ABSTRACT

GUADERRAMA, LUCAS RIVAS. Strengthening of Steel Web Plates Using CKRRder
the direction of Sami H. Rizkalla, Ph.D.)

With an increasing demand to strengthen steel structures, alternative strengthening
techniques are being investigatedCarbon Fiber Reinforced Polymer (CFRP) materials
provide a possible strengthening alterative due to their high material performance, light
weight, and resistance to corrosionThe behavior of CFRP materials hacently been
investigatedby studying their effet in compressionresistance, relating to the principle
compression stresses arising from pure shear stress conditidns. thesis presents an
experimental program that casts of two phases of researchhe first phase was conducted

to study the effas that geometry of a steel plate have on the effectiveness on the CFRP
strengthening system.To complete the first phase of research, fourteen specimens were
testedin uniaxial compression The specimens tested had varying slenderness and aspect
ratiosranging from 48 to 154 and 1.2 to 2.4, respectively. Eight of the specimens tested were
strengthened with high modulamall diameteCFRP strands on both faces of the steel plate.

In order to determine the effectiveness of the strengthening systeran-sixengthened
control specimens were testedThe second phase of the experimental program was
conducted to examine the effect that different types of small diameter CFRP strands have on
the behavior of a strengthened specimdbiighteenspecimens wereested inthe same
manner as the first phase Two slenderness and aspect ratios were selected to be
investigated. Twelve of the specimens tested were strengthened with three different types of
small diameter CFRP strands varying in mechanical properiesthermore, the effect of

multiple layers of CFRP strengthening was investigated. The results of the experimental



program were used to determivbether the small diameter CFRP strands being investigated

would be effective in increasing the shear cayadfia steel girder.
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CHAPTER 1 : Introduction
1.1Background
Many of the aging steel bridges in the United Statesia need of retrofit or repair.
Degradationof steel structural members due to environmental conditions and increase of
vehicular weight from initial design specifications create the need for strengtheriimesef
steel bridges. Theew bridge desigoodesalsorequire designing fohigher vehiculative
loads in comparison to thosesed in the initial design of the bridgeShus, certain steps
must be taken to safely rehabilitate existing steel bridgessting bridges without any signs
of distres, may require flexural and shear strengthening to meet the current design standards
Flexural strengthening of steel bridges baen investigated and documenigdTabrizi et al

(2013).

The research documented in this thesis explores shear strengtt@nsteel bridges.
Fundamentally, if a stress element is subjected to pure shear forces, principle tension and
principle compression stresses are induced as showigime 1.1. Combination of these

principle stesses can lead to buckling failure in the direction of the compression stresses.



Figure 1.1: Shear Buckling Phenomenon

The shearstrength of the web platis controlled by eitheelastic buckling (in case
slender web) or yielding of the material (in caseobnslende web) The capacity of the
web plateand the shar strength of the steel girdean beincreasedy reducing the state of
stress in the web plathue to the applied loadThe elastic buckling of web plates is directly
related to level of the principal ogpressive stresses induced at the high shear zone(s) of the

girder.

This research investigatése use ofCarbonFiberReinforced PolymerGFRP) materialdor

the purposes of shear strengthening of the web of typical plate girBergding of CFRP
materals reduce the stress level in the web, aodld potentially increase the sheand
bucKing capacityof the web Furthermore, CFRP strengthening systems have many well
documented properties including corrosion resistance, high stremgibight ratios and
ease of construction in comparison to the use of steel plakeésh are commonly used in

practice to increase the shear capacity of a steel girder



The use of CFRP materials to increasenpressiomnesistance has recently been undertaken
by few resarchers to understand this behavieluding Fam et al(2006) and Zhao et al
(2009) The research reported in this thesis investigates the effic@dCFRP materials to
enhance shear strength of steel girdarsl in particulatheir compressive streig. The

ability to undergo large deformations associated with buckdidso investigated.

1.2 Objectives

The objective of this research is to explore plogentialuse of small diameter CFRP strands

for shear strengthening of steel bridge girders. Tlit@lirobjective is to determine the
effectiveness of these strands to increase the buckling capacity, and consequently, the
compressive capacity of steel web plates. The research program considered several
parameters that are believed to have an influemcéhe behavior and effectiveness of the
proposed CFRP strengthening system. The research program consisted of two phases: Phase

| and Phase II.

Phase Ffocusedon determining the effect of the slenderness ratios and aspect ratios on the
proposed strergening system using small diameter CFRP strands for strengthening steel
web plates. High modulus small diameter CFRP strands were used in the first phase to

examine the effect of geometry of the steel plates on the proposed strengthening system.



Phase Il focuseson examining the effectiveness of three different types of small diameter
CFRP strands. Two slenderness ratios and aspect ratios of steel plates were used in this

phase in order to determine the effects of the different material properties loehidwvior.

1.3Scope

The first phase of the experimental program comprisefdwteenspecimens Eight steel
plateswere strengthened with high modulus (HM) small diameter CFRP strands and six un
strengthenedteel plates were used as contspecimens. The plates variednh heightto-
thickness ratios (h/t), to investigate various slenderness ratios. The plates also varied in
heightto-width ratios (h/b), to study different aspect ratios. A limited number of specimens
did not contain polyurea putty in der to determine its effect on the uniaxial compressive
behavior of the strengthened plates. The second phase included testing of steel plates with
two slenderness and two aspect ratios in each category. The specimens were strengthened
using three diffegnt types of CFRP strands: high modulus (HM), intermediate modulus (IM),
andhigh tensilestrengtiflow modulus (LM). The objective of the second phase is to identify

the most effective type of CFRP strands which can be used to enhance to bugdicity ca

of the steel web plates.

The second chapter in this thesis provides background information gmegp@ration and
strengthening of steel compression members using FRP strengthening systems. The chapter

will highlight the related research that has beeriggmed in this field.



The third chapter describes the experimental program including the fabrication of the test
specimens, the test setup, and instrumentation used. The material properties of the steel and
CFRP strands used in this experimental pnogeae reported based on the tested material
coupons. Chapter three describes the strengthening techniques used in the experimental

program.

The fourth chapter presents test results that were recorded through the experimental program
including the behavioof the specimens. The effects of the different variables considered in

the experimental program are discussed and analyzed.

The fifth chapter will summarize findings of the research program and recorarfiusuic:

work to complete the research on shetegngthening of webs in steel bridge girders.



CHAPTER 2 : Literature Review
2.1Introduction
Many of the aging bridges in the United States are in need of strengthening oramgbair
need to be updated to current design loads. Previous research inthaates effective to
use Fiber Reinforced Polymers (FRP) to increase the flexural capacity of steel girders. The
research reported in this thesis investigates the potential use of FRP strengthening systems to
increase the shear capacity to match therease of flexural capacity. As previously
discussed, shear failure occurs primarily due to the principle compression forces induced by
the high shear forces, typically located near supports. The current conventional
strengthening techniques used in isitiy include welding steel plates to the web of girders in
the high shear zone areas and/or the corroded sections. The downside to this technique is the
increase of dead load, the labor intensity, cost of construction, and interruption of traffic
flow. Carbon Fiber Reinforced Polymer (CFRP) strengthening systems provide an excellent
alternative for increasing the shear capacity of steel girders due to their mechanical and
physical properties such as its high corrosion resistance and high strength to ratsagh
The performance of CFRmaterialsin tension is clear and their benefits are well known;
however their behavior in compression is still relatively uncertaifhis chapter discusses a
summary of significant research that has been reported épagation, bond behavior, and
strengthening of steel members that are subjected to compressive forces using FRP

strengthening systems.



2.2 Surface Preparation

The effectiveness of FRP strengthening systems is highly dependent on the bond between the
FRP andhe surface to be strengthened. Debonding of the FRP material can be avoided by
proper preparation of the strengthened surface, as well as selecting appropriate strengthening

materials for the given applicatiggchnerch, 2006 arldnghoff, 2009)

Steel sibstrates must be properly prepared prior to application of the FRP strengthening
system in order to ensure proper bond between the FRP material and the steel. Proper
preparation of the surface includes removing all weak and undesirable materials on the
untreated surface in order to expose the steel. Common surface treatments involve
mechanical abrasion techniques including wire brushing, sand paper, and grit blasting. The
most effective process in removing unwanted materials such as oil, mill schieisams by

grit blasting(Holloway & Cadei, 2002) Research has also shown that the size of the grit
used can have an effect on the bond behavior. After grit blasting has been performed it is
necessary to remove the excess that is still present on the blasted surface. Removal of
excess grit can be performed by dry wiping, vacuuming, or removal by solvents. If chemical
solvents are used, excess solvents should be used in order to elude the recontamination of the

steel sirface(Schnerch, 2006)



2.3Bond Behavior

In order to have a better understanding of the strengthening limitations of FRP strengthening

systems, the bond between a treated surface and the strengthening material must be well
undestood. Significant research has been performed investigating the bond between a

treated steel surface and FRP strengthening systems.

Research has been done on the properties of the adhesive/epoxy of an FRP strengthening
system. Xia and Teng (2005)vestigated the behavior of FRP to steel bonded joints. Test
results from this research program showed that using adhesives with higher strain capacities
will result in better bond performance when compared to adhesives with high tensile
strength. This gb of behavior was also exhibited by test results reported from Wu et al
(2012). Test results from this experimental program indicated that ductile adhesives have a
greater ability to distribute forces across the bonded area. Thisnirresults in higér

debonding resistances.

Hidekuma et al (2012) investigated the bond between steel and CFRP materials. An
experimental program was performed by applying CFRP materials to the surface of a steel
plate and subjecting the specimen to an axial tensiae.fofwo types of CFRP materials

were used for strengthening, one was CFRP strand sheets, and the other was a conventional
carbon fiber material. The two CFRP materials had similar elastic modulus and tensile

strength properties.



Other parameters withithe experimental program includéae number of layers of CFRP

material, width of CFRP, length of step, and type of step. Test results indicated that as the
number of layers of CFRP increased, the risk of debonding also increased. Furthermore, the
strand sheets achieved higher debonding strengths when compared to the conventional
carbon fiber material. The tests results also indicated that a small bonding surface may

induce debonding; thus, the bonding area should be as large as possible.

Jiao and Zha (2004) researched the use of CFRP materials to strengthen heat affected areas
of buttwelded high strength steel tubes. Test were conducted -orelded tubes spliced
together by CFRP materials on the outside of the tubes. The spliced steel tubes were
subjected to axial tension. The test results exhibited bond loetsawiilar to that of double

lap shear type specimens. Similar tests were performed on specimenglletl together,

and wrapped with CFRP material near the welded area. Test regiiiated that the
addition of the CFRP material could be used to regain the lost yield strength in the heat
affeciedzone of the steel tubeJhe testing alsocevealed a critical bond length for the CFRP
materials in this application. Additional bondeddé from the critical bond length did not

exhibit improved bond characteristics.



2.4 Strengthening to Increase the Axial Compression Resistance

A fair amount of research has recently been reported on the implementation of FRP systems
to increase the axi@bmpression resistance of steel members. Several research programs are
investigating the strengthening of steel columns, both long and short, by using FRP
strengthening systems. A significant amount of research has also been performed on the
strengthemg of plate and thin walled structures using FRP strengthening. Other researchers
are investigating shear strengthening of steel girders by applying FRP strengthening systems
to the webs of the beams. The following sections will give an overview ofigh#gicant

findings for selected topics pertaining to members subjected to compression stresses.

2.4.1 Column Strengthening

Buckling of columns can be divided into two separate categories: elastic buckling and
inelastic buckling. The mode of buckling is detered by the slenderness of the column. If

a column is long or slender, it will experience elastic, global buckling. If a column is very
short or stocky, it will experience inelastic buckling. Shaat and Fam (2006) performed
experimental tests on both prand short hollow columns that were strengthened with a
FRP strengthening system. Thpecimens were placed underaxial compression loads
until a reduction in load carrying capacity was reached.-stthngthened short and long
columns were used asmiool specimens. Different strengthening configurations were used
for short and long columns to delay their anticipated failure moéégure 2.1 depicts the

different configurations of the strengthening systeised.
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Figure 2.1: Orientations and Configurations of Applied Strengthening System
(Shaat & Fam, 2006)

Tests showed an increase in axial load capacity of 18% and up to 23%nfretsely
wrapped short columns and longitudinally wrapped long columns, respectively. These tests
also indicated that imperfections of the long columns, such asf-@titaightness, had a great
effect on the results and efficiency of the CFRP strengtigersiystem. In another
experimental program reported by Shaat and Fam (2009), slender steel columns were
strengthened with CFRP plates. Halleolumns were placed under akial compression

loads until a reduction in load carrying capacity was reached.
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Tests showed that the buckling loads of the strengthened specimens were higher than the un
strengthened control specimens. Furthermore, the effect of the strengthening system
increased with an increase thie slenderness ratio of the steel column. Faneple, the
buckling loads were increased b%63%%, and 71% for columns with slenderness ratios of

46, 70, and 93, respectively. Finally, the axial stiffness of the steel columns was increased
with the addition of the CFRP strengthening systfine incease in axial strength and axial

stiffness with an increase in slenderness ratio is shoWwigure2.2.
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Harries et al (2009) performed an experimental program to study the effect of FRP
strengthening systems on global and local buckling for long and short steel columns. The
experimental program included strengthening of WT sections with variowdeshess ratios

and strengthening techniques applied to the stem of the WT sedtienresearch findings
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indicate that the elastic global buckling behavior of long sections is not greatly influenced by
the FRP strengthening system. However, the FRPgitrening improves the local buckling

behavior of the WT sections. The test results show that increasing the effective radius of
gyration in the weak axis proportionally increases the load carrying capacity of the section

and prevents the formationsofplda i ¢ Aki nksd al ong the stem of

The plastic behavior of short square hollow steel columns strengthened with CFRP materials
was investigated by Bambach and Elchalakani (2003)rengthenedpecimensand un
strengthened control specimens were subgeto axial compression forces and subsequently
underwent large axial deformations. Test results showed that the CFRP materials increased
the ultimate strength of the columns. Furthermore, the effect of the CFRP strengthening

system proved to be greateith higher slenderness ratias shown irFigure2.3.

110V

I = oL

Strength Increase (%)

IOV

H ) 0 50 &0 70 &l )
Slenderness [ = it Wfy/250)]

Figure 2.3: Strength Increase Relationship (Bambach & Elchalakani, 2007)

13



Further analysis of the ressilindicated that the appli€€FRP materials increased the energy
dissipation of the columns, when compared to thestengthened control specimens
Unlike the ultimate strength, the energy dissipation of the columns increased with a decrease

in slendernss ratio.

Haedir and Zhao (2011) studied short steel tubular columns reinforced witistregiyth

CFRP sheets. Parameters within the experimental program consisted of varying slenderness
ratios, number of layers of CFRP sheets, and orientation oCERP sheets The CFRP
sheetswere oriented either transversely, longitudinally, or a combination of the two with
respect to the direction of the applied load. Strengthened astranmythened control

specimens were subjected to axial compression forme®aded until a failure was reached.

Test results indicatethat applying the CFRP sheets in both the transverse and longitudinal
direction was the most effective in increasing the compressive strength of the column. The
axial shortening of the colums was also decreased by 10% with the addition of the CFRP
sheets. Furthermore, wrapping the column with longitudinal sheets first, followed by

transverssheetsshowed the most increase in axial rigidity.
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2.4.2 Thin Walled Section Strengthening

Aguilera aml Fam (2013) conducted research on strengthening hollow steel secionts

using FRP plates.Figure 2.4 shows how ransverse compression forces were applied to
hollow steel sectios through a steel joint membe Parameters within the experimental
program included web height to thickness ratio (h/t), type of FRP plate, thickness of FRP
plate, and width of FRP plate. FRP plates were applied to tHa@aog webs of the hollow

steel sections in order to detemaitheir effect on delaying buckling of the member.

Figure 2.4: Application of Compressive Load on Hollow Member
(Aguilera & Fam, 2013)

Test results showed that the strengthereffgctiveness increased as the (h/t) ratio of the

member increased but did not necessari.lPorexamge asase t

the (h/t) ratio increased from 34 to 65, the strength of the section increased from 9% to 38%.
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On the other handor thick walled members, FRP retrofitting did increase the ductility and
thusthe energy dissipation of the member. The total width of the FRP plates was shown to
have a significant effect on the strengthening system as well. When the FRP plate covered
approximately 40% of the total span, the failure mode of the beam changed from local
buckling to shear failure near the supports for (h/t = 65) members and plate delamination for

(h/t = 34) members.

Kabir and Nazari (2011) studied the use of FRP pattheepair damaged thin walled steel
cylinders. In this investigation, the thin walled cylinders were subjected to uniaxial
compressive loading. The specimens tested in the experimental program varied in diameter
to-thickness ratios and the results wemmpared with an intact wstrengthened cylinder.
Notches were made in the steel cylinders using a spark technique in order to control the
amount of intentional damage imparted on the specingn shown inFigure 2.5.

Subsequently, FRP patches were wrapped around the damaged specimen.
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Figure 2.5: Intentionally Damaged Specimen (Kabir & Naziri, 2011)

Test results indicated that by applying FRP patches to dheaged area of the cylinders,
adequate buckling strength can be reached aspamu to the undamaged cylinder.
Furthermore, by adding more layers of FRP strengthening, the effect of the repair system

becomes greater by reducing the damage to thepgRRescaused by the onset of buckling

The webcrippling behavior of rectangular hollow sections (RHS) strengthened with CFRP
sheets and plates was investigated by Zhao et al (2006). Different strengthening
configurations were used for the RHS near the iegipbn of the bearing force. Testing
showed that CFRP strengthening significantly increased thecviggtling capacity of the

RHS sections.The main reason for this was determined to be a change in failure mode from
web buckling to web yielding.Figure 2.6 shows atypical failure moe of a strengthened

specimen in this study.
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Figure 2.6: Typical Failure of Strengthened Specimen (Zhao et al, 2006)

The CFRP sengthening was found to be the most effective for sections with large web
depthto-thickness ratios. This research was continued by Fernando et al (2009) by focusing
on only one CFRP configuration, but using various adhesives for the CFRP strengthening
system. Furthermore, preliminary finite element modeling was performed to verify the
experimental results and gain a better understanding of the bond between the CFRP and the

steel substrate.

Zhao and AlMahaidi (2009) explored the wadrippling behaviorof light-steel beams
strengthened with CFRP plates subjected to end bearing forces. The researchers varied the
sides of the web where the CFRP plates were applied on: CFR outer side, CFRP on

theinner side, and CFRP on both sidssshown irFigure2.7.
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Figure 2.7: Applications of Strengthening System (Zhao & AlMahaidi, 2009)

Un-strengthened lighsteel beams were used as control specimens. Teltated that
applying CFRP plates to both sides of the web were the most effective in increasing-the web
crippling capacity of the lighsteel beams, followed by applying plates to the inner side, and
outer side. When the CFRP plates were applied to &idds of the web, the increase in
bearing capacity ranged from three to five times the strength of ts&ramgthened light

steel beam.The increase in the capacity of the section was attributed to the CFRP plates

providing restraint against rotation thie web.

2.4.3 Shear Strengthening
I n addition to increasing a bridge girderds

al so be increased to match HAlbngwithresedreghdanes i ncr
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on thin walled sections, somesearch has been reported on increasing the shear capacity of

an existing steel girder.

A research program by Patnaik et al (2008) studied the application of CFRP strips to high
shear zone areas in builp steel girders. Beam specimens were strengthby applying
one layer of CFRP strips on both sides of the web. The CFRP strips ran continuously from
the supports to the point of load applicatidfigure2.8 shows a typical elevation of GFRP

shear strengimed bean(top) and an wstrengthened control specimen (bottom)
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Figure 2.8: Elevation of a Shear Strengthened Bear(Patnaik et al, 2008)

The beam specimens were subjected to four point bendingeén  produce a shear failure
of the specimen. Three tests were performed: Two strengthened beams and one un
strengthened control specimen. The load at which the control specimen failed at indicated

that the specimen failed by elastic web buckling.
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One of the strengthened test specimens failed at a load which suggested that the web yielded,
thus failed by inelastic web buckling. By adding the CFRP strips along the high shear zone,
the shear strength of the beam was increased by 26%. The resuaitsthieo other
strengthened specimen were inconclusive due to a failure of the weld between the web and

the flange. Figure2.9 displays a typical failure of the shear test beams.

Figure 2.9: Typical Shear Failure (Patnaik et al, 2008)

Similar to Panaik, Narmashiri et al (2010) investigated the application of CFRP strips near
high shear zones on the web didams to increase the shear capacity of the secfibe.
experimental program included the number of CFRP strips placed within the high shear
zones as well as the use of CFRP strips to either one or both sides of the-kedmsi

without any CFRP strips were tested as control specimens.
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Test results shoad that applying CFRP strips to both sides of the web was more effective in
increasing the shear capacity as compared to only applying the strips to one side of the web.
Testing also indicated that there was very little increase in the amount of sheatycapen

three strips of CFRP were used instead of two strips of CFRP on both sides of the web.

The study also showed that the vertical deflection of theises, as displayed iRigure

2.10, was reduced witthe addition of the CFRP strips.

Figure 2.10: Vertical Deflection of Specimen (Narmashiri et al, 2010)

The experimental test results were verified by numerical simulaéindshus indicated the

effediveness of the CFRP strips for shear strengthening applications
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CHAPTER 3 : Experimental Program
This chapter describes an experimental program undertaken to investigate the effectiveness
of small diameter carbon fiber reinforced polymer (CFRP) strands for stieagthening of
steel bridges by increasirthe compressive strength and buckling capacity of steel web
plates of bridge girders. Mechanical properties of the steel and strengthening materials, the
fabrication of test specimens, the test setup, andumsintation used in the experimental
program are presented in this chapter. The process of applying the sSfeR&thening

systemto the steel plates is also presented.

3.1 Material Properties

3.1.1 Steel Properties

The tested specimens consisted of aghngth lowalloy Grade 50, designated by ASTM
A572, steel plates that were supplied by a nearby steel manufacturing plant. Tension
coupons were prepared and tested in accordance with ASTM A370 using a universal MTS
testing machine. The deformations of theupons were measured using a two inch
extensometer and the load applied to the specimen was measured directly by the MTS testing
machine. Figure 3.1 shows a typical test setup used for the steel coupddsminal
dimensions othe tension coupons are shownFigure3.2. The actual dimensions of the
coupons, however, were measured with a caliper and a digital micrometer to ensure accuracy
of the measurements and test results. Three coupons wereftestedh plate thickness

used in the experimental program. The plates and tension coupons were from the same batch
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in order to ensure that the material characteristics of the tension coupons would match those

of the steel plates being used in the expental program.

Figure 3.1: Typical Tension Test Setup
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Figure 3.2: Typical Tension Coupon

Typical stressstrain curves for the three different thickees used in the experimental
program are shown iRigure3.3. Furthermore, yield strength, yield strain, and modulus of
elasticity values are given ifable3.1. The plot displays the varying strestsin behaviors

for varying thicknesses of steel. Tfiee-sixteenthsanch thick specimens exhibited a well
defined yield point angield plateau. On the contrarythethreeeighthsinch andhalf inch

thick specimens did not have well defined yield striermt yield plateaus. Therefore, the

yield strength for these two thicknesses was determined using the 0.2 percent offset method,
per ASTM A370. From the material testing results, it was determined thatdksxteenths

inch plates were Grade 50 stediile thethreeeighthsinch andhalf inch plates were Grade

65. Grade 50 steel was ordered for all of the plates; however, it is very common for Grade

65 steel to be commercialized as dual grade steel.
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Figure 3.3: Typical StressStrain Behavior of Steel Tension Coupons

Table 3.1: Typical Mechanical Properties of Steel

. Yield Strain Yield Strength Elastic Modulus

Steel Thickness %) ki Wi Ksi MPa
5/16” (8 mm) 0.20 64 443 28,800 | 199,000
3/8” (10 mm) 0.23 66 454 29,000 | 200,000
1/2” (13 mm) 0.23 57 392 28,000 | 198,000
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3.1.2 CFRP Properties

The average crossectional area of the three types of CFRP strarel® wietermined by

using volume displacement. 15 individual strands, for each type of CFRP strand, were
selected at random and were cut to an approximate length of twelve inches. The exact length
of each strand was measured using a digital caliper aectwa0.0004 inches. After
measurement of the strands was complete, the strands were placed inside a calibrated burette
and the amount of displaced water was recordadure 3.4 displays the burette and strands

as described. This procedure was followed for all of the strand types used in this

investigation.
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Figure 3.4: Burette and CFRP Strands

The tensile properties of high modulus (HM), intermediate modiiis and low modulus

(LM) strands were determined. Several specimens were prepared for eachtge and

were tested in uakial tension.
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The total length of each specimen was 12 inches long, with a gauge length of 5 inches long.
In order to captw strain values during testing, twiwotion capturing sensorgere attached

on the single strand within the gauge length using a sthased epoxy that would allow the
sensordo bond to the strandFigure 3.5 displays the test sefp used for the testing of the

CFRP strands.

Figure 3.5: CFRP Strand Test Setup
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The measured tensile strength, ultimate strain, and elastic modulus for the three types of
CFRP strads are given iTable3.2. The measured stresgain behavior for the three types

of CFRP strands are shownHkigure3.6. Test results indicate that the high modwdtiands

were the stiffest strand®llowed by the intermediate modulus and low modulus/high tensile
strands Furthermore, the ultimate stress and ultimate strain values were lower for the high

modulusin comparison tehe intemediate modulus and low modslstrands

Table 3.2: Typical Mechanical Properties of CFRP Strands

CFRP Type Ultimate Strain ISJtl:::;ttﬁ Elastic Modulus

(%) ksi MPa ksi MPa
Low Modulus (LM) 1.68 340 2350 20,000 | 140,000
Intermediate Modulus (IM) 1.04 320 2200 31,000 | 214,000
High Modulus (HM) 0.32 120 827 35,500 | 245,000
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Figure 3.6: Typical StressStrain Behavior of CFRP Strands
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At the time of straegthening, witness panels were fabricated to determine the properties of

the strengthening system that is being applied to the steel plates. After a week of curing, the

witness panels were cut using a wet saw into 12 inch long, 1 inch wide specimeitat t&im

the individual strands, the witness panel coupons were tested in tension.

Similar to the

individual strands, strain was determined by using data obtained frommddvon capturing

sensorsthat were attached on the coupon within the gauge lengtiy @s siliconrbased

epoxy. Figure3.7 displays the test setup for the testing of the witness panel coupons.
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From the tension tests, the elastic modulus, ultimate stress, and ultimate strain for the witness
panelcoupons were determined for each strand typeese values are given irable 3.3.

The stressstrainrelationship of the materials in relation to steeshewn inFigure3.8. Test

resuts clearly indicate that theslastic modulus values are proportionally reduced in
comparison to the single strand tests. This can be attributed to the increase of the epoxy

matrix.

Due to the proprietary nature and recent production of the epoxy eelhesiterial, the
material properties of the epoxy adhesaeneare not currently available through published
works. It should be noted that the material properties for the epoxy adhesive were not

determined in this research program
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Figure 3.7: CFRP Witness Panel Test Setup

Table 3.3: Typical Mechanical Properties of CFRP Witness Panel Coupons

CFRP Type Ultimate Strain Isjtl:::gatt; Elastic Modulus
(%) ksi MPa ksi MPa
Low Modulus (LM) 1.58 64.6 445 5,753 31,247
Intermediate Modulus (IM) 0.76 64.4 444 8,019 59,426
High Modulus (HM) 0.32 30.6 211 9,830 67,775
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Figure 3.8: Typical StressStrain Behavior of CFRP Coupons

3.2Test Specimens

For eachtestspecimen, a steel plate was welded to ‘{sgghngth steel sleeves using metal
inert gas (MIG) welding. The welding process was performed in stich configured welds on
opposte sides of the plate to distribute the stresses induced by the heat created by the
welding processFigure 3.9 depicts the welding process that was followed during the

experimental program.
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Figure 3.9: Welding of Test Specimens

3.2.1 Application of the Strengthening System

To ensure proper adherence of the strands to the steel surface, the steel plates were
sandblasted prior to the commencement of the applicatimeegs. After sandblasting, the

plates were sealed in plastic shrink wrap to minimize any possible corrosion. When the
plastic wrap was removed, compressed air and acetone were used to clean the surface of any
sand residue that may have been present thensandblasting process. Strain gauges were

then applied to the steel surface on the same day of strengthening before the application of
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the primer resin.Figure 3.10 displays a sandblasted plate with strainggs attached to the

clean surface.

Figure 3.10: Sandblasted Plate with Strain Gauges

The primer resin was applied to the steel plates after the application of strain gauges. The
primer resin was a miure of resin and hardener with a ratio of 1:1. The components of the
mixture were weighed using a digital scale and mixed using an electric mixer for two
minutes. The primer resin was then applied to the clean steel surface using a paint roller as
shown in Figure 3.11. Once the entire specimen was coated with the primer resin, a

minimum of two hours elapsed prior to the application of any other strengthening material.
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Figure 3.11: Application of Primer Layer

The polyurea putty layer, if any was to be applied to the steel, was applied after an
appropriate amount of time had elapsed after the application of the primer resin. The
polyurea putty consisted of al3ratio of resin and hardener, respectively. The components
of the mixture were weighed using a digital scale and mixed using an electric mixer for two
minutes, similar to the primer resin. The polurea putty was then applied to the primed steel
surface sing putty knives in order to ensure a smooth layer of the material would be
achieved.Figure3.12 displays the polyurea putty coated steel plate. The polyurea putty was

to cure a minimum of six hours prior to@igation of the CFRP strands.
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Figure 3.12. Polyurea Putty Coated Test Specimen

The CFRP strands were carefully cut to required lengths using shears. Two different types of
epoxy adhesivesvere used deending on whether or not the plate was strengthened with
polyurea putty. Regardless of the type of epoxy, the mixing ratios were to be the same. A
mixing ratio of 4:1 for the resin and hardener was used. The components were weighed
using a digital scal and mixed using an electric mixer for a minimum of two minutes. Once

a consistent mixture was attained, a thick layer of the epoxy was applied to the steel surface
using putty knives. Once the initial layer of epoxy was applied, the wires from the stra
gauges were passed through the gaps between the CFRP stfagd® 3.13 displays the

process of passing strain gauge wires through the gaps of the str@adsequently, the
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CFRP strands were applied to gteel surface. Putty knives were used to press down on the
strands, allowing excess epoxy to squeeze through the gaps between the strands. A second
thin layer of epoxy was then applied on the strands and smoothed using putty Kiguess.

3.14 presents the process of applythgsecond layer of epoxy. The strengthespdcimens

were left to cure for at least seven days before any testing.

Figure 3.13: PassingStrain Gauge Wires through Gaps of CFRP Strands
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Figure 3.14: Application of Second Layer of Epoxy

If a second layer of the CFRP strengthening system was to be applied, it was applied after the
specimenswvith one layer of CFRP were tested. Prior to application of the second layer of
CFRP strands, the surface of the strengthepedimensvere sanded using 150 grit sanding
sponges until @roper bondingsurface was achieved. Once the sanding was cordplbi

plates were blown with compressed air to remove excess epoxy material, and were
thoroughly cleaned with acetone to ensure a clean surfeagure3.15 showsthe described

sanding process
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Figure 3.15: Sanding Process of First Layer of CFRP

A base layer of epoxy was applied to the surface of the existing CFRP layer. Next, the wires

from the strain gauges were passed through the gaps between the CRB®thabneeded

to be applied. Finally, the CFRP strands were applied to the strengthened surface. Just as
before, putty knives were used to press down upon the strands allowing excess epoxy from

the base layer to squeeze through the gaps of the CFRRIstr A second and final thin

layer of epoxy was applied to the surface and smoothed with putty knives. The strengthened

specimenswere left to cure for at least seven days prior to any further testiygon

completion of testing, the test specimensewneut from the sleeves using a plasma cutter.
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New test specimens were subsequently welded to the clean, unused portion of the sleeves.

The same process would follow until the sleeves no longer provided available welding space.

3.3Test Setup

The test setuptilized for this experimental progragonsistedof HSS 4x4x1/2 members
throughout. The frame was tied down to the strong floor at four points to ensure stability of
the setup during testing. To place the prepared test specimens into the test sesiyp, two
inch diameter chrome painted, higtiength steel pins (referred to as pins henceforth) were
inserted inside the sleeves of the test specimen. It should be noted that after the pins were
manufactured, holes were drilled through them at a specifigdndes from their ends in

order to allow higkstrength prestressing bars to pass through them. Both the inside of the
sleeves and the pins were greased in order to reduce the friction between the two materials.
Subsequently, high strength p&essing ba (referred to as HS bars) were passed through
the pins. Nuts were threaded onto the top and bottom of each HS bar in order to ensure the
bar stayed in proper position prior to lifting into the test setup. Finally, the entire apparatus
of the HS bars, pis, sleeves, and tespecimenwere inserted in an upright position within

the test framelrigure 3.16 depicts both the computer rendering of the test setup (on the left)

and the actual setypn the right) for bdt the elevatiorand side views of the setup.
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Figure 3.16: Test Setup
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3.4Load Application

In order to apply a compressive load to the test spesimead was applied to the ping

the HS bars. ABearing Plateso weheeearin@g@br i ca
plates consisted of two steel cylindrical rods welded to a steel plate. As for the top pin,
bearing plates were passed through the HS bars, withedreng platelirectly contacting the

top of the pinFigure3.17 displays a bearing plate and its orientation to the pin. Following

the bearing plates, loading plates were placed through the HS bars. The loading plates were 2
inch thick steel plates. The loading plates served as a platform for theelbsmdirectly rest

on, and thus directly applying the load to the bearing plaigure 3.18 depicts the usage of

the bearing and loading plates used in the test setup.

B <O |~ Bearing Plate

Figure 3.17: Bearing Plate and Pin
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Figure 3.18: Loading Plates and Bearing Plates

Hydraulic jacks passed through the HS bars and were placed on top of the load pklie

and nut wee placed on top of the hydraulic jacks in order to lock the HS bars in place from
the top. Different capacities of hydraulic jacks were used for varying plate slenderness ratios.
From the bottom pin, bearing plates were passed through each HS bar, arldcked in

place by a plate and nut; thus, locking the HS bars in place from the top and the bottom.
Figure 3.19 displays how the HS bars are locked in place at the bottom pin. Once the HS
barswerelocked in plae, hydraulic hosewere connected to the hydraulic jacks. The two

hydraulic hosesvereconnected to a splitter thaasconnected to a hand hydie pump.
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The splitter ensurethat each of the hydraulic jagkeceivedan equal amount of hydraulic

fluid from the hand pump; thus, applying equal load to each side of the pins. The load was
applied by the hand pump at a constant pace throughout the experimental procedure in order
to achieve consistent results. Furthermore, when load was applied to theet@stien, the
sleeves were able to rotate about the two pins; thus attempting to rep@ligaitepin

connection

Figure 3.19: Loading Plates and Bearing Plates
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3.5Instrumentation

Load cellswere utilizd to capture the exact loads that were being applied to the specimen by
each hydraulic jack. In order to ensure proper contact between the load cell and the
hydraulic jack, washers were placed on top of the loading surface of the load cell prior to
placing the hydraulic jack on the load cell. Thus, the hydraulic jack transferred the load to

the washer, which directly transferred the load to the load cell. Similar to the hydraulic

jacks, different load cells were used depending on the segecfmerthat was to be tested.

Electrical resistance strain gauges were used to measure the local longitudinal (in the
direction of the load) strain. All of the strain gaugssd in the experimental programere

5mm in length. The strain gauges were applied etiid-height of thespecimenone being

one inch away from the unloaded edge of shecimen another being one half inch away

from the center of thepecimen This pattern was used for bdttes of the ggzimen For

an unstrengthenedpecimen four stain gauges were used. For a strengthespettimen

eight strain gauges were used; four were applied to the steel surface, and the other four were
on the surface of the CFRP layEigure 3.20 andFigure 3.21 display strain gauges applied

to an unstrengthenedpecimeras well as a strengthenspecimenrespectively. The strain

output from the testing process allows the determination of whether elastic or inelastic

buckling is occurring.
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Figure 3.20: Strain Gauges on UnStrengthened Test Specimen
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Figure 3.21: Strain Gauges on Strengthened Test Specimen

String poéentiometers were used to measlateral deflectionf the specimendue to the
compressive load. The string potentiometers were attached along the vertical centerline of
the specimemat the top and bottom ends, as well as at thehwmight. A total of dur string
potentiometers were used for each test; one at the top end, one at the bottom end, and two at
the midheight of thespecimen Figure3.22 shows the arrangement of string potentiometers
utilized for theexperimental program. The string potentiometers provideddedekction

behavior in order to determine ttaeraldeflectionsat any given load.
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Stri ngd
Potent

Figure 3.22: String Potentiometers on Backside of TdsSpecimen

For a truly pinpin connection, there would be zero deflection at theatog bottomof a
specimen when load is applied to it due to the center of rotation being directly underneath the
point of load application.Figure 3.23 shows how the center of rotation of the specimen is
located at the center of the pin, rather than at the top afpib@men Thus, the deflections

at the topand bottomof the specimensare not equal to zero. The net deflectiwas
calculated by subtracting tleveragedeflection at the topnd bottonof the specimengrom

the deflection at the center of tepecimens The net deflection serves as a more accurate
representation dhteral deflectiorvalues as compared to the asared dédéctionat the mid

height of thespecimen
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Figure 3.23: Net Deflection of Specimerand Rotation of Sleeve

A motion capturing system was used to measure the overall deflected shape of the
specimens, longitudinal strains, dateral deflections The motion capturingystem creates

a threedimension& coordinate system by the use bffrared Emitting Diodes (IRED)
attached to the plate givenpoints of interestThearbitrarycoordinate system is established
about a point specified by the usény subsequenmovement of thdREDs will then be
captuedby thecamera systemn reference to the established coordinate systemrribtien
capturingsystem has an accuracy of 0.004 inclaes a relution of 0.0004 inchesThe

IREDs were attached to the front faces of the spsicimengver their entire dights alog
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their centerlines and had three inch spaciriggure 3.24 shows the arrangement of the

IREDs attached to the test specimens.

Figure 3.24: Arrangement of IRED Sensors on Test Specimen
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OnelRED was also attached to each sleageshown irFigure3.24to monitort he sl eev e 0
movement, andhus,thes | e eretatidnsThe purpose of this was to determine veetor

not the sleeves were rotating uniformly when load was applied to the specimen. This rotation

is shown in Figure 3.23. The motion capturingsystem would capture the vertical
displacement (Y) and the eaf-plane displacement (Z) of the IRED attached to the sleeve.

From these values the angle of rotation of

Equation 3.1:

- Ly :

p HE_ — Equation3.1
Where r i s the outer radius of the sl eeve,

measured deformations in the Z and Y directions, respectively.

3.6 Test Matrices

For Phase I, there were a totalfofirteenspecimens tested. Eight of the specimens had a
single layer of HM small diameter CFRP strands on each face ofpbeimen The
remaining six specimens were-gtiengthened and used as control specimdiadle 3.4 is

the test matrix for Phase | containing all of ggecimenghat were tested. Th&pecimen
designation is selflescriptive. For examplspecimen-24-3/8-S-P means that thgpecimen

is from Phase |, is 24 inches tall, 3/8 inches thick, and isgttiened with putty.
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Table 3.4: Test Matrix of Phase |

Matrix of Phase |
. . h t .
Plate Designation om Tin lmm | in h/t | Strengthening | Polyurea Putty

1-24-1/2-U NO NO
1-24-1/2-S-P 13 1/2] 48 YES YES
1-24-3/8-U NO NO
1-24-3/8-S-P 610 | 24 10| 3/8 | 64 YES YES
1-24-5/16-U NO NO
1-24-5/16-S-P 8 |5/16 | 77 YES YES
1-24-5/16-S YES NO
1-48-1/2-U NO NO
1-48-1/2-S-P 131 172} 96 YES YES
1-48-3/8-U NO NO
1-48-3/8-S-P 1220 | 48 10| 3/8 | 128 YES YES
1-48-5/16-U NO NO
1-48-5/16-S-P 8 |5/16 | 154 YES YES
1-48-5/16-S YES NO

For Phase Il, a total otighteenspecimenswere tested. Six of the specimens were
strengthened with one layer of either HM, IM, or LM small diam&eRP strands on each
face of thespecimen Another six of the specimens were strengthened with two layers of
either HM, IM, or LM small diameter CFRP strands on each face afgeeimen The last

six of the specimens were -strengthened control specinge Table 3.5 presents the test
matrix for Phase Il. Thepecimerdesignation is selflescriptive. For examplepecimenl-
48-5/16-2IM means that thepecimens from Phase I, is 48 inches tall, 5/16 inchaskh

and is strengthened with two layers of intermediate modufaads
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Table 3.5: Test Matrix of Phase Il

Matrix of Phase 11

Plate Designation h : L : h/t Strand Type
mm | in. | mm | in.
11-24-5/16-LM-U NO (CONTROL)
11-24-5/16-1IM-U NO (CONTROL)
I1-24-5/16-HM-U NO (CONTROL)
11-24-5/16-1LM LM
I1-24-5/16-1IM | 610 |24 | &8 |5/16| 77 IM
11-24-5/16-1HM HM
I1-24-5/16-2LM LM
11-24-5/16-21IM IM
11-24-5/16-2HM HM
11-48-5/16-LLM-U NO (CONTROL)
11-48-5/16-IM-U NO (CONTROL)
11-48-5/16-HM-U NO (CONTROL)
11-48-5/16-1LM LM
I1-48-5/16-1IM | 122048 | 8 |5/16 | 154 IM
11-48-5/16-1HM HM
11-48-5/16-21LLM LM
11-48-5/16-2IM IM
11-48-5/16-2HM HM




CHAPTER 4 : Experimental Results, Analysisand Discussion

This chapter presents the analysis used terchee the effectiveness of tbeoposedCFRP
materials for strengthening steel plates subjected to uniaxial compression forces. The
assumptions used to predict the behavior of the test specimens, comparison of the behavior of
the different strengtheningystems, the parameters that were considered, and the criteria used
to evaluate the effectiveness of the strengthening systems are described in this chapter. A
thorough discussion of the test results and decision making steps for selecting the most
effecive strengthening system is also presented for each of the two phases completed in the

experimental program.

4.1First Phase

The following sections present typical behavior of the specimens tested in Phase | of the
experimental program. These selected spessnare representative of typical results that
were observed in Phase I. It should be mentioned that the control specimens used in this
phase were tested independently from the strengthened specimens. Test results of the
remaining specimens tested in Béd are provided ithe Appendices sectionTable 4.1

presents the specimens that are discussed in the following sections.
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Table 4.1: Phase | Test Specimens Disissed

Selected Specimens from Phase I

Mark h/t | h/b Strengthening

[-24-(1/2) 48 Y

S-P

1.2 U

[-24-(5/16) 77 S-P
S (w/out Putty)

_ U

[-48-(1/2) 96 | 2.4 Sp

4.1.1 Specimens: 124-(1/2)

The specimens in this category were 24 inches tall, 20 inchesamdkalf of aninch thick.

Thus, the specimens have a slenderness ratio and aspect ratio of 48 and 1.2, respectively.
Specimen24-(1/2yU was used asnauns t r engt hened contr ol speci
the specimen is ustrengthened. Specimer24-(1/2>S-P was strengthened with one layer

of HM small diameter CFRP strands on each face ospleeimen Furthermore, a layer of

polyurea putty was appi ed bet ween the steel surface and
and the APO in the specimen mark indicate t|
of polyurea putty (P).
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4.1.1.1Specimen +24-(1/2)U

The strain gauges that were placed at the-lmight of the specimen were used to measure
the localized longitudinal strain in the direction of the applied compressive load. Test results
indicate that the measured strains were virtually equal across tHeerglt; therefore, the
average measured straiare presented Figure4.1 for the compression and tension face of

the specimen.
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Figure 4.1: Longitudinal Strain -Load Relationship at Mid-height of Specimen
1-24-(1/2)}U
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It is evident fromFigure4.1 that the measured strains on both sides oSgeeimenwvere in
compression until bending becomes more predominant. The measured strains on the
compresin face were higher than those measured on the tension face dine to
combination of axial compression arde second order effects induced by the lateral
deflection of the specimen. The buckling load of the specimen is 145 kips; evident by the
clear rediction of loading carrying capacity of the specinaéter this load level Since the
corresponding measured strain was less than the yield strain at the buckling load, it was
concluded that the behavior was elastic buckling. Therefore, the failure sydstesm was

due to loss of stability rather than a material failure.

The string potentiometers placed along the vertical centerline of the plate were used to
measure the lateral deflection of the specimen due to the applied load. The net lateral
deflecton was calculated by subtracting the average measured deflections at the top and
bottom of the specimen from the average measured deflection at tHeeighd of the

specimen.Figure4.2 depicts the net laterakélection of specimen24-(1/2)-U.
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Figure 4.2: Net Lateral Deflection-Load Relationship at Mid-height of Specimen
[-24-(1/2)}U

The results shown ifigure 4.2 confirm the behavior and the results showrFigure 4.1.

There is virtually zero lateral deflection at the rhigight of the specimen until the applied
load approached the buckling load. Oncegpecimen began to bend, the lateraledzion

began to increase along with the increase in applied load until buckling occurred, followed
by loss of the load carrying capacitlfigure4.3 shows the side view opgcimen 124-(1/2)

U after it has buckled. The tension and compression faces are identified on the Tigere.
buckled shape shown frigure4.3 was the typical buckled profile for all of the specimens

tested inthe experimental program.
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Figure 4.3: Side View of Specimen424-(1/2)-U after Buckling
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4.1.1.2Specimen +24-(1/2»S-P

Figure4.4 exhibits the average longitudinstrain for the steel and CFRP at the +height of
thespecimen The two diagrams in the plot are the measured average strains for the strain in
the steel and CFRP material for the same specimen. The behavior clearly indicates that the
buckling load ofthe specimen is 177 kips. Furthermore, the measured strain on the
compression face of the specimen indicates that the spewasrery close to yielding at

the buckling load, but still experienced elastic bucklingigure 4.5 compares the un
strengthened specimen with the strengthened specimen. Test results indicate that adding one
layer of HM CFRP strands increased the buckling capacity by 22%. When comparing the
loadstrain behaviors of the strengthened andswengthened specimens, it is clear
imperfection of the strengthened specimen induced bending due to the applied compression

load in comparison to the tstrengthened specimen.
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Figure 4.5: Longitudinal Strain -Load Relationship Comparison of }24-(1/2) Specimes
Figure4.6 shows the net lateral deflection of specimeé®{1/2)>S-P. Figure4.7 combines

the lateral deflections of specimen4-(1/2}U and 124-(1/2»S-P. The increase in the

buckling load of 2% is also shown ifigure4.7.
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Figure 4.7: Net Lateral Deflection-Load Relationship Comparison of +24-(1/2)
Specimens

The addition of an FRP strengthening system is not normally expected to reduce the initial
lateral stiffness of the specimen. Variatiohthe thickness of the applied strengthening
system on either side of the specimen may lead to possible eccentricity of the applied
compression load and induce secondary moment which can alter the behavior of the
specimen. Moreover, using two differestéel plategor the control and strengthen specimen

could also have different residual stresses which can also affect the behavior.
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4.1.2 Three Dimensional Measurements

A motion capturing system was used fdl of the specimes tested in the experimental
program. The system is capable of measuring the deformation of a specimen in three
dimensions. The system provided lateraled#ion measurements, strain measurements, as
well as sleeve rotation angleBigure4.8 shows the deflected shape for specim@d-(1/2)

S-P at three different applied loads levels. Similar plots were generated for other test

specimens tested in Phase | and Phase II.
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Figure 4.8: Incremented Measured Loads vs. Lateral Deformation of Specimen
[-24-(1/2)}S-P
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The angle of rotation for the top and bottom sleeves as load is applied to spe2dn@vl-

S-P is shown irFigure4.9. It is clear that as load is gradually applied to the specimen, the
angle of rotation is increased. Thus, proving that the designed tesgt getformed as it was
intended to. Similar plots were developed for all of the test specimens in Phase haad Ph
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Figure 4.9: Measured Sleeve RotatiorLoad Relationship of Specimen{24-(1/2)S-P
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4.1.3 Specimens: {24-(5/16)
The specimens in this category are 24 inches tall, 20 inches wide assixteenths ban
inch thick. Thus, the specimens have a slenderness ratio and aspect ratio of 77 and 1.2,

respectively.

4.1.3.1Specimen +24-(5/16)U
This specimen was used as anstmengthened control specimen. The measured average

strains are shown iRigure4.10 for the compression and tension face of the specimen.
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Figure4.10 shows that the buckling load of the specimen was 47 kips; evident by the clear

reduction of loading carrying capacity of the specimen beyond this load level.

Since the

corresponding measured stras less than the yield strain, it was evident that the exhibited

behavior was elastic buckling.

The measured net lateral deflection of specim2a-(5/16)U is shown inFigure4.11. The

presence of lateraleflection becomes noticeable at approximately half of the buckling load.
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After this load level, the lateral de€tionincreases with an increase in load until buckling is

reached.
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Figure 4.11: Net Lateral Deflection-Load Relationship at Mid-height of Specimen
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4.1.3.2Specimen +24-(5/16)S-P

This specimen was strengthened with one layer of HM small diameter CFRP strands on both
facesof the specimen. A layer gblyureaputty wasused to separate the CFRP strands from
the face of the steelFigure4.12 shows the measured longitudinal steel and CFRP strains at

the midheight of the specimen. The buckling load of thecapen was 66 kipsFigure4.13
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compares the ustrengthened specimen with the strengthened specimen. Test results
indicate that using one layer of HM CFRP strands, there is a 40% increase in the buckling
load. It was observed thdhe steektrain values of the strengthened specimen were less than

the steel strain values of the-strengthened specimen at any given load level.
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Figure 4.12: Longitudinal Strain -Load Relationship at Mid-height of Specimen
[-24-(5/16)S-P
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Figure 4.13: Longitudinal Strain -Load Relationship Comparison of +24-(5/16)
Specimenswith Putty

Figure 4.14 displays the lateral deflection of speem +24-(5/16)}S-P. Figure 4.15
compares the lateral dettions of control specimen -24-(5/16)U and strengthened
specimen 24-(5/16)S-P. It is clear thiathe initial lateral stiffness of the strengthened
specimen is higher than that of the-strengthened specimen, evident by the delayesetn

of secondary bending for the strengthened specimen.
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4.1.3.3Specimen +24-(5/16)S

This specimen was strengthened with one layer of HM small diameter CFRP strands on both
sides of the specimen. Nmwlyureaputty was used, however, to separate the CFRP strands
from the face of therimed steel. Figure 4.16 shows the measured longitudinal steel and
CFRP strains at the miaeight of the specimen. The measured buckling load of the
specimen was 73 kips. Figure 4.17 compares the ustrengthened specimen with the

strengthened specimen.
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Test results indicate that using one layer of HM CFRP strands, an increase in the buckling
load capacity of 55% can be achieveflimilar to specimen-24-(5/16)S-P, it is observed
that there is a redtion in measured strain values at the level of the steel for the strengthened

specimen when compared to the measured steel strain values for -#teengthened

specimen.
445 : : : : : : 100
00 f R e X
356 +-- - 80
=311 - 70 &
o 267 - 60 o
B -]
S 222 - 50
- -
T
2 178 - 40 @
2 =
<133 L 30 &
89 - - 20
441 Compression Face ‘ Tension Face || 10
0 T T T . T T T 0
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Longitudinal Strain at Mid-height (microstrain)

Figure 4.16: Longitudinal Str ain-Load Relationship at Mid-height of Specimen
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Figure 4.17: Longitudinal Strain -Load Relationship Comparison of +24-(5/16)
Specimens without Putty

Figure 4.18 displays the lateral deflection behavior of specim@d-(5/16)S. Figure4.19
compares the lateral deflections of control specimetd-(5/16)U and strengthened
specimen+24-(5/16)S. The apparent reduction in initial lateral stiffness of the strengthened
specimen can be attributed to the factors previously discussed including variable CFRP

thicknesses and imperfections of the steel plate.
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Figure 4.19: Net Lateral Deflection-Load Relationship Comparison of +24-(5/16)
Specimens without Putty

4.1.4 Specimens: 148-(1/2)

The specimens in this category were 48 inches tall, 20 inches wideadrahinch thick.

Thus, the specimens have a slenderness ratio and aspect ratio of 96 and 2.4, respectively.
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4.1.4.1Specimen +48-(1/2)U

Specimen #48-(1/2)U was used as an strengthened control specimen.

The measured

average loadtrain relabnship is shown ifrigure4.20 for the compression and tension face

of the specimen.
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Figure 4.20: Longitudinal Strain -Load Relationship Comparison of +48-(1/2)}U

Figure4.20 indicates that the buckling load of the specimen was 25 kips; evident by the clear

reduction of loading bearing capacity of the specimen beyond this load level.

Since the

corresponding measured strain was less than the yield strain, it was evident that the behavior

was elastic buckling. It is also clear that secondary bending of thengpers prevalent in
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this case since the measured strains on one side of the plate was in tension at a small applied
load. This sort of behavior can be attributed to initialaftgtraightness of the plate before

testing which became more dominate forder, more slender specimens.

Net lateral deflection of specimem8-(1/2)-U is shown inFigure4.21. It is clear that the

lateral deflection occurs at a very low applied load due to the presenceaftstatightness

in the specimenconfirming the measured loatrain behaviar
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Figure 4.21: Net Lateral Deflection-Load Relationship at Mid-height of Specimen
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4.1.4.2Specimen t48-1/2-S-P

Figure4.22 shows the measured average strains across thaeaight of the specimens for
the compression and tension face for the strengthenedrspe F48-(1/2)-S-P. Figure4.23
combines the loadtrain behaviors for the control specimea8(1/2)}U and strengthened

specimen-48-(1/2)S-P.
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Figure 4.23: Longitudinal Strain -Load Relationship Comparison of 48-(1/2)
Specimens

Test results indicate that with the addition of a single layer of HM smallet&anCFRP

strands on both faces of the specimen, the buckling load was increased by 56%. Results also
showed that the measured steel strain for the strengthened specimen is lower than the
measured steel strain in the-stnengthened specimen at any giaaplied load level. This
behavior clearly emphasizes that the CFRP strands are effective in sharing the load in

conjunction with the steel and thus justifying the measured increase of the buckling load.
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Figure4.24 displays the lateral deflection behavior of spemn F48-(1/2)S-P. Figure4.25

compares the lateral deflections of specime#&(1/2)-U and +48-(1/2)-S-P.
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Figure 4.24: Net Lateral Deflection-Load Relationship at Mid-height of Specimen
[-48-(1/2yS-P
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Figure 4.25: Net Lateral Deflection-Load Relationship Comparison of +48-(1/2)
Specimens

It is clear that the initial lateral stiffness of the strengthened specimen is slightly higher than
that of the urstrengthened specimen. This behavior is expected of specimen with similar
initial characteristics. The increase of the overall stiffiesdue to the addition of the

strengthening system consisting of HM small diameter CFRP strands applied.
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4.1.5 Research Findings of Phase |

Several observations were made from the measured behavior of the specimens tested in
Phase |. Test results indicatedhtththe application of HM small diameter strands to both
facesof the specimen was effective in increased the buckling load for all of the tested
specimens. Furthermore, results indicated dHaif thetested specimens experienced elastic

buckling.

It was observed that there were excellent bond characteristics between the steel and the small
diameter CFRP strands. There were no signs of debonding observed during the testing up to
buckling on either the compression or tension faces of the speciniéres presence and
absence of the polyurea putty did not seem to have any obvious contributions to the bond

characteristics.

Test results revealed that initial enftstraightness and imperfections can vary significantly

for each steel plate. These initialperfections of the specimens can have a great effect on
the behavior of the specimen and thus the results of the test. Based on this observation, it
was decided for Phase I, to test the same steel plates as control specimens prior to applying
the CFRPstrengthening system in order to compare the same plate before and after

strengthening.
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4.2 Second Phase

The following sections present test results of the specimens tested in Phase Il of the
experimental program. Based on the test results measured m IPhvas slenderness ratios

and two aspect ratios were selected that would ensure elastic buckling would be achieved.
The selected slenderness ratios were 77 and 154. The two selected aspect ratios were 1.2 and
2.4. Three different types of small dianteeFRP strands were used to determine their
effectiveness on the buckling behavior of the specimens. It should be mentioned that the
control specimens used in this phase were strengthened and tested as strengthened
specimens. Polyurea putty was usedalbof the strengthened specimens tested in Phase II.

A summary of the specimens discussed in the following sections are giVahle#.2.
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Table 4.2: Phase Il Test Specimens Discussed

Strand Number of

Mark h/t | h/b Type Layers
0
LM 1
2
0
11-24-(5/16) | 77 | 1.2 IM 1
2
0
HM 1
2
0
LM 1
2
0
11-48-(5/16) | 154 | 2.4 IM 1
2
0
HM 1
2
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4.2.1 Specimens: 1+24-(5/16)}LM

The specimens in this category were 24 inches tall, 20 inches wide arsikfeenths inches

thick. Thus, the specimens have a slenderness ratio and aspect ratio of 77 and 1.2,
respectiely. Specimen 1R4-(5/16}LM-U was used as an +strengthened control
specimen. Specimen-24-(5/16}1LM was strengthened with one layer lofv modulus

(LM) small diameter CFRP strands on each face of the specimen. Specigfe{b/16)

2LM was strenthened with two layers of LM small diameter CFRP strands on each face of

the specimen.

The strain gauges that were placed at thelmidht of the specimen were used to measure
the local longitudinal strains at tiseirface ofthe steel plate due to tlag@plied compressive
load. The measured strains were virtually equal across théneigtt; therefore, the
average measured strains are present&igumre4.26 for the compressioandtension faces

of the specimes.
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Figure 4.26: Longitudinal Strain -Load Relationship at Mid-height of 11-24-(5/16)}LM
Specimens

Figure 4.26 indicates that the buckling load of the-stnergthened specimen,-84-(5/16)

LM-U, was 51.3 kips. With the addition of a single layer of LM CFRP strands, the buckling
load was increased to 63.4 kips; which is an increase of nearly 24%. With two layers of LM
CFRP strands, the buckling load was inseghto 81.3 kips; to which is almost a 59%
increase from the ustrengthened specimen. There was also a reduction of the measured
steel strain as the number of LM CFRP layers increases. This behavior indicates the

effectiveness of the CFRP strands inrsttathe applied load with the steel plate.
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The string potentiometers placed along the vertical centerline apg@memmeasured the

lateral deflection of the specimen induced by the applied load. The net lateral deflection was
determined by subtracty the average measured deflections at the top and bottom of the
specimen from the average measured deflection at thénemtit of the specimenFigure

4.27 displaysthe lateral deflections of 24-(5/16}LM specimens as the number of LM

CFRP layers was increased. The corresponding buckling loads for each of the specimens are

also shown offrigure4.27.
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Figure4.27 shows that there is a general increase of initial lateral stiffness of the spgcimen
by increasing the number of layersldfl CFRP strands. Moreover, the specimen with two
layers of LM CFRP strands exhibits the highest initial lateral stiffness when compared to the

un-strengthened specimen and the specimen with one layer of LM CFRP strands.

4.2.2 Specimens: 1}24-(5/16)IM

Thespecimens in this category were 24 inches tall, 20 inches wide arsiXieenths inches

thick. Thus, the specimens have a slenderness ratio and aspect ratio of 77 and 1.2,
respectively. Specimen-84-(5/16)}IM-U was used as an tstrengthened contrgpecimen.
Specimen H24-(5/16)}1IM was strengthened with one layer of intermediatedulus (IM)

small diameter CFRP strands on each face of the specimen. SpeckAdb/16)2IM was
strengthened with two layers of IM small diameter CFRP strands dm feae of the

specimen.

The measured average strains at the-meight of the specimens are presenteigure4.28

for the compression and tension faces. The buckling load of Hséremgthened specimen,
I1-24-(5/16)}IM-U, was 52.3 kips. Adding a single layer of IM CFRP strands increased the
buckling load to 70.6 kips, which is an increase of 35%. W.ith two layers of IM CFRP
strands, the buckling load was 88.1 kips; a 63% increase from tbieamythened spamen.
Similar to the #24-(5/16)}LM specimens, there is a reduction of the measured steel strain at

any given load level as the number of IM CFRP layers was increased.
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This behavior indicates the contribution of the CFRP strands in sharing the apatiesith

the steel plate.

489 : . . . : : 110

445 4 L 100

400 fot [Po=ssieINERikps) | g

: : : ™\ : : :

356 - e : o i R | tE RERCEEEEEFTRREREEE - 80
— : kB Pb ~ 314.2 kN
2311 1T TN N T "‘f"“' (706 kilpé) 70._%
n‘_267 . " 35.0% || —————————— - 60:
o . . : : ' 5
3 200 4o L Timtmeelldv ez mATTRTTNT | Lt 508
— ' ! ok Pl ' Pb = 232.8 kN (52.3 kips) S
E 178 -t ' S e e T - 408
o h . \ h h F—
Q ; i Ml : i i Q
< 133 1 o o ' N o T ] i 302‘

89 - ;L e formeeaas bomanaeens bomsrmenn L 20

44 1 ' . R REEEEEEE. | LI ; ) : + 10

Compression Face i i| Tension Face
0 " " " ! " " " 0
-2000 -1500 -1000 -500 0 500 1000 1500 2000

Longitudinal Steel Strain at Mid-height (microstrain)

Figure 4.28: Longitudinal Strain -Load Relationship at Mid-height of 11-24-(5/16)}IM
Specimens

Figure 4.29 shows the lateral defléons of 1-24-(5/16)}IM specimens induced by the
applied compressive load. The corresponding buckling loads for each of the specimens are
indicated onFigure 4.29 as well. It is evident that increasing the numbgtlayers of IM

CFRP strands increases the initial lateral stiffness of the specimathermore, it is clear
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that specimen 124-(5/16)2IM exhibits the highest initial lateral stiffness of the three tested

[1-24-(5/16)IM specimens.
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4.2.3 Specimens: 1+24-(5/16)}HM

The specimens in this category are 24 inches tall, 20 inches wide arsikfeenthanches

thick. Thus, the specimens have a slenderness ratio and aspect ratio of 77 and 1.2,
respectively.  Specimen -B4-(5/16})HM-U was used as an +tstrengthened control
specimen. Specimen-24-(5/16}1HM was strengthened with one layer ofgh nmodulus

(HM) small diameter CFRP strands on each face of the specimen. Speci?de(®b/16)

2HM was strengthened with two layers of HM small diameter CFRP stoandach face of

the specimenThe measured average strains at themeight of the specimenseapresented

in Figure4.30for the compressioandtension faces.
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Figure 4.30: Longitudinal Strain -Load Relationship at Mid-height of 11-24-(5/16}HM
Specimens

The buckling load of the ustrengthened specimena#-(5/16yHM-U, was 54.0 kips.
Applying a single layer of IM CFRP strands increased the buckling load of the specimen to
77.1 kips, which is an increase of nearly 43%. With two layers of HM CHRRdst the
buckling load was 102.9 kips; a 90% increase in comparison to tkstrangthened
specimen. Similar to the -B4-(5/16}LM and IM specimensFigure 4.30 displays the
contribution of the HM CFRP strantly reducingthe measured strain, and thhe level of

stressof the steel at any given load level.
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Figure 4.31 displays the lateral deflections of2#-(5/16}HM specimens induced by the
applied compressive Ida The corresponding buckling loads for each of the specimens are
indicated onFigure 4.31 as well. Figure 4.31 shows thatspecimenll-24-(5/16)}2HM

exhibits the higheshitial lateral stiffness of the three24-(5/16)}HM tested specimens.
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Figure 4.31: Net Lateral Deflection-Load Relationship at Mid-height of 11-24-(5/16}HM
Specimens

Figure 4.32 depicts the percent increase in buckling loads for the test2d-(8/16)

specimens with different CFRP strand types. It is clear that increasing the number of layers

of CFRP strands increases the buckling load of a specimerthefuore, increasing the
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elastic modulus of the CFRP strands proves to be more effective in increasing the buckling

load of a specimen.

100

90.4

Increase in Buckling Load (%)

Figure 4.32. Percent Increase in Buckling Loads for 1F24-(5/16) $ecimens
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4.2.4 Specimens: 1+48-(5/16)}LM

The specimens in this category were 48 inches tall, 20 inches wide arsikfeenths inches

thick. Thus, the specimens have a slenderness ratio and aspect ratio of 154 and 2.4,
respectively.  Specimen -48-(5/16}LM-U was used as an +strengthened control
specimen. Specimen-48-(5/16}1LM was strengthened with one layer of LM small
diameter CFRP strands on each face of the specimen. Speci#@(5/16)}2LM was
strengthened with two layers of LM smallameter CFRP strands on each face of the

specimen.

The average measured strains at the-meight of the specimens are presenteigure4.33

for the compression and tension faces. The strains shown fomsgpecit48-(5/16)LM-U

and [F48-(5/16)1LM are the measured steel strains. The measured average strain values
shown for specimen 48-(5/16)2LM are at the level of the second layer of CFRP

strengthening.
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Figure 4.33: Longitudinal Strain -Load Relationship at Mid-height of 11-48-(5/16)}LM
Specimens

The buckling load of the ustrengthened specimen;48-(5/16)}LM-U, was 9.8 kips. The

addition of a single layer of LM CFRP strands increased thé&lingcload to 16.8 kips;

which is an increase of over 71%. With two layers of LM CFRP strands, the buckling load

was 21.0 kips; nearly a 115% increase from theatoengthened specimen. It is evident that

there is a significant reduction in the measustdin at the level of the steel from the-un

strengthened specimen to the strengthened specimen with a single layer of LM CFRP strands.

Thus, showing the contribution of the CFRP strengthening system to the load carrying

capacity of the specimen.
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Figure 4.34 shows the lateral deflections of-4B-(5/16)}LM specimens induced by the
applied compressive load. The corresponding buckling loads for each of the specimens are
shown onFigure4.34 as well. Figure 4.34 shows that there is a general increase of initial
lateral stiffness of the specimen with an increase in the number of layers of LM CFRP
strands. Moreover, specimendi8-(5/16)2LM exhibits the highest initial lateratiffness of

the three tested-U8-(5/16)}LM specimens.

Figure 4.34: Net Lateral Deflection-Load Relationship at Mid-height of 11-48-(5/16)}-LM
Specimens
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