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ABSTRACT

Steel bridges exposed to aggressive environments such as coastal conditions can
experience damage due to various deterioration mechanisms. One of the most important threats
during lifetime of a steel bridge structure is the corrosion. The deterioration of steel bridges due to
corrosion decreases the lifespan and reliability of the system and leads to reduction in
serviceability and aesthetics of the structure. In addition, with the incorporation of new legal load
models into load rating process, many existing short to medium span steel bridges are now rated
as structurally deficient in live load capacity. Therefore, many state transportation agencies need
to strengthen steel bridges due to increases in live loads or loss of capacity as a result of
environmental deterioration. Fiber reinforced polymers (FRPs) have been widely considered to
restore stiffness and strength of concrete bridges due to their favorable properties such as high
corrosion resistance, lightweight and high tensile strength. However, their applications to steel
bridges have been limited. Several studies showed that the use of high modulus carbon FRP (CFRP)
laminates or sheets can significantly increase both the ultimate flexural capacity and the stiffness
of steel beams, but the premature debonding failure was commonly observed. More recently, a
new form of CFRPs that consists of small-diameter strands have been shown to possess excellent
bond characteristics and great potential for flexural and shear strengthening of steel girder bridges
through laboratory investigations. However, the environmental durability of steel members

strengthened with CFRP strand sheets has not been studied yet.

This study investigates the durability of CFRP strand sheet-steel plate double strap joints
in accelerated corrosion conditions. The CFRP-steel double strap joint specimens with different
bond lengths were fabricated. The specimens were subjected to different levels of accelerated
corrosion conditions using an electrochemical method for three exposure durations corresponding
to 5%, 10%, and 15% mass losses based on the Faraday’s law. Then, tensile testing of double strap
joints was conducted on an MTS frame up to failure. Results were analyzed in terms of bond
strength, effective bond length and joint stiffness considering different exposure durations. Failure
modes of specimens with different bond lengths and exposed to different levels of corrosion were

also discussed.
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1. INTRODUCTION
1.1 Motivation

Over their service life, steel bridge structures need to be strengthened due to different
factors [1]. Structural steel corrodes rapidly which on a bridge may lead to major retrofit or even
sudden collapse [2-3]. Many steel bridge girders experience fatigue cracks after being subjected
to cyclic tensile loads due to traffic after years in service [4]. In addition, new vehicles that play
an important role in trucking industry were developed in recent years, as well as newer emergency
response vehicles can have significant impact on highway infrastructure [5]. These vehicles can
produce load effects, such as bending moment and shear, on some bridge spans that are
substantially larger than those from standard legal-loads requiring additional consideration in the
load rating process, even causing some structures to become deficient [6-7]. Replacement of all
aging and structurally deficient bridges would require significant resources and time; however,
strengthening provides a more economical and sustainable alternative to extend the intended
lifespans of steel bridges.

Traditional strengthening methods to strengthen steel bridges usually consist of welding or
bolting steel plates to the structure. But these traditional methods suffer from inherent drawbacks
such as further corrosion threat. In addition, attaching steel plates to the structure may add extra
weights, which makes some other steel members carry more loads. During welding or bolting,
residual stress might be introduced to the structure, leading to the reduction in the fatigue strength.
Moreover, traditional methods for strengthening steel bridges require heavy equipment for the
transportation and installation of the materials and are labor-intensive, which increase maintenance
costs [8-10].

Recently, the use of fiber reinforced polymer (FRP) materials for the repair and
strengthening of steel structures has gained attraction due to the remarkable mechanical properties
of FRP such as high specific strength and stiffness and corrosion resistance. In addition, high labor
and cost demands for strengthening can be avoided when the FRPs are used for strengthening
applications due to their light weight [11-12]. Glass fiber-reinforced polymer (GFRP) composites
and carbon fiber-reinforced polymer (CFRP) composites have been most commonly used FRP
materials in civil engineering. However, due to the low-tensile modulus of GFRP, it is less
desirable for retrofitting steel structures [13-14]. On the other hand, CFRP has excellent properties
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that are suitable for strengthening steel structures such as high tensile strength and elastic modulus,
good corrosion resistance and fatigue properties. Therefore, CFRPs have been explored for use in
strengthening and repair of deteriorated steel structures.

Initial studies found that strengthening steel girders with CFRPs significantly increases the
flexural strength but offers a very limited increase in stiffness of girders [15-18]. A very large
amount of FRP material might be required to achieve satisfactory increases in the elastic stiffness
due to relatively low modulus of elasticity and possibly due to presence of a shear-lag effect
between the steel surface and the FRP [19]. Several researchers have studied the development and
use of high modulus CFRP laminates or sheets to increase both the ultimate flexural capacity and
the stiffness of steel beams [19-21]. Satisfactory performance was obtained and the guidelines on
the use of externally bonded high modulus CFRP materials for flexural strengthening of steel
girders were proposed [22]. However, several researchers reported premature debonding failure of
the CFRP laminates [23-24]. In addition, to increase the total load carrying capacity of a bridge
girder, not only flexural capacity but also the shear capacity of the steel girders should be increased.
The use of CFRPs in shear strengthening of steel girders has been limited mainly due to debonding
failure observed in compressive regions [25-26].

More recently, a new form of CFRPs that consists of small-diameter strands has been
shown to possess excellent bond characteristics and great potential for flexural and shear
strengthening of steel girder bridges through laboratory investigations [27-28]. These CFRP
strands, provided in a sheet configuration, have a diameter of approximately 1 mm (1/25 inch) and
are stitched together leaving a gap between the strands as shown in Figure 1. The gap between the
strands can be filled with adhesive material, providing a contact with entire perimeter of the
material compared to bonding of conventional CFRP strips through only one surface. It was shown
that the small diameter CFRP strands eliminates any possible debonding up to failure in tension

and compression [28-29].

Figure 1. Small-diameter CFRP strand sheet
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Although the effectiveness of small-diameter CFRP strand sheets in strengthening steel
members was shown, long-term environmental durability of CFRP strand sheet-steel strengthened
joints have not been studied yet. Therefore, this thesis mainly focuses on the bond behavior and

environmental durability of CFRP-steel double strap joints.
1.2 Research Objectives

Since steel structures are typically exposed to a wide range of environmental conditions,
the environmental durability of a strengthening system is essential to ensure satisfactory long-term
performance of the system. This thesis investigates the durability of CFRP strand sheet
strengthened steel plate double strap joints in accelerated corrosion conditions. First, CFRP-steel
double strap joint specimens were fabricated using different effective bond lengths. The specimens
were subjected to different levels of accelerated corrosion conditions using an electrochemical
method. In particular, three exposure durations corresponding to 5%, 10%, and 15% mass losses
were considered. Double strap joints were tested under tensile loads on an MTS frame up to failure.
Bond strength and stiffness of double strap joints were computed and, the relationship between
bond strength and effective bond length of the double strap joints, defined as the maximum bond
length beyond which no significant increase in load carrying capacity occur was studied. Failure
modes of specimens with different bond lengths and exposed to different levels of corrosion were
also discussed.

1.3 Organization of Thesis

This thesis is organized into the following sections:

Chapter 1 describes the motivation for this research and gives a brief introduction of this

research topic.

Chapter 2 presents a literature review related to strengthening steel structures with CFRP
materials. More emphasis is placed on the research related to the characteristics of bonded joints

under environmental conditions.

Chapter 3 explains the materials and equipment used in this research and discusses the
experimental tests conducted in this study. The specimen fabrication process and material

properties are also included in this chapter.
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Chapter 4 discusses the experimental test results and provides a discussion on the effects

of corrosion on the failure modes, effective bond length and ultimate load of double strap joints.

Chapter 5 summarizes the findings of the current study and provides concluding remarks

and recommendations for potential further research.
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2. LITERATURE REVIEW
In this section, a general description of CFRP-steel double strap joints along with a
discussion on the effect of different parameters on the bond behavior of such joints is first provided.
Then, previous studies on the environmentally durability characteristics of CFRP-steel double

strap joints is reviewed. Finally, a brief overview on galvanic corrosion is presented.

2.1 CFRP-Steel Double Strap Joints
2.1.1 Overview

In order to study bond behavior between FRP and steel members, shear joint tests such as
single or double lap joint tests and double strap joint tests are usually conducted. In a lap joint test,
the tensile loads are directly applied to the FRP component. In a single-lap joint tests, the FRP
material is bonded to one of the steel surfaces and the loads are applied to the FRP. This causes
eccentricities to be developed and bending of FRP layer. Double-lap joints eliminate this problem,
but gripping FRP components is a challenge in that test configuration. Therefore, double strap
joints where the load is directly applied on the steel plate have commonly been used in the literature.
One of the concern in this test configuration is the uncertainty of debonding location. However,

this can be overcome by using unequal bond lengths.

2.1.2 Failure modes

Six types of failure could be observed in CFRP-steel joints under various conditions
including [30]:
e CFRP rupture,
o steel plate yielding,
e CFRP delamination,
e failure in the adhesive layer (cohesive failure),
e debonding between the CFRP and the adhesive layer or
e debonding between the steel plates and the adhesive layer or the primer (adhesive
failure).
Figure 2 shows a schematic view of these failure mechanisms for double strap joints. The
influence of various factors on failure mechanism of these joints is discussed in the following

sections.
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Figure 2. Failure modes of double strap joints [30]

2.1.3 Effect of surface preparation

Surface preparation prior to bonding is of great importance in forming a strong bond
because in previous studies failure was mainly observed at the steel/adhesive or steel/primer
interface.

Fawzia et al. [31] recommended that steel plates should be sandblasted to remove all rust
and paint and then the cross-sectional surfaces need to be cleaned with acetone before application
of adhesive. Al-Zubaidy et al. [32] also noted that surface preparation has a significant influence
on the bond between steel plate and CFRP. In their recommended surface preparation method,
acetone is first used to remove any grease or paint. Then, sandblasting is used to remove any weak
layers and rust. Finally, acetone is used again to remove abrasive dust on the sandblasted surface.

Liu et al. [33] explored the effect of surface preparation techniques on the bond behavior
of CFRP-steel joints. The steel surface was treated by sandblasting or grinded by an angle grinder.
Based on the results of experimental testing, they suggested that sand-blasting is more suitable

than angle-grinding in steel surface preparation.
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Batuwitage et al. [34] studied the failure modes and tensile capacity of CFRP/steel joints
by using different surface preparation methods, including sandblasting, grit blasting and
mechanically grinding. The results showed that sandblasting was the most efficient method to
prepare the surface of steel plate when taking the load-carrying capacity and economic factors into
consideration. The performance of the CFRP-steel interface cleaned by grit blasting was only
slightly better than those of prepared by sandblasting. It was also found that mechanical grinding
could not be used as a surface preparation method to create a strong bond.

2.1.4 Effect of primer

The goal of using primer in CFRP-steel joints is to protect the steel surface from galvanic
corrosion by preventing the direct contact of CFRP materials with the steel substrate. Moreover, it
can be used to smooth the rough steel surface to improve the bond behavior between steel substrate
and adhesive.

Taylor et al. [35] investigated the bond behavior, bond strength and failure modes of double
strap joints with and without a primer layer. The results showed that failure of joints without primer
was observed in the interface between steel and CFRP. For the joints with primer, failure occurred
in the interface between the primer and adhesive. The bond strength of joints without primer was
about 15-42% higher than that of joints with primer.

Jiao et al. [27] studied the fatigue life of double strap joints bonded with or without the
primer. After testing, the results showed that the primer caused a linear reduction in fatigue life
due to the lower Yong’s modulus of the primer resin.

Linghoff et al. [36] studied the behavior of beams strengthened with CFRP laminates.
Primer were coated on the lower flange of the strengthened beams. After testing the beams,
debonding between the primer and the steel substrate was found. This indicated that the adhesion
between the primer and the steel substrate was poor and care needs to be given to the preparation

of this layer.

2.2 Environmental Durability of CFRP-Steel Double Strap Joints

Recent studies have shown that the use of CFRP can be an effective method for
strengthening of steel structures. However, the bond behavior of steel structures strengthened with

CFRP under various environmental conditions needs to be well-understood before field application
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of this strengthening technique. Therefore, various studies have been conducted to assess
environmental durability of CFRP-steel joints.

Al-Shawaf et al. [37] studied the short-term effect of subzero temperature on the bond
characteristics between CFRP and steel plates. Tensile tests were conducted on the CFRP-steel
double-strap joints subjected to 20°C, 0°C, -20°C, and -40°C environmental exposures. The results
indicated that the debonding failure occurred at the adhesive/steel interface was the dominant
failure mode after the joint specimens exposed to the short-term thermal exposure. It was shown
that the sub-zero temperature did not have significant effect on the bond strength.

Heshmati et al. [38] investigated the durability of CFRP-steel joints under cyclic wet-dry
and freeze-thaw conditions. The effects of cyclic wet-dry, freeze-thaw and combined wet and
freeze-thaw conditions on the mechanical behavior of bonded CFRP-steel joints were studied. The
results revealed that cohesive failure mode was the dominant failure mode of joint specimens under
distilled water wet-dry condition. For specimens under salt-water conditions, the failure mode
turned out to be interlaminar CFRP failure. The joint strength of specimens under both distilled
water and salt water was decreased. However, freeze-thaw cycles had no negative effects on the
strength of joints.

Nguyen et al. [39] examined the mechanical performance of CFRP-steel joints under
various environmental conditions. Environments of simulated sea-water at 20°C and 50°C,
combined environment of an elevated temperature of 50°C and 90% relative humidity (RH), and
combined condition of cyclic thermal load ranging from 20°C and 50°C and constant 90% RH
were included in the test matrix. Results showed that the main failure mode of joints was CFRP
delamination. After exposed to harsh environment, all the specimens showed a degradation in the
strength and stiffness.

Nguyen et al. [40] also studied the effect of temperatures around the glass transition
temperature (Tg) of adhesive on the mechanical properties of CFRP-steel joints. Joint specimens
with different bond lengths under temperatures between 20°C and 60°C were tested. It was found
that the effective bond length of joints increased with the temperature. In addition, when the
temperature increased, the joint stiffness and strength showed a significant drop. The decrease in
the joint strength may be related to the degradation of adhesive. For the specimens under a lower
temperature, CFRP delamination failure was mainly observed. When the temperature was near or

greater than Ty, joints failed through cohesive failure.
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Nguyen et al. [41] examined the time-dependent behavior of joints under various
conditions, including different load levels (i.e. 80%, 50% and 20% of the ultimate load measured
at room temperature), constant temperatures from 35°C to 50°C and a cyclic thermal loading
between 20°C and 50°C. It was found that joints at a constant tensile load less than the ultimate
load and a constant temperature exhibited an obvious time-dependent behavior (i.e. increase of
elongation and decrease of load carrying capacity). The time-to-failure of joints varied because of
the joint strength reduction with the time. High temperature or larger applied load resulted in
shorter time-to-failure. Also, joint strength degradation is not only a single variable function of
temperature but also time-dependent and affected by the thermal loading history.

Nguyen et al. [42] reported the examination of bond characteristics of double strap joints
under ultraviolet radiation (UV) for various time periods and only thermal environments without
UV. Results revealed that ultimate strain of the epoxy decreased under exposure to UV and
associated temperatures. The elastic modulus of the epoxy increased under exposure to UV and
temperature. Both UV and temperature had no obvious effects on the tensile strength and stiffness
of carbon fiber specimens and CFRP specimens. The CFRP delamination was the main failure
mode of all the joints. Effective bond length increased with exposure to UV and temperature. UV
exposure alone did not affect the mechanical performance of joints.

Heshmati et al. [43] studied the mechanical behavior of FRP-steel joints under
hydrothermal aging conditions under 20°C deionized water (DW), 20°C 5% NaCl salt water, 45°C
relative humidity (RH),45°C DW and 45°C 5% NaCl salt water. It was found that the presence of
moisture for less than a critical period can increase the joint strength. However, prolonged
exposure to the same moisture content degrades the load-carrying capacity of the joint. The CFRP
material exhibited very low diffusion and lower moisture uptake. The elastic modulus of adhesive
significantly decreased with increasing moisture content.

Agarwal et al. [44] investigated the effect of mechanical and environmental loads on the
behavior of CFRP/steel joints, including sustained load only under ambient temperature, wet
thermal cycling only, both sustained-load and wet thermal cycling and both sustained load and
thermal cycling in dry conditions. The results showed that the debonding failure at the interface
between the steel and the adhesive was the dominant failure mode observed in the specimens under
wet thermal cycling (with or without sustained load). This proved that wet thermal cycling mainly

degraded the steel-adhesive interface. Moreover, it was revealed that it was mainly the moisture
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that degraded steel-adhesive interface and not thermal cycling. Thus, CFRP-steel joints with water-
proof sealant to prevent moisture ingress in the bonded region was suggested.

Sahin et al. [45] presented the effect of elevated temperatures on the bond behavior of
CFRP-steel joints. Tensile tests were conducted on the specimens of joints under two different
temperatures of 25°C and 50°C. The results revealed that the tensile strength and stiffness of
adhesive decreased at 50°C compared to those at 25°C. Debonding observed at the CFRP-adhesive
or steel-adhesive interfaces was the main failure mode. When the temperature increased, the failure
location shifted from the adhesive-CFRP interface to the adhesive-steel interface. Also, increasing
the temperature increased the debonding load.

Borrie et al. [46] reported the bond behavior of CFRP/steel joints under 5% NaCl solution
at 20°C, 40°C and 50°C. It was found that bond strength decreased after environmental
conditioning. Saline solution alone did not cause losses in strength. However, when the
temperature increased to near or above Tg of epoxy, it dramatically affected the bond strength of
joints.

Heshmati et al. [47] investigated the mechanical properties of CFRP-steel double strap
joints under various environmental conditions, including immersion in distilled water at 20°C and
45°C, immersion in de-icing salt solution at 20°C and 45°C and exposure to 95% relative humidity
at 45°C. It was found that long-term immersion in saltwater contributed to more damaging to the
strength of CFRP material than immersion in distilled water. After immersion at 20°C, the joints
did not exhibit any obvious changes on the strength. When the temperature increased, the failure
mode shifted from cohesive to interfacial or interlaminar failure modes.

Bai et al. [48] studied the environmentally-assisted degradation of the bond behavior
exposed to harsh environments such as elevated temperatures, seawater, cyclic temperature,
humidity and ultraviolet radiation. The results showed that the load-carrying capacity of joints
decreased at temperature near to and greater than Tq of the adhesive. After exposure to simulated
seawater for one year, the residual strength of joint decreased 20-30%. The residual strength and
stiffness showed little decrease after exposure to combinations of temperature and humidity.

Nguyen et al. [49] studied the mechanical performance of CFRP/steel joints cured under
different combination of environmental and loading conditions, including 0% and 35% of the
ultimate load and simultaneously exposed to constant temperatures of 20°C and 50°C and different

load levels and simultaneously subjected to cyclic temperature between 20°C and 50°C. The
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results showed that curing at elevated temperature did not negatively affect the strength of joints.
However, the elevated temperature cured joints had an improvement in strength when tested at an
elevated temperature. Combination of mechanical loading, cyclic temperature and a constant 90%
relative humidity caused significant effects on the mechanical properties of CFRP/steel joints.

It is also important to study the effect of corrosion damage on the performance of CFRP
strengthened steel components. Batuwitage et al. [50] evaluated the bond characteristics and
environmental durability of degraded CFRP-steel joints. To simulate the accelerated corrosive
environment, an electrochemical method was used. For this method, bonded CFRP was regarded
as anode and the stainless-steel bar acted as the cathode. They were submersed into the 5% NacCl
in a tank. After exposure to this environment for a period of time, the failure mode shifted from
steel-adhesive interface debonding to CFRP fiber rupture. The environmental aging negatively
affected the load capacity of the joint.

Kabir et al. [51] reported the durability of CFRP strengthened steel circular section
members under accelerated corrosion environment. A significant drop was observed in stiffness
and strength compared to those of control structures. Due to accelerated corrosion effects, the
failure modes changed to rupturing of CFRP and yielding of steel.

Dawood et al. [21 evaluated the effect of severe corrosion environment on the mechanical
properties of steel bridges and structures strengthened with CFRPs. The results showed that the
environmental exposure caused degradation of the bond, leading to debonding failure between
CFRP strips and steel structures. Degradation including severe corrosion of the steel and build-up
of corrosion products on the CFRP were noticeably observed. The strength and stiffness showed a
significant drop when steel structures strengthened with CFRPs were exposed to corrosion
environment for long durations.

Batuwitage et al. [34] presented the results of research program on the durability of CFRP-
steel joints in accelerated corrosion conditions. Severe degradation was observed in CFRP
materials with higher exposure level. CFRP rupture failure mode was the main failure mode. Large
reduction in strength and stiffness was reported due to a combination of degradation of CFRP
material and adhesive.

Kim et al. [52] investigated the bond performance of steel structures strengthened with
CFRPs under various periods of galvanic current. The results showed that electrochemical

reactions resulted in hydrated ferric oxide along the CFRP-steel surface. The rate of corrosion had
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an adverse effect on the load-carrying capacity of steel structures strengthened with CFRPs. CFRP-

debonding was the dominant failure mode.
2.3 Strengthening Steel Members Using CFRP Strand Sheets

Previous studies mostly focused on the bond behavior between steel plates and either CFRP
laminates or CFRP sheets. As discussed in earlier section, small diameter CFRP strand sheets are
relatively new form of CFRP and made of bunch of individually hardened fiber strands. Since the
CFRP strand sheets consists of small-diameter strands stitched together, they possess gap between
the strands that allows each strand to be completely covered by the adhesive material. By this way,
the adhesion defects which are caused by the poor impregnation of epoxy hardly occur.

Hidekuma et al. [53] studied the failure modes of steel plates strengthened with small
diameter CFRP strand sheets. The results indicated that the rate of debonding was reduced
compared to conventional continuous carbon fiber sheets.

Tabrizi et al. [28] investigated the flexural capacity of steel beams and bridges girders
strengthened with small diameter CFRP strands. They proved that the CFRP strands can
effectively increase the flexural capacity and stiffness, similar to the use of sheets and laminates.
Moreover, they have the important advantage of elimination of debonding of the strengthening
materials.

Kazem et al. [29] examined the bond characteristics of steel girders strengthened with small
diameter CFRP strands. The results demonstrated that the CFRP strands did not show any signs of
debonding at large lateral deformation associated with elastic buckling. Despite this promising
performance of CFRP strand sheets in strengthening steel structures, the durability of CFRP strand
sheets strengthened steel plates has not been studied in the current literature. This study aims to

fill this gap.
2.4 Galvanic Corrosion

2.4.1 Theory

Corrosion is defined as the degradation of a metal by an electrochemical reaction with its
environment. For corrosion to take place, a corrosion cell is needed. Four essential components
included in the corrosion cell are anode, cathode, electrolyte and electrical connection. A brief

description of each component is provided below:
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Anode: Anode is the negative terminal of the cell and it is the location where corrosion of
metal occurs. Electrons are released at the anode and then move through the wire connection into
the cathode. When the metal loses electrons, the ion or insoluble product may be formed. Because
the oxidation of metal to an ion with a charge is the basic characteristic of anodic reactions, the
process of oxidation in most metals represents corrosion. If oxidation is stopped, the corrosion is

stopped. The general expression of anodic reaction is:
M - M** + ze~ (1)

Cathode: Cathode represented as a positive terminal of a cell. Electrons are consumed at

the cathode. The common cathodic reaction is given below:

NZ%* + ze~ - N — metal decomposition (2)
2H* + 2e —» H, — in acid solutions (3)
2H,0 + 0, + 4—in neutral and alkaline solutions 4)

Electrolyte: It is the electrically conductive solution to transfer the ions. Owing to exposure
conditions, when moisture combines with salt or other components, it can serve as an electrolyte.

Electrical connection: The general reaction process in the electrolyte is shown in Figure
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s Conventional current

Figure 3. Anodic and cathodic processes in a corrosion cell [54]

2.4.2 Faraday’s laws of electrolysis

Two laws, proposed by Faraday, are commonly used to estimate the corrosion rate and
mass loss rate. The first law states that the mass of primary products formed at an electrode is
directly proportional to the quantity of electricity passed. The second law indicates that the mass
of different primary products formed by equal amounts of electricity are proportional to the ratio
of molar mass to the number of electrons involved with a particular reaction. Based on the two
laws, the methods to calculate corrosion rate and mass loss rate are given in the ASTM G102-89

[55]. The equations are summarized as follows:

CR = KyicorEW /p )

MR = Kyi o EW (6)

where K; and K, are conversion constants and are, respectively, and equal to 3.27 X

9 _
uA

g

107 3mm cm — year and 8.954 X 10‘3mma—cm—year , p is the density of the
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anode, EW is the equivalent weight, and for steel is taken as 27.92, and i, is the current density

in uA/cm?, calculated by Eq. (7):

I
leor = % (7)

where, I.,, is the measured electrical current, in uA, and A is the exposed surface area of the metal
specimen, in cm?.
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3. EXPERIMENTAL DESIGN AND TESTING

This chapter describes the materials and equipment used in this research. The experimental

tests conducted in this study are also discussed.

3.1 Tensile Characterization of Materials

3.1.1 Adhesive

A blue-colored two-components epoxy resin, FB-E7S, was used as the adhesive in this
study, which was chosen because of their inherent durability and high degree of resistance to
chlorides, moisture, and freeze-thaw cycles. In order to determine the mechanical properties of this
adhesive, tests on adhesive specimens were conducted. Specimens were fabricated using a plastic
mold designed to enable demolding of the specimens without damage. The cross-section
dimensions of the specimens were 13 mm x 4 mm. These dimensions of the dog bone-shaped
specimens were decided according to ASTM D638-10 [56]. A total of six specimens were
manufactured as shown in Figure 4. Also, to make the adhesive fully cured, all the specimens were
left for one week at room environment. The tests were conducted by using the MTS 810 hydraulic
machine with a maximum capacity of 22 kips in the displacement-control mode and at a constant
loading rate of 0.5mm/min. Figure 5 showed the test set-up of the specimens in the MTS. The
MTS data acquisition system was used to record the displacement and force data. To obtain the
stress of adhesive, the recorded force values were divided by the cross-sectional area of the
adhesive. The strains were measured using a laser extensometer. In addition, because the epoxy
was viscous, air bubbles were easily formed during mixing and casting of the adhesive. The
presence of these air bubbles may reduce the measured tensile strength and modulus of adhesive.
However, this is acceptable as it represents the practical field applications.
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Figure 5. Test set-up for adhesive

3.1.2 Primer

A yellow colored primer, FP-WE7W, was used as the primer in this study, as shown in

Figure 6. It was used to protect the steel surface from corrosion by preventing the direct contact
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between CFRP and steel plates. The same fabrication and testing procedures with adhesive were
utilized to determine the mechanical properties of this primer. The dimensions of the specimens
were also the same with that of adhesive described ASTM D638-10 (56). Also, to make primer
fully cured, all the specimens were left for one week at room environment according to
manufacturers’ standards. Different from adhesive is that air voids were not observed during the

fabrication of the specimens.

(b)

Figure 6. Primer tensile test samples: (a) in molds, (b) after curing

3.1.3 Single strand of CFRP

Six specimens of the individual CFRP strand in accordance with ASTM D3039 [57] were
prepared for tensile testing as shown in Figure 7. The tests were also conducted by using the MTS

810 hydraulic machine at a constant loading rate of 0.2mm/min.
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Figure 7. Single CFRP strand tensile test samples: (a) in molds, (b) after curing

3.1.4 CFRP strand sheets

To characterize tensile behavior of CFRP strand sheets, aluminum tabs were firstly glued
to the ends of each CFRP coupon to prevent the failure occurred in the grips. But the specimens
still failed in the grips of testing machine. To solve this problem, CFRP woven sheets were applied
to the end of CFRP coupon and the gripping pressure was decreased. With this change, the failure
did not occur at the grips and the mechanical properties of CFRP strand sheets were then drawn
from the test. The schematic view of CFRP strand sheets with woven sheets or aluminum tabs was
shown in Figure 8.
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Figure 8. CFRP strand sheets (a) with aluminum tabs, (b) with CFRP woven sheet tabs

3.2 Fabrication of CFRP-Steel Double Strap Joint Specimens

Double strap joints are mainly applied to investigate the bond behavior between steel plates
and CFRP sheets. A schematic view of a typical double strap joint specimen is shown in Figure 9
where the length L, is always less than L, to aim that the failure occurs on one end only. L, was
defined as the bond length and L, was regarded as the control length. The test specimens consisted
of two 9.525-mm-thick and 50-mm-wide steel plates that were bonded together using two 1-mm
x 50-mm CFRP strand sheets. A two 2-mm-thick adhesive layers was used to bond the CFRP
materials to the steel surface. Also, the plates were aligned end to end with one another with a 2-
mm gap between them to minimize stress transfer through end-to-end bonding of the steel plates.
Figure 10 shows the section view of joints and the layout of materials.

Because different thickness profiles of the adhesive layer can significantly affect the bond
behavior of double strap joints, preparation of steel-CFRP joints is the most critical step of the
testing [58]. To keep all the specimens consistent with the same bond thickness, we adopted a
standard fabrication process and three specimens were fabricated simultaneously. To this end, a

mold was fabricated shown in Figure 11. This device aims to provide a uniform pressure on the
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external surface of the CFRP to bleed out excessive adhesive and air bubbles. The device is also
intended to create a uniform thickness of adhesive which could affect the bond behavior. However,
the adhesive thickness was not the focus of this thesis, so all tests were conducted with

approximately 2 mm of adhesive thickness. Steps to prepare the specimens were described below.

/Steel plate
J

| /81N
1

CFRP
~_—Primer

———CFRP
" ~—Carbon Fiber

1N\
2N Steel plate

|
10in r 10in

Figure 9. Schematic diagram of CFRP-steel double strap joint

Painting

Strand sheet

Impregnation resin 2500 g/m?
Primer 100 g/m?

Surface treatment: Sand blast

Steel plate

Figure 10. Section view of CFRP-steel double strap joint
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Figure 11. Sketches of (a) top and (b) mold molds used in fabrication of double strap joints

3.2.1 Preparation of steel plates

Steel plates were cut to dimensions of 10 in x 2 in x 3/8 in by using the hydraulic shear
machine. Surface preparation of steel plates is needed to enhance the bond behavior between steel
plates and adhesive. The surface of steel plates was prepared to cleaning standard St1/2 according
to 1SO 8501-01 [59]. First, acetone was used to remove surface dust, grease, and other
contaminants. In order to achieve a better mechanical interlocking between steel plates and
adhesive, the sandblasting was carried out by applying a garnet grit (garnet size of 60) in a
compressed air regulator and a nozzle angle of approximately 45°. After sandblasting, acetone was
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re-used to clean the steel surface to remove any fine abrasive dust that may remain attached on the
steel surface. The contrast of steel surface before and after cleaning was shown in Figure 12. After
the surface treatment, the steel plates were left to dry completely before applying a coat of primer
to the surface of the steel. In addition, to minimize the possibility of recontamination or oxidation
of the steel surface, the initial primer was applied within the shortest time which was less than four
hours. That is largely because too long of a time after the surface of preparation can result in
adhesive failure between steel substrate and the adhesive [58].

Figure 12. The contrast of steel surface before and after cleaning

3.2.2 Application of primer on the steel surface

Primer was mixed according to the manufacturer’s instructions and one thin coat of primer
was applied uniformly on one side of the steel plates. The assembled specimen was then cured at
room temperature for 12 hours. Then, a thin coat of primer was applied on the other side of steel
plates after which the specimen was cured at the room temperature for additional 12 hours. The

amount of primer resin was suggested to be 100g/m?, which yielded very thin layer of coating.

3.2.3 Bonding CFRP sheets
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The CFRP strand sheets were cut by scissors based on the required size and the adhesive
was mixed by a 2:1 resin—to-hardener mixing ratio by weight according to the manufacturer’s
specifications as shown in Figure 13. Then, CFRP specimens were formed at the bottom and top
mold during the bonding process by impregnating CFRP sheets with epoxy resin as shown in
Figure 14. Figure 15 shows that two separate steel plates were put on the surface of epoxy at the
bottom mold. Next, when steel plates were aligned in position in a jig at the bottom mold, the
bottom mold and the top mold were then connected together as shown in Figure 16. Finally,
clamping was applied to improve the bond between steel plates and CFRP and ensure the uniform
thickness of adhesive by using the clamping device as shown in Figure 17. After that, the excessive

adhesive along the plate was scraped off. The final specimen is shown in Figure 18.

(@) (b)

Figure 13. Preparation of materials(a) carbon fiber strand sheets, (b) epoxy
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Figure 15. Placing steel plates on surface of epoxy
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Figure 16. Connecting the top and bottom mold

Figure 18. Applying pressure to molds by clamping
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3.2.4 Curing condition

Specimens of CFRP-steel double strap joints were cured at room temperature for at least

seven days prior to testing.
3.3 Test Matrix

Double strap joints with unequal bond lengths were fabricated (i.e. L, was always 50mm
shorter than L.) to make the specimens fail at the shorter bond length [40]. In addition, to fully
utilize the strength of the CFRP material, the effective bond length ranging from 75 mm to 175
mm was selected for the tensile tests. A total of 36 specimens were prepared as listed in Table 1.
Three specimens were selected per condition to account for the potential uncertainty. Each
specimen was named as BLx-Cy-i. The first three characters represent the different bond length
and the fourth or fifth letter describes the exposure duration (i.e. CS=control specimens (no
exposure), A=24 h exposure, B=48 h exposure and C=72 h exposure). The last letter stands for the
“i-th” specimen. For example, the specimen BL75-A-1 refers the first specimen with a bond length
of 75 mm under the exposure duration of 24 h.

Table 1. Test matrix

Specimen identification Exposure duration (hour) Repetition
BL75-CS 0 3
BL75-A 24 3
BL75-B 48 3
BL75-C 72 3
BL125-CS 0 3
BL125-A 24 3
BL125-B 48 3
BL125-C 72 3
BL175-CS 0 3
BL175-A 24 3
BL1/5-B 48 3
BL175-C 72 3

The first goal of the testing was to investigate the effect of exposure duration that indicates

severity of corrosive conditions on the effective bond length of the double strap joints. After each
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exposure duration, specimens with different bond lengths were tested in tension until failure. The
results from this investigation provided the effective bond lengths of the joints at the four
designated exposure durations. The second goal was to study the failure modes and the degradation

of double strap joints in terms of stiffness and strength at different exposure durations.
3.4 Accelerated Corrosion Environment

To simulate the accelerated corrosion environment, direct current (DC) was applied on the
steel plates by means of DC supply power. Different electric currents were utilized through the
double strap joints for each bond length, which represented an approximate current density of 7500
uA/cm?and was within the range of current density used in the literature [60]. The current density
was obtained by dividing the total current by the surface area of the double strap joints submerged
in the solution of 5% NaCl. The corrosion cells were made with plastic tanks, anodes, cathodes
and electrolytes. The double strap joints served as the anode, which the stainless-steel strips were
regarded as the cathode. They were connected in parallel to the positive and negative phases of the
DC power supply respectively. In addition, two resistors of one ohm were also connected to assure
that the constant current flowed between the anode and cathode by measuring the volt of resistors.
For the double strap joints, the bare steel plate was protected with marine paint to assure corrosion
observed in the bonding area. The joints were then placed in the pipe filled with simulated 5%
NaCl. In addition, only the joints’ shorter bond length was submerged in the pipe filled with
simulated 5% sodium chloride. To minimize the evaporation of the solution, any gaps between the
pipe were tightly sealed. The schematic view and the laboratory test set-up of the accelerated
corrosion cell were shown in Figure 19 and Figure 20. The joints exposed to accelerated corrosion
conditions for 24h, 48h and 72h are studied during this thesis. These durations were determined
based on Faraday’s law resulting in 5%, 10% and 15% mass loss in bare steel samples. When the

exposure time was achieved, all the specimens were cleaned according to ASTM G1[61].
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Figure 19. Typical layout of accelerated corrosion series circuit [60]

Figure 20. Schematic view of accelerated corrosion series circuit
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3.5 Test Set-up

Double strap joint specimens were tested in tension to failure at a constant displacement
rate of 0.1 mm/min using the MTS testing machine with a capacity of 55 kips as shown in Figure
21. Mechanical grips were used at each end of the specimen to minimize the initial slip. Load and
displacement readings for each increment were recorded by using the MTS data acquisition system.
In addition, a MTS laser extensometer was also used to monitor the relative displacement. The
gauge length of 115 mm was constant for all the specimens. To measure the slip, one reflection
tape was attached on the CFRP surface on one side and the other tape was attached on another side.
The relative movement of the two tapes was captured by the laser extensometer, which can be
treated as the total slip of CFRP.

Figure 21. Test set-up
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4. EXPERIMENTAL RESULTS

4.1 Mechanical Characteristics of Individual Components

The primer, CFRP and adhesive are the primary materials used in this experimental
program. Based on the appropriate ASTM standards, each of the materials was tested to determine

their mechanical properties. The testing results are presented in the following sections.

4.1.1 Tensile response of adhesive

Figure 22 shows the stress-strain curve of four epoxy specimens tested under uniaxial
tensile loads. The stress was calculated as the recorded force divided by the cross-section area and
the strain was measured using a laser extensometer. An average tensile strength of 27.46 MPa was
obtained for the FB_E7S epoxy resin. All of the coupons failed in a brittle manner due to rupture.

30 | .

— Epoxy1
Epoxy2
Epoxy3

— Epoxy4

Strain (%)

Figure 22. Tensile stress-stain behavior of the epoxy
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4.1.2 Tensile response of primer

By conducting the tensile tests on primer, the relationship between the stress and strain of
seven primer specimens was obtained and shown by Figure 23. An average tensile strength of
21.87 MPa was obtained for the primer FP_WE7W.
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Figure 23. Tensile stress-stain behavior of the primer

4.1.3 Tensile response of individual CFRP strand

The stress-strain relationship of individual CFRP strand was shown in Figure 24. An elastic
modulus of 407.83 GPa and average tensile strength of 1758 MPa were obtained for the CFRP
strand. All of the coupons failed due to the rupture of CFRP.
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Figure 24. Stress and strain curve for single CFRP strand

4.1.4 Tensile response of CFRP strand sheets

This test was performed at a constant cross-head displacement rate of 0.5 mm/min. To
prevent the coupons being crushed in the grips of the testing machine, CFRP woven sheets were
glued to the ends of each FRP coupon prior to testing. The stress-strain relationship for CFRP
strand sheets was shown in Figure 25. The CFRP strand sheets reached an ultimate strength of
2698 MPa and ultimate strain of 0.96%.
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Figure 25. Stress and strain curve for CFRP strand sheets

4.1.5 Summary of Tensile Tests

After tensile testing for all the specimens, the average measured mechanical properties

were shown as in Table 2.

Table 2 Material properties of steel, CFRP strand, epoxy and primer

Steel CFRP Epoxy Primer
Elastic modulus 190 407.83 2.96 1.08
(GPa)
Tensile strength 448 1758 27.46 21.87
(MPa)
Yield stress 345 - - -
(MPa)
Tensile strain 0.022 0.004 0.01 0.02
(mm/mm)
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4.2 Specimen Characteristics After Accelerated Corrosion Exposure
4.2.1 Characterization of rusts and rust formation

When the specimens were removed from the conditioning tank, noticeable corrosion of
steel was inspected. It can be seen that a significant color change caused by the deposition of
corrosion products appeared in the CFRP layer. Rusts with brown colors were observed due to the
corrosion of steel in the 5% sodium chloride solution. For example, for BL75-B, the surfaces
showed clear color degradation and brown rusts formed on the steel plates with the marine paint
as shown in Figure 26. As Tamura et al. [62] described, oxidization of iron occurred at the anode
to dissolve Fe?* and dissolved oxygen was reacted at the cathode to form OH". Finally, Fe(OH)2
was formed during this chemical reaction between the anodes and cathodes. In addition, even
though the edges of specimens were protected with marine paint, they still exhibited more
corrosion damage than others as shown in Figure 27. It also showed that the surface area and mass
of the specimens gradually decreased with the increase of exposure duration. However, the mass
loss was less than the theoretical calculation based on the Faraday’s Law. For example, specimens
with a bond length of 125 mm exposed to the solution for 24 h (BL125-A) only resulted in an
average 0.8% mass loss. This phenomenon proved that the primer and adhesive did work to protect

the steel plate from corrosion.

Figure 26. Color transformation for BL75-B
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Figure 27. Corrosion damage of edges of BL75-B

4.2.2 Corrosion rate and mass loss rate

To evaluate the corrosion rate (CR) and mass loss rate (MR) of the joints, the weights of
the specimens were measured by using a scale with 0.1 mg accuracy before the test. At the end of
the test, their weights were also measured after a sequence of cleaning procedures according to
ASTM G1[54]. Table 3 shows the measured mass. Figures 28 and 29 show the measured corrosion
rate and mass loss rate as a function of time. They were calculated according to the Faraday’s Law.
For example, for the BL75-24, it corroded as an average corrosion rate of 90.49 mm/year and the
mass lost as an average mass loss rate of 1945.03 g/m”2d. The variation of corrosion rate or moss
loss rate for different exposure durations was not significant, however larger values were observed
for the shorter bond lengths. This is largely because that the progression of corrosion was affected

due to the accumulated rust formed over a steel surface and the protection of primer.
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Table 3. Variation of physical properties with time

Test category Exposure time Mass loss (g)
BL75-A-1 24 13.6
BL75-A-2 24 12.7
BL75-A-3 24 9.8
BL75-B-1 48 16.6
BL75-B-2 48 11.3
BL75-B-3 48 19
BL75-C-1 72 27.6
BL75-C-2 72 27.4
BL75-C-3 72 27.5

BL125-A-1 24 17.3
BL125-A-2 24 15.6
BL125-A-3 24 19.5
BL125-B-1 48 42.7
BL125-B-2 48 16.9
BL125-B-3 48 10.8
BL125-C-1 12 17.7
BL125-C-2 72 61.7
BL125-C-3 72 77.8
BL175-A-1 24 26.6
BL175-A-2 24 20.91
BL175-A-3 24 16.9
BL175-B-1 48 56.5
BL175-B-2 48 30.8
BL175-B-3 48 11.7
BL175-C-1 72 66

BL175-C-2 72 23.9
BL175-C-3 72 15.8
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Figure 29. Variation of mass loss rate with exposure duration

48



4.3 Tensile Test Results on CFRP-Steel Joints
4.3.1 Load-displacement curves

Figures 30 to 33 show the relationship between load and joint displacement for BL75,
BL125 and BL 175 specimens at different exposure duration. In particular, Figure 30 shows the
load-displacement curve for the control specimens (i.e. no exposure) with different bond lengths;
Figures 31 to 33 show the load-displacement curve for the specimens with bond length of 75 mm,
125 mm, and 175 mm, respectively and with exposure durations of 1, 2, and 3 days. The loads
applied to each specimen increased with displacement until the ultimate load was reached, after
which the load suddenly decreased and the CFRP rupture occurred. It can be seen that the joint
ultimate load decreases as the aging time in the corrosive solution increases. At some regions, the
response was highly nonlinear, indicating CFRP composite damage. For BL75 specimens, the
average of ultimate tensile load was about 93.5 kN at normal conditions. When the exposure
duration increased to 24h, 48h or 72h, the ultimate tensile load dropped by 4.5%, 13.8% and 26.8%,
respectively. For BL125 specimens, a similar trend was observed: the average ultimate tensile load
dropped by 4% to 20% when the exposure duration reached to 3 days. For BL175 specimens, the
ultimate loads of the joints showed a decrease of 3.5%, 11.85% and 16.9% at increasing exposure
durations. In addition, it was also noticed that the ultimate load capacity decreased when

debonding failure occurred at one side.
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Figure 30. Load-displacement curve for specimens BL75-CS, BL125-CS and BL 175-CS
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Figure 31. Load-displacement curve for specimens BL75-A, BL75-B and BL75-C
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Figure 32. Load-displacement curve for specimens BL125-A, BL125-B and BL125-C
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4.3.2 Effect of corrosion on joint stiffness

The joint stiffness is defined as the initial slope of the load-displacement curve and it is the
ratio of the applied load to the corresponding displacement (kN/mm). The relationship between
the stiffness and exposure duration for double strap joints is shown in Figures 34 to 336 for
specimens with bond lengths of 75 mm, 125 mm, and 175 mm, respectively. Error bars in these
figures represented the range of experimental results. Figure 37 provides the comparison of the
stiffness-exposure time relationship for BL75, BL125 and BL175. In this regard, BL75-C
specimens exhibited a 19.8% stiffness reduction and BL125-C showed a 4.6 % stiffness reduction
compared with control specimens. BL175-C specimens, on the contrary, resulted in a 9% stiffness
gain. Given the scatter of the stiffness data, we can see a minimal variation of the measured
stiffness for all the tested specimens regardless of the bond detail or the exposure duration.
Considering that the stiffness of the double strap joints mainly depends on the stiffness variations
of the adhesive and the fact that the adhesive layer did not grade, this result can be justified. This

also confirmed that accelerated corrosion has no significant effects on the joints stiffness.

120 T T T T
BL75

100

co
o

Stiffness (kN/mm)
£ (0)]
o o

)
o

O-day 1-day 2-day 3-day

Figure 34. Stiffness-exposure time relationship for specimen BL75
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Figure 35. Stiffness-exposure time relationship for specimen BL125
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Figure 36. Stiffness-exposure time relationship for specimen BL175

53



120 " .

BBL75
[BL125
100 [ IBL175mm
(= | i |
§ 80
=z
2L
&5 60 f 1
w
[<b)
=
= 40 F 1
)
20+ .
0

O-day 1-day 2-day 3-day
Day
Figure 37. Stiffness-exposure time relationship for specimens BL75, BL125 and BL175

4.3.3 Effect of corrosion on joint effective bond length

The average ultimate loads of joints with different bond lengths are listed in Table 4 and
plotted in Figure 38 versus the bond length. It is obvious that the bond strength varied with the
bond length. The bond length at which the ultimate load did not significantly changed and nearly
reached a plateau is defined as effective bond length. For the specimens tested without any
exposure to corrosion, the specimens with bond lengths of 75mm, 125 mm, and 175 mm reached
average load capacities of 93.50 kN, 98.51 kN, and 100.45 kN, respectively. As the ultimate load
capacity increased only a little when the bond length increased from 125 mm to 175 mm, the
effective bond length without any exposure can be considered to be 125 mm. Similar conclusions
can be made for the specimens experienced 1-day corrosion exposure. However, for the specimens
exposed to corrosion for 2 or 3 days, the load capacity kept increasing when the bond length was

increased from 125 mm to 175 mm. These results demonstrated that corrosion has a significant
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effect on the effective bond length and the effective bond length increased with the exposure
duration.

Table 4 Summary of test results

Test category Exposure time Ultimate load capacity Average load capacity (kN)

(kN)
BL75-CS-1 0 96.64
BL75-CS-2 0 102.5
BL75-CS-3 0 81.36 93.30
BL75-A-1 24 91.55
BL75-A-2 24 95.04
BL75-A-3 24 81.36 89.32
BL75-B-1 48 100.05
BL75-B-2 48 73.23
BL75-B-3 48 68.45 80.58
BL75-C-1 72 51.1
BL75-C-2 72 99.2
BL75-C-3 72 49.78 06.69
BL125-CS-1 0 102.97
BL125-CS-2 0 93.74 98.51
BL125-CS-3 0 98.83
BL125-A-1 24 91.82
BL125-A-2 24 97.08
BL125-A-3 24 92.79 93.90
BL125-B-1 48 84.7
BL125-B-2 48 77.87
BL125-B-3 48 80.57 81.05
BL125-C-1 72 87.46
BL125-C-2 72 85.45
BL125-C-3 72 62.3 7840
BL175-CS-1 0 109.19
BL175-CS-2 0 87.4
BL175-CS-3 0 104.75 100.45
BL175-A-1 24 94.88
BL175-A-2 24 90.94 96.89
BL175-A-3 24 104.85
BL175-B-1 48 93.47
BL175-B-2 48 75.27
BL175-B-3 48 96.92 88.55
BL175-C-1 72 83.88
BL175-C-2 72 78.04
BL175-C-3 72 88.53 83.48
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Figure 38. Ultimate load capacity versus bond length

4.3.4 Effect of corrosion on joint strength

Bond strengths of the double strap joints, defined as the failure load divided by the bonded
area, were calculated for all tested specimens. Figures 39 to 41 shows the bond strength at different
exposure durations for the specimens with bond lengths of 75 mm, 125 mm, and 175 mm,
respectively. Figure 42 shows the variation of bond strength with both exposure time and bond
length. It can be seen that corrosion negatively affected the ultimate strength of all the joints. The
decrease in the joint strength were 28.7% for BL75, 20.4% for BL125 and 16.9% for BL175 after
the 3-days exposure duration compared to the unconditioned specimens. It should be noted that a
larger reduction was observed for the specimens with smaller bond length. For joints with
debonding failure mode, the strength showed a considerable reduction. These results suggest that
joints with sufficient bond length or with strong adhesive/steel interface experienced insignificant
strength reductions. The measured loss of the strength is likely due to the loss of cross-sectional

area of the coupons, interfacial attack and/or degradation of the properties of adhesive.

56



140

120

100

Strength (MPa)
()] co
o o

B
o

)
o

O-day 1-day 2-day 3-day
Figure 39. Strength-exposure time relationship for specimen BL75

140 T T - T

BL125
120

100 |

Strength (MPa)
)] o
o o

iy
o

()]
o

o

O-day 1-day 2-day 3-day
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Figure 42. Strength-exposure time relationship for specimens BL75, BL125 and BL175
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4.3.5 Effect of corrosion on failure modes

For double strap joint specimens under tensile testing, all specimens failed by the CFRP
rupture at the gap as shown in Figure 43, with the exception of specimens BL75-B-3, BL75-C-1
and BL75-C-3. These three specimens failed at load levels of 68.45 kN, 51.1 kN and 49.78 kN due
to sudden debonding of CFRP sheets from the steel surface, which proved that the propagation
debonding caused the decrease of the ultimate load capacity. This debonding failure was firstly
initiated from one end, and then progressed toward the other end followed by the rapid detachment
of CFRP from the steel plate, as shown in Figures 44 and 45. The discoloration of debonded region
in Figure 45 revealed that moisture may permeated into the interfacial region between the primer
and adhesive and therefore caused the degradation of the interface. In addition, experiments on
double strap joints with different bond lengths have revealed that the debonding potential
decreased with the increased bond length and the debonding failure increased with the exposure
duration. However, for the specimen with bond lengths of 125 mm and 175 mm under normal
conditions or exposed to the solution for different exposure time, the debonding failure did not
occur. This means that when the appropriate bond length was chosen in practice, the debonding
failure can greatly be eliminated. For the CFRP rupture failure mode shown in Figure 46, it
indicated the full utilization of fibers within the unidirectional sheets. For the specimens with bond
lengths of 125 mm and 175 mm, the failure mode was always CFRP rupture independent of the
exposure duration, which confirms good bond quality and adhesive/steel stability after immersion
in the solution. Similar observations were also indicated by Liu [58]. He concluded that fiber

breakage failure was often observed at the joints with high modulus CFRP.
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Figure 45. Debonding of epoxy from primer
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5. CONCLUSIONS AND RECOMMENDATIONS

This research aims to study the bond characteristics and behavior of steel plate double strap

joints strengthened with CFRP strand sheets considering accelerated corrosion exposures. Since

failure of these joints can occur in the interface among different materials, the properties of

adhesive, primer and CFRP strand sheets used in double strap joints were studied. In order to

obtain the mechanical properties, tensile tests were conducted on epoxy, primer and CFRP strand

sheets samples. A total of 36 double strap joint specimens were then fabricated and exposed to the

corrosive conditions up to three days. Finally, tensile testing of double strap joints was conducted

in a MTS load frame. The effective bond length, failure modes, ultimate capacity of double strap

joints and the environmental durability of these joints were evaluated. The research findings led to

the following conclusions:

Most of the tested joints failed due to the rupture of the CFRP strand sheets, which can be
avoided by using more layers of CFRP. This indicates that the proposed strengthening
system for steel structures using small-diameter CFRP strands can eliminate the debonding
failure and ensure satisfactory performance in service. This good bond behavior between
CFRP strand sheets and steel plate was achieved due to the entire coverage of the small-
diameter strands by the epoxy.

An effective bond length of 125 mm was identified for CFRP-steel joints under normal
conditions. In addition, the effective bond length was found to increase with the exposure
time.

When the double strap joints were exposed to simulated corrosive environments, the joint
strength decreased with the increase of exposure time. This may be a consequence of
damaging effects of solution on the strength of CFRP. Joints with strong adhesive/steel
interface or longer bonder length caused the insignificant strength reduction even though
the specimens were exposed to the solution for three days.

For joints with debonding failure mode, the loss of joint strength may be due to the
weakening of the adhesive/steel interface. For joints with CFRP rupture failure mode, the
degradation of CFRP caused the reduction of joints strength.

The presence of the primer likely helped to prevent the corrosion of steel plates and

increased the durability of the double strap joints under corrosive conditions.
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e The stiffness degradation of joints was negligible for all of the bond configurations studied.
This characteristic of double strap joints after immersion in the solution for different
exposure time revealed negligible changes of properties of adhesive and proved that the
adhesive layer is still a strong link under different exposure duration.

While several interesting conclusions regarding the bond behavior of CFRP-steel joints
under simulated corrosive environment was drawn, additional research work is needed to confirm
the effective application of CFRP strand sheets in strengthening steel structures in practice.

Recommended future work is listed as follows:

e Additional experiments need to be conducted with multiple layers of CFRP strand sheets
in the joints to study the effect of CFRP layer on the bond characteristics under corrosive
environments.

e The degradation of the material properties of adhesive can contribute to the overall joints
degradation and the diffusion of water into the adhesive negatively affects the properties
of adhesive, so considerable testing on the adhesive should be conducted to evaluate the
effects of moisture absorption on the adhesive properties.

e Results obtained from accelerated corrosion tests can be compared with those obtained
from specimens experienced long-term exposure to environment.

e The fatigue behavior of the CFRP strand sheet-steel joints can be studied to verify the
performance of double strap joints under increased live load levels which are commonly
applied to strengthened members.

e The environmental durability of the strengthening system under extended exposure to
aggressive environmental conditions (longer durations than those selected in this study)
can be evaluated to provide additional information regarding the deterioration mechanism
of the strengthening system.

e Effects of other environmental factors such as temperature and humidity on the bond
behavior should be investigated in detail to give a comprehensive understanding of the

performance of these joints under various environmental conditions.
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