3 : Average crack propagation growth rates
Ac 166 221 166 166 221
MPa (ksi) (24) (32) (24) (24) (32)
Multi- Chopped Multi-
Type of Overlay None None Layered Fiber Layered
Average Crack Propagation
Rate, Stable growth, 0.0147 0.1575 0.00025 0.0005 0.0005
u micycle (0.58) (6.19) (0.01) (0.02) (0.02)
(nin./cycle)
Conclusions

The results of study of using carbon fiber reinéa@olymer (CFRP) to repair fatigue

crack in steel plates resulted in the following dasions:
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» Experimentally observed reductions in stress ralggeand associated with the
bonding of overlays were consistent with those oleskin Finite Element
simulations.

» Experimental results showed that bonding of preitabed multi-layered CFRP
overlays extended the fatigue-crack propagatiogslnf the steel specimens by
more than 50 times. The observed increase inuat@yack propagation life was
significantly higher than values ranging betweehahd 7.9 reported in previous
studies on aluminum plates, steel plates, and Besghs. The main difference
between the overlays used in this study and thesd un other studies found in
the literature is that the stiffness raf#lé was significantly higher.

* The computer simulations showed that for the replasteel plates with bonded
CFRP overlays, the parameters that have the ngsfisant effect on fatigue-
crack propagation life were the modulus of elasstiof the CFRP and the
thickness of the overlay.

¢ Maintaining adequate bonding between the CFRP ayamd the steel is critical.
Significantly better performance was obtained bpgia high-quality bonding
resin over direct spraying of the composite onstiee!.

« Although the increase in fatigue-crack propagalil@was less for the sprayed
overlay, the increase was on the order 30 timegprthigagation life of an
unreinforced composite.

Research has shown that use of CFRP as a repanidee in cracked steel members can

be a highly effective means of reducing stress aehaad greatly prolonging the propagation
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life of the steel member. This method works wellhvgteel members because of the higher

stiffness ratios of the CFRP overlays.
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