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Abstract

Generally, steel structures are subjected to different types of loadings during their life-
time. Over time these structures sustain fewer loads than those for which they were
designed. The reduction in structural capacity might occur as a result of various
parameters, including ageing, changes in use, increases in applied loads, and as a result
of environmental effects causing corrosion. These structures need to be strengthened or

repaired in order to be able to carry the different applied loads.

Carbon fibre reinforced polymers (CFRPs) are a new method of strengthening, the use
of which has grown in the last few decades. This method of strengthening has attracted
structural engineers due to its ease of application, light weight and very high tensile
strength. The bond between CFRP and steel members is the main issue in understanding
the bond behaviour. This thesis presents the effect of impact loading on the bond
behaviour of CFRP-steel double strap joints.

The results of comprehensive experimental tests are presented in this project on the
basis of testing large numbers of CFRP-steel double strap joints under both static and
dynamic loadings. Another series of tests was conducted to investigate the mechanical
properties of the composite material itself The mechanical properties were investigated
under different loading rates, starting from quasi-static loading at 2mm/min, to impact
loadings of 201x103, 258x10° and 300x10° mm/min. The experimental results showed
that loading rate has a significant effect on the material properties, and a significant

increase was shown in tensile strength and modulus of elasticity.

The results of another series of tests are presented i this thesis. A number of CFRP-
steel double strap jomts were prepared and tested under quasi-static loads. Three
different types of CFRP modulus (low modulus 165 GPa, normal modulus 205GPa and
ultra-high CFRP modulus 460 GPa) were used, to study the effect of CFRP modulus on
the bond behaviour between steel and CFRP laminates. In order to investigate the effect
of CFRP geometry on the bond properties, two different CFRP sections were used (20 X
l.4mm and 10 x 1.4mm). The results showed a significant influence on the bond
strength, strain distribution along the bond, effective bond length and failure mode for
specimens with different CFRP modulus. The results also showed that a small CFRP

section is sensitive to any little movement.
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Further tests were also conducted on CFRP-steel double strap specimens with different
CFRP moduli under high impact loading rates. The load rates used in this project were
201x103, 258x103 and 300x103 mm/min. The aim of this test was to find the degree of
joint enhancement under dynamic loadings compared to quasi-static loads. The results
showed a significant increase in load-carrying capacity, and strain distribution along the
bond. However, a significant decrease in the effective bond length under impact loads
was observed compared to quasi-static testing. Different failure modes were shown

compared to specimens tested under quasi-static loadings.

Finite element analysis was conducted in this research to model the CFRP-steel double
strap joint under both quasi-static and dynamic loads. The individual components of the
joint (CFRP laminate, Araldite 420 adhesive and steel plates) were first modelled and
analysed under the four loading rates. The CFRP-steel double strap joints were
modelled using non-linear finite element analysis using the commercial software
ABAQUS 6.13. The results showed good prediction of material properties and joint
behaviour using non-linear finite element analysis, and the results of tensile joint
strength, strain distribution along the bond, effective bond length and failure modes

were close to those tested experimentally.

This thesis also shows a new formulation of CFRP-steel double strap joints using
genetic programming; the data from the experimental and numerical analysis were
analysed using genetic programming software. Three different parameters were used:
bond length, loading rate and the CFRP modulus. The outcomes of this analysis are
showing an expression tree and a new equation to express the bond strength of these
types of jonts. The results are assumed to be used for the range of parameters used as

mput data in the programming.

Finally, some suggestions on future work to continue the mvestigation of the bond

behaviour between CFRP and steel in the double strap joints are provided.
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CHAPTER ONE

CHAPTER ONE INTRODUCTION

BACKGROUND
Large numbers of steel structures around the world are sustaining fewer loads than

the design loads; these structures no longer satisfy the design standards. Steel
structural elements such as bridges and buildings may become deficient and
deteriorated because of ageing, or changes in use or increasing daily traffic, which
exceed the design capacity. Corrosion also causes deformation in structures, which
leads to loss of load-carrying capacity.

Bocciarelli et al. (2009) state that many structures are old and there is a reduction in
their resistance to loads; 50% of the existing bridges in Europe need to be repaired
for these reasons. After the Second World War the use of composite materials was
limited to military, aerospace, automotive and marine applications, but composite
materials were explored and then adopted for use in structural and semi-structural
members (Zhao and Zhang, 2007). Advanced composite material is defined as a
material that obtains its physical and mechanical characteristics through the
mtegration of other materials. CFRP is one of the most commonly used composite
materials. Carbon fibre reinforced polymers (CFRPs) have wide use in structural
applications due to ther particular properties. A composite material is a hybrid
material produced by mixing two materials together, and these two materials exhibit
therr individual properties i the third material that is generated. In structural
applications, the properties that are improved by combining composite materials
mclude strength, weight, fatigue life, impact resistance, corrosion resistance,
stiffhess, attractiveness and temperature resistance (Bocciarelli et al., 2009; Karbhari
and Shulley, 1995). The aim is to design a material with a feature suitable for the
task that it is designed for.

Deteriorated structures can be repaired and strengthened using many methods of
repair, such as external post-tensioning, using steel jackets, replacing the damaged
or degraded elements, adding new elements to relieve overloaded parts, or
enhancing the load-carrying capacity by welding or bolting steel plates. These
strengthening methods are traditional and time-consuming, and may not be adequate
because they increase the dead load of structures. Therefore, there is a need to find a

material or method to strengthen structures without these disadvantages.
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18

Carbon fibre reinforced polymer (CFRP) is a good modern alternative material for
the rehabilitation and strengthening of structures, and it appears to be an excellent
solution. CFRP is attractive to structural researchers and is increasingly being used
in structural applications. It is easy to handle due to its light weight, which
elimmnates the need for mechanical lifting or anchoring devices, hence minimising

disruption to services for the duration of the strengthening and mamntenance process.

Figure

The Little River Bridge n Victoria is 84 years old. Carbon fibre fabric material was
used to strengthen the bridge beams for positive moments due to widening the
freeway from 4 lanes to 6 lanes (Aravinthan and Manalo, 2012).

A number of researchers have focussed on the bond properties between different
CFRP-steel structures under different types of loading and different parameters.
Some researchers have studied the effect of fatigue loading on CFRP-bonded steel
structures (Imanaka et al, 1995; Jones and Civjan, 2003; Kim and Harries, 2011a;
L et al, 2005b; Schnerch, 2005; Buyukozturk et al, 2004; Miller et al, 2001;
Cantwell and Morton, 1991; Karbhari and Zhao, 2000; Kim and Harries, 2011b)
while others have studied the behaviour of CFRP-to-steel structures under static
loading. There have also been extensive studies of the static load behaviour of
CFRP sheets bonding steel or concrete (André et al, 2012; Fawza et al, 2006a;
Fawzia et al, 2010; Haghani, 2010; Buyukozturk et al, 2004; Czaderski and
Motavalli, 2007; Benzarti et al, 2011; Capozucca, 2007; Rafi et al., 2008; Astorga
et al, 2013; Ganesh Prabhu and Sundarraja, 2013; Hadi and Le, 2014; Fernandes et
al,, 2015; Nagai et al., 2012; L et al., 2009).

The bond characteristics between CFRP lammnates and steel structures have not been
studied yet. Due to the difficulties facing dynamic tests and numerical simulations,
fewer studies have focused on the behaviour of CFRP strengthened structures under
dynamic load than static loading. The difficulties facing dynamic tests and
simulations are the limited availability of dynamic testing machines than those for
static testing, the lack of accurate software and the limited availability of high-speed
computers.

This study investigates the bond properties between CFRP laminates and steel

members under impact tension load using epoxy, as this has not been studied to
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date. Tensile stress, bond length, failire mode and loading speed are the parameters
studied in this research.

AIM OF THE RESEARCH
The main aim of this research is to investigate the dynamic behaviour of the bond

between CFRP lammates and steel members under mmpact tensile load. It is
proposed to ivestigate how to increase the tensile impact resistance of CFRP

laminates bonded to steel structures. The specific objectives are:

e To experimentally investigate the mechanical properties of the materials used in
the strengthening system, such as different types of CFRP laminate and epoxy
under dynamic tensile loads. These results will be compared with those under
static] loads’ and’ thel manufacturer’s claimed figures.

e To experimentally mvestigate the bond behaviour and de-bonding mechanism
between steel and different types of CFRP modulus under dynamic loads. The
results will be compared with those of static loads.

e To mvestigate the effect of CFRP properties on the bond between CFRP
laminates and steel members.

e To use finite element analysis to simulate a model of the dynamic bond
behaviour between steel and CFRP laminates in double strap joints

All the above investigations are to obtain the mechanical bond characteristics

between CFRP laminates and steel structures, and the outcomes focus on bond

strength, failure modes, strain distribution along the bond and effective bond length.

For the dynamic testing, three loading rates were used in the experimental tests:

201x103, 258%10% and 300x10* mm/min.

THESIS OUTLINE
This thesis has six chapters describing all the experimental tests and analytical models.

The introduction provides a general statement of the reasons for and the best methods of
strengthening  structures. Today, CFRP strengthening is the most commonly used
method for the enhancement of structures.

A large number of research studies are summarised n Chapter Two. The literature
review includes methods of surface preparation before applyng CFRP to the

deteriorated structures, the bond behaviour between CFRP and steel under different
19
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types of loading, the bond behaviour of CFRP-bonded steel members subjected to
tension loading, and a summary of the analytical modelling of CFRP-to-steel structures

subjected to tensile loads.

Chapter Three describes the comprehensive experimental tests and presents the results
of the bond characteristics between CFRP laminate and steel members. A number of
CFRP-steel double strap joints were prepared and tested under a loading rate of

2mnv/min. Araldite 420 was used to bond the CFRP to the steel jomts; different CFRP

sections and modulus were used to achieve a full understanding of the bond behaviour.

Chapter Four describes the experimental investigation of the bond characteristics
between CFRP laminate and steel joints under dynamic loading. A number of CFRP-
steel double strap joints were prepared and tested under three different loading rates:
201x103, 258x10% and 300x103 mm/min. Three types of CFRP modulus were used,
and the results were then compared with those from the static tests to obtain the bond

enhancement.

Chapter Five presents the numerical simulation of all specimens tested under quasi-
static and dynamic loadings, and finite element analysis was used to model the
specimens with different parameters using ABAQUS software. The results from finite
element analysis are compared with the results from the experimental tests to validate
the efficiency of finite element analysis in modellng the failure mechanisms and other

mechanical properties.

Chapter four presents a genetic programming to generate an expression tree and
equation model of the bond strength for CFRP-steel double strap jomnts. The mnput data

were obtained from both experimental tests and analytical models.

Chapter Seven provides all the results and outcomes of this research, and makes some

recommendations for future research.
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CHAPTER TWO LITERATURE REVIEW

2.1 INTRODUCTION
Carbon fibre reinforced polymer (CFRP) composite material has been used for

strengthening structures since the Second World War. It has been used in different
applications in the military, and in the aerospace and automotive industries. The use of
CFRPs for strengthening and repair is recognised as an excellent method for
strengthening steel elements. CFRP is also used in civil engmneering applications to
strengthen different structural elements in bridges, buildings, off-shore platforms etc.
However, CFRP strengthening and repair of structures has some challenges, and the
mechanical properties of CFRP have some effect on the strengthening outcomes, such
as bond strength and ultimate strain values. Furthermore, the bond between CFRP and
structural elements is a key issue for different load applications with static and dynamic
loadings. The preparation of bonded surfaces also has some effect on the efficiency of
the bond properties between steel or concrete structural elements. It is important to
choose the most suitable type of adhesive, depending on the structural application and
type of loading. Adhesive debonding is the most common failure mechanism in
adhesively bonded joimts, and depends on the adhesive type used and other CFRP
properties. To use CFRP composite material in strengthening structural elements, all the
above aspects need to be fully understood. Consequently, a review of the relevant
literature is presented in this chapter to focus on the effect of different parameters on the
bond between CFRP and steel structural elements. Generally, the variables used in the
literature are the mechanical properties of CFRP, the type of adhesive used to bond the
composite material to the deteriorated structural element, the surface preparation of the
structural element, and the effect of different velocities on the jomnt strength of FRP-

structural elements.

2.2 PROPERTIES OF FRP COMPOSITE MATERIAL UNDER
DIFFERENT STRAIN RATES
As steel or concrete structures are usually subjected to static and dynamic loads during

their service life, these structures deteriorate and need to be strengthened. One of the
possible methods of strengthening is the use of FRP composite materials to enhance the
structural capacity. To have a good understanding of the bond between CFRP and steel
or concrete structures, the properties of CFRP itself need to be examined. Many
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previous studies used the mechanical properties provided by the manufacturers, and
some researchers have ivestigated the mechanical properties of FRP and other
materialy” ag’ perf thel load] conditions’ used’ " tests. The manufacturer’s technical’ sheets
usually provide the static properties of a material, such as elastic modulus, tensile
strength and ultimate strain, without showing the tensile or compressive dynamic

properties of the material.

A large number of experimental investigations have been conducted to study the tensile
mechanical properties of various types of FRP, and static and dynamic tensile loading
are the main loadings used mn the research literature. Jacob et al. (2004) presented a
review of the strain rate effect on the material properties of some FRP composites. The
maimn focus of Jacob et al. research is to review research on the effect of velocity to
gauge length ratios, and then the effect of these ratios on different mechanical properties

of FRP under different applied loads are studied.

There are different methods of performing impact testing on FRP composite materials.
The Charpy pendulum, drop mass, hydraulic nstruments and split Hopkinson pressure
bar are techniques available to obtain the desired strain rate, each of these techniques
can achieve a range of strain rates. These methods are summarised by Deshpande
(2006). Harding and Welsh (1983) modified the split Hopkinson pressure bar technique
for testing materials with unidirectional fibres such as FRPs under high tensile loading
rates. Their research showed that the mechanical properties of glass fibre reinforce
polymers (GFRP) are significantly affected by strain rate for both 0°and 45° fibre

directions.

Another method of testing unidirectional fibres under high loading rate was presented
by Adams and Adams (1989), who modified the Charpy or Izod impact tester to test
materials under high loading using a pendulum impact tester. This pendulum impact
machine has a maximum supply energy of 325 N.m and maximum velocity of 5.2 m/s.
Carbon-epoxy, glass-epoxy and pure adhesive specimens were tested using this
technique, and the results showed that the strain rate had no effect on the energy
absorption of CFRP.

Glass-epoxy and carbon fibre-epoxy specimens were tested with different strain rates

starting fiom 100 to 250 s™ using the Hopkinson pressure machine. The results showed
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that the higher the strain rate, the more significant the effect on the mechanical
properties of the composite materials. The tensile stress and elastic modulus of carbon
fibre-epoxy were increased significantly with the increase of strain rates. Less strength
increment was observed for glass-epoxy specimens forf both Young’ss modulus’ and
tensile strength ((LifShitz and Leber, 1998).

Adams and Adams (1990) continued their investigation of the mechanical properties of
composite materials under impact loads, and a range of loading rates (quasi-static, 2.1,
3.1 and 4.9 m/s) were applied to carbon-epoxy and glass-epoxy specimens. The results
showed that with the strain rate increase, there was a decrease in elastic modulus and an

increase in tensile strength for both carbon-epoxy and glass-epoxy.

In 1996, an investigation of the dynamic properties of GFRPs was reported by Barré et
al. (1996). Different strain rates were used, starting from 10! to 10"! s! using a drop-
mass technique to produce impact load. The results showed that increasing the load rate
has increased the tensile elastic modulus and strength .

Hou and Ruiz (2000) studied the mechanical properties of woven CFRP T300/914 at
different velocities. Tension, compression and in-plane shear tests were applied to two
types of CFRP specimens, and 0 and 90° were the orientations of the specimens. The
split Hopkinson pressure bar machine was used for tension and compression tests, and

Figure 2.1 shows the compression split Hopkinson pressure bar.

Strain gauge Specimen
Loading bar ‘\\ Input bar / QOutput bar

High pressure |
air supply '
Computer | Transient |__| Amplifiers | Strain gauge |
(IBM PC) recorders [ bridge box

Figure 2.1: Compression split Hopkinson bar apparatus (Hou and Ruiz, 2000)

The results showed elastic behaviour for both types of specimens (0° and 90°) under
tensile loading until failure. Linear elastic behaviour was observed for specimens tested
under tension loading, while plastic deformation occurred for specimens tested under

compression impact loading. The results also showed that CFRP lammates are strain
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rate-dependent, due to the fact that epoxy has higher shear and tensile strengths at high

strain rates, while an insignificant effect was shown for pure fibre specimens.

The influence of high strain rates on the energy absorption of woven glass-fibre
laminates was investigated by Okoli (2001). Three types of loading, tensile, shear and
three-point bending were used in this study. The results showed linear behaviour
between expended energy and strain rate. The mechanical properties were increased for
each decade increment of strain rates. The tensile strength was increased by 17%, while
shear stress was increased by 5.9 and the flexural energy was increased by 8.5%. The
failure mode showed laminate brittle failure for high strain rates, mitiated from matrix
failure and propagated to final laminate fracture as shown in Figure 2.2.

L'!_'..g’_“«'
P S 'q;'-l'm - e
W o Bl S

Fn | 'I: h(’,“(—,b‘ o
WL T .

Figure 2.2: Fibre brittle failure of woven glass-epoxy with fibre breakage (Okoli, 2001)

Fernie and Warrior (2002) used a drop-mass instrument to test composite materials
under different strain rates. The aim of this study was to investigate the effect of high
strain rates on the mechanical properties of glass polyester material, and to find the
stram rate dependency of the material for both tension and compression loadings. The
results showed an increment in ultimate strength of 115% in tension and 26% in
compression for a strain rate of 571 ms'l,[’ whilel the increasel i’ Young’s’ modulus’ wasf

recorded as 43% in tension and 9% in compression for the same strain rate.
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Research was conducted by Majzoobi et al. (2005) to study the tensile mechanical
properties of glass-epoxy composite materials under high strain rates. The R2000 glass-
epoxy composite specimens were tested under a low strain rate (10~ s') and a high
strain rate of 850 s™'. Comparing the results of the two strain rates, a significant increase
in the material tensile stress was observed under high strain rates compared to very low
strain rates, while a reduction in ultimate strain was observed for specimens tested
under high strain rates compared to those tested under low strain rates. The percentage
of increment ranged from 300% to 500% for tensile strength, while the reduction
percentage ranged between 60% and 75% for ultimate failure strain. The range of

tensile strength increment was for different ply orientations.

Al-Zubaidy et al. (2011) investigated the mechanical properties of normal CFRP
modulus and Araldite 420 adhesive under impact tensile loads. Quasi-static and impact
tensile loads were conducted to determine the degree of mcrement m CFRP mechanical
properties. The results showed 20-40% tensile strength increment, while the ultimate
strain of CFRP was increased by 20%. The results of adhesive coupon tests showed
increases’ 1’ Young’s’ modulus’ of 100% and’ 220% for’ thel tensilel strength] Al 20%
reduction in ultimate stram was observed for the adhesive under impact loading. Two
strain rates were used for quasi-static testing (2.42x10* s and 6.66x10* sV, while

three high strain rates were used for impact tests (54.2, 67.2 and 87.4 s™).

2.3 SURFACE PREPARATION FOR BONDING CFRP TO STEEL
STRUCTURES
The mterface between CFRP and any structural element is the most mmportant and

sensitive part in the joints. The bond properties between CFRP and steel are affected by
different factors such as the bond area, adhesive type, adhesive thickness and surface
preparation. In order to achieve good interaction between the structural steel elements
and the CFRP, the surfaces of the steel and CFRP need to be treated carefully. The
major aspect of this treatment is the method of surface preparation, and a guide to
surface preparation between metal and adhesive is provided n ASTM D2651-01(2008).
The different methods of surface preparation proposed are most likely intended for
small-scale applications. However, it is worth using a method that can be mmplemented
mn actual strengthening applications. The aim of surface preparation is to achieve a good
degree of surface roughness to provide good interaction between the two layers.

Grinders and sandblasters are the two main methods of surface preparation used by
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researchers. The two main requirements are direct contact between adhesive, CFRP and
steel and the removal of weak layers or contammations at the bonded area (Hutchinson,
1987). Meeting these two requirements has a positive effect on the CFRP utilization.
Miller et al. (2001) suggest the wuse of grinders or sandblasters to prepare the flange
surface of steel girders, and this preparation is to be carried out before the application of
glass fibre fabrics within the adhesive layer between CFRP laminate and the flange of
the steel girder. The amm of using glass fibre in the adhesive joints is to prevent
corrosion of steel, which might occur by the galvanic reaction between steel and CFRP.
The effect of the sizing agent on the galvanic corrosion rate was ivestigated by
Tavakkolizadeh and Saadatmanesh (2001), who found that galvanic corrosion occurs
when there is direct contact between CFRP and steel surface. The researchers used
different solvents to check their efficiency in removing the sizing agents from the
laminated fibres, and cleaning with epoxy was found to be most effective solvent for
removing solvent agents. A fresh chemical active surface must be prepared to ensure
that the bond has a good mteraction with the adjacent layer, as reported by Hollaway
and Cadei (2002). Their study also showed that the degree of bond efficiency between
CFRP and steel or concrete is directly proportional to the method of surface preparation,
starting from hand abrasion to mechanical abrading. The cleaner the surface, the higher
the degree of bond efficiency. Other researchers have argued that any contamination left
on the steel or concrete surfaces before applying the CFRP may cause reduction in the
joint strength (Mays and Hutchinson, 2005; Hashim, 1999). The bond behaviour of
FRP-bonded steel plates was studied by (Fawza, 2008), who ground the steel surface
using a grinder and then CFRP sheets were attached. Fially the double strap joints
were tested under static loading in order to obtain the maximum joint capacity and
failure modes. This research was continued by Al-Zubaidy (2012), the main difference
between the two studies being the surface preparation method of the specimens. The
study used sandblasting in order to examine the bond properties of CFRP-steel double
strap jomts under quasi-static loading, and the results showed some extra enhancement

in joint strength when using sandblasting rather than grinding.

2.4 CFRP-BONDED STEEL STRUCTURES
Metal bridges, off-shore platforms and buildings need to be monitored and strengthened

for different load types, but the conventional methods of strengthening are time-

consuming, and mechanical lifters are required to attach the new elements to the
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degraded parts. Carbon fibre reinforced polymers (CFRPs) are now the most common
method of strengthening, due to their light weight and high strength. As mentioned
above, the most mmportant part in the CFRP strengthening of steel or concrete structures
is the bond. A number of studies have focussed on the bond characteristics between
FRP and steel beams, columns, girders and steel boxes. A large number of parameters
affect bond strength, most being related to the properties of the CFRP and the adhesive.

Colombi and Poggi (2006a) studied the effect of adhesive bonding CFRP laminates to
H-shape steel beams. An identical steel beam was tested under three-point testing as a
reference for those strengthened with CFRP strips. Different CFRP section properties
were attached to the bottom flange of the steel beams with two types of adhesive,
Sikadur 30 and Sikadur 330. The main objective of the research was to investigate the
load transfer criteria and to find the enhancement in strength of the beam for the two
types of adhesives. In order to have good understanding of strength enhancement, the
beams were bonded with one and two plies of FRP laminates. A number of strain
gauges were mounted on the CFRP surface to monitor the strain distribution along the
bond area. A schematic view of the beam with CFRP attached to the tension flange is

shown in Figure 2.3 below.
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Figure 2.3 Schematic view of CFRP strengthened steel beams (Colombi and Poggi,
2006a)

The results showed that for specimens with one CFRP layer and Sikadur 30, the

enhancement in load was 9.2%, which was close to that of the specimens with Sikadur
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330, while the increment was about 23% for specimens with two layers of CFRP
laminates and Sikadur 30 adhesive. In relation to the stiffness of the specimens, there
was no increase in beam stiffness for specimens with one layer of CFRP, but it was

increased by 13.8% for beams with two CFRP layers.

Another series of tests was carried out by Dawood and Rizkalla (2007) and Dawood et
al(Dawood et al, 2009)(Dawood et al, 2009)., 2009. I-section steel beams were
strengthened with main CFRP laminates and an additional splice of CFRP laminate, and
the beams were subjected to 3-point bending tests. Different lengths of splice plates
were used to find the effective length, with 200, 400 and 800mm being used in this
research. The results of the three-point tests showed that all specimens experienced
sudden debonding of the splice plate, the debonding starting from one of the splice ends
and going towards the joint, then propagating to the interface between the CFRP main
plate and the splice plate. The debonding failure is shown in Figure 2.4. The results also
showed that increasing the splice length beyond 400mm produced an insignificant

increase in ultimate beam strength.

Splice Plate

gy

Figure 2.4: Failure of splice beam under four-point bending (Dawood and Rizkalla,
2007)

Three- and four-point load tests of CFRP strengthened steel beams were carried out
Deng and Lee (2007). A mild steel beam was strengthened with CFRP laminate with a
thickness of 0.3mm using Sikadur 31 adhesive. A servo-hydraulic Dennison 8032

testing machine with a capacity of 200 kN was used. The results showed an increase i
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load when the bond length of the CFRP increased from 300mm to 1000mm. In this
study, a comparison of two strengthened beams with different CFRP thicknesses was
made. The results showed that increasing CFRP thickness causes a reduction n strength
enhancement, because of the high stress concentration at the end of the thicker laminate.
A slight increase in strength (5%) for specimens with spew fillet at the end of laminate,
showed that increasing bond length had no effect on beam stiffhess, whereas increasing
thel CFRPT thickness’ decreased’ thel beam’sf stiffhess.| Figure 2.57 shows thel load-deflection
curves of two specimens, where S305 is the specimen with 3mm CFRP thickness, while
S305D has 6mm CFRP thickness.

160.0

140.0 //"\\
= 100.0

Y 4
5 80.0 / — S305
9 600 / S305D
40.0 /
20.0
OO 1 T T T
0 5 10 15 20 o5

Deflection at mid-span (mm)

Figure 2.5: Load-deflection curves of different CFRP thicknesses (Deng and Lee, 2007)

In terms of failure modes, two main failure modes were observed. For beams with 3mm
CFRP thickness, full debonding of CFRP laminate occurred, while debonding with
some CFRP delamination was shown for beams with 6mm CFRP.

Another four-point test on full-scale FRP-strengthened steel beams as shown in Figure
2.6 was carried by Yu et al. (2011) . The authors used three parameters, laminate
thickness, bond length and adhesive thickness. A full-scale non-strengthened steel beam
was tested as a reference for those strengthened with FRP laminate. The results showed
that the adhesive thickness has a significant effect on the total deflection, the larger
adhesive thickness producing the lower beam deflection. Table 2.1 shows a summary of

the test parameters and results.
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Figure 2.6: Schematic beam with flexural CFRP reinforcement (Yu etal, 2011).

Table 2.1: Test property results of CFRP-bonded steel beams (Yu etal., 2011).

Specimen L(mm) Lo (mm) ty(mm) t,(mm) P (KN Failure mode

Bl 1800 - - - 177.1 B
B2 1800 700 1.5 0.5 185.5 A
B3 1800 700 4.5 0.5 200.0 A
B4 1800 700 7.5 0.5 206.9 A
B5 1800 700 1.5 1 183.6 A
B6 1800 700 1.5 2.5 178.9 A
B7 2400 - - - 120.8 B
B8 2400 750 1.5 0.5 122.9 A
B9 2400 850 1.5 0.5 127.7 A
BI10 2400 1050 1.5 0.5 134.1 A
BI11 2400 1450 1.5 0.5 140.8 B

B: Beam Yielding
A: Beam Yielding followed by debondng of FRP laminate

As the above table shows, beam strength was increased when the thickness of the CFRP
mncreased from 1.5 to 4.5, but an msignificant increase was observed when the thickness
increased to 7.5mm CFRP. The results also showed that adhesive thickness ha an
msignificant effect on beam capacity. However, the load resistance increases as the
bond length of the FRP laminate increases.

The axial capacity of a steel square hollow section (SHS) strengthened with CFRP sheet
was investigated by Bambach et al. (2009). The SHSs were fabricated by spot-welding
with different wall thicknesses (1.6mm and 2mm). MBrace CF-130 was bonded the
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exterior walls of the SHS using Araldite 420 resin. Two different fibre layouts were
attached: one layer laid transversely, and the other longitudinally to the direction of

axial load. as shown mn Figure 2.7.
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Figure 2.7: Specimens with CFRP strengthening. (a) SHS (commercially produced). (b)
SHS (spot-welded). (c) Preparation method for bonded specimens (Bambach et al.
2009)

The specimens were tested under axial compression load. The axial capacity increased
by 200% of the ultimate steel strength alone, and the stress-to-weight ratio increased up

to 50%; buckling stress increased up to 4 times that of steel section alone.

2.5 BOND PROPERTIES OF FRP-BONDED AND STEEL MEMBERS

Tensile tests are among the most common basic tests conducted for testing composite
materials. Many studies have focussed on the behaviours of different types of FRP
composite materials with steel structures under static tensile loads. Studying this kind of
load is important, as it represents many applications in civil engineering. The main
outcomes observed from these tests are the bond strength, faiire mode and the effective
bond length. The effective bond length of adhesive joints bonded by FRP composites
was first predicted by Hart-Smith (1973) , and the Hart-smith model was found to
evaluate the effective bond length for single lap jomts, the model being correlated with
experimental tests. The effective bond length can be defined as the bond length beyond

which no further increase i jomt strength occurs. The effective bond length was then
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studied by number of researchers with different parameters. Matta (2003) studied the
bond behaviour between steel and CFRP laminates, the research summarised all types

of lap joints as shown mn Figure 2.8.
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Figure 2.8: Typical configurations of structural adhesive jomts (Matta, 2003)

Jiao and Zhao (2004) studied the strengthening of butt-welded very high strength
circular steel tubes using CFRP sheets. Three types of epoxy resin (Sikadur-330,
Araldite]l 420 and Aralditel Kit K138) were used to bond a total of 21 specimens of
CFRP-steel butt-welded jomts, and a Baldwin universal testing machine with a
maximum capacity of 500 KN was used with a loading rate of 2 mm/mmn. The 21
specimens were tested under axial tensile load to obtain the bond shear strength. The
researchers used SikaWrap Hex-230C CFRP, which has a typical unidirectional tensile
strength’ of 35000 MPa and’ & Young’s’ modulus’ of 2307 GPa with® an’ ultimate] strain’ of
1.5%. The jomnt was bonded using 5 layers of CFRP fabrics; the thickness of one layer
is 0.13mm. The main focus of this study was to find the influence of adhesive type on
the bond properties between CFRP and steel members. Joints with Araldite 420 had the
highest bond strength compared to other types of jomts. Figure 2.9 shows the schematic
view of the specimens tested under static tension load and the arrangement of joint

layers.
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Figure 2.9: CFRP-steel double strap joints with 5 layers (Jiao and Zhao, 2004)

The results showed that the bond strength increases as the bond length increases, and
there was an insignificant increase in bond strength when the bond length exceeded
75mm. Therefore, this bond length was considered to be the effective bond length for
this type of joint. Figure 2.10 shows the relation between shear stress and bond length

plotted from the experimental tests using the equation below:

P

— ‘ult
mDL,y

Equation 2-1

where, P ; is maximum joint force observed from the test; D is the external diameter of
VHS tube; L, is the bond length, as shown in Figure 2.9. The graph shows high shear
stress for specimens with short bond length and it decreases as the bond length

increases.
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Figure 2.10: Shear stress vs. bond length for CFRP sheet-bonded VHS tube (Jiao and
Zhao, 2004)

The failure mode was compared with the classification of seven failure modes
mentioned n ASTM D5573, and different failure modes were observed with the
different epoxies. In general, the most common failure modes for these specimens were
adhesive failure and fibre-tear failure. Araldite 420 was found to be the most suitable
epoxy for strengthening butt-welded VHS as it prevents fibre-tearing failure.

A pull-off test of CFRP-to-steel plate was conducted by Xia and Teng (2005) , where a
tensile force was applied to the FRP laminate and the steel beam was fixed at the loaded
end, as shown mn Figure 2.11.
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Figure 2.11: Pull-off test specimen and set-up (Xia and Teng, 2005)
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Three different adhesive types were used in this experimental program, and the
specimens were tested under static loading. The mechanical properties of the three

adhesives are summarised mn Table 2.2 below:

Table 2.2: Mechanical properties of the three adhesive types used by (Xia and Teng,

2005)
Tensile strength Young’sf Poisson’s’ Ultimate
Adhesive : _
(MPa) modulus (MPa) ratio strain
22.53 4013 0.36 0.5614
B 20.48 10793 0.27 0.1898
C 13.89 5426 0.31 0.2560

The above adhesive types were applied with different thicknesses to evaluate the effect
of adhesive thickness on the bond behaviour. The results showed that there was a
significant effect on the failure mode for the different adhesive thickness. When the
adhesive thickness is less than 2mm, debonding failure occurred, while FRP
delamination failure occurred for thicker adhesive layers. The behaviour of the three
adhesives was mitially linear behaviour, and then became slightly non-linear and they
suddenly failed by rupture. However, a bilinear bond-slip model can approximate these
experimental curves closely. The proposed bilinear model has three key pomts as a
definition” of thel curvef thel origi7 (0, 0)f thel peakl shear stress’ pomnt (31, tf)f and’ thel
ultimate] point” (&£ 0).] [ Thel area’ below thel curvel is thel nterfacial fracture energy (Gf),
as shown in Figure 2.12.
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Figure 2.12: Shear stress vs. slip (Xia and Teng, 2005)
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The peak and ultimate coordinate points were derived from the experimental results.
When the adhesive has a high modulus of elasticity, the load-displacement curve shows

a higher initial slope, and vice versa.

Continuing the previous research, another set CFRP-steel of double strap joints were
tested using a Baldwin universal testing machine with a maximum capacity of 500 kN
by Fawza et al. (2010). The aim of this research was to study the bond-slip models of
CFRP sheets bonded to steel plates within double strap joints. Foil strain gauges
(VMMCEA-13-240UZ-120) were utilized to monitor the strain distribution along the
bond lne. Different parameters were used i this testing program to investigate their
effect on joint behaviour and the bond slip model. The parameters used i this research
were: two types of CFRP (normal modulus and high modulus), three types of adhesives
(Araldite 420, MBrace saturant and Sikadur 30), two thicknesses of CFRP layers (3 and
5 plies), and different bond lengths (80-250 mm). The researchers mvestigated the bond
slip of specimens with different adhesives, and the results showed that specimens with
Araldite and MBrace had the same iitial slp (the slip at maximum shear strength) of
0.05mm, whereas it was 0.04mm for specimens with Sikadur adhesive, as shown in
Table 2.3 below:

Table 2.3: Material properties for three different adhesives (Fawza et al., 2010).

: Shear stress - Maximum  slip
Adhesive type Initial slip (mm)
(MPa) (mm)
Araldite 420 30 0.05 0.12
MBrace saturant 23 0.05 0.12
Sikadur 30 22 0.04 0.1

In addition, the thickness of adhesive layer had a large effect on the bond slip model, the
bond slip increasing as the adhesive thickness increased. The bond slip model observed

from this research was a modification of the bond slip model proposed by Xia and Teng
(2005) .

Colombi and Poggi (2006b) studied the strengthening of bolted joints using adhesively-
bonded CFRP laminates in three groups of specimens. The first group included three
types of specimens: two specimens with continuous steel plates, and the third specimen

included a 20mm diameter hole with double-sided CFRP laminate. The second group
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included strengthening a gap of two steel plates with CFRP. The third group was a
bolted joint between CFRP laminate and steel plate. The CFRP used i this test was
Sika Carbodur M614, the adhesive was Sikadur 30, and the specimens were tested
under static tensile load. The results showed a slight difference between the yield load
of the specimens without strengthening, and that of the reinforced specimens. For
specimens with a 20mm hole the stress distribution along the CFRP is shown in Figure
2.13.
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Figure 2.13: Distribution of stress with load variations along the CFRP (Colombi and
Poggi, 2006b)
For the double-lap specimens, the strain gauge near the applied load and far from the
joint showed a nonlinear curve starting from 35 KN. This was attributed to the non-
linearity behaviour of Sikadur 30 at high load levels near the ends of the CFRP layer,
while the other strain gauges near the joint showed a linear stress-strain curve response.
In the bolted joints (see Figure 2.14), Sikadur 330 and Sikadur 30 adhesives were used.
The results for specimens with Sikadur 330 showed that the response was almost linear
up to 84.1 kN without debonding failure of the jont. When local composite failure
occurred, the load increased to around 117 kN, identical to the yield load of the steel
plate. Then, debonding occurred. However, the results of specimens with Sikadur 30
showed a different behaviour of the load displacement curve. With this adhesive,

composite failure and FRP debonding occurred at the same previous load level
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Figure 2.14 Schematic sketch of strengthening of bolted joint (Colombi and Poggi,
2006b).

Fawzia et al. (2006) studied the bond characteristics of CFRP-steel double strap jomts
using CFRP sheets. Normal modulus CFRP CF130 was used with a thickness of
0.176mm per layer. Three CFRP layers strengthened the joints using Araldite 420. Four
specimens of CFRP-steel double strap jomnts were tested under axial tensile load at a
loading rate of 2mm/min. The effective bond length was consistent with that reported in
Jiao and Zhao (2004). Strain gauges were used to measure the strain distribution along
the bond length, and the results showed that as the applied load increased, the strain at
the first and second gauges increased significantly. The strain readings after the third
gauge were very small and became almost zero at a distance of 75 mm from the loaded
edge. In terms of load versus bond length, the curve showed linear increment for bond
lengths less than the effective bond length and then it kept steady beyond bond length
equal to 75mm, this bond length is the effective bond length as shown in Figure 2.15
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Figure 2.15: Bond force vs. bond length (Fawza et al., 2006a).

Another study investigated the bond properties between CFRP and steel for different lap
joints. Dawood and Rizkalla (2007) prepared six double-lap shear specimens to find a
suitable method of bonding high modulus CFRP to steel beams. The most suitable
method was decided according to the reduction in bond stress concentration, which
usually occurs near the ends of the lammate. The bond configurations are shown in
Figure 2.16. The results of the double-lap shear specimens showed that all specimens
failed by sudden debonding of the CFRP laminate, with some adhesive remaining on
the steel plate. In addition, the specimen with reverse tapers at the end of the laminate
and at the middle of the jomt (T2) showed an 80% increase in load capacity of the
bonded joint compared with the specimens with square ends and T1. The clamped
specimens showed additional 80% increase compared with T2. The same load
enhancement was found for CFRP-strengthened steel beams with rounded or tapered

ends and tested under bending.
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Figure 2.16: Adhesive bonding details (Dawood and Rizkalla, 2007)

The bond failure for three types of joints of steel to CFRP (double-lap joint, single-lap
joint and T-peel joint) as shown in Figure 2.17 was studied by Chiew et al. (2011).
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Figure 2.17: Schematic of (a) double-lap joint, (b) single-lap jomnt and (c) T-peel joint
(Chiew et al., 2011)

CFRP laminate with a tensile strength of 2492 MPa was used and two-part saturant
epoxy was used to bond the jont between CFRP and steel, the tensile strength of epoxy

being 15.5 MPa. The jomnts were tested under axial tension load using an Instron 5500
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universal electro-mechanical testing system. For joints with the same bond length, the
failure loads were directly proportional to the bond width, and a lower increase in bond
strength was observed for specimens with larger bond length. Figure 2.18 shows the
relation between unit bond strength and unit bond length.
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Figure 2.18: Unit bond strength vs. unit bond length for CFRP-steel double lap jomts
(Chiew et al., 2011)

All specimens showed adhesive failure, and all failures occurred at the adhesive—steel
mterface. This failure phenomenon occurred because the bond in adhesive joints is the
weakest part. High shear with low tensile stress, high shear with high tensile stress and
low shear with high tensile stress were the results shown by the double-lap joint, single-
lap joint and T-peel joint respectively.

Another series of CFRP-steel double strap joints tests was carried out by Wu et al
(2012) , who studied the bond characteristics of double-strap joints between steel and
ultra-high CFRP laminate (MBrace 460/1500). The elastic modulus of this type of
CFRP is 460 GPa and the normal tensile strength is 1500 MPa. Two types of adhesives
were used (Araldite 420 and Sikadur) to bond CFRP laminates to the steel surface. The
specimens were tested under static tension load to investigate the failure criteria,
effective bond length and bond stress of the jomnt. The failure mechanism for jomnts with
Sikadur adhesive was cohesive failure, while two faillure modes were observed for
specimens with Araldite 420: delamination and CFRP rupture, as shown n Figures 2.19
and 2.20.
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Figure 2.19: CFRP delamination for specimens with Araldite 420 and bond length
100mm (Wu et al., 2012b)
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Figure 2.20: CFRP rupture for specimens with Araldite 420 and bond length 250mm
(Wu et al,, 2012b).

The bond stress increased with the increase of bond length up to the effective bond
length, which was 110 mm for Araldite and 85 mm for Sikadur specimens. The strain
generally decreased at distances far from the jomnt, however, the shear strength was
enhanced with load level increment, and decreased from the joint to the free end of the

CFRP laminate.

As shown above, significant research effort has focussed on the strengthening of steel
structures using FRP under different types of static load, but less research has focussed
on the effect of dynamic load on the bond between CFRP and steel. The effect of static
and impact tensile loads on the bond properties of CFRP sheet-bonded steel plate joints
was studied by Al-Zubaidy et al. (2012b) . Normal CFRP sheet was used to bond steel
joints with one and three layers, and Araldite 420 adhesive was used to bond the CFRP
to the steel. Four series of specimens were tested under quasi-static load (2mm/min) and
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impact load with a loading rate of 3.35m/sec, and a specimen schematic view is shown
in Figure 2.21. The bond strength of the impact load with a speed of 3.35mV/sec is higher
than that in static load; the ratio of dynamic to static bond strength for both one and
three layers of CFRP sheet was calculated, and this ratio was found to be more than 2.0
when the bond length was beyond the effective bond length. The effective bond length
was not affected by the high load rate, the effective bond length under static load being
about 30mm for one layer of CFRP, and 50mm for three layers of CFRP in the static
test, which was the same as the loads for the impact tests. In terms of the failure mode,
for 1 layer of CFRP and bond length less than the effective bond length, debonding
between CFRP and adhesive occurred in the static test and CFRP delamination in the
mpact test. When the bond length exceeded the effective bond length of 30mm, CFRP
rupture occurred in the static test, whereas CFRP rupture and CFRP delamination
occurred in the impact test. For specimens with three layers of CFRP, the failure mode
was a combination of debonding of CFRP and adhesive and CFRP delamination for
bond lengths less than the effective bond length (50mm).

Steel Plate |< ' > | ‘ >|

Adhesive layer —p CERP ply Smm
|< 210mm * 210mm ’I

Figure 2.21: Schematic view of CFRP-steel double-strap joint (Al-Zubaidy et al.,
2012b).

Al-Zubaidy et al. (2012a) continued therr study of the bond characteristics of double-
strap joints between normal modulus CFRP and steel plate under impact loads,
conducting more tests on these joits using MBrace saturant epoxy adhesive to bond the
CFRP sheet to the steel surface. A number of specimens were tested under static and
dynamic tensile loads to mvestigate the effect of impact load on joints with different
load rates. For the static tests, the load rate was 2mm/min and for the impact test the
load rates were 3.35, 4.43 and Smy/s. The results showed improvement in jomnt strength
for both types of specimens (one and three layers of CFRP) under mmpact speed

(3.35nvs), while for load rates of 4.43 and 5Smv/s the bond strength started to slightly
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decrease. The effective bond length for the static test was 30mm for one layer of CFRP
and 50mm for three layers of CFRP. However, the effective bond length for the
dynamic test remained the same for one layer but there was a slight difference with
three layers of CFRP (60mm). The authors attributed this to the low dynamic shear
strength of MBrace saturant adhesive. For the static tests and for one layer of CFRP,
the failure mode was steel and adhesive interface failure. However, there were different
failure modes for the dynamic load. When the bond length was less than the effective
bond length, the failure modes were as follows:

e load rate of 3.35m/s: combination of steel and adhesive interface failure and

CFRP and adhesive interface failure.
e Load rate of 4.43 and 5m/s: combination of steel and adhesive mterface failure
and cohesive failure (adhesive layer failure).

Regarding the three layers of CFRP, the failure mode for the static test was steel and
adhesive mterface failure for bond lengths less than the effective bond length, while it
became a combination of steel and adhesive interface failure and cohesive failure when
the bond length exceeded the effective bond length. However, for the dynamic tests
there were slight changes in failure modes. In these tests, steel and adhesive interface
failure combmed with CFRP and adhesive mterface failure could be defined as the
dominant failure mode, and this failure occurred when the bond length was equal to or
shorter than the effective bond length at a loading rate of 3.35 m/s. When speeds of
loading were increased to 4.43 m/s and 5 my/s, the failure modes were a combination of
steel-adhesive interface failure and CFRP-adhesive interface failure for bond lengths
less than or exceeding the effective bond length. Figure 2.22 shows the failure modes of
3 plies of CFRP for load rates of 2mm/min, 3.35, 4.43 and Sm/sec respectively with
different bond lengths.
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Figure 2.22: Failure modes of steel-CFRP double-strap joints with three CFRP layers
(a) 3.34x10™ m/s, (b) 3.35 mvs, (c) 4.43 m/s, (d) 5 m/s. (Al-Zubaidy et al,, 2012a)

Failure (a) is steel and adhesive interface failure, (b) is cohesive failure, (c) is CFRP and
adhesive mterface failure, (d) is CFRP delamination, as explained in Zhao and Zhang
(2007). The effect of impact load on strain distribution for one and three CFRP layers

and at all loading rates decreased away from the joints, while a lnear strain distribution
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was found for jomnts with one CFRP ply, and a nonlinear behaviour was observed for

joints with three CFRP plies.

2.6 NUMERICAL INVESTIGATIONS
A three-dimensional non-linear finite element analysis was used by Fawza et al. (2006)

to simulate tensile load on CFRP-steel jomnts. The analytical load-carrying capacity and
the strain distribution were found to be close to the experimental results. The coefficient
of variation of the failure load for the experimental and analytical results was 0.033,
which means there was good agreement between them. The strain results obtained from
the finite element analysis along the CFRP was close to the strain gauge results from the

experimental test.

Haghani (2010) wused a three-dimensional linear finite element analysis to model CFRP-
steel joints. Two adhesive types were modelled to bond CFRP to steel beams,
Sikadur330 and Sto BPE Lim 567. The results showed that the transverse properties of
the composite laminate do not significantly affect the strain distribution along the
adhesive layer. The numerical results showed that there was a steel-adhesive interface
failure mode for the specimens.

Fawza et al. (2010) used three-dimensional non-linear finite element analysis to model
the tensile testing of steel to CFRP jomts with a brick (solid) element using the Strand7
software. The same three types of adhesive (Araldite 420, MBrace saturant and Sikadur
30) used in the experimental tests were simulated to bond the CFRP sheet to steel plate.
The research also showed the analysis of adhesive mechanical properties which were
tested experimentally, and the results for shear stress and bond slp for each type of

adhesive specimen are shown in Figures 2.23-2.25 below:
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Figure 2.23 Shear stress vs. slip for Araldite 420 (Fawzia et al., 2010)
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Figure 2.24: Shear stress vs. slip for MBrace (Fawza et al., 2010)
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Figure 22.25: Shear stress vs. slip for Sikadur 30 (Fawza et al., 2010)

These researchers showed that the bond slip in models is not affected by the bond
length. Even if the bond length is larger than the effective bond length, the sunset joint
movement and shear strength are not affected by the ultimate strain values of the
different adhesives, but the maximum slip is higher for the specimens with higher strain
values for their adhesive.

Kadhim (2012) studied the effect of different bond lengths of CFRP laminate-
strengthened steel continuous beams. This study used three-dimensional analysis to
simulate a three-point test in the ANSYS program. Two types of elements were used to
simulate the materials: brick and shell. The CFRP lammate was attached to the sagging
and hogging region of the beam. The results showed that the ultimate strength of the
beam was increased up to 73% when the laminate lengths at the sagging and hogging
regions were equal to 40% and 60% of the span length respectively.

Two-dimensional nonlinear finite element analysis was used by Wu et al. (2012) to
simulate a double-strap joint of steel and CFRP using a cohesive element for the
adhesive layer, while a bilinear plane stram quadrilateral element was used for the
CFRP and steel layers. The results showed that for specimens with bond lengths below
the effective bond length, failure started from the joint and propagated to the other end,
and the failure load increased with the increase of bond length. However, for specimens
with bond lengths more than the effective bond length, the failure load remained
unchanged. The failure mode was within the adhesive layer for Sikadur adhesive
specimens; however, it was CFRP delamination and CFRP rupture for Araldite adhesive
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specimens, depending on the bond length. A comparison of the experimental slip results

and those from FE analysis in different locations is shown in Figure 2.26. The softening

zone is clear n finite element modellng, while it is not clear n the experimental curve

because of the breakage of the strain gauges after failure.
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Figure 2.26: Finite element and experimental results of shear strength vs. slip (Wu et al.,

2012b)

To numerically mnvestigate the flexural behaviour of the bond between CFRP and steel

beams, which was experimentally tested by Dawood and Rizkalla (2007) , a three-

dimensional non-lincar finite element analysis was implemented by Seleem et al

(2010). One type of element was used (brick element) to simulate steel, adhesive and

CFRP. The results of the numerical simulation were consistent with the experimental

results for failure load and stiffhess, and this agreement was observed for both

specimens with a square splice and tapered plate with adhesive fillet. Figure 2.27 shows

the details of the beam.
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Figure 2.27: Beam tested by Dawood and Rizkalla (2007) and its simulation by Seleem
et al. (2010).

Seleem et al. (2010) continued the finite element modelling to simulate another type of
beam strengthened with CFRP with additional splice plates near the supports. The splice
plates were attached near the supports to investigate their ability to prevent intermediate
debonding. This test was experimentally carried out by Schnerch and Rizkalla (2008),
as shown mn Figure 2.28.
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Figure 2.28: Beam tested by Schnerch and Rizkalla (2008) and its simulation by Seleem
et al. (2010).

The results showed that intermediate CFRP delamination was prevented when splice
plates were attached near the supports. The authors continued modellng beams with
different CFRP bond lengths. When the bond length was increased from 2000 to
3500mm, the results showed no change in the failure load when the CFRP bond length
was more than 3000mm, while it decreased when the CFRP bond length decreased.

A series of simulations of CFRP-bonded steel boxes subjected to blast loads was carried

out by (Pereira et al, 2011). The researchers simulated three different crack orientations
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in steel boxes strengthened with CFRP sheets using the finite element software
LSDYANA; a pressure-time triangle curve was used to represent the blast loading. As
the first step in modellng, a simple steel box without cracks was simulated to obtain
good geometric calibration and material modelling. The deflection results for both FE
analysis and experimental tests showed a correlation of 2%, which the researchers
considered to be acceptable. The second step in this simulation was modelling steel
boxes with cracks facing the blast load. Three different crack orientations were studied

in this research (0°,45°,90"), as shown in figure 2.29.

Figure 2.29: Simulation of different crack orientations (Pereira et al, 2011)

The results showed that there was no significant difference in deformation for these
three cracked boxes. However, the results showed an increase of 39% in deformation
between the cracked boxes and the uncracked box. The final step was modelling the
cracked boxes strengthened with CFRP and finding the enhancement n load- carrying
capacity of the steel boxes. The CFRP had an elastic modulus of 138 GPa.

The CFRP fabrics were attached to the cracked area, and nodes impacting the surface
were utilized to model the contact between FRP and steel with a 0.3 friction coeflicient
to avoid any lateral movement. The results showed that the CFRP thickness has no
significant influence on residual deformation; i addition, there is no significant
influence on residual deformation when changing fibre orientation. The effect of CFRP
size shows some effect on the deformation results, as the larger the CFRP size, the
lower the deformation produced. Figure 2.30 shows a comparison of time-displacement

curves for the three steel boxes (reference, cracked and repaired).
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Figure 2.30: Displacement comparison of the three types of steel boxes (Pereira et al.,
2011)

Yu et al. (2011) simulated a four-point load on a steel beam strengthened by CFRP at
the bottom tension flange. Excellent agreement was observed for the load—deflection
and the stran—deflection relationships for both FE analysis and experimental results.
Three-dimensional finite element analysis was implemented using the commercial
ABAQUS software. This research also showed the normal stress and shear stress
propagation along the bond length. The results showed negligible stress propagation
through the cohesive layer thickness (see Figure 2.31).
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Adhesive

Figure 2.31: Stress distribution through adhesive thickness (a) normal stress, (b) shear
stress. (Yuet al, 2011)

Al-Zubaidy et al. (2013) simulated their experiments originally conducted in 2012b and
2011 (Al-Zubaidy et al, 2012a-b; Al-Zubaidy et al, 2011a) using non-linear finite
element analysis using ABAQUS software. Static and dynamic tests were simulated
using ABAQUS/mplicit and ABAQUS/explicit codes respectively. The steel, adhesive
and CFRP were modelled as a 3-D stress element, a cohesive element and a continuum

shell element, respectively.

Due to the similarity of the specimens, only one eighth of the full-scale specimen was
simulated by applying symmetric boundary conditions to all nodes belonging to the YZ,
XY and XZ Cartesian planes (see Figure 2.30). The results of this analysis showed that

there is a good agreement between experimental and analytical analysis for the
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maximum load capacity, effective bond length, faiure mode and strain distribution

along the bond length of the jomts.

Symmetry boundary Symmetry boundary

condition along y-axis condition along z-axis
=
» d

Symmetry boundary :
condition along x-axis impact velocity

CFRP patch

L adhesive
" L
-

Figure 2.32: CFRP-steel models under dynamic loads (Al-Zubaidy etal., 2013)

/
steel block

Although thel manufacturer’s| specifications givel thel properties’ of thel materialy’ underf
static load, some researchers have studied the properties of composite materials, FRP
and adhesive under dynamic load. The mechanical behaviour of normal modulus CFRP
under impact loads was studied by Al-Zubaidy and Zhao et al. (2011). In this research,
coupons of unidirectional normal modulus CFRP and Araldite 420 epoxy were tested
under tensile impact load, and the coupons were prepared in accordance with ASTM
3039\D and 3039M-07. A number of CFR and adhesive coupons were prepared and
tested under impact loads. Three strain rates were utilized (54.2, 67.2 and 87.4 s-1) to
find the actual tensile strength, modulus of elasticity and strain value at failure. The
tensile strength of CFRP was increased by 20% to 40% compared to low strain rates,
and the modulus of elasticity and ultimate failure strain were also increased by 20%.
However, a massive increase in the adhesive tensile stress and elastic modulus under the
high strain rates, this increment was up to 220% and 100% respectively (Al-Zubaidy
and Zhao et al. 2011).
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2.7 GENETINC PROGRAMMING IN COMPOSITES MATERIALS
Genetic programming (GP) is an automated method based on algorithm methodology

used to find a relationship among variables in sets of data. This relationship can be
expressed as equation or expression tree. Koza (1992) proposed the genetic
programming as a derivation from the traditional genetic algorithm but with more
complexity. Cevik et al. (2010) reported an overview on using the genetic programming

and the way to finalise the analysis and generate the equation.

Recently, a number of studies have focused on prediction models for many engneering
problems using genetic programming (Gandomi et al, 2011; Pala, 2008; Schafer and
Pekoz, 1998; Cevik, 2007; Pérez et al, 2010; Nazari et al., 2015; Sato et al, 1997;
Kalfat et al., 2016; Coello et al, 1997). However, lower number of studies focused on
the CFRP strengthening structures.

The prediction of structural strengthening models associated with CFRPs needs an
accurate method of modelling. Gandomi et al, (2010) predicted a new formula for the
compressive strength of concrete cylinders confined by CFRP, two sets of mput data
were used, the first set of data mcluded the diameter of cylinder, unconfined concrete
strength, tensile strength of CFRP strips and thickness of CFRP. The second set
mncludes unconfined concrete strength and ultimate confinement pressure. All these data
were adopted from a series of experimental tests and then analysed using genetic
programming.

Pérez et al. (2010) presented an improvement of the EC-2 shear strength of reinforced
concrete beam without web reinforcement using genetic programming. The model has
specially modified the effect of the shear design parameters on the shear strength, these
parameters were related to the concrete cross section, amount of flexural remforcement
and the bending-moment-shear-force interaction. The mput data were obtained from the

literature, the data were obtained from 1200 experimental tests on concrete beams.

Kara (2011) predicted a new formulation to evaluate the shear strength of non-web
reinforced concrete beam strengthened with FRP. The GP model has the most accurate
prediction than all other models. The study has also focused on evaluating the mnfluence
of the shear design parameters on the shear capacity of the concrete beam strengthened
with FRP. The GP model outcome is an expression tree which can obtain the equation

from it as shown in Figure 2.33.
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Figure 2.33: Expression tree with the corresponding chromosomes and equation (Kara,

2011).

2.8 SUMMARY
This chapter has reviewed studies of different applications of CFRP-bonded steel

structures carried out by different researchers. As the bond between CFRP and steel
members is the key to understanding the bond behaviour, this summary focusses on
research that investigated the bond properties with various parameters, such as surface
preparation methods, CFRP dimensions, adhesive thickness and bond area. The chapter
also reviewed the effect of the material properties on the bond behaviour, including

CFRP modulus, adhesive shear strength and type of CFRP (sheet, laminate, rods, etc.).

This literature review reported both experimental and numerical studies of the bond
between CFRP and steel under quasi-static loading, with different load applications
such as flexural bending, tension and compression. Although steel structures are
normally subjected to both static and dynamic loadings, there has been very limited
research on the effect of dynamic loadings on the bond between CFRP and steel,
possibly because dynamic testing needs high-speed data acquisition and accurate load
cell readings to capture data in milliseconds. Machines capable of running experimental
dynamic tests are not widely available, resultng n far fewer studies on the bond
behaviour between CFRP and steel under dynamic loading than static loading. No

experimental and analytical research was shown to study the effect of high loading rates
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on the bond between CFRP laminates and steel plates. Therefore, the present research
studies the dynamic behaviour of CFRP lammate-bonded steel members forming double
strap jomts. Different loading rates, different CFRP sections and material properties are
used to find therr effect on the bond. Both experimental and analytical studies are
mncluded m this research project. Four loading rates are studied in this research, starting
fiom quasi-static loading at 2mm/min to high loading rates of 201x103, 258x10% and
300x10% mm/min. Three types of CFRP laminates are used (low, normal and ultra-high
modulus CFRP), and different CFRP sections are used.

The above review also showed that the genetic programming models were only focused
on the reinforced concrete elements or remnforced concrete elements strengthened with
FRP. According to our knowledge, no research has been focussed on the design
equations of FRP strengthened steel structures. A GP model is proposed in this research
to predict the bond strength of CFRP-steel double strap jomnt under static and dynamic
loadings.
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CHAPTER THREE EXPERIMENTAL INVESTIGATION OF
CFRP BONDED STEEL PLATES UNDER STATIC LOADS

3.1 INTRODUCTION
The use of carbon fibre reinforced polymers (CFRPs) in structural engneering has

grown in the last few decades. CFRP is attractive to structural engineers due to its
unique properties, including its high strength compared to its light weight, good
resistance to corrosion, ease of installation due to its light weight; it also has the ability
to adhere to different structural sections. Different types of CFRP are available (CFRP
sheets, laminates, rods etc.); all these CFRP types can be used in the strengthening of
concrete and metallic structures for different applications. As many steel structures are
deteriorating due to ageing or changes in their use, they need to be strengthened to resist
new applied loads. One of these loads is static tensile loading, which usually acts on
steel bridges and buildings. The main issue with CFRP strengthening is the bond;
adhesive layer has the major contribution to sustain the applied load. In this chapter, the
bond characteristics between CFRP laminate and steel members under quasi-static
loading are mvestigated experimentally in a series of double strap specimens. Low
modulus CFRP (CFK150/2000), normal modulus CFRP (CFK 200/2000) and ultra-high
modulus CFRP (MBrace laminate 460/1500) were used in this testing program. Araldite
420 epoxy was used to bond the CFRP to steel members. The outcomes focussed on
maximum failure strength, strain distribution along bond length, failure mode and
effective bond length.

3.2 STUDY OBJECTIVE

Recently, composite materials, especially adhesive-bonded fibres, have been used
widely in civil engineering applications such as buildings, bridges and other structures.
Many studies have focused on the bond characteristics between steel members and
CFRP laminates, and these studies included testing and analysing these composite
structural elements with different types of loads. In this chapter, the bond characteristics
between steel and CFRP lammate n double strap joints under quasi-static loading are
examined. After obtaining the quasi-static results, the effect of high velocity on the
same specimens is discussed in detail in the next chapter. Three types of CFRP, low
modulus, , normal modulus and ultra-high modulus were used in this comprehensive
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testing program. The main results are the ultimate bond strength, strain distribution
along the bond, failure criteria, and effective bond length. This chapter also reports on
the effect of CFRP properties on the results.

3.3 MATERIAL PROPERTIES
The materials that formed the CFRP-steel double strap joints were mild steel, Araldite

420 epoxy, low modulus CFRP laminate CFK 150/2000, normal modulus CFRP
lammnate CFK 200/2000 and ultra-high modulus CFRP laminate MBrace 460/1500. To
evaluate the ability and degree of strengthening of the CFRP-to-steel joints, all materials
forming the CFRP-steel double strap joints underwent mechanical property assessment.
Although the mechanical properties of these materials were provided by the
manufacturers, the actual mechanical properties might differ from those claimed by the
manufacturers. Some studies have shown that the actual properties of these materials
differ from those claimed by the manufacturers (Schnerch, 2005; Fawza et al., 2007). It
is also common to test all the materials before undertaking major testing to ensure that
the mechanical properties of the materials are correct or close to the provided technical
sheets. In this research, the properties of materials that formed the composite joint were
examined by testing these materials under static tensile load. The main findings
obtamed from testing these materials were tensile strength, elastic modulus and ultimate
stram] [ The results’ werel thenl compared’ with' thel manufacturer’s’ claims This’ chapter
describes the testing procedure of these materials and provides a comparison of the

actual properties and those claimed by the manufacturers.

3.3.1 Carbon fibre reinforced polymers (CFRPs)
This project focusses on the bond characteristics between steel and CFRP laminate

under different parameters. One of the main parameters used in this research is the
CFRP type. CFRP is an advanced composite material that combines two components,
matrix (adhesive) and fibres. When these two components combine together, they
provide performance superior to their individual performance. Reinforced concrete is a
good example to explain the idea of composite materials. Reinforced concrete is a
composite material that has excellent compressive properties, and cement mortar is also
a composite material which is used for bonding the structural elements. Each
component of the concrete or the mortar cannot behave in the same way as it does in the
composite material. For CFRPs, when the two parts (matrix and fibre) are mixed
together, the outcome material has excellent properties in terms of weight, strength and
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resistance to different types of loadings. Three types of CFRP laminates were used in
this research in order to study the bond behaviour of each type with steel members
under different parameters. A number of CFRP coupons were prepared in accordance
with ASTM3039-08 and tested under quasi-static loading. The same coupon dimensions
were used, with the same preparation method and curing time for all types of CFRP.
The CFRPs used in this project were supplied by S&P and MBrace. Both S&P and
MBrace are common types of CFRP used for strengthening and repairing steel, masonry
and concrete structures. The main properties that attract structural engineers to use

CFRPs in repair and/or construction are:

e High tensile strength compared to steel,

e Light weight resulting n low density,

e Light weight makes the cost of transportation low,

e Good resistance to chemical exposure,

e FEase of installation eliminating the requirement of lifting,
e Good resistance to impact loading,

e Good resistance to humidity and low temperatures.

3.3.1.1 Coupon preparation
As mentioned above, all types of CFRP had the same preparation method. The low and

normal modulus CFRP lammates were provided in rolls 20mm wide, which were cut to
certain lengths, and the ultra-high modulus CFRP was provided in a roll 50mm wide,
which was cut to certain length, then cut longitudinally to 20mm wide. Careful attention
was taken to make them a constant width along the length. Figure 3.1 shows a

schematic view of the CFRP coupons.
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Figure 3.1: Schematic view of CFRP coupons tested under static loading (NOT TO
SCALE)

To minimise the stress concentration at the two ends of the CFRP coupons, steel tabs
were bonded at both ends, and the tabs can also transfer uniform stress along the
coupons (Shokriech and Omidi, 2009). The steel tabs were sandblasted to remove any
grease or oil, and then they were cleaned with acetone to remove all dust and to enable
good chemical bonding. All CFRP coupons were cured for more than 7 days at 25° C.,
ay recommended’ by the’ manufacturer’s instructions forl Aralditef 4207 adhesive Fivel
coupons were prepared for each CFRP type.

The main results from testing CFRP were the tensile strength, ultimate strain at failure
and modulus of elasticity. To measure the ultimate strain on CFRPs, two methods were
used: the conventional method, by which foil strain gauges were attached on the centre
of CFRP coupons; the second method was by using image correlation photogrammetry
with a correlated solution camera (VIC-3D). The image correlation photogrammetry is a
digital technique that measure the changes in 2D or 3D images. It often used to measure
the displacement, engineering strain, engineering stress etc. According to the
manufacturer’s’ manual forf thef camera (VIC-3D), all CFRP coupons were painted with
white paint along one side, and then each specimen was painted with black dots using a
fine marker; each dot on the coupon represents one foil strain gauge. The other side of

they CFRPI couporf had’ one foil strail gaugel mounted af thef coupon’s centre] Al
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comparison of ultimate strain for the two readings was made. The camera captured the

strain that developed on the coupons during loading (see Figure 3.2).

Figure (3.2: CFRP coupon painted with black dots and ready for test.

3.3.1.2 Manufacturer properties
Three types of CFRP laminates were used i this project in order to study the bond

characteristics between CFRP laminate and steel members. The three types of CFRP
were low modulus CFRP laminate (CFK 150/2000), normal modulus CFRP laminate
(CFK 200/2000) and ultra-high modulus CFRP laminate (MBrace 460/1500). The
manufacturers”T properties| of thesel CFRPS were provided’ byl S&Pf and” MBrace S&Pr
was the provider of the low and normal CFRP modulus, and MBrace was the provider
of ultra-high modulus CFRP. Tables 3.1-3.3 show the tensile mechanical properties of
low, normal and ultra-high modulus CFRP used in this project.
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Table 3.1: Mechanical properties of low modulus CFRP laminate CFK 150/2000
specified by the manufacturer S & P

Low modulus
List of specifications
150/2000

Fibre modulus (GPa) 165

Thickness (mm) 1.4
Tensile stress (MPa) >2800

Density (g/cm’) 1.6
Ultimate elongation% >1.6

Table 3.2 Mechanical properties of normal modulus CFRP laminate CFK 150/2000
specified by the manufacturer S&P

: . Normal modulus

List of specifications
200/2000

Fibre modulus (GPa) 205

Thickness (mm) 1.4
Tensile stress (MPa) >2800

Density (g/cm’) 1.6
Ultimate elongation% >1.35

Table 3.3: Mechanical properties of ultra-high modulus CFRP laminate MBrace
460/1500 specified by the manufacturer

Ultra-high modulus
List of specifications
460/1500

Fibre modulus (GPa) 460

Thickness (mm) 1.2
Tensile stress (MPa) 1500

Density (g/cm’) 1.82
Ultimate elongation% 0.3%
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As the the tables above indicate, the CFK CFRPs have lower modulus of elasticity and
higher tensile strength than the MBrace CFRP lammate. The tensile strength of low and
normal CFRP laminates is 2800 MPa at a maximum elongation of 1.6% and 1.35%
respectively, whereas the maximum tensile strength of the ultra-high modulus CFRP is
1500 at an elongation of 0.3%. These properties indicate that ultra-high modulus CFRP
is stiffer than the other two, which means it will show less deformation under tensile

loading,

3.3.1.3 Measured properties
It i common’ forf the actual properties’ tof differf a little’ fronf the manufacturers’

properties, due to the fact that the manufacturers provide the design properties or the
mmimum mechanical properties of the composite materials. A number of CFRP coupon
tests were conducted to obtain the actual mechanical properties of the three different
CFRPs, and results were obtained for tensile strength, ultimate strain and modulus of
elasticity. An MTS 250 machine was used to test these coupons under a loading rate of
2mm/min.

Low modulus CFRP laminate

In this study, low modulus CFRP laminate coupons were prepared according to
ASTM3039-08 to investigate the tensile properties under quasi-static loading. The
measured tensile strength, ultimate strain and modulus of elasticity were: 2854 MPa,
1.79% and 159.4 GPa respectively. Table 3.4 shows the results for all coupons.

Table 3.4: Coupon test results for low modulus CFRP laminate

Semire Tensile U!timate Modu!u.s of
label stress strain (VIC- elasticity
(MPa) 3D) (GPa)
S1 2757 0.0181 152.3
S2 2890 0.0178 162.4
S3 2931 0.0177 165.6
S4 2872 0.0179 160.4
S5 2820 0.018 156.7
Average 2854 0.0179 159.4
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Normal modulus CFRP laminate

Five coupons of normal modulus CFRP were prepared and tested under a loading rate
of 2mm/mm. The tensile properties of normal modulus CFK 200/2000 were 2861 MPa
ultimate tensile strength, 1.41% ultimate strain and 203 GPa elastic modulus.

Table 3.5: Coupon test results for normal modulus CFRP laminate

Ssaeti Tensile Ultimgte Moduhl.s of
label stress strain elasticity
(MPa) | (VIC-3D) (GPa)
S1 2872 0.0142 202.3
S2 2831 0.0139 203.7
S3 2954 0.0148 199.6
S4 2820 0.014 201.4
S5 2830 0.0136 208.1
Average 2861 0.0141 203

Ultra-high modulus CFRP laminate

MBrace laminate 450/1500 with a thickness of 1.2mm was used in this research. The
tests focussed on tensile strength, ultimate strain and tensile modulus of elasticity. The
actual tensile strength, ultimate strain and modulus of elasticity were 1602.4 MPa,
0.35% and 457.2 GPa, respectively.

Table 3.6: Coupon test results for ultra-high modulus CFRP laminate

.| Ultimate | Modulus
. Tensile :
Specimen — strain of
label (MPa) (VIC- | elasticity
3D) (GPa)
S1 1598 | 0.0033 484.2
S2 1610 | 0.0036 447.2
S3 1599 | 0.0034 470.3
S4 1593 | 0.0037 436.4
S5 1612 | 0.0036 447.8
Average | 1602.4 | 0.0035 457.8
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From the results above, the stress strain curves for low, normal and ultra-high modulus
CFRP were plotted (see Figure 3.3). The figure shows that the low and normal modulus
CFRP curves are steeper than that for ultra-high modulus CFRP, which indicates that
the higher modulus CFRP has greater stiffness. The stress is almost the same for low
and normal modulus CFRPs, whereas it is much lower for ultra-high modulus CFRP.
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Figure (3.3: Stress-strain curves for the three different CFRPs under quasi-static loading,

3.3.1.4 Failure mode
A similar failure mode was observed for all CFRP types, with sudden failure followed

by failure propagation. During the tests, the image correlation photogrammetry
technique (VIC-3D) captured images. Figure 4.4 shows the failure propagation for the
CFRP laminates tested under quasi-static loading with a loading rate of 2mm/min. The
sudden failure of CFRP laminates indicates that CFRP is brittle material, and it shows

no yielding or necking before failure.

66



CHAPTER THREE

Figure (3.4: CFRP laminate failure stages

3.3.2 Araldite 420 adhesive
As mentioned n Chapter Two, Araldite 420 epoxy has been found to be the most

appropriate adhesive for CFRP application to steel structures. It is important to study
the mechanical properties of Araldite 420, because the adhesive layer transfers the load
from the structural element to the CFRP. Therefore, knowledge of the tensile properties
of the adhesive layer is the key to understanding the behaviour of CFRP-steel double

strap joints under different parameters.

Araldite 420 epoxy is a two-part epoxy and a flexible and tough material. It is suitable
for a wide variety of metal and fibre-reinforced composite bonding applications. It has
high shear strength even at temperatures up to 70° C. The curing time is 7 days at 25" C
and the working time with this epoxy is up to 45 minutes. The manufacturer-provided
results for ultimate tensile strength, ultimate strain and modulus of elasticity are 32.0
MPa, 0.04 and 1900 MPa respectively.

The actual properties of Araldite 420 were investigated by (Fawza, 2008; Al-Zubaidy
et al, 2011a) under static loading. Both groups of researchers prepared the epoxy
coupons according to ASTM: D638. A schematic view of the epoxy coupons is shown
mn Figure 3.5.
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The actual mechanical properties of the Araldite 420 epoxy are shown in Table 3.7. The
tensile] strength’ wasf found tobe 28.6M Pafw hich’ differs” all ittlel” fronT thef manufacturer’s’
figure (32 MPa). The measured ultimate strain was also lower than that provided by the
manufacturer.

Table 3.7: Araldite 420 mechanical properties (Fawza, 2008)

Tensile Elastic
Specimen Ultimate Poisson’s
strength modulus
label strain ratio
(MPa) (MPa)
ARI1 29.9 0.020 1940 0.35
AR2 30.1 0.020 2095 0.4
AR3 28.6 0.027 1787 0.34
AR4 27.5 0.022 1916 0.38
ARS 27.0 0.029 1767 0.34
Average 28.6 0.024 1901 0.36

3.3.3 Steel plate
As this research focuses on the bond properties between steel and CFRP laminate, mild

steel plates of grade A36 were used to produce the double strap joint, and the
mechanical properties were investigated in this study under quasi-static loadings. Steel
coupons were prepared in accordance with Australian Standards AS 1391-2007. The
measured stress-strain curve is shown in Figure 3.6, and the yield and ultimate stresses

were 361 MPa and 525 MPa respectively.
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Figure [3.6: Actual stress-strain curve for steel plate under quasi-static loading

3.4 EXPERIMENTAL INVESTIGATION OF THE BOND BETWEEN
CFRP AND STEEL
A number of researchers have studied the bond between CFRP and concrete or steel

structural elements with different parameters (Haghani, 2010; André et al, 2012;
Gamage et al, 2006; Nguyen et al., 2013; Nguyen et al, 2012; Wang and Wang, 2015;
Challita et al, 2011; Barros et al, 2007; Hosseini and Mostofinejad, 2013; Cruz and
Barros, 2004; Kalfat and Al-Mahaidi, 2010; Benzarti et al., 2011; Sayed Ahmad et al,
2011; Silva et al, 2013; Zhang et al, 2013; Al-Zubaidy et al., 2012a-a; Fawzia et al,
2006b; Wu et al, 2012b). The present research reports an investigation of the bond
characteristics between CFRP laminate and steel plates in double strap joints. A series
of double strap joint shear tests was conducted by loading the joints under quasi-static
tension load. Different CFRP types were used (low modulus CFRP laminate CFK
150/2000, normal modulus CFRP lammnate CFK 200/2000 and ultra-high modulus
CFRP laminate MBrace 460/1500) to investigate the effect of CFRP modulus on the
bond between steel and CFRP laminate. In addition, different CFRP sections were used
to study the effect of CFRP section properties on the bond behaviour. CFRP laminates
were attached to two steel plates bonded together using Araldite 420 epoxy (see Figure
3.7). All specimens were loaded under quasi-static tension load with a load rate of

2mnymin.
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Figure 3.7: Araldite 420 Two parts A and B

3.4.1 EQUIPMENT PREPARATION AND SAFETY PROTECTION
Prior starting the specimen preparation, the apparatus was cleaned and dried to ensure it

was free of any contaminants. Masks and gloves were used while preparing and
applying the adhesive, due to its toxicity. The environmental conditions such as
temperature, humidity and dew point were taken into account at the time of CFRP
application.

3.4.2 SPECIMEN PREPARATION
This chapter presents the effect of quasi-static loading on the bond between steel and

CFRP laminate. Three types of CFRP modulus were used in this testing program. Two
different CFRP sections were used to study the effect of specimen size on the bond
behaviour. Mild steel of grade A36, Araldite 420 adhesive, low modulus CFRP, normal
modulus CFRP and ultra-high modulus CFRP were used to configure the different
CFRP-steel double strap joints. The joints were manufactured by cutting the steel plate
mto pieces 200mm long and glueing two steel plates on their cross-sections using
Araldite 420 epoxy. The two steel members were guided by an equal length steel
section to keep them aligned during fastening to avoid eccentricity when loading (see

Figure 3.8). The joints were then cured for 24 hours to set the adhesive.
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Figure 3.8: Bonding two steel plates using Araldite 420
After the adhesive set, the surfaces of the jointed steel plates were sandblasted along the
bond area to remove dust, paint, oil and any other suspended materials, and to ensure a

good chemical contact between the epoxy and steel along the bond area (see Figure 3.9).

e e g 1~ - e

Figure 3.9: Sandblasted steel plates

The sandblasted surface was then cleaned with acetone before adhesive application to
provide a chemically active surface. The adhesive layer was added after drying the steel
surfacel according tof thel manufacturer’s’ requirements As’ Aralditel 4207 has’ twol parts,
thel mixing percentages’ and’ procedures| were[ carried| ouf according tof the manufacturer’s
specifications. The CFRP laminate was cut into the required lengths and wiped with
acetone to ensure they were free of any dust. Since the ultra-high CFRP laminate was
provided in a roll 50mm wide, special attention was taken while cutting this lammate in

two directions (longitudinally to obtain the 20mm width and transversely to obtain the
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required bond length). Careful attention was given to ensure uniform width. The CFRP
lammates were then attached to the sandblasted steel surface using the Araldite 420
epoxy. The adhesive was uniformly applied to the bond area with an approximately
triangular cross-section to help the epoxy to be distributed uniformly along the bond

arca.

Finally, CFRP laminates were attached to the joints mmmediately after adding the
adhesive layer to ensure that the resin was still workable. Uniform squeezing was
applied when attaching the CFRP lammate to expel the air bubbles, and a steel plate
supported by two washers at the ends was used for squeezing to ensure uniform
adhesive thickness along the bond length. The specimens were then cured for 24 hours
prior to preparing the other sides to ensure no slippage or damage occurred. The same
preparation procedure was used for the other side of the specimens. As shown in Figure
3.10, the bond length from one side of the joint (L;) was smaller than L, to ensure that
the failure happened in the shorter side (L;). The specimens were cured for more than 7
days, according tof thel manufacturer’s’ recommendation’ forf thef adhesive.

In this study, three CFRP types (low, normal and ultra-high modulus) and two CFRP
sections (10x1.4mm and 20x1.4mm) were used to study ther effect on the ultimate
joint capacity, the strain distribution along the bond, the failure mode and the effective
bond length.

It was initially decided to use steel plates 20mm wide and 10mm thick, but after running
the test, the steel yielded. Therefore, the section of steel was changed to 40mm wide and

10mm thick to ensure failure occurred within the joint.

As the width of CFRP in the two series was less than that in steel, attention was taken
while attaching the laminate to ensure it was mounted along the centreline of the steel
plate to provides a clear axial tension load on each specimen.

A schematic of the double strap specimen is shown in Figure 3.10 below:
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CFRP laminate

Steel plate

Adhesive layer

| L1 L2 |

Figure (3.10: Schematic view of double strap specimen (Not to scale)

3.4.3 TEST PROCEDURE
In this research, an MTS testing machine (see Figure 3.11) with a maximum capacity of

250kN in tension with hydraulic grips was used to test the double-strap joint specimens

under static tensile loads, with a loading rate of 2mm/min.

Figure 3.11: MTS testing machine with 250KN capacity

As mentioned earlier, three types of specimens were used in the static testing, with
different CFRP cross-sectional areas and different moduli of elasticity. A total of 165
specimens with CFRP-steel double strap joints using Araldite 420 epoxy were tested to
determine the ultimate load-carrying capacity, the effective bond length (the bond
length beyond which the load stays constant), the failure modes and the strain
distribution with different parameters. These 165 specimens mcluded 66 specimens with

low modulus CFRP and a cross-sectional area of 10x1.4mm, 33 specimens with low
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modulus CFRP and a cross-sectional area of 20x1.4mm, 33 specimens with normal
modulus CFRP and a cross-sectional area of 20x1.4mm, and 33 specimens with ultra-
high modulus CFRP and a cross-sectional area of 20x1.4mm. As one of the areas of
mterest was the strain distribution along the bond area, two methods of capturing strain
were used; the conventional foil strain gauge technique and image correlation
photogrammetry using the correlated solution camera VIC-3D. The foil strain gauges
were attached on the centre of each joint on one side and the photogrammetry camera
captured the strain along the bond area of the specimens. All specimens were painted in
white along the bond area, and then each specimen was pamnted with black dots using a
fine marker, as recommended in the manual for the VIC-3D correlated solution camera
(see Figure 3.12). Each dot on the specimen represents one foil strain gauge; the camera
captured the strain that developed on the double strap joint during the loading A
number of photographs were taken using the same VIC-3D correlated solution camera
with high resolution to monitor the propagation of failure, as shown in Figure 3.13.
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Figure 3.12: CFRP-steel double strap jont under test
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Figure 3.13: CFRP-steel double strap specimen at failure

3.4.4 Experimental Program
Four different series of CFRP-steel double strap joints were tested in the quasi-static

testing; the differences in these scenarios relate to CFRP modulus and cross- sectional
area. All specimens were tested under quasi-static tension load with a load rate of

2mm/min. Table 3.8 presents a summary of the testing program and the number of

specimens tested under quasi-static loadings.

Table 3.8: Parameters of the quasi-static testing program

Series number Series 1 Series 2 Series 3 Series 4
Steel cross-
: 40%x10 40%x10 40%x10 40x10
section (mm)
CFRP cross-
: 20x1.4 10x1.4 20x1.4 20%x1.2
section (mm)
Low Low Normal Ultra-high
CFRP type
modulus modulus modulus modulus
Adhesive
0.5 0.5 0.5 0.5
thickness (mm)
Curing time
>17 >17 >7 >7
(days)
Number of
: 33 66 33 33
specimens
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The adhesive layer was calculated using the following equation:

T =t + 2t¢ + 2t, Equation 3.1
where:

Ti: Total specimen thickness.

tse: Thickness of steel plate.

tr: Thickness of CFRP.

t,: Adhesive thickness.

The total specimen thickness was measured using a digital Vernier. The total thickness

is the average of three readings of specimen thickness.

3.5 EXPERIMENTAL RESULTS
In this research, four sets of results were obtained from the four different series tested

under tensile quasi-static loading: ultimate joint capacity, strain distribution along the

bond length, failure mode and effective bond length.

3.5.1 Ultimate Bond Strength
In this research, all CFRP-steel double strap joint specimens were subjected to quasi-

static loadings with a load rate of 2mmy/min. Different bond lengths were used to give
different jomt capacities, and the jomt strengths were mvestigated with different
parameters: type of CFRP (low, normal and ultra-high modulus), and CFRP section
(1.4x20mm, 1.4x10mm and 1.2x20mm).

In this part of the research program, 165 CFRP-steel double strap joint specimens were
tested under tensile quasi-static loading with a load rate of 2mm/min. As mentioned
earlier, these 165 joimts included 33, 66, 33 and 33 CFRP-steel double strap jomt
specimens for series 1, 2, 3 and 4 respectively. All these series had the same preparation
procedure and bond lengths; the bond length of one side of the joints (L) was shorter
than the other side (L) to ensure that failure occurred in the shorter side (L;). The bond
length L; was varied from 30mm to 130mm; each specimen with different bond length
had different bond strength. Tables 3.9-3.12 show the results of bond strength for each
specimen in each series,. Each bond strength value is the average value of three tested
specimens. For all series, the results show that the joint strength increases as the bond
length increases. The results from Tables 3.9 and 3.11 for specimens with low modulus
CFRP and normal modulus CFRP respectively, the bond strength values are close to
each other, which indicates that changing from low modulus CFRP to normal modulus

CFRP in CFRP-steel double strap joints, the ultimate joint strengths remain steady.
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Table 3.10, which shows the results for series two (specimens with small section of low
modulus CFRP), indicates that the bond strength fluctuates among the same bond length
specimens, and this fluctuation prevents determination of the exact bond strength for all
specimens. However, the bond strength values of specimens with ultra-high modulus
CFRP differ from those for the other types of CFRP (low and normal modulus), with
the results showing different behaviour in terms of load increment for each bond length,

as shown in Table 3.12.
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Table 3.9: Test results of low CFRP-steel double strap joints with 20mm wide CFRP

Maximum load
capacity (kN)
L L, L, -L; S1
S2 Ave
S3
41
LS1-30 30 100 70 40.9 41.0
41.1
49.2
LS1-40 40 100 60 52.5 50.7
50.5
62.2
LS1-50 50 100 50 58.8 60.0
59
67.6
LS1-60 60 100 40 70.5 69.1
69.1
75
LS1-70 70 110 40 77.8 76.5
76.8
86.4
LS1-80 80 120 40 87.4 86.8
86.7
96.8
LS1-90 90 130 40 90.6 93.6
93.5
105
LS1-100 100 140 40 96 100.3
100
106
LS1-110 110 150 40 109.9 108.0
108
107.1
LS1-120 120 160 40 112 108.7
107
108.5
LS1-130 130 170 40 109.3 109.1
109.5

Specimen
label

The letter L stands for low CFRP modulus, S for specimen.
Number 1 stands for the first series which had 20mm wide CFRP,
Numbers 30-130 indicate the shorter bond length (L;) in mm.

Table 3.10 shows the test results for specimens with low modulus CFRP and 10mm
wide CFRP. The aim of studying the nfluence of CFRP width on the bond properties is
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to have some knowledge about the minimum CFRP width can be used in structural
rehabilitations. The reason for testing 6 specimens for each bond length was to obtain a
steady bond strength for specimens with the same bond length. The results show that the
maximum load capacity of a jomnt varies within the same bond length, ie. different
results were obtained for same bond length, as shown in Table 3.10. Since there is
inconsistency in the maximum joint strength for each bond length, it is hard to obtain
the values for the effective bond length and maximum bond strength. In the previous
series, in which CFRP lammate had a cross-sectional area of 20x1.4mm, the joint
capacity increased with the increment of the bond length, but in this series the values of
the jomnt capacity fluctuated with the increment of the bond length (L;). The larger bond
lengths cause greater degrees of fluctuation. The author attributes this variation in load
to the sensitivity of the joint; this sensitivity is due to the small width of the CFRP
laminate (10mm), which can cause eccentricity during the test due to any slight
movement of the laminate before the adhesive sets. In addition, the larger bond length

causes higher sensitivity, as the chance of CFRP movement is higher.

Table 3.10: Test results of low CFRP-steel double strap joints with 10mm wide CFRP

Specimen @ | @2) (L2- Maximum load capacity (kN)
label LD [ si S2 | S3 [ sS4 ] S5] S6 [ Avwe
LS2-30 30 [ 100 | 70 15.6 19 152 14 | 132 | 16.1 | 15.52

LS2-40 40 | 100 | 60 | 23.5 | 21.2 18 | 20.4 | 20.8 | 18.7 | 20.43
LS2-50 50 | 100 | 50 | 27.8 | 242 | 23.1]249 | 28 | 26.2 | 25.70
LS2-60 60 | 100 | 40 | 293 27 264 | 31 | 241 | 28 | 27.63
LS2-70 70 | 110 | 40 | 409 | 25.6 | 28.4 | 33.2 | 30.1 | 37.5 | 32.62
LS2-80 80 | 120 | 40 34 33.8 30 (267 |31.1| 27 | 3043
LS2-90 90 | 130 | 40 24 245 | 40.7 | 31.7 | 35.8 | 29.9 | 31.10
LS2-100 | 100 | 140 | 40 | 349 36 30.4 | 35.8 | 38.2 | 25.6 | 33.48
LS2-110 | 110 | 150 | 40 | 303 | 333 35 [ 37.6 | 39.5| 34 | 3495
LS2-120 | 120 | 160 | 40 | 29.7 | 31.5 26 | 30.3 | 34.8 | 39.5 | 31.97

LS2-130 | 130 | 170 | 40 | 353 | 374 | 39.7| 32.1 | 28.5| 37.2 | 35.03
The letter L stands for low modulus CFRP, S for specimen

Number 2 stands for the second series, which had 10mm wide CFRP
Numbers 30-130 indicate the shorter bond length (L1) in mm
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Table 3.11 shows the test results for jonts with normal modulus CFRP and 20mm wide
CFRP. Some researchers have used two types of CFRP modulus to show the effect of
CFRP modulus on the bond characteristics between steel and CFRP (Wu et al, 2012b;
Fawza et al, 2007; Schnerch and Rizkalla, 2008). In the present test program no effect
was shown between the two types of specimens, due to the fact that the failure was
steel-adhesive debonding, and all force was resisted by the adhesive layer. The results
show no major differences between low and normal modulus CFRP in terms of ultimate

joint capacity and faiire mode.
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Table 3.11: Test results of double strap joint under static tensile load (Series Three)
Maximum load
capacity (kN)
L1 L2 L2 -L1 S1
S2 Ave
S3
39.4
NS-30 30 100 70 43.6 41.9
42.9
50.8
NS-40 40 100 60 534 51.7
50.9
64.2
NS-50 50 100 50 56.8 60.7
61
69
NS-60 60 100 40 72.5 69.9
68.1
77
NS-70 70 110 40 75.7 75
72.3
87.3
NS-80 80 120 40 87.7 87.4
87.2
94.9
NS-90 90 130 40 92.2 94.2
95.5
106.1
NS-100 100 140 40 96.2 101.3
101.7
107
NS-110 110 150 40 108.8 108.3
109.2
111.2
NS-120 120 160 40 107.6 108.5
106.7
107.4
NS-130 130 170 40 110.5 109.2
109.7
The letter N stands for normal modulus CFRP; S for specimen,

Specimen
label

Numbers 30-130 indicate the shorter bond length (L;) in mm
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Table 3.12: Test results of ultra-high modulus CFRP-steel double strap joints with
20mm wide CFRP

Maximum load
capacity (kN)
L L | La-Ly Si
Sz Ave PEX

Specimen
label

UHS-30 30 100 70 32.9 31.76

UHS-40 40 100 60 43.5 43.3

UHS-50 50 100 50 56.7 54.4

UHS-60 60 100 40 62.5 04.1

UHS-70 70 110 40 73 73.2

73

UHS-80 80 120 40 72.9 73.1
73.4

73.2

UHS-90 90 130 40 73.4 73.0
72.3

73.5

UHS-100 100 | 140 40 73.6 73.2
72.4

72.8

UHS-110 110 | 150 40 73.6 73.4
73.7

72.9

UHS-120 | 120 | 160 40 73.8 73.3
73.1

72.1

UHS-130 | 130 | 170 40 73.6 73.2
73.9

The letters UH stand for ultra-high modulus CFRP, S for specimens
Numbers 30-130 indicate the shorter bond length (L;) n mm

The maximum joint capacity for specimens with low and normal modulus CFRP were
about 110kN for a bond length of 110mm, whereas 73kN was the maximum bond
strength for joints with ultra-high modulus CFRP for a bond length of 70mm. There are
two possible reasons for the decrease in bond strength for joints with ultra-high modulus
CFRP compared to specimens with low and normal modulus CFRP. The tensile strength
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and ultimate strain of the ultra-high modulus CFRP are lower than those for the low and
normal modulus CFRP. In addition, the thickness of ultra-high modulus CFRP is
smaller than that of the other CFRPs used, which decreases the axial stress of CFRP.

3.5.2 Effective bond length
The effective bond length is the second result that was obtained from the quasi-static

experimental tests of CFRP-steel double strap joints. The effective bond length can be
defined as the bond length beyond which no further increment occurs in the joint
capacity. The effective bond length was theoretically observed by Hart-Smith (1973) ,
and his model used elastic-plastic adhesive rather than pure elastic or non-linear
behaviour. The failure mechanism was totally dependent on the maximum shear strain
of the adhesive at the location of highest strain or stress values. A number of researchers
have studied this concept experimentally for different types of CFRP and sections
(Fawzia et al, 2006b; Lu et al; Al-Zubaidy et al., 2012a-a; Nguyen et al, 2011). For
the current project, the effective bond length was varied depending on the CFRP
properties. For specimens with low and normal modulus CFRP, the effective bond
length was found to be 110mm, whereas it was found to be 70mm for specimens with
ultra-high modulus CFRP. Figure 3.14 shows the plots of joint capacities in kN versus
the bond length for all jomnt types.
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Figure 3.14: Bond strength vs. bond length for all joint types
The current results for low modulus CFRP joints were compared with those of previous
studies. Xia and Teng (2005) used low modulus CFRP laminates in double strap joints

and loaded them under quasi-static loading. The only difference in the parameters is the
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CFRP width, which is 20mm for the current test and 50mm in their study. Different
effective bond lengths were found in both tests. Xia and Teng (2005) found that the
effective bond length was 140mm for low modulus CFRP-steel jonts with 50mm wide
CFRP; however, the current test showed 110mm as the effective bond length for the
same joint with 20mm wide CFRP. Figure 3.15 shows the comparison between the
current tests and the tests carried by (Xia and Teng, 2005). The plot shows the average
bond strength per unit width versus the bond length. The effective bond length can be
obtained when the turning point exists on the graph. Figure 3.16 shows the bond
strength and bond length relation for jomts with normal modulus CFRP, and changing
from low modulus to normal modulus has no effect on the effective bond length, the

effective bond length being 110mm for both joints.
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Figure 3.15: Ultimate joint strength per unit width vs. bond length for low modulus
CFRP-steel double strap joints
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Figure 3.16: Ultimate joint strength vs. bond length for normal modulus CFRP-steel
double strap joints

with ultra-high modulus CFRP modulus. A significant decrease in effective bond length
was observed from these test results compared to the previous two jomts. The effective
bond length dropped to 70mm. This drop can be explained by the ultimate strain value
of the joints with ultra-high CFRP modulus, as the smaller strain causes less stretch n

joints, which results in earlier failure.
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Figure (3.17: Ultimate jomnt strength per unit width vs. bond length for ultra-high
modulus CFRP-steel joints

The results n the above figures are the average capacity of three specimens for each

bond length. From the above comparison for low CFRP jomts tests, it is obvious that the
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effective bond length is affected by the CFRP width; the smaller the CFRP width, the

shorter the effective bond length, and vice versa.

3.5.3 Failure modes
One of the most important outcomes of the current test program is the failure pattern of

the CFRP-steel double strap specimens, which provides greater understanding of load
transfer and the material that resists more in composite joints. Zhao and Zhang (2007)
summarized the six expected failure modes for adhesively-bonded jomnts between steel

and CFRP. These six failure modes are shown in Figure 3.17.

(e) FRP rupture %

RY

(d) FRP delamination _

FRP

Adhesive L (c) FRP and adhesive interface debonding

(b) Adhesive layer failure

Steel —| — (a) Steel and adhesive interface debonding

“(f) Steel yeilding

Figure 3.18: Possible failure modes of FRP-steel adhesively bonded joints (Zhao and
Zhang, 2007)

The six failure modes in the figure above can be defined as follows: (a) steel and
cohesive layer interface failure, (b) cohesive layer failure, (¢) FRP and adhesive
debonding failure, (d) CFRP delamination, (¢) CFRP rupture and (f) steel yielding
failure. Depending on these proposed failure modes, there are some differences in
failure mechanisms i the four different series. In the current testing program, some
differences in failure mechanisms in the four different series were detected. For series
one, which had low modulus CFRP and 20mm wide CFRP, the failure mode was found
to be mixed between steel-adhesive debonding (a) and adhesive layer failure (b) for
bond lengths below the effective bond length. As shown in Figure 3.18, the failure
mode is different when the bond length reaches close to and beyond the effective bond
length and becomes completely steel-adhesive debonding, as shown in Figure 3.19. This
change in failure mode at this range of bond lengths gives an indication of the range of
effective bond length, which is another way to prove the effective bond length in

addition to maximum failure capacity. The above failures indicate that static tension
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load is mainly sustained by the adhesive layer. This failure also occurs in adhesively-
bonded joints with CFRP, as claimed by (Jiao and Zhao, 2004; Xia and Teng, 2005).

b

Figure (3.19: Failure modes for specimens with low modulus CFRP and bond lengths
less than the effective bond length

Figure (3.20: Failure modes for specimens with low modulus CFRP and bond lengths
close to the effective bond length

The failure mode in the next series, which had 10mm wide CFRP and low modulus
CFRP was FRP delamination (d) for all bond lengths, as shown in Figure 3.20.
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Figure 3.21: FRP delamination for specimens with low modulus CFRP 10mm wide

This failure mode could not be assumed to be the actual failure mode of these
specimens, due to fluctuations in results, as shown in Table 3.10. This fluctuation was
due to the sensitivity of the small width CFRP-steel double strap joints to any slight
movement. As the bond strength and the effective bond length could not be obtained,

the failure mode of this series was assumed to be unrealistic and to have some errors.

For specimens in series three, which had normal modulus CFRP modulus and 20mm
wide CFRP, the failure mode for all bond lengths was steel and adhesive debonding
(Failure mode a). The failure mode of this series of tests is shown in Figures 3.21 and
3.22.

Figure 3.22: Failure mode for specimens with normal modulus CFRP.
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Figure (3.23: Failure mode for specimens with normal modulus CFRP.

The failure mode of the current series of test indicates that the adhesive layer

completely sustains the quasi-static tension force.

The specimens with ultra-high modulus CFRP 20mm wide had a completely different
mode of failure compared to the previous sets of specimens. The failure mechanism of
the ultra-high modulus CFRP-steel joints under quasi-static load was shown to be CFRP
delamination for specimens with bond lengths less than the effective bond length, and
CFRP rupture for specimens with bond lengths equal to and beyond the effective bond
length. Figures 3.23 and 3.24 show the failure modes for this set of specimens, the
failure modes in this set of jomts indicate that the tensile loading is mainly resisted by
the CFRP itself within the CFRP-steel double strap joints. The change in failure mode at
bond lengths equal to the effective bond length is another proof of the effective bond
length rather than the ultimate load capacity.
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Figure (3.24: FRP delammation for ultra-high modulus CFRP-steel joints with bond
lengths less than the effective bond length

Figure 3.25: FRP rupture for ultra-high modulus CFRP-steel joints with bond lengths
beyond the effective bond length

The CFRP/steel double strap jomts are subjected to tension load which causes direct
shear force among the joint layers. For this, the shear stress was included in the
discussion. In order to study the impact of failure mode on the bond stress of the
specimens along the bond lne, the current results of normal modulus CFRP specimens
were compared with those of Al-Zubaidy et al. (2011b) , who used CFRP sheets. Figure
3.25 shows the average bond stress versus bond length for their tests and the current

results. Evidently, the lammates in the current tests have higher bond strengths for the
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same bond lengths. This is attributed to the type of failure modes observed in the two
systems.  Laminate CFRP specimens exhibited steel-adhesive debonding, while the
failure mode observed in the sheet CFRP tests was delammation within the CFRP sheet.
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Figure [3.26: Average shear stress vs. bond length for normal modulus CFRP-steel
double strap joints.

Table 3.13 below summarises all the failure mechanisms for the different CFRP-steel
double strap jomts, including low modulus CFRP-steel double strap joints with 20mm
wide CFRP, normal modulus CFRP-steel double strap joints with 20mm wide CFRP,
and ultra-high modulus CFRP-steel double strap joints with 20mm wide CFRP.

Table 3.13: Summary of the failure modes of the three different CFRP-steel double

strap joints
Loading rate 2mm/min
Jomt with:
Below EBL Beyond EBL
Low modulus CFRP a&b a
Normal modulus CFRP a a
Ultra-high modulus CFRP b&d e

EBL = effective bond length.

Failures a, b, d and e are steel-adhesive debonding, adhesive failure, FRP delamination
and FRP rupture respectively, as explamed m Figure 3.17.

3.5.4 Strain distribution along the bond length
The strain distribution along the bond length of CFRP-steel double strap jomnts was also

studied in this research, based on two methods of capturing strain: image correlation
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photogrammetry for capturing strain at any point along the bond using the correlated
solution camera VIC-3D, and foil strain gauges to capture the strain at the centre of
joints only. The results of these two methods were compared and the results are plotted
in Figure 3.26. The figure shows that the strain gauge reading at the jomt is very close
to that captured by the image correlation photogrammetry technique; the same results
were achieved for all specimens. As the readings of strain values from the strain gauges
and image correlation photogrammetry technique matched, all ultimate and distributed
strain readings have been obtained from the correlated solution camera, as it gives the
strain at different locations along the CFRP laminate within the double-strap joint
specimen. The strain was obtained at each 10mm from the joint; measurements were

sketched on specimens before the test, as shown in Figure 3.27.
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Figure 3.27: Ultimate jomnt strength vs. strain for the two methods of capturing strain.
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Figure 3.28: Specimen with distance measurements.

In the case of strain distribution along the bond length between low modulus CFRP and
steel plate, the results show that maximum strain occurs at the joint, and then it
decreases linearly away from the jomnt. The strain values at the far end of the joint and
for all load levels are close to each other, as shown in Figure 3.28. The same curve trend
was obtained from specimens with normal modulus CFRP, but with a little difference in
strain values, as shown in Figure 3.29. The load level can be defined as the ratio of the
applied load to the maximum failure load obtained from the test results.

The strain distribution along the bond between ultra-high modulus CFRP-steel double
strap joints is shown in Figure 3.30. The trend of strain distribution is similar to that of
the other two joints; the maximum strain is shown at the joint and it decreases away
from it. A significant decrease in the ultimate strain value for jomts with ultra-high
modulus CFRP was observed compared to those with low and normal modulus CFRP.
A comparison of ultimate stress against ultimate strain for the two types of CFRP mn
CFRP-steel double-strap specimens is shown in Figure 3.31.
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Figure (3.29: Strain distribution for specimen with low modulus CFRP.
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Figure (3.30: Strain distribution for specimens with normal modulus CFRP.
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Figure 3.31: Strain distribution along the bond of UHM CFRP-steel double strap joints.
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Figure 3.32: Load vs. strain for the three CFRP-double strap joints.

3.6 CONCLUSION
A number of CFRP-steel double strap specimens were loaded under tension force with a

load rate of 2mm/min, using an MTS machine with a maximum capacity of 250 kN.

The aim of this research was to investigate the bond characteristics between CFRP

laminate and steel members. Three types of CFRPs were used in this research, low

modulus CFRP (165 GPa), normal modulus CFRP (205 GPa) and ultra-high modulus
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CFRP (460 GPa). Araldite 420 epoxy was used to bond the CFRP laminate to steel

joints. Two different CFRP sections were used (20X 1.4mm and 10X1.4mm) in order to

mvestigate the effect of CFRP section on the bond characteristics between CFRP and

steel in the double strap joints. Bond strength, strain distribution along the bond,

effective bond length and failure mode were tested in this program. Two methods of

capturing strain were used: image correlation photogrammetry and foil strain gauges.

The following observations can be made:
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The actual material properties of low, normal and ultra-high modulus CFRP
Araldite 4207 epoxy andf steel platel werel found’ tof bel closel to thel manufacturers”
claimed properties.

Using small-sized CFRP laminate with a width of 10mm does not give accurate
results, as the adhesive size is small and its capacity to resist the load is very
sensitive to any movement

For 20mm wide CFRP, changing from low to normal modulus CFRP has no
effect on the effective bond length, which is found to be 110mm for both types
of CFRP in the double-strap joint specimens. In contrast, a significant change in
the effective bond length for specimens with ultra-high modulus CFRP was
observed, and the value of the effective bond length for specimens with ultra-
high modulus CFRP is 70 mm

CFRP width has an influence on the effective bond length. For specimens with
low modulus CFRP and 20mm wide CFRP, the effective bond length was
110mm, whereas it was found to be 140mm for specimens with low modulus
CFRP 50mm wide. For specimens with ultra-high modulus CFRP 20mm wide,
the effective bond length was 70mm, whereas it was found to be 110mm for the
same joint with a 50mm bond width.

For all types of specimens (low modulus CFRP, normal modulus CFRP and
ultra-high modulus CFRP), the maximum strain was found to be at the jont and
decreased away from joint, and the same strain distribution curve was found for
all joints with different values.

Changing from low to normal modulus CFRP has imsignificant effects on the
maximum failure stran and strain distribution, and lower strain values were
observed for specimens with normal modulus CFRP compared to those with low

modulus CFRP. However, a significant decrease was observed in the ultimate
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strain and strain distribution along the bond length for specimens with ultra-high
modulus CFRP. This decrement is due to the modulus of elasticity of CFRP,
which is 450 GPa.

Little increment in the maximum joint capacity was found when using normal
modulus CFRP in the double-strap joint specimens compared to the low
modulus CFRP specimens. However, a significant decrease was observed in the
maximum failure capacity for specimens with ultra-high modulus CFRP, due to
the low CFRP tensile strength (1500 MPa) and the thickness of 1.2mm.

Failure modes for both specimens with low and normal modulus CFRP were
quite similar; the failure mode was debonding between steel and adhesive, in
addition to some adhesive failure, which occurs for both types of specimens. In
contrast, different failure modes were observed for specimens with ultra-high
modulus CFRP: FRP delamination for specimens with bond lengths below the
effective bond length, and FRP rupture for specimens with bond lengths equal to
and beyond the effective bond length.
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CHAPTER FOUR EXPERIMENTAL INVESTIGATION OF
THE BOND CHARACTERISTICS BETWEEN STEEL AND CFRP
LAMINATE UNDER IMPACT LOADS

4.1 INTRODUCTION
Adhesively-bonded structural jomnts are usually subjected to dynamic loadings during

therr service life. Civil structures need to be monitored and mvestigated regularly;
strengthening is sometimes needed when cracks occur due to the structure ageing, or
when the use of the structure changes. Strengthening with CFRPs is a common method
which has attracted structural engineers in the last decades. Conventional methods have
disadvantages, as they are time-consuming, they increase the dead load of structures and
they require mechanical liffing and anchoring devices for mstallation. CFRPs eliminate
these disadvantages because they are light m weight, easy to istall and have high
tensile strength. The key to the strengthening is the bond between the CFRP and the
structural member. The bond between steel and CFRP sheet under impact loading has
been studied previously with different parameters (Pereira et al, 2011; Challita et al.,
2011; Al-Zubaidy et al., 2012a-b), but the effect of impact loading on the bond between
steel and CFRP laminate is not yet fully understood. This chapter is a continuation of
Chapter Three, and reports on an experimental investigation of the bond characteristics
between steel and CFRP laminate under impact loadings. Three types of CFRP were
used to strengthen steel joints using Araldite 420 as a bonding material: low modulus
CFRP (165 GPa), normal modulus CFRP (205 GPa) and ultra-high modulus CFRP (460
GPa).

4.2 STUDY OBJECTIVE
Recently, composite materials and especially adhesively-bonded fibres have been used

widely in civil engneering applications such as buildings, bridges and other structures.
Many studies have focused on the bond characteristics between steel members and
CFRP, by testing and analysing these composite structural elements with different types
of loads. Although these studies have covered different types of loading, the effect of
mmpact loading on this bond remains little understood. It is important to study the bond
properties between CFRP laminate and steel structures under impact loading, as this
kind of load is common in structures, specially bridges, off-shore platforms and

buildings. The aim of this study is to fill the gap in knowledge found in Chapter Two,
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by preparing a large number of specimens to study the bond properties of CFRP-steel
double strap joints under impact tensile loading. To examine the effect of load rates on
bond, specimens were subjected to various load rates (201x103, 258x103 and 300x103
mnymin). These loading rates represent low intensity of blast, earthquake and wave
loadings or any type of sudden impact loading on structures such as car accidents and
mass falls on structures. Araldite 420 epoxy was used in bonding CFRP to steel; three
types of CFRP laminate (low, normal and ultra-high modulus) were used with different
bond lengths from 20mm to 130mm. The experimental work included three main series
of double strap joints, the first with low modulus CFRP, the second with normal
modulus CFRP and the last with ultra-high modulus CFRP. Each series was tested
under the three loading rates mentioned above to determine the maximum failure load,

effective bond length, strain distribution along the bond and failure mode.

4.3 EXPERIMENTAL INVESTIGATION OF THE MATERIAL

PROPERTIES
The materials used in this experimental program to form the CFRP-steel double strap

joints were mild steel, Araldite 420 epoxy, low modulus CFRP laminate CFK 150/2000,
normal modulus CFRP lammate CFK 200/2000 and ultra-high modulus CFRP laminate
MBrace 460/1500. To achieve a full understanding of the bond behaviour between
CFRP lammate and steel plates, the mechanical properties of the materials are required.
Normally’ the manufacturers” technical' sheets’ providel thel mechanical properties of the
materials under static loading. However, for the purposes of the present research, an
mvestigation of the dynamic properties of the composite materials was conducted. The
mvestigation was carried out under three different load rates to obtam’ thel materialsT

properties under the same loading rates used to test the CFRP-steel double strap joints.

4.3.1 Carbon Fibre Reinforced Polymers (CFRPs)
The dynamic properties of the three types of CFRP used in this project were

experimentally investigated. CFRP coupon specimens were prepared for all CFRP types
in accordance with ASTM 3039-08. All CFRP types were tested under three loading
rates: 201x103, 258x10% and 300x103 mmy/min.

4.3.1.1 Coupon preparation
All types of CFRP coupons had the same preparation method. CFRP lammate rolls were

cut into a number of plates; each plate was 190mm long, 20mm wide and 1.4mm thick

for low and normal modulus CFRP, while the ultra-high modulus CFRP coupons had
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the same dimensions except that they were 1.2mm thick. Each CFRP coupon was
bonded by steel tabs using Araldite 420 epoxy at its two ends to decrease the stress
concentration near the grips. The steel tabs were sandblasted to remove any
contaminated materials, and they were then wiped with acetone to remove any
remaining dust. The CFRP coupons were cured for more than 7 days at 25° C to obtain
the full capacity of adhesive, as recommended by manufacturer. A schematic view of a

CFRP coupon is shown in Figure 4.1.

. 7/0mm N 50mm -t 7/0mm .

20mm
A

Foil strain gauge

| |l

1.5mm
1.4mm

Figure @.1: Schematic view of CFRP coupon tested under dynamic loading (NOT TO
SCALE)

The mechanical properties of CFRP imvestigated were: ultimate tensile strength,
ultimate failure strain and modulus of elasticity. To find the ultimate failure strain, a foil
strain gauge was mounted at the centre of each coupon; the image correlation
photogrammetry technique could not be used in this test due to the low numbers of data
taken in the second (maximum of two). Five CFRP coupons were prepared and tested
for each load rate. Table 4.1 shows the total number of CFRP coupons tested i this

stage of the research.
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Table 4.1 : Total number of CFRP coupons tested under dynamic loading

Load rate (mm/min) 201x103 258x103 300x103
Low modulus CFRP 5 5 5
Normal modulus CFRP 5 5 5
UHM modulus CFRP 5 5 5
Total number of coupons 45

4.3.1.2 Measured properties
The dynamic properties of the materials used to form the double strap joints were

mvestigated, and the tensile strength, ultimate strain and modulus of elasticity of the
three types of CFRPs are reported in the following sections.

Low modulus CFRP

Low modulus CFRP was used in this research to strengthen steel joints under dynamic
loading. This low modulus CFRP produced by S&P Laminates (CFK 150/2000) is a
brittle material with unidirectional fibres with high tensile strength. The values of
tensilel strength[ ultimate] straif and’ Young’s modulus’ under dynamic| loading weref
3567MPa, 0.019 and 184.5GPa, 4149.1MPa, 0.022 and 188.2 GPa, 4443.1MPa, 0.023
and 192 GPa for loading rates of 201x103mm/min, 258103 mm/min and 300x103

mnymin respectively.
Normal modulus CFRP

Normal modulus CFRP was also used in CFRP-steel double-strap specimens; these
specimens were tested under three loading rates. The normal modulus CFRP was
provided by S&P Lamiates. CFK 200/2000 is a brittle material with unidirectional
fibres with high tensile strength. It has a higher modulus of elasticity (E) than S&P
Laminates CFK 150/2000. The values of tensile strength, ultimate failure strain and
Young’y modulus’ underfl dynamicf loading werel 3578MPa] 0.0158 and’ 226.47
respectively for the loading rate of 201x103mm/min, 4151MPa, 0.018 and 230.6 GPa
respectively for the loading rate of 258x10% mmymin, and 4487MPa, 0.0193 and 232.4
GPa respectively for the loading rate of 300x10% mm/min.
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Ultra-high modulus CFRP

MBrace laminate 450/1500 with a thickness of 1.2mm was used in the CFRP-steel
double strap joints tested under dynamic loading. The tensile strength, ultimate strain
and modulus of elasticity were 1967MPa, 0.37% and 531.6 GPa respectively for the
loading rate of 201x103mm/min, 2263MPa, 0.425% and 532.4 GPa respectively for the
loading rate of 258x10% mm/min, and 2394.3 MPa, 0.45% and 532.1GPa respectively
for the loading rate of 300x103 mm/min.

4.3.2 Araldite 420
Araldite 420 epoxy has two parts, A and B. It has non-linear stress-strain behaviour. As

mentioned in Chapter Two, this epoxy has high shear strength. The tensile properties of
the adhesive layer under dynamic loading are the key to understanding the behaviour of
CFRP-steel double strap jonts under different loading rates.

The actual properties of Araldite 420 under the three loading rates of 201x103mm/min,
258x10° mm/min and 300x10° mm/min were investigated by Al-Zubaidy, (2012).
Adhesive coupons were prepared in accordance with ASTM: D638-01. Figure 4.2
shows an schematic view of an epoxy coupon specimen. The adhesive coupon
specimens were cured for more than 7 days to obtain the full adhesive capacity, as

specified i thel manufacturer’s’ instruction’ for use.]
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Figure p#.2: Dimensions of adhesive coupon for dynamic testing (Al-Zubaidy, 2012)

The measured tensile strength, ultimate strain and modulus of elasticity of this epoxy
under different loading rates were: 93.25 MPa and 2874.93 MPa, 96.06 MPa and 2997.7
MPa, 99.42 MPa and 3102 MPa for loading rates of 201x103mmy/min, 258x103
mnv/min and 300x103 mm/min respectively. All the above results were experimentally
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investigated by Al-Zubaidy, (2012). The stress strain curves of Araldite 420 epoxy were
plotted under the three loading rates, and the results are shown in Figure 4.3.
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Figure #.3: Stress-strain curve for Araldite 420 under different loading rates (Al-
Zubaidy, 2012) (Re-plotted).

4.3.3. Steel plate
Mild steel plates with a thickness of 16mm were utilised in this testing program to avoid

steel yielding failure. A number of steel dog-bone specimens were prepared in
accordance with Australian Standard AS 1391-07. The dynamic properties of steel
were investigated under three loading rates: 201x103mm/min, 258x103mnymin and
300x10°% mm/min. The mechanical properties of mild steel under dynamic loading were
different to those under quasi-static loading. The examined dynamic properties were
yield stress, ultimate tensile strength and modulus of elasticity. The measured properties
were: 628.4 MPa, 770.8 MPa and 246.6 GPa, 691 MPa, 826.9 MPa and 232.4 GPa,
740.2 MPa, 866.6 MPa and 217.1 GPa respectively for loading rates of
201x103mm/min, 258x10% mnymin and 300x103 mny/min respectively. Figure 4.4

shows the stress-strain curves under the three dynamic loading rates.
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Figure @.4: Stress-strain curves of mild steel under different dynamic loading rates

4.4 EXPERIMENTAL INVESTIGATION OF THE BOND BETWEEN
CFRP AND STEEL
As mentioned previously, this chapter reports on the effect of high loading rates on the

bond behaviour between CFRP lammates and steel In order to have a ful
understanding of the effect of high loading rates on this bond, three different types of
CFRP were used (low modulus CFRP lammate CFK 150/2000, normal modulus CFRP
laminate CFK 200/2000 and ultra-high modulus CFRP Ilaminate MBrace 460/1500).
The three loading rates used in this test were 201x103, 258x103and 300x10% mm/min.

A total of 198 CFRP-steel double strap joints were prepared and tested under the
different loading rates. As this comprehensive experimental program focussed on
finding the bond properties between CFRP laminate and steel in double strap joints, the
main properties exammed in this test were the maximum joint capacity, failure mode,
effective bond length and strain distribution along the bond. Three groups of tests were
conducted; each group had three types of CFRP: low, normal and ultra-high modulus.
The difference among these groups was the loading rate. For the first group, a loading
rate of 201x103 mm/min was applied to the three types of joints. For the second group,
a loading rate of 258x10% mm/min was applied to all types of CFRP-steel double strap
joints. For the last group, a load rate of 300x10% mm/min was applied to all types of
joints. The quasi-static results explained in Chapter Three are considered to be the
reference data for comparison with the results in this chapter. The aim of this test was to
measure the degree of enhancement under impact tension load compared to the quasi-

static tension load. Each specimen was tested three times, and the average results were
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adopted. All specimens with the different parameters had the same preparation and
material properties except the CFRP modulus. The bond length for the first two groups
varied from 40mm to 110mm, and from 20mm to 90mm for the third group of joints.
Table 4.2 shows the total number of tests in this program.

Table 4.2: Total number of specimens tested under dynamic loading

CFRP Low modulus CFRP Normal modulus UHM modulus CFRP
Modulus joints CFRP jomts joints

Load Rate | 201x | 258x | 300x | 201x | 258x | 300x | 201x | 258x | 300x
(mm/min) | 103 | 103 103 103 103 103 103 103 103

No. of
24 24 24 24 24 24 27 - 27

spec

Total 72 72 54

4.4.1 Brief description of the impact drop mass machine
Although structures are usually subjected to both static and dynamic loading, the

experimental research in the past has focussed mamly on static tests, and less research
uses dynamic testing due to the complexity of running the dynamic tests. Testing
structural members under impact loading has some difficulties due to the very fast speed
of the impact test; the high speed of impact loading requires some specific apparatus,
which should be compatible with fast data acquisition to capture the impact data within
very short period. Although there are some new brands of testing machines with very
specific and precision data analysis, they are expensive, and their high cost leads to
limitations in their availability. As mentioned in the literature review, a number of
techniques are used to run impact tests on composite materials, such as the Charpy
pendulum, falling weight, hydraulic machines and overpressure charge (Pereira et al,
2011; Barré et al, 1996; Fernie and Warrior, 2002). Therefore, a drop mass machine
was utilized to produce the different impact loading rates on CFRP-steel joints, in order
to investigate the effect of high loading rates on the bond characteristics between steel

and CFRP laminates.

A drop mass machine was design by Holzer (1978) in order to investigate the dynamic
compressive properties of mild steel. A modification of this machine was carried out by
Grzebieta (1990) tof increasel thel machine’s’ capacity’ and’ ensurel if could break the

cylinders tested in his project. In 2012 the drop-mass rig was modified to carry tension
105



CHAPTER FOUR

force by Al-Zubaidy (2012) (see Figure 4.5). The principle of the newly-designed rig
depends on the gravity equation. An adjustable cross head for heights up to 3 meters is
needed to obtain the required velocity, and the three meter height is divided into equal
distances of 0.3m by welding crossbar step supports along both sides of the frame, to
enable different velocities to be obtained. The fabricated rig is connected to a TDAS
PRO high-speed data acquisition system at a sample rate up to 300 kHz, as shown in

Figure 4.6.

Figure §.5: Drop-mass testing machine
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Figure @.6: Data acquisition system

4.4.2 Specimen preparation
In this testing program, all specimens had the same material properties and dimensions

with the exception of the CFRP modulus in order to investigate the dynamic properties
of different types of jomts. The specimen preparation was achieved by bonding two
steel plates (200mm long, 16mm thick and 40mm wide) together using Araldite 420. It
is very mmportant to keep the alignment of the two steel plates straight to have a clear
tension force while loading specimens, and the alignment of the two steel plates is
controlled by fastening them behind a fixed steel member with an L-section, as shown
in Figure 4.7.
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Figure #.7: Bonding two steel plates using Araldite 420

The surface of the jomted steel plates was sandblasted to remove oil, pant and grease
along the bond length. The surface was then cleaned with acetone to remove all
remaining dust and chemically to achieve a good bond between steel and CFRP. As
Araldite 420 has two parts, A and B, the mixing procedure was carried out according to
thel manufacturer’s specifications CFRP[ lammates’ were cuf into] different” lengths” and’
wiped with acetone to ensure they were free of dust. The adhesive layer was then
applied along the required bond length with an approximately triangular cross-section,
to help the epoxy to be distributed uniformly along the bond area. Finally, CFRP
laminate was attached to the jomnts immediately after adding the adhesive layer to
ensure that the resin was still workable. Uniform squeezing was applied after CFRP
attachment to expel the air bubbles by pushing the laminate with a steel plate supported
on two washers at the ends of steel plate. This step was necessary to ensure a uniform
adhesive thickness along the bond length. Specimens were then cured for 24 hours prior
to preparing the other side. The same preparation procedure was applied to the other
side of the specimens. The CFRP dimensions were 20mm wide, 1.4mm thick and
different bond lengths (30-130 for low and normal modulus CFRP-steel double strap
joints and 20-90mm for ultra-high modulus CFRP-steel double strap joints). The
specimens were cured for 7-10 days to achieve the maximum capacity of the epoxy, as
recommended by the manufacturer. A schematic view of a double-strap specimen is

shown i Figure 4.8.
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CFRP laminate

Steel plate

Adhesive layer

| L1 L2 |

Figure §.8: Schematic view of double-strap specimen (NOT TO SCALE)

The bond length on one side of the joint (L;) was shorter than (L;) to ensure failure

occurred in the shorter side (L;).

4.5 TEST SET-UP
A number of methods are used to run the impact tension tests; one of these methods is

the drop-mass method. A drop-mass machine was used in this program to test the
CFRP-steel double strap joints. This machine was changed from an impact compression
rig to an impact tension rig by manufacturmg a mass rig (Figure 4.9 and 4.10) at
Monash University for some impact tension load tests (Al-Zubaidy et al, 2012a-b).

Figure #.9: The manufactured impact tension rig.
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1 Impact Position f
2 Top Plate o i = 2
3 Guide Pins ——
4 Linear Motion

Guide i J ISES)
5 Grips 67| [ /——
6 Load Cell
7 Specimen m m
8 Bottom Plate
9 Rubber o) [ | i

Figure §.10: Schematic view of the fabricated tensile impact rig (Al-Zubaidy et al.,
2011b)

The load cell was mounted above the top fixed grips to reduce the dummy noise in the
exported data, as recommended by Fernie and Warrior (2002). In this test, the basic

formula for velocity was used, which is:

V= \/Tgh Equation 4-1

where:

v = velocity in (my/sec)

g = gravity (m/sec?)

h = he height of dropping mass (m), so changing the drop-mass height results in
different applied velocities.
A mass of 300Kg was dropped on the specimens from different heights (0.575, 0.975
and 1.275 m). These heights generate velocities of 201x103, 258103 and 300x103
mm/min respectively according to the equation above. To calculate the applied strain
rates, it is necessary to measure the adhesive thickness, and this was measured using a
digital measuring tool. The thickness was found to be 0.5mm using the calculations

below:

T =t + 2te + 2t, Equation 4.2
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where:
Ti: Total specimen thickness.
tst: Thickness of steel plate.
te: Thickness of CFRP.
t,: Adhesive thickness.
If the thicknesses of steel and CFRP lammate are known, the adhesive thickness can be
found by deducting the thicknesses of steel and CFRP layers from the total thickness.
The shear strain rate can be evaluated using the formula below, which was developed by
Takiguchi, Izumi et al. (2004):

V=v/t,

where:

y = shear strain rate

v = velocity

t, = adhesive thickness
As a result, depending on the three velocities (201x103, 258x10% and 300x103
mm/min) the shear strain rates are 6700s™ !, 8600s~* and 10000s ~* respectively.
To monitor the longitudinal tensile strain distribution along the CFRP-steel bond length,
a number of foil strain gauges were mounted along the bond length of each double-strap
specimen. These strain gauges were attached on the centreline of the CFRP laminate at
a constant distance of 2mm between each gauge, starting from the mid-joint and along
the shorter side (L;). The collection of data from the load cell and strain gauges was at a
sample rate of 150 kHz.

Load-time curves for the two different CFRP-steel double strap joint specimens with the

different loading rates (201x103, 258x10% and 300x103 mm/min) are shown in Figures
4.11 and 4.12.
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Figure #.11: Load-time curve for the low modulus CFRP-steel double strap specimen
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Figure #.12: Load-time curve for the normal modulus CFRP-steel double strap
specimen

Strain gauges were mounted on the top of CFRPs at distances of 20mm starting from

the joints to the shorter end (L;). This strain gauge arrangement gives full strain
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distribution data along the bond length. A specimen and strain gauge locations are

shown in Figure 4.13 below.

I Steel plate

strain gauge CFRP laminate

40

strain gauge Top view

. CFRP laminate
Adhesive layer

Side view

Figure §.13: Schematic view of strain gauge locations along CFRP-steel specimen.

Figure 4.14 shows CFRP-steel double strap joint inside the mmpact tension rig of the
drop-mass machine and ready for the test. A number of strain gauges were attached as

per the schematic drawing.

Figure #.14: Specimen inside the dop-mass rig and connected to strain gauges

113



CHAPTER FOUR

4.6 RESULTS AND DISCUSSION
All CFRP-steel double strap joints were tested under the three loading rates. To

investigate the bond properties between steel and CFRP laminates, four different results
were obtained: maximum tensile joint strength, effective bond length, strain distribution
along the bond and the failure mode. All these results were then compared with the
results obtamed from quasi-static testing (Chapter Three) to evaluate the degree of

enhancement under dynamic loading.

4.6.1: Ultimate joint strength
Three types of CFRP-steel double strap joint specimens were tested under impact

loading with different loading rates (201x103, 258x103 and 300x103 mm/min). Each
group had different modulus CFRP (low, normal and ultra-high), and each group was
tested under the three loading rates. All specimens had the same preparation and curing
time, and the results of specimens with low and normal modulus CFRP tested under the
loading rate of 201x103mm/min are summarised in Table 4.3. The specimen labels that
begin with L mean specimens with low modulus CFRP, specimens that begin with N
mean specimens with normal modulus CFRP and the number following L or N
represents the bond length. L; and L, are the lengths starting from the jomnt to the far
ends at each side of the joint, as shown in Figure 4.13; L, is constant for all specimens
and longer than L; to ensure that faiture occurred within the shorter side. F; and F4 are
the ultimate joint capacities for the specimens with low and normal modulus CFRP
respectively. Each joint was tested three times, and the average of these readings was
considered to be the actual bond force in kN. Tables 4.3-4.7 show that the bond strength
mncreases as the bond length increases, then it tends to be constant at a certain bond
length, defined as the effective bond length. Table 4.4 shows all details of the dynamic
results of low and normal modulus CFRP-steel double strap specimens with a loading
rate of 258x10% mm/min. Fs and Fg represent the ultimate bond force for each bond
length and for low and normal modulus CFRP respectively. Table 4.5 shows the last
loading speed of 300x10% mm/min. The results for both types of CFRP-steel double
strap joints show an insignificant increase in loading capacities compared to the
specimens tested under the load rate of 258x10° mm/min. However, significant joint
capacity enhancement is shown compared to the loading rate of 201x10° mm/min. F;
and Fg in Table 4.5 represent the ultimate bond force for each bond length for low and
normal modulus CFRP respectively.
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Label for | Label L () | Ly ) | Fs GN) Ave F; Fy (N | Fs (kN)
1 (IMm 2 (MM 3 4 4
F3 fOI‘ F4 (kN)

84.6 88.1

LS-40 NS-40 40 100 86.1 85.3 89 89.7
85.2 92.1
100 102.6

LS-50 NS-50 50 100 102.7 100.3 105.3 101.7
98.3 97.4
109.5 106.4

LS-60 NS-60 60 100 104.7 106.6 109.1 108.4
105.8 109.6
110.1 116.6

LS-70 NS-70 70 110 115.9 113.9 118.2 115.0
115.7 110.3
122 1254

LS-80 NS-80 80 120 121.8 120.3 121.9 122.9
117.2 121.4
131.1 130.1

LS-90 NS-90 90 130 130.3 131.1 128.1 130
132 131.9
131.5 132.9

LS-100 | NS-100 100 140 131 130.3 132.1 131.7
128.4 130.2
132.9 130.4

LS-110 | NS-110 110 150 130.0 131.2 129.9 131
130.8 132.8

F3: The ultimate bond strength for low modulus CFRP

F4: The ultimate bond strength for normal modulus CFRP
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Table 4.4: Dynamic results for load rate of 258x10° mmymin

Label for Label Ave F; Ave Fy

F, for F, L; (mm) | L, (mm) | Fs(kN) (KN) Fs (kN) (N)
104 103.3

LS-40 NS-40 40 100 105.4 102.6 106.7 105.4
98.4 106.3
117.0 118.3

LS-50 NS-50 50 100 116.3 116.1 119 117.6
115.1 115.5
123.8 125.1

LS-60 NS-60 60 100 124.6 123.6 124.5 125.3
122.4 126.4
135.7 130.4

LS-70 NS-70 70 110 132.6 133.8 133.1 131.6
133.1 131.4
142.0 139.1

LS-80 NS-80 80 120 138.8 139.5 136.1 138.7
137.8 141
145.9 146.1

LS-90 NS-90 90 130 147.1 146.3 145.1 145.7
145.9 145.9
147.0 147.5

LS-100 | NS-100 100 140 147.7 146.9 143.9 146.6
146.1 148.5

147.1 147.6 146
LS-110 | NS-110 110 150 147.6 147.1 142.5
146.5 148.6

Fs: The ultimate bond strength for low modulus CFRP

Fs: The ultimate bond strength for normal modulus CFRP
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Table 4.5: Dynamic results for load rate of 300x10° mm/min

Label for Label Ave F; Ave Fy

E, for Fy L (mm) | L, (mm) | F; (kN) (KN) Fs (kN) (kN)
101.9 105.9

LS-40 NS-40 40 100 105.4 103.6 104.9 105.8
103.4 106.5
117.6 119.1

LS-50 NS-50 50 100 119.7 119.3 123.5 121.1
120.6 120.7
126.4 130.6

LS-60 NS-60 60 100 129.1 128.1 128.1 129.9
128.9 131.1
132 133.7

LS-70 NS-70 70 110 137.6 135.6 136.9 136.3
137.3 138.4
139.9 142.4

LS-80 NS-80 80 120 143.2 141.3 140.1 142
140.9 143.6
148.2 147.9

LS-90 NS-90 90 130 146.6 146.9 148.6 148.2
145.9 148.2
141.5 146.6

LS-100 | NS-100 100 140 149.6 146.4 148.1 147.6
148.3 148.2
146.6 148.3

LS-110 | NS-110 110 150 143.6 146.2 149.1 148.1
148.5 146.9

F;: The ultimate bond strength for low modulus CFRP

Fs: The ultimate bond strength for normal modulus CFRP

Joints with ultra-high modulus CFRP were tested under two loading rates: 201x103,
and 300x10% mm/min. The results show a decrease in bond strength compared to the

other two types of joints. The reason for this decrease is that the tensile strength is lower

for ultra-high modulus CFRP compared to low and normal modulus CFRP. However, a
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significant increase in bond force is shown compared to the quasi- static test results,

which are discussed in the next section.

Tables 4.6 and 4.7 show the test results of ultra-high modulus CFRP-steel double strap

joints.

Table 4.6: Dynamic results for ultra-high modulus CFRP-steel joints with load rate of
201x10° mm/min

Sl';’]f;“;‘egn (nLnln) L2 (mm) | Fy Ave F,
35.6
UHMS-20 20 100 335 35.5
37.4
443
UHMS-30 30 100 442 45.3
47.5
46.1
UHMS-40 40 100 44.6 45.5
45.7
45.6
UHMS-50 50 100 45.1 45.1
44.6
47.1
UHMS-60 60 100 44 45.7
45.9
46.2
UHMS-70 70 110 46.4 45.8
44.8
46.5
UHMS-80 80 120 45.1 45
43.5
46.1
UHMS-90 90 130 46.4 46
45.5
45.9
UHMS-100 100 140 44.4 45.6
46.5
Fy: The ultimate bond strength for ultra-high modulus CFRP
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Table 4.7: Dynamic results for UHM CFRP-steel double strap joints under load rate of
300x10° mm/min

?ar‘:)ee(iu;f? L; (mm) L, (mm) Fio Ave F,,
45.1
UHMS-20 20 100 42.6 44.2
44.9
56.4
UHMS-30 30 100 554 56.5
57.8
57.4
UHMS-40 40 100 55.5 56.4
56.4
56.3
UHMS-50 50 100 56.1 56.4
56.8
57.4
UHMS-60 60 100 56.8 56.9
56.6
56.3
UHMS-70 70 110 55.3 56.8
58.9
56.1
UHMS-80 80 120 56.7 56.4
56.4
56.1
UHMS-90 90 130 56.8 56.5
56.7
57.2
UHMS-100 100 140 56.1 57.1
58.1
F,o : The ultimate bond strength for ultra-high modulus CFRP

The same behaviour in bond strength increment observed for specimens with low and
normal modulus CFRP was shown for specimens with ultra-high modulus CFRP, the
bond strength increasing as the bond length increases. In the above two tables, the

letters UHM in specimen labels mean ultra-high modulus and S means specimen, and

the following numbers 20-100 are the bond length.

As Tables 4.3-4.7 show, the ultimate joint strengths of CFRP-steel double-strap
specimens with normal modulus CFRP are very close to those of specimens with low
modulus CFRP, whereas they are lower for joints with ultra-high modulus CFRP. The
steady state of bond strength of low and normal modulus CFRP-steel jomts illustrates

that the adhesive makes the most contribution in carrying the load, and it reaches its
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maximum capacity until it fails. The results also show that there is a good enhancement
in joint capacity when changing from a loading rate 201x10% mm/min to 258x10° and
300x10% mm/min, and an insignificant increase is observed in joint capacities between
the last two loading rates (258x10% and 300x10° mm/min). The increase in joint
enhancement for the three groups of specimens can be attributed to the high shear and
tensile strengths of the adhesive under high loading rates (Al-Zubaidy etal, 2011a).

4.6.2: Comparison with static results (Chapter Three)
To highlight the effect of impact loading on the bond strength of CFRP-steel double-

strap joint specimens, and to find the capacity enhancement in the different types of
joints with low, normal and ultra-high modulus CFRP, a comparison is made i this
chapter. Tables 4.8, 4.9 and 4.10 show the bond strength results of both quasi-static

loading and the three dynamic loadings.
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Table 4.8: Comparison of bond strength between two load rates: 2mmy/min and 201x10°

mm/min
Low modulus Normal modulus
Specimen o -
L L, CFRP joints CFRP joints F3/Fy | Fa4/F;
label
Fl F3 F2 F4
S3-30 30 100 41.0 -- 41.9 -- - -

S3-40 40 | 100 | 50.7 85.3 51.7 89.7 | 168 | 174

S3-50 50 | 100 | 60.0 | 1003 | 607 | 101.7 | 167 |1.68

S3-60 60 100 69.1 106.6 69.8 108.4 | 1.54 1.55

S3-70 70 110 76.5 113.9 75 1150 | 149 | 1.53

S3-80 80 120 86.8 120.3 87.4 1229 (139 | 141

$3-90 90 | 130 | 93.6 | I3L.1 | 942 130 | 1.40 | 138

S3-100 100 | 140 | 1003 | 1303 | 1013 | 131.7 | 130 | 1.30

S3-110 110 | 150 | 108.0 | 131.2 | 108.3 131 121 |121

S3-120 120 | 160 | 108.7 -- 108.5 -- -- --
S3-130 130 | 170 | 109.1 -- 109.2 -- -- --

Fi, F,: maximum load capacity for specimens with low and normal modulus CFRP respectively

under quasi-static loading with velocity of 2mm/min

F;, F4: maximum load capacity for specimens with low and normal modulus CFRP respectively

under dynamic loading with velocity of 201x103mm/min
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Table 4.9: Comparison of bond strength between two load rates: 2.0 and 258x10°

mm/min
Low modulus Normal modulus
Specimen o -
L, L, CFRP joints CFRP joints Fs/Fi | Fe/Fa
label
F1 F5 Fz F6
S3-30 30 100 41.0 -- 41.9 -- -- -

S3-40 40 100 50.7 102.6 51.7 1054 | 2.02 2.04
S3-50 50 100 60.0 116.1 60.7 117.6 1.94 1.94
S3-60 60 100 69.1 123.6 69.8 125.3 1.79 1.80
S3-70 70 110 76.5 133.8 75 131.6 1.75 1.75
S3-80 80 120 86.8 139.5 87.4 138.7 1.61 1.59
S3-90 90 130 93.6 146.3 94.2 145.7 1.56 1.55
S3-100 100 | 140 | 100.3 146.9 101.3 | 146.6 1.46 1.45
S3-110 110 | 150 | 108.0 | 147.1 108.3 | 146.2 1.36 1.35
S3-120 120 | 160 | 108.7 -- 108.5 -- -- --

S3-130 130 | 170 | 109.1 -- 109.2 -- -- --

F1, F2: maximum load capacity for specimens with low and normal modulus CFRP respectively

under quasi-static loading with velocity of 2mm/min

F5, F6: maximum load capacity for specimens with low and normal modulus CFRP respectively

under dynamic loading with velocity of 258x103mm/min
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Table 4.10: comparison of bond strength between two load rates: 2mm/min and

300x10° mm/min
Specimen Low modulus Normal modulus
. L L, CFRP jomts CFRP joints F-/F1 | Fe/F»
Fy F7 F> Fg

S3-30 30 | 100 | 41.0 -- 41.9 -- -- --
S3-40 40 | 100 | 50.7 | 103.6 51.7 105.8 204 | 2.05
S3-50 50 | 100 | 60.0 | 119.3 60.7 121.1 1.99 | 2.00
S3-60 60 | 100 | 69.1 | 128.1 69.8 129.9 1.85 1.86
S3-70 70 | 110 | 76.5 | 135.6 75 136.3 1.77 1.82
S3-80 80 | 120 | 86.8 | 141.3 87.4 142 1.63 1.62
S3-90 90 | 130 | 93.6 | 146.9 94.2 148.2 1.57 1.57
S3-100 100 | 140 | 100.3 | 146.4 | 101.3 147.6 1.46 1.46
S3-110 110 | 150 | 108.0 | 146.2 | 108.3 148.1 1.35 1.37
S3-120 120 | 160 | 108.7 -- 108.5 -- -- --
S3-130 130 | 170 | 109.1 -- 109.2 -- -- --

F1, F2: maximum load capacity for specimens with low and normal modulus CFRP respectively

under quasi-static loading with velocity of 2mm/min,

F7, F8: maximum load capacity for specimens with low and normal modulus CFRP respectively

under dynamic loading with velocity of 300x103mm/min.
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Table 4.11: Comparison of bond strength for ultra-high modulus CFRP joints under
static and dynamic loadings

Specimen label L, L, HF, Fo Fio Fo/HF, | F10/HF,
UHMS-20 20 | 100 - 35.5 442 - -
UHMS-30 30 | 100 | 31.7 453 56.5 1.43 1.78
UHMS-40 40 | 100 | 433 45.5 56.4 1.05 1.30
UHMS-50 50 | 100 | 544 45.1 56.4 0.83 1.04
UHMS-60 60 | 100 | 64.1 45.7 56.9 0.71 0.89
UHMS-70 70 | 110 | 73.2 45.8 56.8 0.63 0.78
UHMS-80 80 | 120 | 73.1 45 56.4 0.62 0.77
UHMS-90 90 | 130 73 46 56.5 0.63 0.77
UHMS-100 100 | 140 | 73.2 45.6 57.1 0.62 0.78

HF;: ultimate joint strength of ultra-high modulus CFRP-steel double strap joints under loading
rate 2mm/min.
Fy, Fio: maximum load capacity for specimens with ultra-high modulus CFRP under loading

rates of 201x103 and 300103 mm/min.

As shown in the tables above, the bond strength of the double strap joint specimens
increases up to 100% when increasing the loading rate from quasi-static loading at
2mm/min to high loading rates. This significant increase i bond strength can be
attributed to the fact that the shear strength of the Araldite 420 adhesive is higher under
high loading rates than static loadings. The bond enhancement is shown to be high for
small bond lengths and lower for longer bond lengths; the same trend of enhancement
was observed by Al-Zubaidy et al. (2012b) when CFRP sheet was used to build the
double strap specimens. For specimens with ultra-high modulus CFRP, the bond
strength enhancement is lower than that in low and normal modulus CFRP. Inspection
of the mode of failure of specimens with ultra-high modulus CFRP under static and
dynamic loading, revealed that all specimens failed within the FRP laminate. This
indicates that since the quasi-static and dynamic tension loads for specimens with ultra-
high modulus CFRP were completely sustaned by the laminate, the ratios of Fo/HF;
and Fio/HF; in Table 4.11 are completely dependent on the mechanical properties of
ultra-high modulus CFRP under static and dynamic loadings.
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4.6.3 Effective bond length
Essentially, the principle of the effective bond length in the FRP composite joints was

proposed by Hart-Smith (1973) . This model used elastic-plastic adhesive rather than
pure elastic or non-linear behaviour, and the failure mechanism was totally dependent
on the maximum shear strain of the adhesive at the location of highest strain or stress
values. The influence of high loading rates on the effective bond length was studied in
the present research; the ultimate joint strength versus bond length curves of all types of
CFRP-steel double strap joints (low, normal and ultra-high modulus CFRP) were
plotted, and the results are shown in Figures 4.15-4.17. The figures show that the
ultimate joint strength increases approximately linearly with bond length increment, and
then at a certain bond length (known as the effective bond length) the joint strength
reaches a maximum value. Beyond this bond length, further increasing the bond length
has virtually no effect on joint strength or produces only minor improvement.
According to this behaviour of load versus bond length, the effective bond length was
shown to be 90mm for both low and normal modulus CFRP under the three loading
rates (201x10% mm/min, 258x10% mm/min, 300x103 mm/min). However, for joints
with ultra-high modulus CFRP the effective bond length decreased to 30mm. This
decrease can be attributed to the lower ultimate strain value of ultra-high modulus
CFRP compared to that of low and normal modulus CFRP under dynamic loading. The
effective bond length for specimens with normal modulus CFRP sheet tested by Al-
Zubaidy (2012) was found to be 40mm under high load rates. However, the effective
bond length was also studied by Al-Zubaidy (2012) for specimens tested under different
loading rates, and CFRP sheet was used in the double strap joints. The effect of static
and fatigue loading on the effective bond length was also studied by (L et al, 2005b;
Wu et al, 2012b). Different effective bond lengths were observed due to the different

parameters used.
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Figure @.15: Joint strength vs. bond length for low modulus CFRP-steel joints under
different impact loads
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Figure ®.16: Jomt strength vs. bond length for normal modulus CFRP-steel joints under
different impact loads.
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4.6.4 Comparison with static results (Chapter Three)
To evaluate the effect of high load rates on the effective bond length of the CFRP-steel

double strap joint specimens, a comparison of the static and dynamic results was carried
out. Figures 4.18 and 4.19 show the plots of ultimate joint strength versus the bond
length for low and normal modulus CFRP-steel double strap joints respectively, and for
all loading rates starting from quasi-static loading 2mmymin to the high loading rates
201x103, 258x10% and 300x103mm/min. The results show a significant effect on the
joint enhancement and the effective bond length value. The effective bond length for
specimens with low and normal modulus CFRP in quasi-static loading was 110mm,
whereas it was 90mm for all impact load rates. Moreover, these results of dynamic tests
are consistent with the experimental tests carried out by Al-Zubaidy et al. (2012b)
who found the same trend of load versus bond length curve as in the present
experimental tests, and the effective bond length is lower for specimens tested under
dynamic loading than those tested under quasi-static loading. The effect of high load
rate on the effective bond length of ultra-high modulus CFRP-steel double strap joints is
also studied, Figure 4.20 shows the ultimate jomt strength versus the bond length of
these jomts. A significant decrease in the effective bond length can be observed, the
effective bond length for specimens tested under quasi-static loading bemng 70mm,
while it was 30mm for all impact loading rates. The reduction of effective bond length
values under dynamic loads and for all types of jonts is mainly due to the high shear
strength of the adhesive under high loading rates.
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Figure @.18: Ultimate bond strength vs. bond length for low modulus CFRP-steel joints
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4.6.5 Effect of high velocity on the strain distribution along the bond length
Based on the strain gauge readings, the strain distribution along the bond length was

mvestigated at specific points along the bond area; the distance between strain gauges
was 20mm, startmg from the joint to the far end of the short length L; as shown in
Figures 4.13 and 4.14.

The strain distribution curves along the bond of the different CFRP-steel joints had the
same trend. Figures 4.21-4.23 show the strain distributions along the low modulus
CFRP-steel jomts for three different load levels and 30%, 60% and 90% of the ultimate
joint strength. Load level can be defined as the ratio of the applied load to the ultimate
load achieved. The results show a maximum strain value occurs at the centre of the
joint, and then it starts to decrease away from the jomnt for all load levels and all loading
rates. For specimens with normal modulus CFRP, Figures 4.24-4.26 show the trend of
strain distribution along the bond length of the specimens at different load levels. At
distances close to the far end of the joint, the strain values are constant for the three
different load levels, ie. there is less difference in strain values at the far end points
compared to at points close to the centre of the joint. The strain values of normal
modulus CFRP specimens showed an msignificant decrease, due to the smaller ultimate
strain for normal modulus CFRP compared to low modulus CFRP under dynamic

loading. For jomts with ultra-high modulus CFRP, a significant decrease in strain values
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is observed compared to the low and normal modulus CFRP joints (see Figures 4.27 and
4.28). The decrease in ultimate strain for these jomts is attributed to the very low
ultimate strain of ultra-high modulus CFRP compared to the low and normal modulus
CFRP under static and dynamic loading.
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Figure @.21: Strain distribution along the bond length for low modulus CFRP-steel
joints under loading rate of 201x10° mm/min
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Figure ®.22: Strain distribution along the bond length for low modulus CFRP-steel
joints under loading rate of 258x10° mm/min
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Figure §.23: Strain distribution along the bond length for low modulus CFRP-steel
joints under loading rate of 300x10° mm/min
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Figure #.24: Strain distribution along the bond length for normal modulus CFRP-steel
joints under loading rate of 201x10°> mm/min
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Figure ®.25: Strain distribution along the bond length for normal modulus CFRP-steel
joints under loading rate of 258x10° mm/min
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Figure #.26: Strain distribution along the bond length for normal modulus CFRP-steel
joints under loading rate of 300x10° mm/min
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Figure @.27: Strain distribution along the bond length for ultra-high modulus CFRP-
steel joints under loading rate of 201x10° mm/min
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Figure #.28: Strain distribution along the bond length for ultra-high modulus CFRP-
steel joints under loading rate of 300x10* mm\min

4.6.6 Comparison with static test (Chapter Three)
The strain distribution along the bond length of CFRP-steel double-strap specimens

under impact loadings was different to those tested under quasi-static loading. The
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maximum strain values versus different bond lengths plots showed less non-linearity
under quasi-static loading than those under dynamic loadings. The same trend was
shown for all loading rates, with a maximum strain at the joint and then it decreases far
away from the jomt. The maximum strain values under dynamic loadings were higher
than those under static loading, due to the fact that the ultimate strain values of the three
types of CFRP are lower in static than in dynamic loadings. Figures 4.29 and 4.30 show

the strain distribution of the same jomt tested under static and dynamic loading.
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Figure ®.29: Strain distribution along the bond length for low modulus CFRP joints
under loading rate of 2 mm/min
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Figure #.30: Strain distribution along the bond length for low modulus CFRP joints
under loading rate of 300x10° mm/min
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Generally, the maximum strain values for specimens tested under the loading rate of
201x10%® mm/min are less than those tested under loading rates of 258x103 and
300x10° mm/min. The general behaviour of all strain distribution plots is non-linear
and the slope starts to shift away from the joint. Strain values differ from one load level
to another, showing low strain values at low load levels which increase as the load

increases and reaches its ultimate level

4.6.7 Effect of high velocity on the failure mode
Studying the failure modes of the CFRP-steel double strap joints gives more

understanding of the contribution of the CFRP layers contribution to carrying the loads.
In this research, the failure modes were classified according to the six failure modes
proposed by Zhao and Zhang (2007) for the CFRP-steel adhesive jomts. These failure
modes are (a) steel and adhesive interface debonding, (b) adhesive layer failure, (c)
CFRP and adhesive interface debonding, (d) CFRP delammnation, (¢) CFRP rupture and
(f) steel yielding, Figure 5.31 shows a schematic view of these failure modes.

(e) FRP rupture g
\\

(d) FRP dalamination Y

FRP

Adhesive - “—— (c) FRP and adhesive interface debonding

— (b) Adhesive layer failure

Steal —}— = “—— (a) Steel and adhesive interface debonding

(f) Steel yeilding
Figure ®.31: Suggested failure modes for CFRP-steel double-strap joints (Zhao and
Zhang, 2007)

The failure modes of the current tests were different from one joint to another. The
failure mode of low modulus CFRP-steel double strap jomts tested under loading rates
of 201x103 and 258x103 mm/min was mixed between (a) steel and adhesive interface
debonding and (b) adhesive layer failure occurred as shown in Figures 4.32 and 4.33.
However, for the same joints tested under a loading rate of 300x10° mm/min, the

failure mode was a mixture of (a) steel and adhesive interface debonding, (b) adhesive
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layer failure, and (d) FRP delamination for all bond lengths, as shown in Figure 4.34.
For joints with normal modulus CFRP, the failure mode was constant for all dynamic
loading rates and all bond lengths, being a mixture of (a) steel and adhesive interface
debonding, (b) adhesive layer failure and (d) FRP delammation for all bond lengths, as
shown in Figures 4.35 and 4.36.

Figure §.32: Failure mode for specimens with low modulus CFRP under load rate of
201x10° mm/min

Figure ®.33: Failure mode for specimens with low modulus CFRP under load rate of
258x10° mm/min
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Figure ®.34: Failure mode for specimens with low modulus CFRP under load rate of
300x10° mm/min.

Figure #.35: Failure mode of normal modulus CFRP under load rates of 201x10° and
258x10° mm/min
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Figure #.36: Failure mode for specimens with normal modulus CFRP under load rate of
300x10° mmvmin.

For joints with ultra-high modulus CFRP tested under load rates of 201x10° mn/min
and 300x10° mm/min, the failure mode was mixed between (b) adhesive layer failure
and (d) FRP delamination for all loading rates, as shown in Figures 4.37 and 4.38.

Figure §.37: Failure mode for specimens with ultra-high modulus CFRP under load rate
0f 201x10° mm/min.
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Figure #.38: Failure mode for specimens with ultra-high modulus CFRP under load rate
0f 300x10° mm/min

5.6.8 Comparison with static testresults (Chapter Three)
There were some differences in failire modes between quasi-static and impact tests for

the CFRP-steel double strap jomts. The main reason for these changes is that the
material properties under static loading are different to those under dynamic loading.
The mode of failure for specimens tested under quasi-static loading was mostly
debonding between steel and adhesive for low and normal modulus CFRP joints,
whereas the general failure patterns for the same joints tested under dynamic loading
were mixed between adhesive faiire and FRP failure. This change in failure mode
indicates the high shear strength of epoxy under dynamic tension loads, which allows
CFRP to sustain more load until both adhesive and CFRP fail together. The same
attribution applies for joints with ultra-high modulus CFRP, where the failure mode was
FRP rupture for jonts tested under static loading and FRP delamination under dynamic
loading. The explanation for this change in failure mode is that the ultimate strain of
ultra-high modulus CFRP is smaller under static load than dynamic loading. This
difference in ultimate strain affects the deformation of adhesive under static load,
resulting in less deformation n the adhesive, leading to FRP rupture. More deformation
occurs in the adhesive in the joints tested under dynamic loading, which causes FRP

delamination (i.e. the adhesive makes some contribution to carrying the load).
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To summarise the failure modes of all joints tested in this comprehensive experimental
program, Table 4.12 shows the failure modes of all joints tested under all loading rates
(2mm/min, 201x103, 258x103 and 300x10%mm/min)

Table 4.12: Failure modes for all joint types tested under all loading rates

CFRP 2mm/min 201x103mm/min | 258%103mm/min | 300%103mm/min

modulus
used <EBL | >EBL | <EBL | >EBL <EBL | >EBL | <EBL | >EBL

ab&

Low a&b a a&b a&b a&b a&b q ab&d
ab& a,b& ab&

Normal a a q ab&d q ab&d q ab&d

UHM |b&d e b&d | b&d | b&d | b&d | b&d | b&d

<EBL: Below the effective bond length,
>EBL: Beyond the effective bond length.

Failure modes a, b, d and e are steel and adhesive mnterface debonding, adhesive layer

failure, CFRP delamination and CFRP rupture respectively, as shown in Figure 4.31.

4.7 CONCLUSION
A comprehensive experimental testing program was conducted to mvestigate the bond

characteristics between CFRP laminates and steel plates under dynamic load. A series
of CFRP-steel double strap joint specimens were prepared and tested under impact
tension force with three loading rates, 201x103, 258x10%® and 300x10°mm/min. A
drop-mass machine with a maximum capacity of 200kN in tension was used in the tests.
Three types of CFRPs (low modulus (165 GPa), normal modulus (205 GPa) and ultra-
high modulus (460 GPa)) were used in this research. Araldite 420 epoxy was used to
bond the CFRP laminate to steel joints, and bond strength, strain distribution along the
bond area, effective bond length and failire mode were determined. The following

conclusions can be drawn:

e The actual material properties of CFRPs and Araldite 420 epoxy under dynamic

loadings are higher than those under static loading,
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The ultimate bond strength of the joints tested under dynamic loadings
increases by up to 100% compared to the ultimate strength tested under quasi-
static loadings,

The higher the load rate, the higher the ultimate bond strength for all types of
joints. However, an insubstantial increase i the bond strength occurs beyond the
loading rate of 258x10° mm/min, due to the marginal increase i thel materials’
strength beyond this loading rate.

The effective bond lengths for specimens tested under dynamic loading are
smaller than for specimens tested under quasi-static loading

The effective bond length is the same for the same joint tested under the three
different loading rates,

There is a significant decrease in the effective bond length for joints with ultra-
high modulus CFRP compared to the joints with low and normal modulus CFRP
tested under dynamic loading. This explains the effect of the ultimate strain of
CFRP laminate on the effective bond length.

The same effective bond length is observed for low and normal modulus CFRP-
steel double strap joints tested under the three different loading rates, because
there is little difference in the ultimate strain between the two CFRPs.

There is less non-linearity of the strain distribution curves for quasi-static
loadings than dynamic loadings.

The ultimate strain of the CFRP-steel double strap joints under dynamic
loadings is higher than that under quasi-static loadings.

Insubstantial changes occur in the ultimate strain values for all types of joints
under the last two impact loading rates, 258x103 and 300x103mm/min

The failure modes for joints tested under dynamic loading are completely
different from those tested under quasi-static loading. Most failures in static
testing were debonding for low and normal modulus CFRP, whereas FRP failure
was observed in the specimens tested under dynamic loading.

For joints with ultra-high modulus CFRP the failure mode in static testing was
FRP delamination for joints below the effective bond length, and FRP rupture
for jomnts beyond the effective bond length. In contrast, the failure mode was
FRP delamination for all bond lengths for specimens tested under impact load.
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CHAPTER FIVE NON-LINEAR FINITE ELEMENT
ANALYSIS OF CFRP- BONDED STEEL PLATES

5.1 INTRODUCTION
Finite element analysis (FEA) provides safe design and economic products, as

experimental tests have challenges related to cost, time consumption, accuracy etc. In
addition, FEA can be used to analyse the cause of failure during load-carrying. Almost
all fields of engneering, including mechanical engneering, civil engmneering, and
electrical engmneering use FEA for those reasons. However, real experiments are still
mportant for specific load applications or special geometry. Chapters Three and Four
showed the experimental effect of static and dynamic loading on CFRP-steel double
strap joints. In this chapter, CFRP-steel double strap joints are simulated using non-
linear FEA.

Non-linear FEA was used in this research to simulate the static and dynamic behaviour
of double strap jomnts of CFRP lammate bonded to steel plate using Araldite 420 epoxy.
Three types of joints with low, normal and ultra-high modulus CFRP were simulated,
each type of CFRP being bonded to steel members and tested under quasi- static and
dynamic loadings. The load rate for static testing was 2mm/min and three different
loading rates were used for the dynamic loading,  201x103, 258x10®  and
300x103mm/min. Four parameters were numerically predicted and compared with
those in the experiments reported n Chapters three and four. The four parameters are:
effective bond length, maximum failure load, failire mode, and strain distribution along
the bond. Details of specimen simulation are also included in this chapter, which reports
the results of two main investigations. The first mnvestigation is of the static and
dynamic tensile properties of the materials which formed CFRP-steel joints, which are
CFRP, adhesive and steel. The second investigation is of the bond properties between
steel and CFRP under static and dynamic loadings. These simulations were carried out
using the commercially available non-linear FEA software ABAQUS 6.13.

5.2 FINITE ELEMENT MODELLING
The numerical simulation can be modelled as two-dimensional or three-dimensional

modelling, depending on the project or specimen size. 2-D and 3-D modelling each
have advantages and disadvantages. 2-D modellng does not require a powerful

computer while modelling and running the analysis, and it is simple as the geometry is
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drawn in X and Y directions only. The disadvantage of using 2-D modelling is that the
results obtained are not very accurate compared to those produced by 3-D modelling. 3-
D modelling provides precise results and modes of failure but with some difficulties in
modelling, related to the properties of the computer used and the time required. A
powerful computer was provided for this research to build the double strap jomnts using
the appropriate software. In this research, 3-D modellng was used to simulate the quasi-
static and dynamic loadings with different loading rates. The small-scale size of the
specimens and the existence of a powerful computer were good reasons to simulate the
experimental tests using 3-D finte element modelling. Moreover, the choice of 3-D
modelling in this research was necessary to enable good comparisons between the actual
test results and the FE analysis by obtaining accurate results in terms of failure modes,
strain distrbution, ultimate bond strength and effective bond length. ABAQUS 6.13
software was used to numerically investigate the effect of high load rates on the bond
characteristics between CFRP laminates and steel plates in double strap joints.
ABAQUS/mplicit and ABAQUS/explict were wused to simulate quasi-static and
dynamic loadings respectively. ABAQUS/implicit offers an extensive elements library
and can be used for general analysis (linear and non-linear analysis). It has a very good
capabilityl tof contact thel composite] material’s’ layers] ABAQUS/mmplicit’ uses af stiffhess-
based solution technique that is unconditionally stable; moreover, it needs a large disk
space due to the large number of iterations. ABAQUS/explicit applies both linear and
non-linear analysis procedures, and offers large numbers and types of elements that are
suited to explicit analysis. ABAQUS/explicit can solve the most complex contacts; it
has two algorithms for modellng contacts: general and contact pairs. General contact
allows contact between a number of regions to a single interface, while the contact pairs
algorithm provides contact between two surfaces. ABAQUS/explicit uses an explicit
mtegration solution technique which is conditionally stable, and much smaller disk
space is required when using ABAQUS/explicit compared to ABAQUS/implicit. The
most important difference between the two products is that ABAQUS/mplicit is more
efficient for analysing smooth non-linear problems, whereas ABAQUS/explicit is the
best choice for solving problems with a wave propagation analysis. All the above
mnformation about ABAQUS/mplicit and ABAQUS/explicit is from the ABAQUS
manual (ABAQUS, 2013).
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5.2.1 FE mesh and geometry
Finite element analysis requires the use of a sufficient mesh size in modelling structures

to ensure accurate results for quasi-static and dynamic modelling, as a coarse mesh
causes inaccurate results (ABAQUS, 2013). The finer mesh density gives more accurate
analysis, but further mesh refinement might cause a negligible change in the solution. In
this case the mesh is said to converge. For the current research, two models were
simulated, one with coarse mesh and the other one with fine mesh, both models were
typical in geometry and material properties, and similar bond behaviour was obtained.

Therefore a mesh size of 0.5 mm was selected for both CFRP and adhesive layers.

Due to the symmetry of specimen geometry in X, Y and Z directions, and to take
advantage of the positive features of FEA, only one eighth of the full-scale specimen
was modelled. Symmetric boundary conditions were applied to all nodes in other
Cartesian planes (YZ, XZ and XY). The full-scale specimens were two steel plates each
200mm long, 40mm wide and 10mm thick, with different CFRP lengths starting from
30 to 130, different CFRP widths (10 and 20mm), and CFRP thicknesses of 1.2 and 1.4
mm. The thickness of the adhesive was 0.5mm for all specimens, and was measured

before the experiments using the following calculation:

T =t + 2t¢ + 2t, Equation 5.1

where,

Ti: Total specimen thickness.
tst: Thickness of steel plate.
tr: Thickness of CFRP.

t,: Adhesive thickness.

In adhesively-bonded composite jonts, the loads transfer from the mner substance
(steel) to the outer substance (CFRP laminate) through the adhesive layer. For this
reason, the adhesive layer had a finer mesh than that in steel. Figure 5.1 shows the
simulation of one eighth of a full-scale specimen for bond length of 100mm of CFRP
laminate. The figure also shows the symmetry boundary conditions applied along the
YZ, XZ and XY Cartesian planes of the specimen.
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Figure [5.1: 3-D model of full-size CFRP-steel double strap joint.

Figure 5.2 shows the jont components (steel, adhesive and CFRP). The mesh size of the
CFRP was selected as the same as the mesh size of the adhesive, to ensure accurate
results were obtained, especially at areas near the joint and to enable good

understanding of the strain distribution at small intervals along the bond length.
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Figure [5.2: CFRP-steel double strap jont showing the three layers (steel, adhesive and
CFRP)
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5.2.2 Details of modelling double strap joints under quasi-static loading
A total of 44 CFRP-steel double strap joints were modelled in this research using

Abaqus/mplicit, to numerically mnvestigate the effect of CFRP properties on the bond
characteristics between CFRP laminate and steel plates in double strap joints. The
simulation was conducted with four groups of modelling, depending on the
experimental tests described in Chapter Three. The first group of simulations modelled
CFRP-steel double strap jomts with low modulus CFRP and 20mm CFRP width, the
second group modelled double strap joints with normal modulus CFRP and 20 mm
CFRP width, the third group modelled double strap joints with low modulus CFRP and
10mm CFRP width, and the last group modelled CFRP-steel double strap joint
specimens with ultra-high modulus CFRP and 20mm CFRP width. 11 models for each
group were simulated with different bond lengths starting from 30mm to 130mm. Three
different materials were defined in the simulations, which were the three layers forming
the CFRP-steel double strap jomts. These materials were steel, adhesive and CFRP
laminate. The geometry of each material was defined in accordance with the symmetry
boundary conditions along X, Y and Z Cartesian, and the three parts (steel, adhesive and
CFRP) were first defined in terms of their dimensions and then material properties were
defined and assigned to the related parts. After defining all these material and section
properties, the CFRP-steel double strap joints were assembled. Then, contact between
thel layersT surfaces wag applied’ tof transferf load fron7 the outerf substancel tof thel innerf
substance. The adhesive layer was tied with steel on one side and with CFRP on the
other side. This tie constraint prevents parts from sliding out and ensures the load
transfers from one part to another (ABAQUS, 2013). By default, ABAQUS/mplicit
uses the master-slave contact algorithm, which means the nodes on the slave surface
should not be penetrated by the other surface (the master). To prevent this happening,
restrictions should be placed on the master surface. For this reason, master-slave
surfaces were carefully chosen by following the rule recommended in the ABAQUS
2013 manual that the slave surface has finer meshing than the master surface. To match
the experiments, displacement was applied as a boundary condition at one end of the

steel plate.

5.2.3 Details of modelling double strap joints under dynamic loading
A total of 72 CFRP-steel double strap joint models were simulated using

ABAQUS/explicit, in order to numerically investigate the effect of high loading rates on
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the bond between CFRP laminate and steel under impact tension load. Three groups of
joints were simulated, each group having a different type of CFRP in the double strap
joints, and each group was simulated under three different load rates. Table 5.1 shows
the details of the total number of joints for each group.

Table 5.1: Summary of total number of CFRP-steel double strap jomt models

CFRP Modulus low CFRP normal CFRP UHM CFRP
201 | 258 | 300 | 201 | 258 | 300 | 201 | 258 | 300

Load rate
X X X X X X X X X

(mm/min)
102 | 10% | 103 | 103 | 103 | 103 | 103 | 103 | 10°
No. of models 8 8 8 8 8 8 8 8 8

Total no. of

24 24 24
models

Eight models were built up for each load rate, different bond lengths were used for each
set of models, and the bond length was varied from 30mm to 130mm to enable full
understanding of the numerical behaviour of CFRP-steel double strap joints under
different loading rates.

The results were then compared to those from the experimental tests at the same three
loading rates (201x103, 258x10%® and 300x10%® mm/min). The dynamic modelling
showed the addition of a steel block, this block represents the actual grips which are
fixed to the movable part of the impact rig. These grips were fixed on the movable part
of the impact rig. This steel block was used to apply impact loading with different
loading rates on the specimens. To restrict the movement of the steel block to be in one
direction, another tie constraint was added between the steel block and steel surface of
the double strap joint to avoid sliding steel block, and to transfer the applied velocity
from the steel block to the CFRP-steel double strap joint. The same symmetry boundary
conditions were applied along X, Y and Z Cartesian, as shown in Figure 5.3.
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Applied velocity — P Symmetry BCs along X-Z plane
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Symmetry BCs along X-Y plane —
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“—Adhesive

Impactor =

Figure (5.3: Full model of CFRP-steel double strap joint under dynamic loading with the
boundary conditions.

5.3 ELEMENT SELECTION
The FE software ABAQUS has different types of elements defined in its elements

library CFRP-steel double strap joints are composite materials containing three different
layers (steel, adhesive and CFRP laminate), and these three materials were modelled
with three different elements. An 8-node linear brick, reduced mtegration, hourglass
control C3D8R element was used to model the steel plate, an 8-node 3-D cohesive
element COH3D8 was used to model the adhesive layer, while the CFRP laminate was
modelled using an 8-node quadrilateral in-plane general-purpose contiuum shell,
reduced integration with hourglass control, finite membrane strains element (SC8R).
ABAQUS can’ simulate] more accuratelyl a model’s through-thickness response using the
continuum shell elements. Continuum shell elements allow a fully 3-D model which is
more attractive than the brick elements in terms of computations because they have the
ability to capture shear stress through thickness without using one element per layer
(Falzon et al, 1999). The continuum shell elements are based on shell theory and have
the same appearance as 3-D contimuum solids, but have similar kinematic and

constitutive behaviour to conventional shell elements.

5.4 COMPOSITE FAILURE AND DEGRADATION MODEL OF CFRP
LAMINATE
Damage to composite materials used in strengthening structures must be investigated in

FE analysis, as the failure m CFRP-steel adhesively-bonded joints usually occurs within
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the composite material, either n the CFRP or in the bonding material (adhesive).
Cohesive failure, adhesive debonding and FRP delamination are the three common
failure modes that might occur in CFRP-steel joints. ABAQUS software provides a
range of failure models for different types of materials in its built-in library. ABAQUS
can predict the onset and propagation of failure for elastic-brittle materials with
anisotropic behaviour. One of the required properties to use this model is that the
material has linear-elastic response; CFRP has this response, as mentioned in Chapter
Three. Since damage in CFRP is initiated without significant plasticity deformation,
plasticity can be ignored when modelling this material.

ABAQUS assumes the fibres in fibre-reinforced polymers to be parallel to one
direction, as shown in Figure 5.4.

—

Figure 5.4: Fibres in fibre-reinforced unidirectional lamina as assumed in ABAQUS
2013

The mvestigation of the failure initiation and propagation was achieved by using the
damage model” which’ employs Hashin’s| failure criteria’ (Hashi and’ Rotem, 1973 ) andf
depending on the continuum failure mechanism which is based on (Hashin and Rotem,
1973; Matzenmiller et al., 1995; Camanho and Davila, 2002) . In ABAQUS 6.13 four
failure modes are defined for fibre-reinforced materials as follows:

* Fibre ruptures in tension,

* Fibre buckling and kinking in compression,
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* Matrix cracking under transverse tension and shearing,
* Matrix crushing under transverse compression and shearing.

5.4.1 CFRP damage initiation
Damagel mitiation” means thef start” of degradation i’ a’ material] Hashin’s theoryf (Hashi!

and’ Rotem] 1973) i¥ used’ i ABAQUS’S damagef mitiation| criteria forf fibrel” reinforced’
composites, and this theory is utilised i both ABAQUS/explicit and
ABAQUS/mplicit. Four damage mitiation mechanisms are to be satisfied in these
damage criteria: fibre tension, fibre compression, matrix tension and matrix

compression. The formulas for these damage modes are as follows (ABAQUS, 2013):
Fibre rupture i tension (6,; = 0)

Ff= (%) z4 oc(fs%) 2 Equation 5.2
Fibre compression (6;; < 0)

Ff= (c;lcl z Equation 5.3
Matrix tension (6,, = 0)

(622) 2 (le) 2 Equation 5.4
Matrix compression (G,, < 0)

(;SZ%) 2+ (ZST) 2 '1] 622 ( 2y 2 Equation 5.5
where,
XT: Longitudinal tensile strength of fibre,
XC: Longitudinal compression strength of fibre,
YT: Transverse tensile strength of fibre,
Y €: Transverse compression strength of fibre,

SL: Longitudinal shear strength of fibre,

ST: Transverse shear strength of fibre,
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AT 1S a coeflicient that determines the contribution of the shear stress to the fibre tensile

initiation criterion,

G141, G5, and £,;: the components of the effective stress tensor, & which is used to

calculate the mitiation criteria, & can be calculated from:

0=Mo Equation 5.6

where, o is the true stress, and M is the damage operator:

#5 o]

M=| 0 a0 0 | Equation 5.7
Lo o =

where,

dy: The internal variable that characterizes the fibre

d,,: The internal variable that characterizes the matrix

d,: The nternal variable that characterizes shear damage

These three variables can be derived from the damage variables djf, d]§ ,d and dS,

Corresponding to the four model equations (fibre rupture in tension (6,; = 0), fibre
compression (6,; < 0), matrix tension (&,, =0), matrix compression (J,, < 0))

discussed previously, they are as follows:

t ifFa >
d = dc’ fffﬂ z0 Equation 5.8
£, ifo;; <0
_(dt, ifG,, =0 .
d, = {dfn' if5,, <0 Equation 5.9
ds=1-(1-d}) (1-df) (1-df,)) (1-d5) Equation 5.10

Before any damage initiation and evolution, the damage operator M is equal to the
defined matrix, so &=o0 (ABAQUS, 2013). The damage operator becomes more

complex once damage mitiation and propagation occur. Each damage nitiation mode
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(fibre tension, fibre compression, matrix tension and matrix compression) has an
associated output variable. The damage mitiation criteria must be used with the
contmuum shell element used to model the CFRP lammnate to be able to show the
accurate failure mode from the model. ABAQUS/explicit and ABAQUS/implicit have
some additional output variables related to damage mitiation at a material spot in the

fibre reinforced composite damage model. These variables are as follows:
DMICRT: All damage iitiation criteria components,

HSNFTCRT: The ultimate estimation of the tensile inttiation standard which occurred

during the analysis of the fibre

HSNFCCRT: The ultimate estimation of the compressive initiation standard which

occurred during the analysis of the fibre

HSNMTCRT: The ultimate estimation of the tensile mitiation standard which occurred

during the analysis of the matrix

HSNMCCRT: The ultimate estimation of the compressive initiation standard which

occurred during the analysis of the matrix.

The above parameters mdicate whether an initiation criterion in a failure mode is
adequate or not. For the above variables, a value of less than 1.0 means that the criterion
is not satisfied, and a value of 1.0 or higher indicates that the damage criterion is

satisfied.

5.4.2 CFRP damage evolution
One of the advantages of using ABAQUS software is that it models the damage

evolution which occurs after CFRP damage mitiation, the damage nitiation models the
damage sunset in fibre reinforced composites, while the damage evolution models the
failure propagation along the elements. The damage evolution n ABAQUS assumes
that failure is described by the propagation of the material stiffhess degradation,
followed by material failure. It requires lnearly elastic behaviour for the undamaged
material. The damage evolution model also considers the four different failure modes
(fibre tension, fibre compression, matrix tension and matrix compression) and uses the
four damage variables to describe the damage for each failure mode. In addition, Hashin
and Rotem, (1973) damage mitiation must be combined with the damage evolution
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model. This failure model is based on energy dissipation during the analysis of the
damage model. After failure occurs, the damage initiation model can show what
happened during the failure, including the removal of elements from the mesh. Before
the failure sunset, the material response is considered to be linearly elastic with the
stiffness matrix of a plane stress orthotropic material. The response of the material can

be calculated from:

0=Cq &, Equation 5.11

where,[ i § thef material stramf’ and’ C,; is the damage elasticity matrix which equals:

1 (1-dp)Ey (1 —dp)(1 —dm)va Eq 0
Cq=— |1 —dp)(1 — dm)vs2 E; (1 —dm)E; 0 Equation 5.12
b 0 0 (1-dy) GD

where,

D=1-(-dp)1 -dp)vipvy

d;: The current state of fibre damage,

d,,: The current state of matrix damage,

d,: The current state of shear damage,

E;: Modulus of elasticity in the fibre direction for CFRP laminate,
E,: Modulus of elasticity in the matrix direction for CFRP laminate,
G: The shear modulus for the CFRP laminate,

v,,and v,, {aref Poisson’s ratios, and

G,, and G,,: the components of effective stress tensor

To reduce mesh dependency during material softening, ABAQUS adds a characteristic
length L into the formula, and uses the constitutive law as a stress-displacement
relation. The failure mode variable will behave like the stress-displacement relationship
after damage mitiation occurs. Figure 5.5 shows the stress-displacement curve, and the
positive part represents the linearly elastic behaviour of the material before cracking

mitiation.
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equivalent
stress

a 0 8 f equivalent displacement
oq aq

Figure 5.5: Linearly elastic evolution (ABAQUS, 2013)

The negative part in the curve above reflects the behaviour after damage nitiation. After
damage iitiation (when 6,, = 52q), the failure variable of a specific mode is given by

the following equation:

— qu(Seq_qu)

uation 5.13
Seq(qu_qu) Eq

where,

é 2q: The itial equivalent displacement at which the initiation criterion for that mode is

achieved,

) gq: The displacement at which the material is completely damaged i this failure

mode.

The characteristic length L¢ is totally based on the element geometry and formulation,
and is measured as the length of the line across an element for a first order element and

it is half of the same typical length for a second order element.

Figure 5.6 shows the damage variable as a function of equivalent displacement.
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damage
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Figure [5.6: Damage parameter as a function of equivalent displacement (ABAQUS,
2013)

Equivalent displacement and stress for each of the failure modes mentioned above are

defined as:

Fibre rupture i tension (6,; = 0)

6Lq =L {e11)? + (e o2, Equation 5.14

6ft _{oy1)(e10) +Tx 58
eq

S £q/LC Equation 5.15

Fibre compression (6;; < 0)

818 =L (—eyy) Equation 5.16

55; _{zony M=)

51 Equation 5.17

Matrix tension (G,, = 0)

Soab = LE \J(ex)* + €%, Equation 5.18

mt {02 Mezn) + T1p815
mt;C
eq Seq /L

Equation 5.19

Matrix compression (G,, < 0)
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6gclzc —IC /(_322>2 + €2, Equation 5.20

(=05, =€, )+ T15€ .

mc _— 22 22 12€12

Oeq — 5TIC /1€ Equation 5.21
where,

L¢: is the characteristic length which is based on the element geometry and formulation.

( ): This symbol represents the Macaulay bracket operator.

5.5 ADHESIVE FAILURE AND DEGRADATION MODEL
The adhesive layer is the most important layer im CFRP-steel double strap joints, as it

transfers loads from steel to CFRP under different types of loadings. Choosing an
appropriate element to model the adhesive layer is very important and the key to
obtaining accurate results. ABAQUS offers a special typical element known as a
cohesive element. A cohesive element is suitable for modelling adhesive, bonded
mterfaces, gaskets and rock fractures (ABAQUS, 2013). The mechanical behaviour of
these elements depends on the application and assumptions about the deformation and
stress states that are related to each application. This classification is based on a
continuum description of the material, a traction-separation description of the mterface
or a uniaxial stress state appropriate for modelling gaskets and/or laterally
unconstrained adhesive patches. ABAQUS defines adhesive joints as those where two

materials are connected together by a glue, as shown in Figure 5.7.

patches of adhesive

Figure [5.7: Definition scheme of the adhesive joint in ABAQUS (ABAQUS, 2013).
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Using the cohesive element with a continuum-based model should correspond to finite
adhesive thickness, which is the same property as that measured in the experimental

program.

Damage initiation and evolution for the cohesive zone can be modelled by utilising
cohesive elements. In the definition of this type of element it is restricted to modelling
one layer of an element through its thickness; otherwise the results might be unreliable.
The cohesive element models the itial loading, damage onset, and damage evolution

leading to final failure.

Three different methods can be wused to simulate the cohesive element: traction-
separation-based modelling, continuum-based modellng, and gaskets or laterally
unconstrained adhesive patches. The traction-separation response is primarily specified
for bonded nterfaces where the cohesive layer is very thin, and the thickness of the
adhesive layer is generally smaller than that of the other materials that form adhesively-
bonded jomts. As these properties match CFRP-steel double strap joints well, traction-
separation-based modelling was used to model the adhesive layer in the current project.
Generally, cohesive elements are utilized to model the adhesive layer in CFRP-steel
double strap jomts by using the traction-separation function as a constitutive response of

a cohesive element. The traction-separation law:

e Can be used model delamination at the cohesive layer,

e Alows definition of the other properties of the material such as fracture energy
as a function of the ratio of normal to shear deformation at the mterface,

e Assumes alinear elastic response prior to damage, as shown in Figure 5.8

e Alows multiple failure modes.
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traction A

ttt) — — —

o

5.(8:,8,) 5n(55,81) separation

Figure [5.8: Typical traction-separation curve (ABAQUS, 2013).
According to the figure above, the cohesive behaviour is linearly elastic at the first part
of the curve and when damage occurs, the elastic behaviour is described in terms of an
elastic constitutive matrix that relates the nominal stresses to the nominal strains
through the mterface. The nominal stresses are defined as the force components divided
by the area at each related pont, while the nominal strains are defined as the separation
divided by the thickness at each related point. The nominal traction stress vector (t)
consists of three components, of whicht,, t; are n 2-D problems, and t; is n 3-D
problems. These three components correspond to separations 6,, &, and &,

respectively. The nominal strains are defined as

81’1 .
== uation 5.
€n - Equation 5.22
(0]
85 .
& = T Equation 5.23
o
St .
& = — Equation 5.24
TO

where, T, is the original thickness of the cohesive element.
The elastic behaviour can be written as:

tn knn kns knt ES
t=4tst=1Kns Kss Ko |{€np=ke Equation 5.25
te knt kst ktt &
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This elasticity matrix provides fully coupled behaviour among all components of the

traction and separation vectors.

5.5.1 Adhesive damage initiation
The damage mitiation and progression at the cohesive layer can be modelled with

cohesive elements using both ABAQUS/implicit and ABAQUS/explicit. The process of
failure starts when stresses or strains satisfy certain damage mitiation criteria. ABAQUS

has different damage mitiation criteria under traction separation law. These are:

e Maximum nominal stress criterion
Initiation in damage starts when the ultimate nominal stress ratio meets a value

of one. It can be expressed as:

(ty) ts tt}
Max{t;1 £ tizl

Equation 5.26
where, t,, t, t, are the stresses in the adhesive layer in three directions
(normal, first and second shear direction respectively).

t,,t,, t, are the maximum values of stresses of the adhesive layer in three
directions (normal, first and second shear direction, respectively).

e Maximum nominal strain criterion
Initiation in damage starts when the ultimate nominal strain ratio meets a value

of one. It can be expressed as:

(en) & &t
Max o o (=1
€n &5 &t

Equation 5.27
&, &, & are the values of strains i the adhesive layer in three directions
(normal, first and second shear direction respectively).

&, €., & are the maximum values of nominal strain in the adhesive layer in
three directions (normal, first and second shear direction respectively).

e Quadratic stress criterion
Initiation in damage starts when a quadratic interaction function involving the

nominal stress ratios meets a value of one. It can be expressed as:
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(" {7 () Bausion 5.3

th

e (Quadratic strain criterion
Initiation in damage starts when a quadratic interaction function involving the nominal

strain ratios meets a value of one. It can be expressed as:

2 2 2
{(S?>} + {?} + {s—ot} =1 Equation 5.29
S

€n €t

5.5.2 Adhesive damage evolution
Damage evolution occurs after the damage iitiation of the adhesive layer, and the

cohesive material stiffhess starts to decrease according to the damage evolution law,
which describes the rate at which the material stiffhess is degraded when the
corresponding damage initiation criterion is met. The degradation i the adhesive
material can be calculated by the scalar damage parameter (D), which reflects the
overall failure in the adhesive layer and calculates the mixed failure effect. (D) has a
range from 0 which means undamaged material to 1 which means fully damaged
material. The stress components of the traction-separation model are affected by

damage, according to the folowing equation:

1-D)t,, t, =0 .
t, = {( G, o Equation 5.30

t,, otherwise, (no damage to compressive stiffness)

Otherwise, no damage to compressive stiffness occurs.

ty=(1-D) T, Equation 5.31
t=(1-D)E, Equation 5.32
where,

t,, &, and F.are the stress components calculated by the elastic traction-separation

behaviour for the current strans without damage.
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The mode mix of the deformation fields in the cohesive zone quantifies the relative
properties of normal and shear deformation. ABAQUS has two measures of modes, the
first based on the energies and the second based on tractions. Because the damage
progression is dependent on the energy that dissipates due to the damage process, the
energies method has been selected in this study, and the fracture energy is defined in the
material properties with either linear or exponential softening behaviour. The mix-mode

definitions based on energies are as follows:

m, =g Equation 5.33
J— GS .

m, = o Equation 5.34

m; = GG—T‘ Equation 5.35

Where:

G,, G, G, are the work done by the tractions and therr conjugate relative displacements

in the normal, first and second shear directions respectively.
Gy:1s the sum of G, G, and G,

The power law fracture criterion is used to define the dependence of the fracture energy

on the mix-mode.

Failure in the mix-mode conditions is generated by a power law interaction of those
energies which cause failure in each mode separately. This definition is known as the

power law criterion, which is given by:

6% (6% (6"
{_2} + {_é} + {—0} =1 Equation 5.36
Gr Gs €t

The mixed-mode fracture energy G¢= G,+G.+G,, where GE,GE and G are the critical
fracture energies required to cause failure in the normal, the first and the second shear

directions, respectively.

5.6 INVESTIGATION OF THE MATERIAL PROPERTIES BY FINITE
ELEMENT ANALYSIS
As shown in Chapter Three, all materials (steel, CFRP and adhesive) that formed the

double strap joints were experimentally investigated in order to determine their static
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and dynamic mechanical properties (ultimate stress, ultimate strain and elastic
modulus). Prior to numerical verification of the different types of double strap jomts, it
was decided to verify the material properties under both static and dynamic load rates.
ABAQUS/implicit was used to investigate the mechanical properties under quasi-static
loading, while ABAQUS/explicit was used to determine’ thel materialsT mechanical
properties under dynamic loading. The aim of this analysis was to ensure that all
materials used to form the double strap joints were modelled correctly using finite

element analysis.

5.6.1 Numerical properties of CFRP laminate
Since different CFRP laminates were used in this research to build the double strap

joints, the mechanical properties of low, normal and ultra-high modulus CFRP were
experimentally investigated in this research. In this chapter, the mechanical properties
of different CFRP moduli are numerically investigated under quasi-static and dynamic
loading. The same quasi-static and dynamic loading rates as those used i the
experimental program were used in FE modellng. The loading rates were 2 mm/min for
quasi-static loading, and 201x10°, 258x10° and 300x10° mmymin for dynamic loading.
A total of 16 models were simulated in order to investigate the mechanical properties of
all types of CFRPs (low, normal and ultra-high modulus) under the existing four
loading rates. As mentioned earlier, the CFRP composite material was modelled using
an 8-node quadrilateral in-plane general-purpose continuum shell, reduced integration
with hourglass control, finite membrane strains element (SC8R). Only one quarter of
the specimen was simulated due to the symmetry in material and geometry, and
symmetry boundary conditions were applied in X and Y directions, as shown in Figures
5.9 and 5.10.
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Symmetry boundary conditions along y-axis

Symmetry boundary conditions along x-axis —_

applied displacement

Figure [5.9: CFRP model with symmetry boundary conditions for quasi-static loading.

_~—— Symmetry boundary conditions along y-axis

»

|
Symmetry boundary conditions along x-axis ———

—— Applied displacement

Figure [5.10: CFRP model with symmetry boundary conditions for dynamic loading.

In relation to the mechanical properties of the different CFRP laminates, the stress-
strain curves are plotted in Figures 5.11 and 5.12; the figures shows comparisons of the

results from the experimental tests and the numerical models.

163



CHAPTER FIVE

3500

3000
= 2500
E = = = Low-Exp
o’
% 2000 ===« Norma-Exp
Z 1500 === UHM-Exp
£ Low-FE
é 1 = Normal-FE

500 = [JHM-FE

0
0 0.005 0.01 0.015 0.02

Strain

Figure 5.11: Comparison of the numerical and experimental stress-strain curves for the

three different CFRPs
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Figure [5.12: Comparison of the numerical and experimental stress-strain curves for the

three different CFRPs under dynamic loading

Figure 6.13 shows the numerical failure criteria for the CFRP laminate under static and
dynamic loadings. The same failure mode was observed for all types of CFRP

laminates.
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Figure [5.13: Numerical failure mode of CFRP lammates

5.6.2 Numerical properties of Araldite 420 epoxy
The Araldite 420 adhesive was also modelled using FEA, and both ABAQUS/mplicit

and ABAQUS\explicit were used for quasi-static and dynamic loadings respectively. As
mentioned earlier, the adhesive was modelled using an 8-node 3-D cohesive element
COH3D8. As the CFRP-steel double strap joints were subjected to quasi-static and
dynamic tension loads, the adhesive layer was maily subjected to shear force.
Therefore, the CFRP-steel double strap joints mamly resisted the applied tension force
through the adhesive. Four models were built up n ABAQUS in order to numerically
mvestigate the shear strength of the adhesive, and the results from the numerical
simulation were compared with the experimental results claimed by Al-Zubaidy (2012)
. Good agreement between the numerical simulation and the experimental results was
shown for all loading rates (2 mnymin for quasi-static loading, and 201x10°, 258x10°
and 300%x10° mm/min for dynamic loading). Figure 5.14 shows the numerical model of
a steel single lap joint, which was developed to determine the numerical properties of

the adhesive.
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Symmetry BCs along Y-axis —

Fixed end —, -~ Steel plates

Applied displacement —

Adhesive layer _/

Figure [5.14: Steel single-lap modelling showing the boundary conditions.

The numerical shear strength results from the single-lap steel jonts were compared with
the actual adhesive properties claimed by Al-Zubaidy (2012). Figure 5.15 shows good

agreement between the current numerical simulation results and the experimental tests.
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Figure 5.15: Comparison of the numerical adhesive shear strength results with the
experimental results obtained by (Al-Zubaidy, 2012) (Re-Plotted)

5.6.3 Numerical properties of steel plate
The steel plates used in the CFRP-steel double strap jomnts were 200 mm long, 40mm

wide and 16mm thick for dynamic or 10mm thick for static testing. The elastic and
plastic stress and strain data were investigated experimentally (see Chapters Three and
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Four) in order to obtain the actual mechanical properties, and the measured mechanical
properties were used in FE modelling. One half of the steel coupon was simulated (see
Figure 5.16) using an 8-node linear brick, reduced integration, hour glass control
C3D8R element. Four steel coupon models were simulated in ABAQUS/implicit and
ABAQUS/explicit to investigate the mechanical properties under quasi-static and three
impact loadings respectively. The results of the numerical analysis were compared and
plotted with those from the experimental data (see Figure 5.17). The results show
excellent agreement between analytical and experimental results in term of the stress-
strain curves, indicating that FE models for quasi-static and dynamic loading effectively
represent the materials that formed the double strap joints.

Fixed end —,

Symmetry BCs along Y-axis —

|

|

| Applied displacement —
|

\

Figure 5.16: 3-D modelling of steel plate coupon.
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Figure 5.17: Comparison of the stress-strain curves for analytical and experimental

results under four different loading rates

5.7 NUMERICAL INVESTIGATION OF CFRP-BONDED STEEL
PLATES UNDER QUASI-STATIC LOADING.
To prove the efficiency of FE modelling of CFRP-steel double strap joints using

ABAQUS/mplicit, a total of 44 models were buit n ABAQUS m order to numerically
investigate the effect of CFRP modulus and CFRP section on the bond characteristics
between CFRP and steel in double strap joint specimens. These models had the same
geometry as the actual specimens, as explained in Chapter Three. These 44 models
mncluded 11 models of jonts with low modulus CFRP and 20 mm CFRP width, 11
models of joints with low modulus CFRP and 10 mm CFRP width, 11 models of joints
with normal modulus CFRP and 20 mm CFRP width, and finally 11 models of joints
with ultra-high modulus CFRP and 20 mm CFRP width. Different bond lengths were
used, from 30mm to 130mm. The results obtained from these models were ultimate
joint strength, strain distribution along the bond, failure patterns and effective bond
length. All the results were compared with the corresponding results obtained from the

experimental investigation.
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5.7.1: Comparison of ultimate bond strength based on numerical analysis and
experimental results
As mentioned above, four different series were simulated using ABAQUS/mplicit to

model the CFRP-steel double strap joints under quasi-static loading. The ultimate joint
capacities for both the experimental tests and the analytical models of CFRP-steel
double-strap joints are summarised in Tables 5.2-5.5.The same parameters as those used
in the experimental tests were used in the FE analysis with quasi-static loading (2
mm/min) and various bond lengths from 30mm to 130mm were used for all series. As
shown i Table 5.3, the experimental results for specimens with low modulus CFRP and
10mm CFRP section, show inconsistency in the maximum joint strength for each bond
length. However, for the FE models, a constant increase in the bond strength is shown.
This difference in results can be attributed to the fact that the small bond is sensitive to
any movement of the composite material, whereas this sensitivity is not considered in

FE analysis.

Table 5.2: Comparison of experimental test and FEA for specimens with low modulus

CFRP and 20mm wide CFRP

Maximum load
Splzgz?en Ll | I2 | L2-LI sapacty 40 %
Py | Ave Ppy EX
$3-30 30 | 100 70 30.1 41.0 0.73
$3-40 40 | 100 60 40.1 50.7 0.79
$3-50 50 | 100 50 51.2 60.0 0.85
$3-60 60 | 100 40 59.2 69.1 0.85
S3-70 70 110 40 68.4 76.5 0.89
$3-80 80 | 120 40 79.2 86.8 0.91
$3-90 90 | 130 40 88.1 93.6 0.85
$3-100 100 | 140 40 94 100.3 0.93
$3-110 110 | 150 40 1004 | 108.0 0.9
$3-120 | 120 | 160 40 1008 | 108.7 0.92
$3-130 130 | 170 40 101. 109.1 0.92

169



CHAPTER FIVE

Table 5.3: Comparison of experimental tests and FEA for specimens with low modulus
CFRP and 10mm wide CFRP

Spec. Ls- Maximum load capacity (kKN) (Pgy)

mel | MY L T o TS (s (s [Aw]
S2-30 | 30 | 100 | 70 | 156 | 19 | 152 | 14 | 132 | 161 | 1552 15.4
S2-40 | 40 | 100 | 60 | 235 | 212 18 [ 204 | 20.8 | 187 | 2043 20.7
S2-50 | 50 | 100 | 50 | 278 | 242 | 231 | 249 | 28 | 262 | 25.70 26.3
S2-60 | 60 | 100 [ 40 | 293 27 264 | 31 | 241 | 28 | 2763 32.1
S2-70 | 70 | 110 | 40 | 409 | 256 | 284 |332 | 30.1 | 375 | 32.62 34
S2-80 | 80 | 120 | 40 34 | 338 | 30 [267 | 311 27 | 3043 39.1
S2-90 | 90 | 130 | 40 24 | 245 | 407 | 317 | 358 | 299 | 3110 42.4
S2-100 | 100 | 140 | 40 | 349 | 36 | 304 |358 | 382 | 256 | 3348 42.8
S2-110 | 110 | 150 | 40 | 303 | 333 35 |376 | 395 | 34 | 3495 51.2
S2-120 [ 120 | 160 | 40 | 29.7 | 315 26 | 303 | 348 | 395 | 31.97 51.6
S2-130 | 130 | 170 | 40 | 353 | 374 | 397 [321 | 285 | 372 | 3503 51.7
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Table 5.4: Comparison of experimental test results and FEA results for specimens with

normal modulus CFRP and 20mm wide CFRP

Maximum load
Splc;%il(;rllen L L | L-L capacity (kN) %
Ppr | Ave Pgy EX
NS-30 30 100 70 30.8 41.9 0.73
NS-40 40 | 100 60 40.1 51.7 0.77
NS-50 50 100 50 50.4 60.7 0.83
NS-60 60 100 40 59.4 69.8 0.85
NS-70 70 | 110 40 67.2 75 0.89
NS-80 80 120 40 80 87.4 0.91
NS-90 90 | 130 40 89.2 94.2 0.94
NS-100 100 | 140 40 96.3 101.3 0.88
NS-110 110 | 150 40 101.6 108.3 0.93
NS-120 120 | 160 40 100.8 108.5 0.92
NS-130 130 | 170 40 101.2 109.2 0.92
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Table 5.5: Comparison of experimental test results and FEA results for specimens with

ultra-high modulus CFRP and 20mm wide CFRP

' Maximum load

Splii)lrerllen L L | L-L capacity (kN) %

Prg Ave Pgy EX
UHS-30 | 30 | 100 70 30.15 31.7 0.95
UHS-40 40 | 100 60 40.4 43.3 0.93
UHS-50 50 | 100 50 53.4 54.4 0.98
UHS-60 60 | 100 40 63.7 64.1 0.99
UHS-70 70 | 110 40 71.6 73.2 0.98
UHS-80 80 | 120 40 71.9 73.1 0.98
UHS-90 90 | 130 40 71.4 73. 0.98
UHS-100 | 100 | 140 40 72.6 73.2 0.99
UHS-110 | 110 | 150 40 72.4 73.4 1.67
UHS-120 | 120 | 160 40 72.1 73.3 0.98
UHS-130 | 130 | 170 40 72.3 73.2 0.99

The tables above show that the ratio of (Eﬂ) has an average starting value of 0.77 for
EX

the first two bond lengths, then it starts to increase and ranges between 0.85 to 0.94 for
the remaining bond lengths. This range of the ultimate joint capacity ratio is considered

to be acceptable.

5.7.2 Comparison of the effective bond length values based on numerical and
experimental results
The effective bond length of the CFRP-steel double-strap joints was experimentally

studied with different CFRPs, and also mvestigated numerically n this project. Figures
5.18-5.120 illustrate comparisons between the experimental investigation and numerical
modelling results for the three types of CFRP. It is obvious from both investigations that
changing from low to normal modulus CFRP has no effect on the effective bond length;
the effective bond length is 110mm, which is similar to the FEA results. However, a
significant impact on the effective bond length is shown for specimens with ultra-high
modulus CFRP. For both the numerical simulation and experimental results, the
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effective bond length for specimens with ultra-high modulus CFRP was found to be 70

mm (see Figure 5.20).
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[y
5]
=

[y
=
=

oo
=

a0

40

Joint capacity (kN)

20

Figure (5.19

low modulus CFRP

s t 2

&
L

4
He

# EXP

WFE

40

60 80 100 120 140
Bond length (mm)

: Joint capacity vs. bond length for specimens with 20 mm wide CFRP and

normal modulus CFRP

173



CHAPTER FIVE

[y
(%]
]

=
=
=

a0
"B EEREEERE

a0

40 |
[ # EX

Joint Capacity (kN)

20

BFE

0 20 40 60 80 100 120 140
Bond Length (mm)

Figure [5.20: Jomt capacity vs. bond length for specimens with 20mm wide CFRP and
ultra-high modulus CFRP

No comparison of joints with small CFRP size was made; it is difficult to obtain
experimentally the effective bond length for this type of joint, as the small size of CFRP
has negative effects on the results, which show some fluctuation in the maximum joint

capacity for the same bond length.

5.7.3 Comparison of numerical and experimental strain distribution along the
bond

Based on the strain distribution data along the bond for both the experimental tests and
the numerical simulations, and for all types of jomts (with low, normal and ultra-high
CFRP modulus), comparisons of strain distribution along the bond length for all joints
are made at different load levels as shown in Figures 5.21-5.23. The experimental data
were obtained using image correlation photogrammetry, which gives strain results at
any point along the bond, and the data were taken for each 10mm distance, starting from
the jomnt to the shorter end. In the FE simulation, the strain data were taken from

locations corresponding to the experimental data locations.
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Figure [5.21: Strain distribution for specimens with low modulus CFRP.
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Figure [5.22: Strain distribution for specimens with normal modulus CFRP.
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Figure [5.23: Strain distribution for specimens with ultra-high modulus CFRP.

From the figures above, it is obvious that FE models are able to simulate the strain
distribution along the bond length, and good agreement in strain results is shown for the
three types of joits under quasi-static loading with the loading rate of 2 mm/min. The
same trend along the bond was shown for both the numerical analysis and experimental

results.

5.7.4 Comparison of the numerical and experimental failure modes for CFRP-steel
double strap joints
Based on the experimental failure patterns, there were some differences in failure

mechanism i the four different series, as mentioned earlier in this chapter. For the
current test program, the failure modes were varied for the four series, and the
differences related to the CFRP properties used. For Series One, which had low
modulus CFRP and 20mm wide CFRP, the failure mode was found to be mixed
between steel-adhesive debonding and adhesive layer failure for bond lengths less than
the effective bond length. This failure is clearly detected m FE modelling, as shown in
Figure 5.24. An almost similar numerical failure mode was observed for specimens with
normal modulus CFRP. For series with low modulus CFRP and 10mm CFRP width, the
experimental failure mode was FRP delamination, while steel-adhesive debonding was
detected in the numerical simulation, as shown i Figure 5.25. Obtamning a different
failure mode from FE models for joints with low modulus CFRP and 10mm CFRP
width, is further proof that the results from experimental tests are unreliable. Due to the
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fact that the effect of small application errors could lead to some eccentricities in the
load transfer from the steel to lammates while the FE analysis assumes perfect
alignments, no reliable comparisons between the experimental and FE results is
possible.

For jomts with low modulus CFRP and 20mm width, the failure mode is different when
the bond length reaches close to the effective bond length and becomes completely
steel-adhesive debonding. The outcomes from FEA for the above three series are very
close to the experimental results, and de-bonding failure is very clear. However,
adhesive failure is not shown clearly, as adhesive failure occurs at a certain distance

from the jomt.

Figure [5.24: Steel-adhesive debonding of specimens with low and normal modulus
CFRP and 20mm CFRP width

Figure [5.25: Steel-adhesive debonding of specimens with low modulus CFRP and
10mm CFRP width
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For specimens with ultra-high modulus CFRP, the failure mode was completely
different from that of the previous joints (Series 1, 2 and 3). The failure mode for the
last series (ultra-high modulus CFRP-steel double strap joints) was shown to be FRP
delamination for specimens with bond lengths below the effective bond length, and FRP
rupture for specimens beyond the effective bond length. Exactly the same failure
patterns were observed from FEA,. Figures 5.26 and 5.27 show the failure modes of this

type of joint.

Figure [5.26: FRP delammation of specimens with ultra-high modulus CFRP and bond
lengths below the effective bond length

Figure 5.27: FRP rupture of specimens with ultra-high modulus CFRP and bond

lengths below the effective bond length
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5.8 NUMERICAL INVESTIGATION OF CFRP-BONDED STEEL

PLATES UNDER IMPACT LOADING.
A total of 72 CFRP-steel double strap jont models were numerically developed using

ABAQUS/explicit to investigate the effect of high loading rates on the bond
characteristics between steel and different CFRP laminates. The loading rates used in
this simulation were the same as those used in the experimental tests: 201x10°, 258x10°
and 300x10° mm/min. The 72 models included 24 models for each type of joint. Each
set of joints was modelled under the three loading rates summarised earlier in Table 5.1,
and each loading rate had 8 models of bond length ranging from 40 mm to 110mm. The
results obtained from these models were the ultimate jomnt strength, strain distribution
along the bond, failure patterns and effective bond length. All the results were compared

with the corresponding results obtained from the experimental nvestigation.

5.8.1: Comparison of the ultimate bond strength based on numerical analysis and
experimental results
All types of CFRP-steel double-strap joints were simulated in ABAQUS/explicit, in

order to numerically investigate the effect of high loading rates on the bond strength
between CFRP and steel. Tables 5.6 to 5.11 show comparisons of the ultimate joint
capacities based on the results of the numerical mnvestigation and experimental tests on
the CFRP-steel double strap jomts, with different CFRPs and different loading rates.
For models with ultra-high modulus CFRP, three loading rates were used in the
simulation, whereas only two loading rates were applied to specimens in the

experimental mvestigation.
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Table 5.6: Dynamic results for load rate of 201x10° mmymin

Specimen | Specimen L L Ave E.. e .
label for | label for F3 e Fypp | =22
= = (mm) | (mm) | F3gx F3ex | F, oy Figx
LS-40 NS-40 40 100 | 853 [ 933 | 1.09 | 89.7 | 94.5 | 1.05
LS-50 NS-50 50 100 | 100.3 | 105.4 | 1.05 | 101.7 | 106.3 | 1.07
LS-60 NS-60 60 100 [ 106.6 | 111.6 | 1.05 [ 108.4 | 112.3 | 1.04
LS-70 NS-70 70 110 (11391193 | 1.05 | 115.0 | 121.5 | 1.06
LS-80 NS-80 80 120 | 1203 [ 126.1 | 1.05 | 1229 | 128.3 | 1.04
LS-90 NS-90 90 130 | 131.1 (1349 | 1.03 | 130 | 135.1 | 1.04
LS-100 | NS-100 | 100 | 140 | 130.3 (1349 | 1.04 | 131.7 | 135.1 | 1.03
LS-110 | NS-110 | 110 | 150 |131.2 (1349 | 1.03 | 131 |135.1| 1.03

F3: The ultimate bond strength for low modulus

201x103 mm/min,

F4: The ultimate bond strength for normal modulus CFRP-steel joints under load rate of

201x103 mm/min

CFRP-steel joints under load rate of

Table 5.7: Dynamic results for load rate of 258x10° mnymin

Specimen | Specimen

L] L2 Ave F SFE Ave F6FE

label for | label for Fepp | o— FerE
(mm) | (mm) | Fgpy Fsex | Fyx Ferx

Fs Fe

LS-40 NS-40 40 100 | 102.6 | 107.1 | 1.04 | 105.4| 110.1 | 1.04
LS-50 NS-50 50 100 | 116.1 | 119.9 | 1.03 | 117.6 | 123.5 | 1.05
LS-60 NS-60 60 100 | 123.6 | 130.4 | 1.05 | 125.3 | 123.4 | 0.98
LS-70 NS-70 70 110 | 133.8 | 137.5| 1.03 | 131.6 | 138.6 | 1.05
LS-80 NS-80 80 120 | 139.5 | 1444 | 1.03 | 138.7| 146.3 | 1.05
LS-90 NS-90 90 130 | 146.3 | 149.8 | 1.02 | 145.7| 150.2 | 1.03
LS-100 | NS-100 100 | 140 | 146.9 | 149.8 | 1.02 | 146.6 | 150.3 | 1.02
LS-110 | NS-110 110 | 150 | 147.1 | 149.8 | 1.02 | 146.2 | 150.2 | 1.02

Fs: The ultimate bond strength for low modulus

258%10% mm/min,

Fs: The ultimate bond strength for normal modulus CFRP-steel jonts under load rate of

258%10% mm/min.
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Table 5.8: Dynamic results for load rate of 300x10° mm/min.

Specimen | Specimen
label for | label for
F7 Fg
LS-40 NS-40 40 100 | 103.6 | 109.4| 1.06 | 105.8 | 111.3 | 1.05

L; L, Ave Ave F

F F
(mm) | (mm) | F, .y 7FE Frex | Fggx 8FE | Fopx

l::7FE

LS-50 NS-50 50 100 | 119.3 | 122.1| 1.02 | 121.1 | 124.2 | 1.03

LS-60 NS-60 60 100 | 128.1 | 131.4| 1.03 | 129.9| 133.6 | 1.03

LS-70 NS-70 70 110 | 135.6 | 138.7 | 1.02 | 136.3 | 140.1 | 1.03

LS-80 NS-80 80 120 | 1413|1454 | 1.03 | 142 | 147.3| 1.04

LS-90 NS-90 90 130 | 146.9 | 151.2| 1.03 | 148.2 | 152.6 | 1.03

LS-100 | NS-100 | 100 | 140 | 146.4|150.9| 1.03 | 147.6 | 152.5| 1.03

LS-110 | NS-110 110 | 150 | 146.2 | 151.1| 1.03 | 148.1 | 152.5| 1.03

F;: The ultimate bond strength for low modulus CFRP-steel joints under load rate of
300%103 mm/min,

Fs: The ultimate bond strength for normal modulus CFRP-steel joints under load rate of
300x103 mm/min.

181



CHAPTER FIVE

Table 5.9: Dynamic results for UHM CFRP-steel double strap joints under load rate of

Fy: The ultimate bond strength for ultra-high modulus CFRP-steel joints under load rate

Table 5.10: Dynamic results for UHM CFRP-steel double strap jomts under load rate of

F1o: The ultimate bond strength for ultra-high modulus CFRP-steel joints under load
rate of 258x103 mm/min

182

201x10° mm/min

Specimen L; L, (m) Ave oo i

label Fy (mm) Fopx Fopx
UHMS-20 20 100 35.5 37.7 1.06
UHMS-30 30 100 45.3 47.6 1.05
UHMS-40 40 100 45.5 479 1.05
UHMS-50 50 100 45.1 47.6 1.05
UHMS-60 60 100 45.7 47.6 1.04
UHMS-70 70 110 45.8 47.4 1.03
UHMS-80 80 120 45 47.6 1.05
UHMS-90 90 130 46 47.7 1.03
UHMS-100 100 140 45.6 47.7 1.04

0f 201x103% mm/min

258x10% mm\min

Model

_— L; (mm) L, (mm) Fiore
UHMS-20 20 100 45.1
UHMS-30 30 100 57.4
UHMS-40 40 100 57.6
UHMS-50 50 100 57.5
UHMS-60 60 100 57.4
UHMS-70 70 110 57.4
UHMS-80 80 120 57.4
UHMS-90 90 130 57.5
UHMS-100 100 140 57.4
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Table 5.11: Dynamic results for UHM CFRP-steel double strap joints under load rate of

300x10° mm/min

Sl:lfgllmlz 1 L; (mm) L, (mm) FiV:x FiirE E-;%
UHMS-20 20 100 44.2 45.9 1.03
UHMS-30 30 100 56.5 58.6 1.03
UHMS-40 40 100 56.4 58.7 1.04
UHMS-50 50 100 56.4 58.6 1.03
UHMS-60 60 100 56.9 58.6 1.02
UHMS-70 70 110 56.8 58.7 1.03
UHMS-80 80 120 56.4 58.8 1.04
UHMS-90 90 130 56.5 58.6 1.03
UHMS-100 100 140 57.1 58.6 1.02

F11: The ultimate bond strength for ultra-high modulus CFRP-steel joints under load
rate of 300x103 mm/min

As the tables above show, the ratio of ( Eﬂ) for all types of joint does not exceed 7%.
EX

For models with ultra-high modulus CFRP under the loading rate of 258x10° mm/min,
the numerical bond strength results are very close to those for the loading rate of
300103 mmy/min, and these results match well those with low and normal modulus
CFRP. Therefore, there is little difference in bond properties between the load rates of
258x10% mm/min and 300x10% mm/min.

5.8.2 Comparison of the effective bond length based on numerical and
experimental results
The effective bond length of CFRP-steel double-strap joints was mvestigated

numerically and experimentally for different types of CFRP and different load rates.
The effective bond length can be defined as the bond length beyond which no further
mcrease in joint capacity occurs. Figures 5.28-5.30 compare results of the experimental
mvestigation and numerical modellng for the three types of CFRP. For all load rates, it
is obvious from both mvestigations that changing from low to normal modulus CFRP

has no effect on the effective bond length (similar to the behaviour noted in the quasi-
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static investigation). The effective bond length observed from the experimental and
finte element results is 90mm. However, a significant effect on the effective bond
length is shown for specimens with ultra-high modulus CFRP. Based on the numerical

and experimental results, the effective bond length was found to be 30 mm (see Figure
5.30).
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Figure [5.28: Ultimate bond strength vs. bond length for jonts with low modulus CFRP

under all impact loading rates
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Figure [5.29: Ultimate bond strength vs. bond length for joints with normal modulus
CFRP under all impact load rates
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Figure [5.30: Ultimate bond strength vs. bond length for joints with ultra-high modulus
CFRP under all impact load rates

From the figures above, the effective bond length and bond strength for joints with
ultra-high modulus CFRP are less than those for the other two joints. This decrease in
joint properties is due to the fact that the tensile strength and thickness of ultra-high
modulus CFRP is lower than that in low and normal modulus CFRP. The same effective

bond lengths were observed from both FEA and experimental tests.

5.8.3 Comparison of the numerical and experimental strain distribution along the
bond
Based on the strain distribution data along the bond for both the experimental tests and

the numerical simulations, for all types of jomts (with low, normal and ultra-high
modulus CFRP), comparisons were made at different load levels. Figures 5.31-5.33
compare the strain distributions along the bond for the three types of joints. The
experimental data were obtained from strain gauges mounted on the top of the CFRP
laminate along the bond length at a distance of 15mm between each other, starting from
the joint to the shorter end. In the FE simulation, the strain data were taken from
locations corresponding to the experimental data locations. Since the strain distributions
along jomnts with low modulus CFRP were close to those with normal modulus CFRP,
the figures below show the results of jomnts with low modulus CFRP only. The strain

185



CHAPTER FIVE

distributions obtained from FE analysis were in reasonable agreement with the

experimental results for all loading rates.
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Figure [5.31: Strain distribution vs. bond length of low modulus CFRP-steel joints from
experimental tests and FE models for loading rate of 201x10°> mm/min
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Figure [5.32: Strain distribution vs. bond length of low modulus CFRP-steel joints from
experimental tests and FE models for loading rate of 258x10° mm/min
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Figure [5.33: Strain distribution vs. bond length of low modulus CFRP-steel joints from
experimental tests and FE models for loading rate of 300x10° mm/min
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Figure [5.34: Strain distribution vs. bond length of normal modulus CFRP-steel joints
from experimental tests and FE models for loading rate of 201x10° mm/min
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Figure [5.35: Strain distribution vs. bond length of normal modulus CFRP-steel joints
from experimental tests and FE models for loading rate of 258x10° mm/min
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Figure [5.36: Strain distribution vs. bond length of normal modulus CFRP-steel joints
from experimental tests and FE models for loading rate of 300x10* mm/min
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Figure [5.37: Strain distribution vs. bond length of UHM CFRP-steel joints from

experimental tests and FE models for loading rate of 201x10° mm\min
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Figure [5.38: Strain distribution vs. bond length of UHM CFRP-steel joints from
experimental tests and FE models for loading rate of 300x10° mm/min

5.8.4 Comparison of numerical and experimental failure modes for CFRP-steel
double strap joints
Based on the failure modes observed in the experimental tests, there were some changes

in failure mechanism for the different joints. For joints with low modulus CFRP and
loading rates of 201x10° and 258x10% mm/min, the failure mode was mixed between
adhesive-steel debonding and adhesive layer failure. However, the same joints had
different failure modes for the loading rate of 300x10%® mm/min, which were mixed
between adhesive-steel debonding, adhesive layer failure and CFRP delamination for all
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bond lengths. FEA detected some of these failures under the different loading rates. The
failure mode obtained from FE was debonding and some fibre delamination for models
with low modulus CFRP at loading rates 201x10° and 258x10° mmymin, as shown in
Figure 5.39.

Steel-adhesive debonding

Figure [5.39: Steel-adhesive debonding of joints with low modulus CFRP at loading
rates of 201x10° and 258x10° mm/min.

The failure mode observed from FEA of the same joint with the loading rate of

300x10% mm/min showed steel-adhesive debonding and some FRP delamination, as
shown in Figure 5.40.

For models with normal modulus CFRP, the failure mode for all jonts was typically the
same as that shown for joints with low modulus CFRP.
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FRP delamination ———___ |

Steel adhesive debonding —

Figure [5.40: Steel-adhesive debonding and FRP delammation of joints with low
modulus CFERP at loading rate of 300x10° mm/min.

The experimental mnvestigation of the failure mode for jomnts with ultra-high modulus
CFRP showed two failure modes, FRP delamination and adhesive failure, for all bond
lengths and two loading rates 201x10° and 300x103mm/min. Consequently, the FE
models showed very close failure patterns for the two loading rates. Figures 5.41 and

5.42 show the numerical failure modes.

FRP delamination — |
Adhesive failure —

Figure 5.41: Adhesive failure and FRP delamination of jonts with UHM CFRP at
loading rate of 201x10° mm/min.
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FRP delamination =

]

Adhesive failure

Figure 5.42: Adhesive failure and FRP delamination of joints with UHM CFRP at
loading rate of 300x10° mm/min.

5.9 CONCLUSION
In this chapter, three-dimensional FEA was utilised to model different CFRP-steel

double strap jomts. Three types of CFRP were used n order to validate the ability of
FEA to model these types of joints, using ABAQUS/mplicit and ABAQUS/explicit for
quasi-static and impact loadings respectively. All components of the double strap joint
(steel, CFRP and adhesive) were simulated to numerically examine their mechanical
properties. Steel was modelled as a 3-D stress element, however, CFRP was modelled
using continuum shell elements and the adhesive was modelled using cohesive

elements. The findings can be summarised as follows:

e FEA is able to simulate the components of CFRP-steel double strap joints under
both quasi-static and dynamic loadings. The numerical analysis results of steel,
CFRP and adhesive were consistent with those obtained by experimental
mvestigation.

e ABAQUS/mplicit and ABAQUS/explicit are both able to simulate CFRP-steel
double strap jomts under both quasi-static and dynamic loading, and for all
different CFRP types. The predictions of bond strength, failure mode, effective
bond length and strain distribution along the bond agreed reasonably well with

those obtained from the experimental tests.
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e There was good agreement on bond strength results between the numerical
simulations and the experimental tests. The numerical analysis results showed
slightly higher bond strengths than those from the actual tests, while for quasi-
static testing the numerical simulation showed slightly lower bond strengths
than those from the actual tests.

e The effective bond length was predicted very well for all types of joints, and
under the different loading rates (2, 201x103, 258x103% and 300x103 mm/min).

e Failure modes for all types of joints were predicted well. However, some
models could not show the adhesive failure because this happens in the middle
of the jomts, and the numerical simulations show the failure at the jomnts and the
far ends.

The trend of strain distribution along the bond length was very close for all types of
joints and under all loading rates. However, there were minor differences in strain
values at the different load levels between the numerical simulation and experimental

results. These differences are considered to be acceptable.
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CHAPTER SIX A NEW FORMULATION OF CFRP-STEEL
DOUBLE STRAP JOINTS USING GENETIC PROGRAMMING

6.1 INTRODUCTION
Genetic programming (GP) is an automated method based on algorithm methodology

which is used to find a relationship among variables in sets of data. The concept of GP
was originated from genetic algorithms (GAs) with more complexity, and was first
proposed by Koza (1992). Cevik et al. (2010) reported an overview on the use of GP
and the way to finalise the analysis and generate the equation. The architecture of the
outcome model is mainly an expression tree (ET) which contains a number of
chromosomes. Each chromosome has one of the mput parameters and is associated with
a constant variable. A number of ETs may exist for one model, and these are ETs linked
together by one of the mathematical functions. An example of an EP with the

corresponding features is shown in Figure 6.1.

Chromosome with one gene

g1 23435 678201 2 3456 /__\
+
t*Qab—abahﬂﬂﬂbbﬂb I‘\_/“I
b Y
.\-_ head tail .
BV (Sqnjl
gene \“I
.'/fa-\\, (b)) N
£ 4
(o) (=)
f g
t._t —'ID:] _;,_,\In'ﬂiv'b ‘\\___/ \__./

Expression tree

Corresponding mathematical equation (ET)

Figure b.1: Expression tree with the corresponding chromosomes and equation (Kara,
2011).

As shown previously, a number of studies have focused on the bond characteristics
between steel and CFRP using different parameters (Liu et al, 2005b; Pereira et al,
2011; AlMosawe et al, 2015; Lu et al, 2010; Fawza et al, 2005; Jiao and Zhao,
2004; Fernando et al, 2009; Nguyen et al, 2013). Different parameters were used in
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previous research such as CFRP modulus, CFRP width, bond length, adhesive type,
different environmental conditions and load rates. These parameters were used to
illustrate the bond properties between CFRP and steel members. All studies have mainly
focussed on evaluating the bond strength, effective bond length, strain distribution along
the bond and faillure mode. Although the design guidelines for FRP-strengthened
concrete structures already exist, no design guidelines exist for FRP strengthening of
steel structures. Therefore, more studies need to be conducted to have a ful
understanding of the bond behaviour between steel and CFRP with different parameters,
mncluding using CFRP laminates, high loading rates and different modulus CFRP. In
order to simplify the strengthening procedure for CFRP to steel, this chapter proposes
GP to generate an expression tree and equation model of the bond strength for CFRP-
steel double strap joints. Bond length, CFRP modulus and loading rate are the three
different parameters considered in this study to evaluate the bond strength

mathematically.

GP modelling techniques for CFRP laminates bonded to steel joints do not exist yet. GP
can be used to predict the properties of CFRP-steel double strap joimts by providing
sufficient and precise data. These data can be obtaned from a large number of
experimental tests or accurate numerical analysis. This chapter presents the prediction

of bond strength for CFRP laminate bonded to steel joints under different parameters.

6.2 DATA COLLECTION
Three types of data sets were used in this model: traming, validation and testing. The

mput data for these three sets were collected from previous studies on CFRP-steel
double strap jomts test reported in previous chapters. The mput data are presented n
different studies showing both experimental and numerical results. Three input
parameters were used in modelling: CFRP modulus, CFRP bond length and loading
rate. Three types of CFRP modulus were used: low modulus CFRP (165 GPa), normal
modulus CFRP (210 GPa) and ultra-high modulus CFRP (450 GPa). The bond length
was varied from 20 mm to 130 mm for each type CFRP-steel jomt. However, the
loading rates were 2mmymin as quasi-static loading, and a range of high loading rates
was applied, from 201 x 10° mnymin to 300 x 10° mm/min. The data for three loading
rates were taken fiom the experimental tests, these loading rates being 201 x 10°, 258 x
10 and 300 x 10° mm/min. The other loading rates were chosen between the lower and

higher impact load rates. The data of the other loading rates were based on FE analysis
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of this type of joint (Al-Mosawe et al., 2015; Al-Mosawe et al, 2015b; Al-Mosawe et
al, 2015c). In total, 180 mputs were used including 153, 15 and 15 groups used for

training, testing and validating the model, respectively.

6.3 GENETIC PROGRAMMING PARAMETERS
GeneXproTools 5.0 software was utilised to develop a predicted model of the ultimate

bond strength of CFRP laminate-bonded steel joints. Figure 6.2 shows the ET based on
the current GP modelling, and dy, d; and d, represent CFRP bond length (Ly), load rate
(v) and’ CFRPI modulus’ (Ef), respectively. Basic mathematical functions were selected to
produce the ET: addition, subtraction, multiplication, division, x2 and mverse. The
software was able to choose the best selection of functions with best value of error. The
model limitations and characteristics are shown i Table 6.1. The values of the
parameters in this table are important to highlight the precision of the model’s
complexity. The most important parameters are the number of Sub-ETs, number of
chromosomes and head size. The best way to calculate the values of these parameters
was using single gene and obtaining the number of chromosomes and head size. A trial
and error method was used, changing the value of the gene and monitoring the other
values until an acceptable value of error was obtained. This method was used as there is
currently no method available to determine the values of the parameters. The numbers
of genes, chromosomes and head size used i this study were 3, 15 and 5 respectively.
Figure 6.2 shows the ET obtained from the model, showing the basic functions linking
the sub-ETs together. It was found that the selection of the linking function influences
the precision of the results. By adopting different linking functions and monitoring the
results, the multiplication function shows the most suitable function.
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Table 6.1: Parameters and characteristics of the model

Parameter Value
Number of genes (Sub ETs) 3
Linking function Multip lication
Number of variables used 7
Chromosomes 15
Head size 5
Lower bound 10
Upper bound -10
Mutation 0.044
Fitness function RRSE
Inversion 0.1
Transposition 0.1
Constants per gene 1

6.4 GENETIC PROGRAMMING RESULTS
The outcomes of the model can be presented as an equation as follows:

(dg—229.4)
0.25(-78537+d,)+0.5d,

7= [05 (d2 + 267655+ d,) + %] x x —8.37 X [(d, +
1

78537

]

24.1) +
dl

Equation 6.1

where:

i § thef ultimatel jomt capacity’ ' N

d, is the bond length in mm which can be represented as L,

d; i thel load ratel (mm/min) which’ can’ befr epresentedf as/v,

d, is the elastic modulus of CFRP (MPa) which can be represented as Ey.

The equation can be re-written in accordance with the new notations as follows:

(Lp—229.4)
0.25(—78537+v)+0.5Ef

T =1[0.5 (L2 +26765.5+ v) + EVL] X x =837 x [(L; +24.1) +

78537
pal

Equation 6.2
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The model was validated by examining the coefficient of determination (R’), mean
absolute error (MAE), root mean square error (RMSE), relative absolute error (RAE) and
root relative square error (RRSE) using the following equations (Nazari et al. 2015):

2 _ 4 (Ziti—0)? .
R°=1 ( HERE ) Equation 6.3
MAE = ~3t; — o] Equation 6.4
RMSE = ’%Zi(ti —0;)? Equation 6.5

Zi|ti—0i| .
RAE = /44— Equation 6.6
St Zti]
RRSE = Equation 6.7

Where, t; is the target parameter, o; is the output parameter and n is the number of

datasets.

Table 6.2 shows the values of R, MAE, RMSE, RAE, RRSE and MAPE for the three
types of datasets, training, testing and validating phases.

Table 6.2: R2 and errors of training, testing and validation of the model

Phase R MAE RMSE RAE RRSE
Training 0.92 9681 11178 0.27 0.28
Testing 0.90 10496 11600 0.30 0.31
Validating 0.92 10496 11600 0.30 0.31

Figure 6.3 illustrates the correlation between the actual test results and the predicted
results for the ultimate joint capacity of CFRP-steel double strap joints. The plot shows
a large percentage of data at the region where the experimental bond strength is in the
range of 50000N-60000N. The reason for the large number of data in the first region
(50000N-60000N) is that the experimental jomnt capacity for joints with ultra-high
CFRP modulus was constant at early stages of bond length, and this area is considered

as the range of the model which has highest percentage of error.
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Figure 6.3 : correlation of the model (a) training, (b) testing, (c) validating
Details of the experimental mputs and experimental and predicted bond strength are
shown in Tables 6.3 and 6.4 for quasi-static and dynamic loading, respectively. These
data show the values of bond strength predicted by the GP model. As a number of
parameters were used in this model, the tables below show the data for only two loading
rates with the same CFRP modulus. The complete data sets and the predicted bond
strength can be found in Appendix A.
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Table 6.3: Model inputs and experimental and predicted bond strength for quasi-static

loading
Sample d d 4, Experimental Predicted
— _— e . bond strength bond strength | % error
(kN) (kN)
1 30 2 210 41.9 41.7 -0.40
2 40 2 210 51.7 52.2 1.00
3 50 2 210 60.7 61.6 1.46
4 60 2 210 69.8 69.9 0.11
5 70 2 210 75.0 77.1 2.66
6 80 2 210 87.4 83.1 -5.13
7 90 2 210 94.2 88.1 -6.96
8 110 2 210 108 94.4 -14.7
9 120 2 210 109 95.7 -13.3
10 130 2 210 109 95.7 -14.1
AAE% 5.98
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Table 6.4: Model inputs and experimental and predicted bond strength for dynamic

loading
d; Experimental :
Sample do d, Predicted bond
mm/min bond strength % error
number mm 3 GPa strength (kN)
%10 (kN)
1 40 258 165 107 114 6.18
2 50 258 165 120 125 4.38
3 60 258 165 130 135 3.33
4 70 258 165 137 143 3.62
5 80 258 165 144 149 2.89
6 90 258 165 150 153 2.06
7 100 258 165 150 155 3.62
8 110 258 165 150 156 4.02
AAE% 3.76

The average absolute error value for the whole data set (Table 6.3, Table 6.4 and
Appendix A) is 10.3%, while the maximum value of error for all data is 27.3%.

Figure 6.4 shows the comparison between experimental and predicted bond strength vs.
the bond length. Figure 6.4(a) shows the comparison of bond strength versus the bond
length for joints loaded under quasi-static loading, while Figure 6.4(b) shows the same
relation under a loading rate of 258x 10° mm/min.
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Figure (6.4 : Comparison between experimental and predicted bond strength vs. bond
length (a) quasi-static loading, (b) impact load rate 258% 103 mm/min

From the above figures, it is obvious that the GP model is a good predictor of bond
strength. The model also predicts the effective bond length for joints: 110mm for quasi-
static loading and 90mm for dynamic loading.
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6.5 CONCLUSION

This chapter has studied the assessment of a new model for evaluating the bond strength
of CFRP-steel double strap joints based on a GP modelling approach. The mnput data
were obtained from a series of experimental tests and numerical modelling. The mnput
data has three different parameters, and each parameter has a range of values. The
CFRP bond length varied from 20mm-130mm, and the loading rate range was 2 -
300x103 mm/min, while three CFRP moduli were used (low modulus 165 GPa, normal
modulus 210 GPa and ultra-high modulus 450 GPa). The GP model showed good
agreement with the experimental bond strength data. The average absolute error for all
data is 10.3%, indicating the accuracy of GP modellng, while the maximum error for
the whole dataset is 27.3%. The experimental and predicted bond strength vs. bond
length curves have similar trends for all joints with the different parameters. The
equation generated from the GP model is applicable for the current data ranges of
loading rates, bond lengths and CFRP modulus. The current prediction is a good
contrbution to the development of the design guidlines of FRP-strengthened steel

structures, as it can predict the maximum bond capacity of a jont.
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CHAPTER SEVEN  CONCLUSION AND FUTURE WORK

7.1 CONCLUDING REMARKS
The use of carbon fibre reinforced polymers (CFRPs) in structural strengthening has

grown in the last few decades. CFRP is attractive to structural engineers due to its
unique properties, such as its high strength compared to its light weight, good resistance
to corrosion, ease of mstallation and its ability to adhere to different structural sections.
The major idea of this research is to provide a full understanding of the dynamic bond
behaviour between CFRP laminates and steel structures. Structural engneers can use
the results of the current research for suitable, safe and economic design tips for

strengthening steel structures under impact loading.

The literature review considers studies of different applications of CFRP bonded steel
structures by different researchers. As the bond between CFRP and steel members is the
key to understanding the bond properties, the summary focusses on research that
mnvestigated the bond properties using various parameters, such as surface preparation
methods, CFRP dimensions, adhesive thickness and bond area. It also shows the effect
of the material properties on the bond behaviour, including CFRP modulus, adhesive
shear strength and type of CFRP.

The literature review illustrates both experimental and analytical studies of the bond
between CFRP and steel under static flexural bending, tension and compression forces.
Steel structures are normally subjected to both static and dynamic loadings, and most
previous studies have not considered the effect of dynamic loadings on the bond
between CFRP and steel, due to the fact that dynamic tests need high-speed data
acquisition facilities and accurate load cell readings to capture data in milliseconds. As a
result, far fewer studies have been reported on the bond behaviour between CFRP and
steel under dynamic loading than static loading. No experimental and analytical
research was found on the effect of high loading rates on the bond between CFRP
laminates and steel plates. Therefore, this research has minimised the gap by studying
the dynamic behaviour of CFRP laminate-bonded steel members forming double strap
jomnts. Different loading rates, sections and material properties were used to find their
effect on the bond behaviour. Both experimental and analytical studies were included in

this research project.
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A series of CFRP-steel double strap specimens were loaded under tension force with a
load rate of 2mm/min using an MTS machine with a maximum capacity of 250 kN. The
aim of this phase of the research was to investigate the bond characteristics between
CFRP laminate and steel. Three types of CFRP, low modulus (165 GPa), normal
modulus (205 GPa) and ultra-high modulus (460 GPa), were used m this research.
Araldite 420 epoxy was used to bond CFRP laminate to the steel jomts. Two different
CFRP sections were used, 20X 1.4mm and 10X1.4mm, in order to investigate the effect
of CFRP section on the bond characteristics between CFRP and steel in the double strap
joints. Bond strength, strain distribution along the bond, effective bond length and
failire mode were findings from this testing program. Two methods of capturing strain
were used: image correlation photogrammetry and foil strain gauges. The actual
material properties of low, normal and ultra-high modulus CFRP, Araldite 420 epoxy
and steel plate were found to be close to the manufacturersT claimed properties. The
results show that the use of small-sized CFRP laminate with a width of 10mm in double
strap joints does not give accurate results. The reason is that the adhesive size is small
and its capacity to resist the load is very sensitive to any movement. For 20mm CFRP
width in the double strap jomts, changing from low to normal modulus CFRP has no
effect on the effective bond length, which is found to be 110 mm for both types of
CFRP. However, a significant change in the effective bond length for specimens with
ultra-high modulus CFRP was observed, and the effective bond length for specimens
with ultra-high modulus CFRP is 70 mm.

CFRP width has some influence on the effective bond length. For specimens with low
modulus CFRP and 20mm CFRP width, the effective bond length was 110mm, whereas
it was found to be 140mm for specimens with low modulus CFRP and 50mm CFRP
width. For specimens with ultra-high modulus CFRP and 20mm CFRP width, the
effective bond length was 70mm, whereas it was found to be 110mm for the same joint
with 50mm bond width. For all types of specimens (low, normal and ultra-high modulus
CFRP), the maximum strain was found to be at the jont and decreased away from the
joint, and the same strain distribution curve was found or all joints with different values.
Changing from low to normal modulus CFRP has msignificant effects on the maximum
failure strain and strain distribution. Lower strain values were observed for specimens
with normal modulus CFRP compared to those with low modulus CFRP. However, a
significant decrease was observed in the ultimate strain and strain distribution along the
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bond length for specimens with ultra-high modulus CFRP. This decrement is due to the
modulus of elasticity of CFRP, which is 450 GPa. Little increment in the maximum
joint capacity was found when using normal modulus CFRP i the double-strap jomt
specimens compared to the low modulus CFRP specimens. However, a significant
decrease was observed in the maximum failure capacity for specimens with ultra-high
modulus CFRP, due to the low modulus CFRP tensile strength, which is 1500 MPa, and
its thickness of 1.2mm. Failure modes for both specimens with low and normal modulus
CFRP were quite similar; the failure mode was debonding between steel and adhesive,
mn addition to some adhesive failure for both types of specimens. However, other failure
modes eres observed for specimens with ultra-high modulus CFRP; FRP delamination
for specimens with bond lengths below the effective bond length, and FRP rupture for

specimens with bond lengths equal to and beyond the effective bond length.

Other tests were carried out i this research program to investigate the bond
characteristics between CFRP laminates and steel plates under dynamic load. A series
of CFRP-steel double strap joint specimens were prepared and tested under impact
tension force with three loading rates (201x103, 258x10% and 300x103mm/min) using
a drop-mass machine with a maximum capacity of 200kN. Three types of CFRPs (low
modulus (165 GPa), normal modulus (210 GPa) and ultra-high modulus (460 GPa))
were used in this research. Araldite 420 epoxy was used to bond CFRP laminate to the
steel joints. Bond strength, strain distribution along the bond, effective bond length and
failire mode were determined in this testing program. The actual material properties of
the CFRPs and Araldite 420 epoxy under dynamic loadings are higher than those under
static loading. The ultimate bond strength of the joints tested under dynamic loadings
increases by up to 100% compared to the ultimate strength tested under quasi-static
loadings. The higher the load rate, the higher the ultimate bond strength for all types of
joints. However there was an insubstantial increase in the bond strength beyond the
loading rate of 258x103 mm/min, duef tof thef marginal increasef il thel materialsT strength’
beyond this loading rate. The effective bond lengths for specimens tested under
dynamic loading are smaller than for specimens tested under quasi-static loading. The
effective bond length is the same for the same jomt tested under the three different
loading rates. There was a significant decrease in the effective bond length for jomts
with ultra-high modulus CFRP compared to the joints with low and normal modulus
CFRP tested under dynamic loading. This explains the effect of the ultimate strain of
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CFRP laminate on the effective bond length. The same effective bond length was
observed for low and normal modulus CFRP-steel double strap joints tested under the
three different loading rates, because there is little difference in the ultimate strain
between the two CFRPs. Less non-linearity of the strain distribution curve was observed
for quasi-static loadings than dynamic loadings. The ultimate strain of the CFRP-steel
double strap joits under dynamic loadings is higher than that under quasi-static
loadings. Insubstantial changes occurred in the ultimate strain values for all types of
joints under the last two impact loading rates of 258x10° and 300x103mm/min. The
failure modes for joints tested under dynamic loading were completely different from
those tested under quasi-static loading, with most failures in static testing being
debonding for low and normal modulus CFRP, whereas FRP failure was observed in
specimens tested under dynamic loading. For joints with ultra-high modulus CFRP, the
failure mode in static testing was FRP delamination for jomts below the effective bond
length, and FRP rupture for joints beyond the effective bond length, whereas the failure
mode was FRP delamination for all bond lengths for specimens tested under mmpact

loading.

Three-dimensional finite element modelling was utilised to model different CFRP-steel
double strap joints. Three types of CFRP were used in order to validate the ability of
both ABAQUS/mplictt and ABAQUS/explicit to model these types of joints under
quasi-static and impact tension load respectively. All components of the double strap
joint (steel, CFRP and adhesive) were simulated in both ABAQUS/mplicit and
ABAQUS/explicit. The steel was modelled as a 3-D stress element, the CFRP was
modelled using continuum shell elements and the adhesive was modelled using
cohesive elements. ABAQUS/mplicit and ABAQUS/explicit are both able to simulate
the components of CFRP-steel double strap joints under both quasi-static and dynamic
loading. The numerical analysis results for steel, CFRP and adhesive agreed well with
those obtamed  from  experimental  vestigation. =~ ABAQUS/mplicit  and
ABAQUS/explicit are both able to simulate CFRP-steel double strap jomts under both
quasi-static and dynamic loading and for all different CFRP types. The predictions of
bond strength, failure modes, effective bond length and strain distribution along the
bond agreed reasonably well with those obtained from the experimental tests, and there
was good agreement on the bond strength results based on the numerical simulation and
the experimental tests. The numerical analysis results showed slightly higher bond
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strengths than those from the actual tests, whereas for quasi-static testing the numerical
simulation showed slightly lower bond strengths than those from the actual tests. The
effective bond length was predicted very well for all types of jomts and under the
different loading rates (2, 201x103, 258x10% and 300x10%® mm/min). The failure
modes for all types of joints were also predicted well, although some models could not
show adhesive failure because this mode occurs in the middle of the joints, whereas the
numerical simulations showed the failure at the jomts and the far ends. The trend of
strain distribution along the bond length was very close for all types of joint and under
all loading rates, although there were slight differences in strain values at the different
load levels between the numerical simulation and experimental results. However, these

differences are considered to be acceptable.

Genetic programing application was used to predict a formulation of the bond strength
of CFRP-steel double strap joints subjected to direct tension load. Extensive elective
data from experimental tests and finite element modelling were used to develop a new
joint strength formulation. The elective parameters which have direct impact on the
joint strength were: bond length, CFRP modulus and the loading rate. Wide range of
loading rates was used and four CFRP moduli with different bond lengths. The
genetically programmed model prediction was compared with the actual values. The

model has a high value of R squared which indicates good accuracy of results.

7.2 RECOMMENDATIONS FOR FUTURE RESEARCH
Considering the state of the art of the bond behaviour between steel and CFRP, a large

number of studies have been conducted on CFRP-strengthened steel structures.
However, this research studied the effect of impact load on the bond between steel and
CFRP laminates, using a number of different parameters. Although the current research
has provided comprehensive data on the behaviour of steel structures exposed to sudden
high load rates, there are many other conditions that might be studied to achieve a full
understanding of the behaviour of CFRP-bonded steel structures. Some suggestions are

as follows:

e The bond behaviour between steel and CFRP has been tested under high

loading rates and ambient temperature, but more tests are needed to study the
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effect of different temperatures and humidity (high and low) on the bond, and
the effect of temperature and humidity changes on this bond

The effect of different loading rates on the bond-slip model needs to be
mnvestigated. The bond slip model has been proposed by other researchers under
static loading.

A theoretical model could be developed to propose design guidelines for CFRP-
bonded steel structures under static and dynamic loadings. Design guidelines for
FRP-strengthened concrete structures are available.

Other analytical techniques could be used to predict bond strength equation,
these techniques could be shear lag analysis, fracture mechanics based approaches,

numerical simulations or other empirical approaches.
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APPENDIX A

Bond Loading Flasti

length ate modulus  Experimental bond  Predicted bond % error
. R of CFRP strength (N) strength (N)

MPa

30 2 210000 41900 41730.68 -0.40574
50 2 210000 60700 61600.21 1.461369
60 2 210000 69800 69877.42 0.1108
70 2 210000 75000 77056.35 2.668628
80 2 210000 87400 83127.33 -5.13991
90 2 210000 94200 88068.95 -6.96164
110 2 210000 108300 94419.71 -14.7006
120 2 210000 108500 95727.23 -13.3429
130 2 210000 109200 95702.15 -14.104
30 2 165000 41000 47055.78 12.86936
40 2 165000 50700 58949.64 13.99438
60 2 165000 69100 79115.2 12.65901
70 2 165000 76500 87408.6 12.48001
80 2 165000 86800 94496.95 8.145183
90 2 165000 93600 100351.2 6.727537
100 2 165000 100300 104926.2 4.409002
120 2 165000 108700 109978.7 1.162721
130 2 165000 109100 110286.3 1.075683
30 2 450000 31760 33036.77 3.864707
40 2 450000 43300 41239.8 -4.99566
50 2 450000 54400 48490.81 -12.1862
70 2 450000 73200 60154.95 -21.6857
80 2 450000 73100 64564.95 -13.2193
90 2 450000 73000 68016.66 -7.32665
100 2 450000 73200 70496.3 -3.83523
110 2 450000 73400 71985.2 -1.96541
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130
40
50
60
70
90
100
110
40
50
70
80
90
100
110
50
60
70
80
90
110
40
50
60
70
90
100
110
40
50
70
80
90

2
201000
201000
201000
201000
201000
201000
201000
225000
225000
225000
225000
225000
225000
225000
258000
258000
258000
258000
258000
258000
270000
270000
270000
270000
270000
270000
270000
285000
285000
285000
285000
285000

450000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000
165000

73200

93300

105400
111600
119300
134900
134900
134900
98600

111500
127100
138400
144600
143900
144800
119900
130400
137500
144400
149800
149800
107700
120500
130700
137800
150100
150200
150100
109400
122100
138700
145400
151200

71891.59
102961.4
113181.4
121873.7
129035.3
138708.3
141168.9
141996.9
108005.9
118682.6
135175.4
140976.8
145124.4
147589.8
148336.2
125400.6
134904
142673.5
148698.2
152959.5
156077.6
116212.9
127632.7
137284.3
145164.8
155562.7
158036
158649.8
118642.5
130282.4
148122.2
154309.1
158653

-1.81997
9.383495
6.875118
8.42982
7.544654
2.745553
4.440722
4.997895
8.708691
6.051967
5.974011
1.827807
0.361334
2.50004
2.38393
4.386423
3.338696
3.626106
2.890545
2.065553
4.022132
7.325224
5.588449
4.79609
5.073396
3.511583
4.958341
5.389093
7.790241
6.280492
6.36108
5.773563
4.697678
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100
110
50
60
70
80
90
110
40
50
60
70
90
100
110
40
50
70
80
90
100
40
50
60
70
80
90
110
40
50
60
70
90

214

285000
285000
300000
300000
300000
300000
300000
300000
201000
201000
201000
201000
201000
201000
201000
225000
225000
225000
225000
225000
225000
258000
258000
258000
258000
258000
258000
258000
270000
270000
270000
270000
270000

165000
165000
165000
165000
165000
165000
165000
165000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000

150900
151100
119300
128100
135600
141300
146900
146200
94500

106300
112300
121500
135100
135100
135100
102400
115600
129500
134400
142000
142300
110100
123500
123400
138600
146300
150200
150200
110300
123800
125600
138700
151100

161128.6
161703.1
132787.9
142781.7
150918.7
157188.9
161575.2
164590.4
85879.15
94403.54
101653.8
107627.1
115695.3
117747.7
118438.3
90845.94
99826.35
113698.7
118578.4
122067
124140.7
97025.9
106573.7
114650.4
121253.4
126373.6
129995.1
132645.1
99107.78
108846.8
117077.8
123798.4
132665.8

6.348082
6.557163
10.15749
10.28261
10.15028
10.10817
9.082575
11.17343
-10.0383
-12.6017
-10.473
-12.8897
-16.7722
-14.7368
-14.0678
-12.7183
-15.8011
-13.8975
-13.3427
-16.3295
-14.628
-13.4749
-15.8822
-7.63156
-14.3061
-15.7679
-15.5428
-13.2345
-11.293
-13.7379
-7.27913
-12.037
-13.8952



100
110
40
50
70
80
90
100
110
50
60
70
80
90
110
20
30
40
50
70
80
90
100
20
40
50
60
70
80
100
20
30
40

270000
270000
285000
285000
285000
285000
285000
285000
285000
300000
300000
300000
300000
300000
300000
201000
201000
201000
201000
201000
201000
201000
201000
225000
225000
225000
225000
225000
225000
225000
258000
258000
258000

210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
210000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000

151200
151300
110700
124000
138900
147000
151900
152000
152200
124200
133600
140100
147300
152600
152500
37700
47600
47900
47600
47400
47600
47700
47700
39700
51200
51300
51100
51200
51200
51300
45100
57400
57600

134775.1
135298.5
101598
111565.6
126842.5
132140.6
135860.4
137980.3
138472.3
114157.3
122748.9
129744.2
135134.7
138905.6
141497.7
34475.99
40361.96
45563.04
50085.63
57101.39
59587.73
61381.96
62470.83
37228.5
49176.22
54037.44
58161.43
61546.77
64188.2
67199.17
40813.37
47760.4
53882.01

-12.1869
-11.8268
-8.95887
-11.1454
-9.50592
-11.2452
-11.8059
-10.1606
-9.91364
-8.79728
-8.84011
-7.9817
-9.00234
-9.8588
-7.77558
-9.35147
-17.9328
-5.12908
4.962769
16.98976
20.11779
22.28987
23.64437
-6.63872
-4.11537
5.065827
12.14109
16.81123
20.23456
23.65977
-10.503
-20.1832
-6.90024
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50
70
80
90
100
20
40
50
60
70
80
100
20
30
40
50
70
80
90
100
20
40
50
60
70
80
90
100

258000
258000
258000
258000
258000
270000
270000
270000
270000
270000
270000
270000
285000
285000
285000
285000
285000
285000
285000
285000
300000
300000
300000
300000
300000
300000
300000
300000

450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000
450000

57500
57400
57400
57500
57400
45300
57700
57800
57600
57700
57700
57700
45600
58100
58100
58200
58100
58100
58100
58100
45900
58700
58600
58600
58700
58800
58600
58600

59184.27
67336.41
70179.84
72190.99
73357.35
42063.21
55522.67
60978.69
65589.9
69354.94
72268.79
75504.36
43587.4
50998.89
57523.44
63166.97
71816.53
74816.26
76922.37
78122.64
45070.81
59470.69
65296.72
70211.02
74212.28
77295.59
79452.48
80670.88

2.84581
14.75637
18.21013
20.35017
21.75289
-7.69505
-3.92152
5.212782

12.1816
16.80477
20.15917
23.58057

-4.6174
-13.9241
-1.00231

7.86324
19.09941
22.34309
24.46931
25.62975
-1.83975
1.295912
10.25583
16.53732
20.90258
23.92839
26.24522
27.35917
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