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Abstract 

As traffic demand on bridges increases, loading cycles on critical components will increase, 

reducing their service life. Modular bridge expansion joints, which are imperative to allowing the 

bridge superstructure to move, are susceptible to fatigue damage at their field splice.  These 

splices are used to connect segments of the total joint, during staged construction.  Current splice 

designs are either bolted or welded connections, which allow stress concentrations to induce pre-

mature fatigue failure.  This thesis examines the use of a hybrid FRP/steel design under fatigue 

loading for use as a splice detail. 

 

The splice detail consists of steel plates bolted to steel beam webs and CFRP pultruded plates 

adhesively bonded to the underside of the steel beam flanges.  Two different moduli of CFRP 

were examined: Normal Modulus and Ultra High Modulus.  Two beams of each modulus were 

tested under static conditions and six under constant amplitude fatigue loading.  A testing rig was 

used to simulate similar bending moments experienced in bridge joints. 

 

In the static tests, slippage of the web plates caused considerable stiffness loss and the slippage 

load varied drastically between CFRP moduli.  For the fatigue tests, the intention was to reach 

two million cycles at the different constant load ranges.  Stiffness degradation was noticed during 

the fatigue process, and was likely due to bolt pre-tension loss and/or plastic deformation of the 

adhesive.  Specimens that reached two million cycles were monotonically loaded to failure.  Once 

the CFRP had failed, a secondary mechanism was observed for reserve load capacity.  

 

 

Simple beam mechanics were used to create prediction models for the initial spliced beam 

stiffness and peak CFRP load.  Flexural and shear deformations of the spliced system were 
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considered for beam stiffness. For the CFRP failure load prediction, a design peak strain in the 

CFRP was used to account for shear lag effects in the material and variability of the splice detail.  

While the model was inaccurate for beam stiffness, it provided a good approximate of the peak 

CFRP load.  Based on the presented test data, the Normal Modulus CFRP hybrid splice detail 

showed better fatigue performance than conventional steel connection details.  
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Chapter 1 

Introduction 

1.1 Background on Modular Bridge Expansion Joints 

 

As bridges become larger, special design details need to be incorporated to ensure that critical 

limit states are not exceeded. Ultimate limit state requirements, such as flexure, shear, 

overturning and sliding strength can be adequately met through bridge member design and 

anchorage detailing (CSA, 2006). However, requirements for movement in the structure, due to 

shrinkage, creep or thermal expansion in the concrete deck or settlement in the foundation require 

special details.  

 

Modular Bridge Expansion Joints (MBEJs) are used to accommodate motion exceeding 100 

millimetres (Dexter, et al., 2001). MBEJs need to be designed to allow motion in six degrees: 

displacement and rotation in the longitudinal, transverse and out-of-plane axes of the bridge deck 

(AASHTO, 2007).  MBEJs consist of several steel centre beams running transverse to the traffic, 

with separate elastomeric seals (Dexter, et al., 2001).  These centre beams are continuous 

members, which are supported below by longitudinal steel beams. These support beams run into 

support boxes in the abutment and bridge deck.   

 

There are two common systems for MBEJs used in North America: Welded Multiple Support Bar 

(WMSB) and Single Support Bar (SSB). The WMSB system has individual support bars for each 

centre beam, while a SSB system has one support bar for all of the centre beams. Figure 2-1 and 

Figure 2-2 below show typical schematics of a WMSB and SSB system, respectively.  



 

2 

 

 

Figure 2-1: Typical WMSB MBEJ System (Rameshni, 2011) 

 

Figure 2-2: Typical SSB MBEJ System (Rameshni, 2011) 

 

The unsupported length of these centre beams can range from 0.8 to 1.4 metres (NCHRP, 2002). 

In the support boxes, the support beams rest on elastomeric bearing pads, which allow the beams 

to slide back and forth. The movement of the expansion joint configuration is controlled by the 

bearings, springs and yokes (Rameshni, 2011).  Figure 2-3 below shows a MBEJ from a bridge in 

Burlington, Ontario. 
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Figure 2-3: Field Photos of a MBEJ taken from the Burlington Skyway Bridge (Rameshni, 

2011) 

 

1.2 Current Structural Issue with MBEJs 

 

Currently CSA-S6-06, Canadian Highway Bridge Design Code (CHBDC) does not explicitly 

discuss installation of MBEJs in bridges. Therefore, for a standardized procedure, reference to the 

American Association of State Highway and Transportation Officials (AASHTO) documentation 

can be made.  AASHTO LRFD Bridge Construction Specifications require that if the MBEJ 

needs to be longer than 18 metres, staged construction with a field splice is required (AASHTO, 

2010).  Rehabilitation projects on existing MBEJs will be performed in segmental flow, to 

minimize its effect on traffic flow.  These segments will be connected with field splices (NCHRP, 

1997). 
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Bridges are subjected to a high number of vehicle loading cycles during their service life.  As the 

centre beam tops are flush with the top of the concrete deck, they are directly subjected to this 

cyclic loading.  This leads to fatigue damage in the members, in particular, at the splice details of 

the centre beams. 

 

These field splices will connect the centre beams together, allowing the entire MBEJ to function 

as a single unit.  These splices can be either a hinge type or moment resisting connection.  The 

hinge type splice usually consists of a bolted connection and does not take any bending stresses.  

This, theoretically, minimizes the probability of fatigue damage (ie; cracking in the metal 

connection) at the centre-beam splice. Moment resisting splices can be either steel plates welded 

to the bottom flanges or full penetration welds between the beams.   As the connections allow for 

bending moments, proper fatigue design is essential (NCHRP, 1997), (AASHTO, 2007). 

 

 

Research conducted by the National Cooperative Highway Research Program (NCHRP) in the 

USA found fatigue failure occurring in hinge type details by cracking in the metal (NCHRP, 

1997), (NCHRP, 2002).  Additionally, the Ministry of Transportation Ontario (MTO) has noticed 

fatigue failures in their splice details, especially their hinge-type ones (MTO, 2008-2009).  

Therefore, the need for a new field splice detail for a MBEJ, which will not be susceptible to pre-

mature fatigue failure, is evident.  

 

 

 

 

 

 

 



 

5 

 

1.3 Proposed Solution 

 

Fibre Reinforced Polymers (FRPs) have become increasingly popular in structural engineering 

applications for rehabilitation and new structures.  Their high strength to weight ratio, ease of 

installation, excellent durability and good fatigue resistance make them an ideal material for 

engineering applications (Hollaway & Head, 2001).   

 

A hybrid splice detail of FRP and steel is proposed as a new connection detail for MBEJ splices.  

This detail will consist of steel plates bolting the webs together and FRP plates bonded to the 

underside of the two steel flanges. Bonding of FRP to structural elements will eliminate the 

thermal residual stress effects and stress concentrations found in welding and bolting steel details, 

respectively (Grabovac, et al., 1991).  These effects in steel lower the fatigue life of connections.  

There are two primary types of FRPs: Carbon (CFRP) and Glass (GFRP).  The superior static 

strength, stiffness and fatigue resistance of CFRP over GFRP make it a more desirable candidate 

for this hybrid FRP/steel detail (Harris, 2003). 

 

 

1.4 Objective of the Thesis 

 

This thesis will examine the fatigue performance of this proposed hybrid FRP/steel splice detail, 

under fatigue loading.  Previous research has examined the static performance and bond stress of 

this FRP/steel splice detail (Rameshni, 2011).  However, no in-depth investigation of the fatigue 

performance of a splice detail like this one has been conducted 
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The main objectives of this experimental study are: 

 

 To determine the fatigue life of the FRP/steel splice under simulated bridge loading 

conditions; 

 

 To monitor the FRP/steel splice performance under fatigue loading; 

 

 To derive a stress-fatigue life curve (S-N curve) of the splice detail and compare it with 

existing design fatigue resistance curves for conventional steel connections; 

 

 To examine the presence of any redundancy mechanisms, in case part or all of the FRP is 

damaged. 

 
 

 

1.5 Overview of the Thesis 

 

All of the work contained in this thesis was performed at Queen’s University. 

 

Chapter 2 presents a comprehensive literature review of material essential to this thesis. Research 

into the performance of MBEJs, and application of CFRP for strengthening steel members is 

discussed. In addition, fatigue concepts for steel and FRP are presented. 
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Chapter 3 describes the experimental procedure performed in this research study. Details on the 

exact beam set-up, materials, fabrication process and testing procedure are presented. 

 

Chapter 4 presents the results from the experimental work described in Chapter 3.  The results are 

divided into preliminary static tests, fatigue process testing and post-fatigue monotonic 

behaviour. 

 

Chapter 5 discusses the experimental results from Chapter 4.  Observations of the FRP material 

and connection stiffness are discussed. A static load capacity approximation model is presented 

for a design application. Furthermore, a S-N curve of the FRP/steel splice detail is derived and 

compared with conventional steel connection fatigue resistance curves. 

 

Chapter 6 offers the key conclusions from Chapter 4 and Chapter 5.  Based on the work done in 

this research, recommendations and areas of potential future work are made. 
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Chapter 2 

Literature Review 

This chapter presents a comprehensive overview of the necessary background information 

for the research program outlined in this thesis. Section 2.1 presents the research examining 

the performance of Modular Bridge Expansion Joints (MBEJs). An extensive research 

program by the National Cooperative Highway Research Programs (NCHRP) in the 1990s 

examined the performance of MBEJs. The two key reports from this program are 

summarized in detail, along with recent research. Section 2.2 examines the state of the art of 

research into steel members strengthened with FRP. Different research programs into 

monotonic and fatigue behaviour of this composite design are presented. In addition, 

parameters affecting bonding of the two materials and the use of FRP for splicing steel 

members is discussed. Section 2.3 presents fatigue concept theories for steel and FRPs. The 

Stress-Life approach for metal structures is discussed and the key concepts for life 

prediction are provided. For FRPs, different damage mechanisms, the material behaviour 

and damage models are discussed. 
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2.1 Modular Bridge Expansion Joints 

 

 Over the past 20 years, extensive research has been conducted on the durability and 

performance of Modular Bridge Expansion Joints (MBEJ). This research began in 1994 with the 

National Cooperative Highway Research Programs (NCHRP) holistic Research Programs 12-40 

and 10-52. These programs produced NCHRP Report 402:  Fatigue Design of Modular Bridge 

Expansion Joints and NCHRP Report 467: Performance Testing for Modular Bridge Joint 

Systems, respectfully. These programs, under Dexter et al. (2001), examined the structural 

performance and durability of MBEJ, through field and laboratory tests.  They found three (3) 

critical aspects of MBEJ that affect their fatigue performance: 

 

1. Improper installation into bridge structure during construction; 

2. Wear and tear of elastomeric parts during the service life of the component; 

3. Fatigue cracking in steel components and their connections. 

 

NCHRP Report 467 focused primarily on the first two factors.  The procurement of MBEJ 

through lowest-bid process, coupled with no uniform material national requirements at the time, 

insufficient information about company’s proprietary components for the MBEJ and incorrect 

installation lead to durability issues with the joints.  Report 467 proposed a series of guidelines to 

standardize non-structural component properties and installation procedures, based on 

specifications from manufacturers, state transportation departments and other transportation 

authorities.  To quantify these performance regulations, two tests were developed: Opening 

Movement Vibration (OMV) and Seal Push Out (SPO) tests. The OMV test simulates movement 

from bridge expansion and contraction on the MBEJ, while vibrating it at the resonant frequency 

for vertical plane bending, which corresponds closely to impulse from dynamic wheel loading, 
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travelling at 100 km/h (NCHRP Report 467, 2002).  The SPO test examines the seal’s ability to 

remain attached to either the edge beams or the center beam from wheel loading on compacted 

debris. 

 

NCHRP Report 402 focused on the fatigue performance of the structural steel components of 

MBEJ and their connections. The connection between the Center Beam and Support Beam 

(CB/SB connection), usually using a full penetration weld, was determined to be the critical 

factor in the fatigue life of the component.  In addition, any splice details for center beams were 

observed to affect the fatigue life considerably.  These details usually consist of full penetration 

welds or bolt connections, which are performed in the fabrication shop, under a controlled 

environment. However, conditions can arise leading to the need for field splice details for 

component connections.  Firstly, North American transportation authorities have set maximum 

length for shipping while on public highways and bridges. In the United States anything over 18m 

must be shipped in segmental pieces (AASHTO, 2007), while in Canada, Ministry of 

Transportation for Ontario (MTO) limits maximum trailer bed length to 16m (MTO, 2012). 

Secondly, if the original fabrication weld needs repair, field splices of rehabilitative connections 

can be performed (NCHRP Report 402, 1997).  In both cases, due to limited work space in the 

bridge deck and the desire to perform the field work in multiple sections to minimize traffic flow 

disturbance, a full penetration weld is nearly impossible to perform. As a result, a partial 

penetration weld, with very poor fatigue resistance, is used instead (NCHRP Report 402, 1997). 

 

In order to quantify the fatigue life of a MBEJ, an infinite-life fatigue design approach, similar to 

one used in both AASHTO LRFD Bridge Design Code and CSA-S6 Canadian Highway Bridge 

Design Code, was implemented.  The test loading would consist of a vertical and horizontal 

component: the vertical being the load from a HS-20 fatigue design truck, with a load factor of 
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0.75 and the horizontal load being 20% of the vertical load, to simulate routine braking of trucks 

over these joints. These loads were applied together to the top flanges of the center beams, over a 

loading width of 510 mm, equivalent to a typical truck tire width. The center beam length was 

restricted to 1220 mm (4ft) as dynamic amplification factors, due to the impact of vehicle 

loading, became critical to structural integrity.  

 

The CB/SB weld connections were required to meet the requirements of AASHTO Category C 

Fatigue Detail Requirements, as well as any miscellaneous weld details (ie: field splice). NCHRP 

set a target fatigue life of 75 years for the structural components of the MBEJ. However, it was 

shown that for a 25 year period, with an Average Daily Truck Traffic (ADTT) of 100 trucks per 

lane, the number of loading cycles would exceed the Constant Amplitude Fatigue Limit (CAFL) 

for this category, thus reducing the testing time require (NCHRP Report 402, 1997). 

The fatigue testing guidelines created in this report focused on deriving a stress-life curve (S-N 

curve) for all critical details. At least 10 tests of fully constructed MBEJ with the proposed splice 

detail must be performed, consisting of three continuous center beam spans over four equally 

spaced support beams, in order to determine the fatigue resistance. If fewer spans of the center 

beams are used, the complex stress ranges under the fatigue loading are not properly represented, 

resulting in unconservative fatigue life (NCHRP Report 402, 1997).  In conjunction with fatigue 

tests, a monotonic test should be conducted as a means to validate any structural analysis model 

used.  If the predicated strain is within +25% of the measured strain, the model is considered 

valid and can be used to determine the stress and details of interest over having to perform more 

experimental tests.  

 

In addition to the NCHRP projects under Dexter et al. (2001), fatigue testing of MBEJ has been 

investigated by (Roeder, 1993), (Crocetti, et al., 2003), (Chaallal, et al., 2006). 
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Roeder, in partnership with Washington State Department of Transportation, examined the 

fatigue cracking in the MBEJ installed in the 3rd Lake Washington Floating Bridge. The use of 

European vehicle load spectra, which is not accurate for North America, lack of fatigue test data, 

and disregard for mean stress effect on fatigue life and the effect of dynamic wheel loading used 

in previous design models, such as Tschemmernegg (1991), lead Roeder to dispute the validity of 

the model. 

 

Roeder (1993) created a new model, based on finite element analysis, for the particular MBEJ on 

the bridge.  The model considered various stress cycles from wheel loading of a single truck, the 

dynamic effect of wheel loading and the stress analysis differences between steel in expansion 

joints and steel in other components of bridges. As a truck travels over an expansion joint, the 

different wheels axes will induce multiple stress cycles. Trucks will not follow the same path over 

the joints and this variability can double the stress range between truck wheel loads directly on 

the joints (Roeder, 1993) 

 

His static and dynamic models were able to determine the stresses and response of the joint, 

which were compared with field measurements of the actual expansion joint. 

 

Crocetti and Edlund (2003), building on the work started by Dexter et al. (2001) [NCHRP Report 

402], further examined the fatigue performance of MBEJ. With these expansion joints in direct 

contact with vehicle tires, they become the most severely loaded component on bridges as they do 

not benefit from the effect of asphalt, concrete and secondary members to distribute the load 

effect out, before it reaches the primary load carrying members (Crocetti, et al., 2003). As a 
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result, greater dynamic loads and horizontal loading from tire braking and accelerating, which are 

normally ignored in common bridge component designs, need to be considered for these joints. 

 

The Crocetti and Edlunds (2003) analytical model of the expansion joint was a single-degree-of-

freedom (SDOF) system, taking into account vertical load and dynamic effects. It should be noted 

that the authors stated that their model did not address the effect of the MBEJ located near a 

traffic light or stop sign, where a horizontal braking load is more frequent, or roads with slopes 

greater than 10%, which will cause the horizontal component of the axle load to be greater than 

the vertical component.  Both of these factors will adversely affect the fatigue life calculations of 

MBEJ (Crocetti, et al., 2003).  The model used did produce a dynamic amplification factor of 1.7, 

based on a 90 km/hr truck, impulse load, and led the authors to recommend a natural frequency of 

the MBEJ well over 100 Hz. They suggested reducing the center beam span (similar to Dexter et 

al. [NCHRP Report 402] 1220mm span limit) or increasing the center beam stiffness. 

 

In conjunction with an analytical model, experimental fatigue tests were performed on a complete 

MBEJ assembly, consisting of a single center beam, and two support beams.  The horizontal load 

was reduced from 20% of the vertical load, used Dexter et al. [NCHRP Report 402]  to 10%. 

Crocetti and Edlunds (2003) justification for a lower horizontal load were based on  field testing 

observations showing the horiztontal load always below 10% the vertical load and the fact that 

vertical and horizontal loads from wheels generally do not act simultaneously (i.e. they act out-of-

phase) (Crocetti, et al., 2003).  

 

Once reaching 2 million loading cycles, the authors were able to confirm that AASHTO Category 

C Fatigue detail is acceptable for the CB/SB connection, as per the findings of Dexter et al. 

Crocetti and Edlund (2003) recommended a vertical axial load of 60 kN, with a dynamic 
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amplitude factor of 1.7 and a loading distribution factor of 0.58.  These recommendations are 

limited to MBEJs with a center beam flange width of 80 mm, a seal gap between center beams of 

40mm, a tire bearing length of 250 mm and a design vehicle speed of 90 km/hr (Crocetti, et al., 

2003). 

 

A series of full scale centre beam – support beam assemblies where tested by Chaallal et al. 

(2006), using the same connection details used to repair the MBEJ in the Jacques Cartier Bridge 

in Montreal, Quebec. The specimens were made of three continuous center beams, spanning 

0.91m between four support beams.  Cracking, if observed, occurred in the CB/SB connection, 

and had similar growth patterns to those seen in the NCHRP Report 402.  The test results 

concluded that AASHTO Category C and C’ Fatigue Detail gave a lower bound of Constant 

Amplitude Fatigue Loading (CAFL) for the connection and thus is acceptable to use in design.  In 

conjunction with experimental testing, a three-dimensional linear model was created to calculate 

the stress in the connection.  The model gave predictions within 25% of the experimental results, 

which is acceptable based on NCHRP Report 402 recommendations. 
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2.2 Strengthening of Steel with CFRP 

 

2.2.1 Introduction 

 

Fibre reinforced polymer (FRP) materials have been used in the aerospace, automotive and 

industrial equipment industries since the 1950’s (Erhand, 2006).  Only in the last 30 years has 

FRP use for structural engineering applications become more mainstream.  This is primarily due 

to a higher variety in FRP products, with more companies fabricating them, and an increasing 

level of deteriorating structures, especially in transportation. The 2010 US Department of 

Transportation’s Federal Highway Administration (FHWA) Condition and Performance Report 

stated that of the 473,116 bridge superstructures inspected, 26,495 (5.6%) were considered 

structurally deficient.  Bridges are considered structurally deficient if significant load-carrying 

elements are found to be in poor or worse condition due to deterioration and/or damage (FHWA, 

2010).  Furthermore, of 59,266 bridges inspected for structural issues, 41,212 (6.9%) were 

considered functionally obsolete, meaning the bridge’s design does not meet current design 

standards (FHWA, 2010). 

 

In addition to not meeting new design requirements, bridges can become obsolete from two other 

reasons: (i) Increase in loading as it begins to reach the end of its service life and; deterioration of 

the structural members.  With the steady increase of traffic on national highways, the live load 

demand on bridges has been increasing.  This leads to load levels on the structures that they were 

not properly designed for. Deterioration in steel structures can be due to insufficient maintenance 

over numerous years and sustained environmental damage, due to precipitation and de-icing salts 

in the winter. These effects can lead to corrosion and a reduction in the cross section of the steel 

member.  This section loss can be either localized damage or distributed over larger lengths.  

Localized damage can cause stress concentrations which will help propagate cracks faster, while 
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distributed damage can reduce the flexural stiffness and fatigue performance of the member and 

induce eccentricities in the element, causing the structural component to be loaded in a way that it 

was not designed for (Karbhari, et al., 1995). 

 

Although conventional rehabilitation methods, such as welding or bolting new steel plates to the 

tension flange, are proven, the use of FRP as an alternative can result in better performance, 

longer repair lives and lower costs. Conventional steel restoration methods result in residual 

stresses from welding or local stress concentrations around bolted connections.  The addition of 

bulky steel plates will add significant dead weight to the structure and the new rehabilitative 

material will still be susceptible to corrosion effects on the bridge, reducing the long term benefit 

(Stanford, 2009).  FRPs, with their high strength-to-weight ratios, are easier to lift into position, 

reduce traffic interruption during construction work, and provide higher strength and stiffness 

than steel plates. Bonding of FRP to structural elements will eliminate the thermal residual stress 

effects and stress concentrations found in welding and bolting steel details, respectively 

(Grabovac, et al., 1991).  The easier construction process of FRP can result in lower cost for the 

rehabilitation, as was seen in a London underground tunnel rehabilitation project. Moy et al. 

(2001) reported that even with the higher material cost of CFRP compared to steel, the limited 

time frame for the tunnel closing, the difficult access to the deteriorated zone and ability to 

perform the repair without heavy machinery allowed the CFRP construction cost to be 

comparable to that of a steel option.  Furthermore, the higher durability of the CFRP gave it a 

lower full-life cost than steel (Moy, et al., 2001).   
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2.2.2 Testing of CFRP Application to Steel Members 

 

The research into the use of CFRP in splicing steel beams is limited at this time. Researchers have 

focused primarily on how CFRP can be used to retrofit weakened steel members and strengthen 

unaltered members.  Some of the earliest work done in CFRP retrofitting of steel members was 

done by Mertz and Gillespie Jr. (1996). Two heavily corroded steel girders from a demolished 

bridge were retrofitted with three strips of 6.4mm thick pultruded carbon fibre.  The bridge was 

original built in the 1940’s and heavy corrosion of the tension flange had led to the members 

being unable to carry the bridge load on their own.  CFRP was used to restore the stiffness of the 

two beams to 83% and 97% of the non-corroded section and the ultimate capacity to 85% and 

113% (Mertz, et al., 1996). Failure in both beams was due to local buckling of the steel girders. If 

this was prevented the authors believe the strength increase would be even higher, based on Finite 

Element Analysis (FEA) results (Mertz, et al., 1996). 

 

Liu et al. (2001) examined the ability of CFRP to rehabilitate artificially corroded steel beams to 

their original capacity.  Four 2.44 m long W310x21 beams were tested under three point bending, 

with three of the beams having 101.6 mm long section of the bottom flange removed at mid-span 

to simulate corrosion.  Two of the notched beams were retrofitted with CFRP pultruded laminate 

plates with a stiffness greater than 200 GPa and ultimate strength greater than 2300 MPa.  One of 

the beams had the CFRP plate cover the entire length of the beam, while the other had CFRP just 

at the center quarter of the unsupported length.  The intact, control beam and the retrofitted beam 

failed by lateral torsional buckling.  The full length retrofit failed by a gradual delamination, 

initiating from the mid span. The quarter length retrofit failed by a sudden, complete 

delamination.  The full and quarter length retrofits were able to increase the capacity of the 

notched beam by 56 and 41 percent respectfully; however they were not able to reach the same 

capacity as the intact beam (Liu, et al., 2001). 
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Schnerch (2005) conducted an extensive research program into the performance of CFRP in 

strengthening steel monopoles and steel-concrete composite beams.  A major component of this 

program was testing a series of epoxies to determine the optimal one for CFRP to steel bonding. 

An optimal one was selected through an elimination process by which the development length of 

the CFRP to steel was reduced with each test until the shortest length with CFRP rupture was 

determined.  The tests were performed with CFRP bonded to the tensile flange of a Super Light 

Beam (SLB) 100x4.8 and tested under four-point bending. In this study, development length was 

defined as the length of bonded CFRP in the varying moment region (Schnerch, 2005). Of the six 

epoxies tested, two optimal ones were found: an epoxy SP system Spabond 345 and a 

methacrylate adhesive Weld-On SS620.  It was found during the installation process that the use 

of a reverse taper of 20 degrees at the ends of the pultruded laminate plates and mechanical 

clamping of the plates during curing helped to improve the bond durability (Schnerch, 2005). 

 

Howard (2006) investigated the use of Ultra High Modulus CFRP (UHMCFRP) in rehabilitating 

fatigued steel beams. Sixteen 1.0 m long W100x19 CSA-G40.21 steel beams were tested under 

four point bending, with a clear span of 900 mm. Fourteen of the beams had notches cut into the 

tension flange at mid span, to simulate fatigue damage. Two different notch sizes were used: 50 

percent of the flange area and 100 percent of the flange area.  The notches had a significant effect 

on the stiffness and ultimate capacity of the beams, decreasing them by 40-49 percent and 58-66 

percent respectively, compared to the control beams. Two types of CFRP were used in this 

investigation: a high modulus CFRP with a stiffness of 201 GPa and an ultimate strength of 521 

MPa and an UHMCFRP with a stiffness of 396 GPa and an ultimate strength of 1431 MPa.  

Based on work performed by Schnerch (2005), SP systems Spabond 345 epoxy was used. Glass 

beads were used to help regulate a constant thickness of epoxy, based on the recommendations of 
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Dawood (2005).   The high modulus CFRP was not able to noticeably strengthen the damaged 

beams and lead to CFRP rupture failure in the beams. On the other hand, the UHMCFRP was 

able to increase the stiffness by 10 percent in the 50 percent flange reduced beams and 104 

percent in the 100 percent flange reduced beams.  The beams retrofitted with the UHMCFRP 

failed by debonding of the FRP from the steel surface, indicating the epoxy as the weakness in the 

retrofit (Howard, 2006). 

 

Shaat (2007) studied the effect of CFRP in strengthening and retrofitting steel-composite girders. 

The effect of CFRP type, number of layers, and the bond length of the CFRP were examined.  For 

strengthening, three 6.1m long W205x25 were tested under four point bending. Two of the beams 

were strengthened by bonding multiple layers of CFRP pultruded plates to the tension flange and 

using transverse GFRP wraps at the ends of the plates for anchorage.  The strength and stiffness 

of the composite girders was increased by 51 and 19 percent, respectively. Both strengthened 

beams experienced premature debonding of the CFRP plates in part due to the fracture of the 

GFRP transverse wraps.  Failure occurred by unsymmetrical concrete crushing due to lateral 

buckling of the compression flange just prior to the predicted CFRP rupture (Shaat, 2007). For 

rehabilitation, ten 2.03 m long W150x22 composite girders had their tension flange notched to 

simulate fatigue damage and tested in four point bending.  Wet layup CFRP sheets were used for 

the retrofit of the notched girders.  The rehabilitated girders were able to recover their strength 

and stiffness by 6 to 116 percent and 40 to 126 percent, respectively.  Failure in the retrofitted 

beams was primarily co-related to  the strength of the CFRP used: standard modulus CFRP failed 

by debonding and high modulus by rupture of the CFRP.  Although a higher modulus of CFRP 

was able to achieve higher stiffness and strength for the retrofitted girders, the ductility of the 

beams was decreased (Shaat, 2007). 
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2.2.3 Fatigue Testing of CFRP Bonded to Steel Members 

 

As mentioned in Section 2.2.1, with the state of North American bridge infrastructure 

deteriorating, innovative rehabilitation methods are required to prolong the service lives of these 

structures.  As the critical loading on bridges is dynamic loading from vehicles, researchers have 

extensively examined the fatigue performance of CFRP strengthening of normal and deteriorated 

steel members.  Bassetti (2001) studied the effectiveness of prestressed and non-prestressed 

CFRP laminate plates in strengthening fatigued, riveted bridge girders. A 91 year old 

decommissioned, full scale riveted, non-prismatic rail bridge girder 4.95m long was tested under 

four point bending. The beam was fatigued at a constant stress range of 80 MPa for 3 million 

cycles, until a fatigue crack was observed at the rivet holes in the constant moment range. Once 

the cracks began to propagate, the damaged section was rehabilitated with 3 prestressed and 2 

non-prestressed CFRP laminates, with a modulus of elasticity of 210 GPa. The retrofitted beam 

was tested under the same load range as before, but now the stress range was 5 percent less. The 

beam was tested for 20 million additional cycles, and no additional crack growth was observed 

(Bassetti, el al., 2000). 

 

Moy (2002) investigated the effect of cyclic loading on adhesive curing for CFRP strengthened 

steel beams. Moy tested six UB 127x76x13 (British section designiation, similar to S130x15) 

beams, under three point bending.  The beams had web stiffeners welded at the loading points to 

prevent web crippling, which became a critical failure load for the strengthened beams.  Five of 

the beams were fatigued during the adhesive curing stage, with different peak loads, while one 

beam was allowed to completely cure to the manufactures specifications before loading.  Tests 

experiencing higher cyclic loads during the curing phase did not develop bending stiffness as high 

as the control beam.  This was due to the shear stiffness of the adhesive being detrimentally 

affected by the cyclic loading during curing (Moy & Nikoukar, 2002).  When the shear stiffness 
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of the adhesive drops below 10 GPa, there is a drastic drop in the second moment of area, 

resulting in a reduced capacity of the retrofitted beams.  The authors recommended that the shear 

stress in the adhesive not exceed 1 MPa during curing in order to avoid loss of capacity. 

Tavakkolizadeh (2003) examined the use of pultruded CFRP plates in improving the fatigue 

performance of notched steel beams. Twenty one S127x4.5 hot rolled sections, 1.3 m long, were 

tested under four point bending with fifteen unretrofitted and six retrofitted. The CFRP plates 

used had a tensile strength of 2.1 GPa and a stiffness of 144 GPa. The tensile flange had 12.7mm 

cut off of the width on both ends, with a cut thickness of 0.9 mm, to simulate deterioration. The 

CFRP rehabilitation was able to extend the fatigue life of the steel beams by 2.6 to 3.4 times that 

of the unretrofitted beams, and upgraded the detail from AASHTO category D to C. In both the 

unretrofitted and retrofitted beams, stable crack growth in the tension flange reached 20 mm, 

however the growth rate in the retrofitted beams was decreased by 65% (Tavakkolizadeh, et al., 

2003). 

 

Dawood (2005) investigated the fatigue strengthening of UHMCFRP on steel concrete composite 

beams.  Three, 3.05 m simply supported composite beams were tested under four point bending, 

with two of the beams strengthened with CFRP with a tensile strength of 1543 MPa and a 

modulus of elasticity of 460 GPa.  The steel beams were W200x19, A992 Grade and the concrete 

had 28 day cylinder compressive strength of 58 MPa.  All three beams were tested for 3 million 

cycles, at a rate of 3 Hz, with several cycles of data recorded periodically throughout the test to 

measure degradation of the beams. Once 3 million cycles were reached, the beams were 

monotonically loaded to failure. The unstrengthened beam showed a 30 percent increase in 

deflection after 3 million cycles, while the two strengthened ones were under a 10 percent 

increase. In the control beam, crushing of the concrete was the ultimate failure mode, whereas for 

the strengthened beams the failure mode was now CFRP rupture.  This change in failure mode led 
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to an increase in ultimate capacity of 25 and 16 percent for the two strengthened beams, from 

when crushing of the concrete began to occur (Dawood, 2005). 

 

Mosallam (2005) evaluated two different FRP strengthening systems for steel beams, under 

cyclic loading, for application on the Sauvie Island Bridge in Oregon.  Two W8x35 (W200x53 

metric designation) 3.81 m span beams were tested under four point cyclic loading. One of the 

beams had pultruded CFRP laminate plates, 101.6 mm wide by 1.9 mm thick, strengthening the 

beam with a tensile strength of 2.79 GPa and a modulus of elasticity of 155.1 GPa.  The other 

beam had a hybrid aluminum FRP panel system.  The panel consisted of a face sheet of 0o/90o 

carbon/epoxy laminates, an interface sheet of 0o/90o E-glass/epoxy laminates and an aluminum 

honeycomb core.  The CFRP strip strengthened beam was tested for 628,056 cycles and the 

hybrid panel beam was tested for 854,568 cycles, with an average cyclic load on both of 70 kN, 

and afterwards was loaded to failure.  The CFRP strip beam reached a peak load of 269 kN, a 15 

percent increase in capacity from the control beam, and failure was a combination of local 

buckling of the top flange and overall lateral buckling of the beam.  The hybrid panel beam 

reached a peak load of 297 kN, a 28% increase in capacity, and the failure was once again a 

combination of local buckling of the top flange and overall lateral buckling of the beam.  The 

author attributed the buckling failure to a lack of lateral support to the compression flange of the 

beams (Mosallam, 2005).  
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2.2.4 Bonding of FRP to Steel 

 

All research has concluded that creating a complete bond between the FRP and steel is critical to 

the performance of the hybrid member. Improper bonding applications can lead to debonding, 

which is an undesirable failure mode. Extensive guidelines for proper surface preparation 

procedures are given by several authors (Dawood, 2005), (Schnerch, et al., 2007).    

 

For steel surfaces, a three step approach is recommended: Removal of grease and chemical 

contaminates, removal of weak layers on steel surface and application of protective primer.  In 

order to ensure a complete bond, all surface contaminants, such as grease, dust, dirt, chemicals, 

etc, need to be removed. This cleaning is performed by wiping or brushing the surface with an 

appropriate solvent.  Researchers have shown that acetone works the best for steel surfaces 

(Howard, 2006), (Rameshni, 2011).  Excessive solvent usage is encouraged so that it drips off the 

surface and prevents redistribution of the contaminants during wiping. 

 

The next step for the steel surface is to remove any weak layers on the steel, such as paint, rust or 

mill scale.  These layers are loosely attached to the steel surface and if they are not removed, they 

can cause premature debonding (Dawood, 2005).  Two methods for removing these layers are 

mechanical abrasion and grit blasting, however grit blasting has been shown to provide superior 

bond performance. This is due to mechanical abrasion simply trapping the contaminants near the 

surface of the material, instead of removing them fully. Furthermore, grit blasting will chemical 

activate the coarse surface, improving the chemical and mechanical bond (Schnerch, et al., 2007).  

 

Finally to prevent any oxidation after the grit blasting, a primer should be applied to the steel 

surface.  The primer will not increase the static strength of the bond but will improve its 

durability if exposed to environmental effects (Dawood, 2005).  The primer should be applied 
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carefully, as improper application can result in premature debonding failure. Although the primer 

will protect the cleaned, chemically active steel surface, the CFRP plates should be bonded to the 

steel shortly after surface preparation to minimize the chance of any re-contamination or 

oxidation of the steel (Dawood, 2005), (Schnerch, et al., 2007). 

 

For the CFRP, the most important part of the surface preparation is the handling of the material.  

Compared to other typical construction materials, CFRP can easily be damaged from improper 

handling. The laminate plates should be inspected thoroughly for any defects, such as splitting, 

warping or fibre breakage (Dawood, 2005). Some pultruded laminate plates come with a 

sacrificial peel ply. In this case, the only surface preparation required is to remove the ply before 

installation. If no peel ply is present, then the bonding surface needs to be abraded and cleaned 

with the proper solvent, as per manufactures requirements.  Care should be taken to ensure the 

CFRP is not over abraded or else the fibre could be structurally damaged (Dawood, 2005). 

 

2.2.5 FRP Connections for Steel Members 

 

More recently, research has begun to examine the use of FRPs for splicing steel members 

together. Rameshni (2011) started an extensive research program examining the feasibility of 

using FRP and steel for field splices of continuous MBEJ segments. W100x19 sections were 

spliced together, with bolted steel plates to the web and FRP sections bonded to the flanges, to 

create 1 m long specimens for static testing. Two primary splice types for the FRP were 

examined: (i) Pultruded GFRP box section bonded to the underside of tension flange and; (ii) 

GFRP plates, cut from the box section, or UHM-CFRP plates bonded to the underside of the top 

and bottom flanges.  Different types of bonding agents, including a structural epoxy and 

methacrylate adhesive, were examined and tested using double shear lap splice specimens of 
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GFRP and steel. The study showed that the methacrylate adhesive was able to reach higher peak 

loads and demonstrate more ductility during loading. This is attributed to the yielding behaviour 

of the adhesive as opposed to the brittle failure of the structural epoxy (Rameshni, 2011). The 

spliced test beams were tested under 4-point bending and different bond lengths of GFRP box 

sections, FRP plates and end shapes. The initial specimens had a box sections (400 mm x 400 mm 

x10 mm) with a 400 mm bond length and square ends and experienced premature cracking in the 

epoxy at the end of the bond, which propagated to the mid-span and caused early failure. To 

improve the box section detail, the bond length was increased to 950 mm and an end taper of 45o 

was cut on the section. This removed the premature crack initiation at the end of the bond and 

linearly increased the flexural stiffness, however the ultimate capacity was not a linear increase. 

This was attributed to the variability in bond strength of the epoxy (Rameshni, 2011). 

 

The second type of FRP detail, plate sections on the flanges, was implemented with the intention 

that a lower flexural stiffness would allow more shear transfer into the FRP, thus reducing the 

stress in the epoxy and the chance of premature cracking. Furthermore, the implementation of the 

methacrylate adhesive over the structural epoxy leads to a further increase of strength by 53% and 

ductility by 200% (Rameshni, 2011). It was also noted that the GFRP plate sections failed 

predominantly by adhesive crack propagation, this time starting at midspan, and the UHM-CFRP 

failed by FRP rupture. The second failure mode is more desired as it represents full structural use 

of the FRP material and is not limited by adhesive failure.   

 

In addition to experimental results, a FEA model was created of the splice detail, to better 

characterize the behaviour of the three material connection.  Tri-linear plastic stress-strain curve 

for the steel, pure linear elastic for the FRPs and bi-linear plastic curve for the adhesive were used 

to model the material properties.  The adhesive layer was modeled as a continuum layer, with no 
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bond-slip behaviour. There was also no slippage behaviour allowed for the bolted web plate 

detail.  Furthermore, the FEA model showed the presence of a shear lag effect in the adhesive 

layer, which had also been observed in testing, through strain readings, and was used to identify 

the high stress regions where failure was likely to initiate (Rameshni, 2011). 

 

2.3 Fatigue in Steel and FRP 

 

2.3.1 Fatigue Analysis of Steel 

 

All metal structures in civil engineering experience cycles of loading and unloading from 

occupancy and environmental loads during their service life. Although these loads are within the 

elastic range of the steel, they will induce microscopic damage, in the form of micro-cracks 

between the grains. Over long periods of these cycles, this microscopic damage can grow to form 

macroscopic cracks, which can cause failure in the structure. This process is referred to as fatigue.  

 

Investigations into structural failures have found that 80-90% of cases for steel structures have 

been due to fatigue damage (Zhao, et al., 1996), making design considerations for fatigue critical. 

For steel, there are three main analysis methods for fatigue: stress-life, strain-life and fracture 

mechanics.  Fracture mechanics approach is very effective in determining localized stresses at 

crack tips, which may form in the tensile flange or at connections, and how the crack growth will 

affect the life of the component.  Strain-life approach accurately incorporates the effect of plastic 

strains on the material and how it reduces the service life. However, for high cycle life, 

considered greater than 105 cycles of loading, where the loads will remain in the elastic stress 

range, stress-life approach is the ideal method. 
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Stress-life uses the stress range applied to the structure to determine the life of the material. The 

stress range (σR) is the difference between the maximum and minimum stress applied over the 

loading cycle. The mean stress (σMEAN) is the average of the maximum and minimum stress and 

the stress amplitude (σA) is half the stress range,  σR /2 -. Another key parameter in stress-life is 

stress ratio (R), the ratio of minimum stress to maximum stress. An R value of -1 represents fully 

revered cyclic loading, while an R value of 0 is for zero to maximum load -  Loading on 

structures typically varies in stress amplitude over time, shown in Figure 2-1(b), however stress-

life analysis uses a constant amplitude stress, Figure 2-1(a), for determining the fatigue life.  For a 

constant amplitude loading, σR , σMEAN and σA are shown in Figure 2-1(a) 

 

 

Figure 2-1: (a) Constant Amplitude Stress History; (b) Variable Amplitude Stress History 

 

The fatigue life of engineering materials can be characterized by a stress-life (S-N) curve. Typical 

S-N curves are obtained from a series of tests of specimens fatigued with zero mean stress at 

different stress ranges until failure. The results are plotted on a log-log scale to give a curve 

similar to the one shown in Figure 2-2. 
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Figure 2-2: S-N Curve for a typical Engineering Material 

 

As is seen in Figure 2-2, the S-N curve reaches a minimum stress range in which a lower range 

will run for infinite cycles. This stress level is known as the fatigue limit or endurance limit and is 

an important parameter for engineering design. The fatigue limit is usually considered to be the 

stress range at 1 to 2 million cycles of loading. AASHTO, CHBDC and CSA-S16 all give a S-N 

curve for different structural applications of steel members and connection details. When 

designing with the fatigue limit, care must be taken as it can be reduced or even disappear due to 

the following factors: 

 

1. Periodic Overloading / Variable Amplitude Loading; 

2. Corrosion; 

3. High Temperature Range (Bannantine, et al., 1990). 
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For metals, the S-N curve can be plotted as a linear curve on a log-log scale by using Basquin’s 

Equation, which is shown below. 

2      Eq 2.1 

 

where 2Nf is the reversals to failure (1/2 cycles), b is the fatigue strength exponent and σ’f is the 

fatigue strength coefficient. The fatigue strength coefficient is approximately equal to the true 

fracture strength of the material, while the fatigue strength exponent, the slope of the fitting line, 

usually varies between -0.05 and -0.12 (Bannantine, et al., 1990). 

 

Fatigue damage has two main stages up to failure: initiation and propagation. The initiation phase 

is fatigue damage that occurs on a microscopic level in the material. This includes grain 

dislocations, slip bands and microcracks and requires intensive laboratory equipment to monitor 

this damage. Surface flaws can also help initiate fatigue crack growth. The propagation phase 

occurs on a macroscopic level and can be easily observed in the material. Damage is directly 

related to crack length and the rate of growth. (Bannantine, et al., 1990) 

 

To quantify fatigue life, empirical calculations are used to relate damage to the amount of life lost 

during the fatigue process. The Palmgren-Miner Rule, commonly known as Miner’s Rule, is one 

of the most widely used equations for fatigue life prediction, as it can be used for constant or 

variable amplitude loading. Miner’s Rule is a linear damage rule which quantifies damage as: 

 

	 ∑      Eq 2.2 

where ni is the total number of cycles at a stress level σi and Ni is fatigue life at σi. When the 

above summation equals 1, failure will occur. If a load history is repeating itself, one repetition of 
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the load sequence can be taken and multiplied by the number of repetition (Bf) to equal a unity. 

This allows for the fatigue life of the material to be determined. 

∑ 1      Eq 2.3 

 

2.3.2 Fatigue Analysis of FRPs 

 

An initial assessment of FRPs in fatigue assumed that the mechanisms for fatigue damage that are 

common in metals are present in FRPs and that the high stiffness in the fibre directions made 

working strains too small to induce any critical fatigue damage (Harris, 2003).  However, the 

anisotropic nature of the material does not permit either of these assumptions to hold true and has 

led to the creation of a separate, more accurate fatigue model for the composite material. In 

addition, the different manufacturing processes (lay-up, pultrution, etc.), stacking sequences and 

higher probability of material defects leads to the necessity of a more complex fatigue model.   

 

2.3.2.1 Damage Mechanisms 

 

In general, fatigue failure in FRPs occur by extensive damage spreading throughout the 

specimen’s volume, as opposed to local singularities in metals causing stress concentrations 

(Kim, 1987), (Hollaway, et al., 2001) (Harris, 2003).  This damage propagation occurs by 

different damage singularities linking up throughout the material, to cause stiffness and strength 

reductions. The mechanisms for damage are the same for static and fatigue loading however the 

effect of loading cycles will cause additional damage for fatigue loading. There mechanisms are: 
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1. Fibre breakage and interface debonding; 

2. Matrix cracking; 

3. Interface shear failure with fibre pull-out; 

4. Brittle cross section rupture. (Kim, 1987) (Hollaway & Head, 2001) 

 

Figure 2-3: Damage mechanisms for FRPs loaded in direction of the fibres. Modified from 

Hollaway & Head, 2001. 

 

Fibre breaking and interface debonding (1) are highly affected by properties of the fibres and 

bonding agent, as well as any defects in either.  In advanced composites, such as CFRPs, the 

resistance to failure of the matrix is greater than in the fibre. Therefore, defects in the fibres will 

cause them to fail first and propagate a crack through the matrix (Hollaway & Head, 2001).  

 

Matrix cracking (2) from in plane loading is the primary failure initiator in multidirectional 

laminates as opposed to laminates made up of unidirectional laminates, also known as 0o 

laminate. Layers with fibres oriented off-axis from the loading will have more of the load applied 

directly to the matrix (Hollaway & Head, 2001). This will result in cracks forming in the weakest 

lamina first, and propagate to the interface of the next lamina with an increase in static load or 
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fatigue cycles.  Most of the cracks will form within the first 20% of the fatigue life (Kim, 1987).  

This process will continue through all the off-axis until the density of cracks stabilizes at an upper 

limit, which is a function of the lamina thickness, orientation and stacking sequence (Reifsnider, 

et al., 1982), (Kim, 1987). This cracking mechanism is less common in 0o plys, however, Possion 

ratio effects can lead to splitting in the matrix (Hollaway, et al., 2001). 

 

Interface shear failure with fibre pull-out or delamination (3) occurs near free edges, as the shear 

stress in each ply must reach zero. This will induce interlaminar stresses in the through thickness, 

which is the weakest direction of FRPs (Hollaway, et al., 2001). Laminate type, stacking 

sequence, and properties of the fibre and matrix will affect the magnitude and distribution of this 

stress (Kim, 1987). Delamination may occur early in the fatigue process and can propagate 

rapidly through the FRP. Application of a taper to the end of the laminate can help to reduce the 

stresses which lead to delamination, as have been shown by Schnerch et al. (2007). 

 

 

As the crack travels through the matrix, its path is affected by the matrix and interface properties. 

A strong bond with the material will cause a steady crack growth through the matrix, resulting in 

a smooth, fracture surface. However, if the bond is weak, the crack will cause interfacial 

debonding and fibre pull-out (Kim, 1987).  

 

While any of the above three failure mechanisms alone may induce failure, they can potentially 

link up.  If this accumulation of singularities can stretch over the entire cross section, it will result 

in section failure by brittle rupture (4) (Hollaway & Head, 2001). 
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2.3.2.2 FRP Degradation and Damage Models 

 

Once FRPs experience fatigue loading, damage will begin to accumulate, similar to the crack 

initiation phase in metals. As most advanced fibres are insensitive to fatigue, any damage causing 

stiffness reduction will primarily occur in the matrix. Visco-elastic or creep deformation in this 

medium will cause micro cracks to form, reducing the stiffness. On the other hand, initial loading 

may help to better realign the fibres, causing a small strength increase which can offset any 

strength reduction that may occur (Harris, 2003). Weaker fibre FRPs (Glass, Aramid) will 

experience more initial reduction than CFRP.  

 

Fatigue damage in FRPs will lead to loss in stiffness and strength in the material. The rate and 

magnitude of this degradation is affected by the ply orientation. In unidirectional CFRP sheets, 

strength reduction will show a semi-log linear trend. Wu et al. (2010) tested CFRP sheet coupons 

in fatigue, as well as other FRP types, and found that the coupons exhibited a fatigue limit of 

83.7% for tensile capacity at 2 million cycles (Wu, et al., 2010). In contrast, 0/90 lay-up laminates 

show a different degradation model. For this laminate type, strength loss can occur in two ways: 

(i) Gradually or; (ii) Catastrophically. GFRPs show continuing stiffness and strength reduction to 

the point of failure, while CFRPs show little reduction up to the point of failure, when there is a 

sudden drop off (Harris, 2003). Figure 2.4 below shows the two degradation behaviours for cross-

ply laminates. 
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(a) 

 
(b) 

Figure 2-4: Residual Strength-Life Curves for cross-ply laminates. (a) Gradual 

Degradation; (b) Catastrophically Degradation. Modified from Hollaway & Head, 2001. 

 

In addition to the material used, manufacturing process will also affect degradation behaviour. 

Randomly oriented laminates will show gradual reduction behaviour, whereas purely 0o laminate 

will show little to no decay until failure occurs (Hollaway, et al., 2001). Adams et al. (1986) 

presented a residual strength decay model for residual strength of the 0/90 lay-up FRP laminates.  

The analytical model is a two parameter power law model, based on a normalized stress and cycle 

ratio. This normalization has allowed for the model to account for both Gradual and Catastrophic 

degradation, found in GFRP and CFRP respectively (Adam, et al., 1986). For the experimental 

data used, the CFRP cross-ply specimens showed not even 10% reduction in strength after 1 

million cycles.  
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The complex fatigue mechanisms in FRPs make a life prediction model more difficult than for 

metals. As different mechanisms can occur simultaneously, a damage model based on a 

singularity, such as Miner’s Rule for metals, cannot be used in the same form (Yao, et al., 2000).  

Instead, researchers have found that using models that predict residual strength is a better 

representation of the characterization of the multitude of matrix cracks and fibre rupture (Kim, 

1987). Kim (1987) presented a degradation model that used statistical distribution for fatigue life 

and residual strength. The relationships for change in residual strength with cycles used Weibull 

distributions for stress and cycle, with shape and scale parameters for both distributions, to 

encompass the higher variability of the fatigue process (Kim, 1987). Lui and Lessart (1993) took 

Kim’s base S-N curve model and using strain-failure criteria and power-law global damage 

growth rate, were able to precisely include the effects of general delamination and matrix 

cracking in the fatigue model.  The model was also able to account for lamina orientation and 

stacking sequence (Lui, et al., 1993). More recently, Yao and Himmel (1999) were able to adapt 

Miner’s Rule to create a cumulative damage model for variable amplitude loading in FRPs. With 

variable amplitude loading, different amplitudes as well as different periods of loading will cause 

damage types to change due to the viscoelasticity and plasticity of FRPs. Their model used 

residual strength to link macroscopic properties to microscopic damage mechanisms. The model 

allowed for cycle by cycle accumulation of damage and for constant amplitude stress history to 

be analyzed as well. Test data from previous researchers (Harris, et al., 1997) was compared with 

the presented model and a reasonably good prediction was shown (Yao, et al., 2000). 
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2.4 Summary 

 

The extensive research conducted on MBEJs found that proper fatigue design will ensure that the 

expansion joint will meet its required design life.  The field splices, in particular, needs to not 

only meet all strength and serviceability requirements but also be easily installed while in a 

confined space (MTO, 2008-2009).  The light weight and high strength-to-weight ratio of CFRP 

make it an ideal candidate for this detail. 

Research into the use of CFRP for splice steel beams is an emerging field. Most research over the 

last 20 years has focused on strengthening or rehabilitating. In both static and fatigue testing 

programs, this advanced composite material has been able to either restore lost stiffness or even 

strengthening beams past original values. The modulus of the CFRP has been the key parameter 

in determining the magnitude of increase. All the above research has shown that proper bond 

between steel and CFRP is crucial in ensuring the maximum increase is reached.  As this research 

program will be heavily focused on fatigue effects on the proposed splice detail, a fundamental 

knowledge of fatigue behaviour of the two primary structural materials is required to better 

quantify the synergy between the materials. 
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Chapter 3 

Experimental Procedure 

 
This chapter presents an overview of the testing methodology performed to determine the fatigue 

behaviour of the hybrid FRP/steel splice detail. Section 3.1 presents the design of the FRP/steel 

splice detail and a description of the individual test specimens.  The different materials used for 

the fabrication of the test specimens are discussed in Section 3.2. Section 3.3 details the 

construction procedure for the tested FRP/steel spliced beams.  This includes the material 

preparation techniques, sequential fabrication steps and key considerations.  Section 3.4 presents 

the laboratory set-up used to perform the fatigue tests and Section 3.5 presents the key 

instrumentation that was mounted to the test specimens. 
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3.1 Field Splice Test Specimen Design 

 

Ten sets of steel beams were spliced together using the hybrid FRP/steel splice detail, consisting 

of FRP pultruded plates bonded to the flanges and steel plates bolted to the webs. The steel beams 

were W100*19 wide flange I-sections, with each pair having a total length of 1.2 metres. 

W100*19 sections were chosen for the experimental program because their geometric properties, 

especially depth, best resemble those of the typical centre beams used in Modular Bridge 

Expansion Joints (MBEJ). NCHRP 402 recommended restricting the centre beam spans to a 

maximum of 1.2m to avoid structural integrity issues from dynamic amplification factors, and 

therefore this program selected a maximum length of 1.2 metres (NCHRP Report 402, 1997).  

 

In this research program Carbon Fibre Reinforced Polymer (CFRP) was used for the FRP part of 

the splice detail. This was based on results from Rameshni (2011) which showed superior static 

behaviour and preliminary fatigue behaviour of CFRP over Glass Fibre Reinforced Polymer 

(GFRP), in addition to literature sources (Harris, 2003). 

 

CFRP provided by SIKA Canada was used for the test specimens: Sika CarborDur Type M and 

Type UH.  In this thesis, the Type M CFRP is designated by “NM” and the Type UH is 

designated by “UHM”.   

 

Two different width arrangements were chosen for the study: (i) 60 mm wide on the bottom 

flange and two 30 mm wide on the underside of top flange CFRP, and; (ii) 50 mm wide bottom 

flange and two 25 mm wide top flange CFRP.  The testing matrix for this research program is 

shown in Table 3-1 below. 
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Table 3-1: Testing Matrix for Field Splice Test Specimens 

Beam ID  Tensile CFRP 

Width (mm) 

Compressive CFRP 

Width (mm) 

Modulus 

of CFRP 

Loading Situation 

B1  60  30  NM  Static 

B2  60  30  NM  Fatigue 

B3  60  30  NM  Fatigue 

B4  60  30  NM  Static 

B5  50  25  NM  Fatigue 

B6  50  25  NM  Fatigue 

B7  50  25  NM  Fatigue 

B8  50  25  UHM  Static 

B9  50  25  UHM  Static 

B10  50  25  UHM  Fatigue 

 

 

The test specimens outlined in Table 3-1 form one phase of a research program examining the 

feasibility of a hybrid FRP/steel splice detail.   Previous research had examined the use of GFRP 

in static and fatigue load regimes (Rameshni, 2011) (Mulyk, 2012). 

 

An equal area of CFRP on the top and bottom flanges was used to ensure that the predicted 

neutral axis of the steel beam was unaffected by the additional material. A single splice length of 

950 mm for the CFRP plates was examined in this study 

 

Two steel plates were bolted to either side of the steel webs to provide additional stiffness at the 

gap between the beams. All the steel plates in this study had a nominal thickness of 12.7 mm 

(1/2”) and a length of 400 mm. Four 15.9 mm (5/8”) nominal diameter, UNC (coarse thread), 

structural bolts were used for the connection. In order to obtain a minimum edge distance of 28 
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mm, (CSA S16-09 CL. 22.3.2.), the depth of the plates was 70 mm. The bolts were spaced 100 

mm apart and 50 mm from the end of the plates, exceeding the minimum pitch requirement of 28 

mm (CSA S16-09 CL. 22.3.1.).  Figure 3-1 below shows the FRP/steel splice detail that was 

tested in this research program. The dimensions in the figures are in millimetres unless otherwise 

noted and are nominal. 

 

 

Figure 3-1: FRP/Steel Splice Detail 

 

 

3.2 Materials Used for Field Splice Laboratory Specimens 

 

The W100*19 wide flange I sections were manufactured with ASTM A992 50W grade steel.  The 

beams had a nominal yield strength of 345 MPa and a modulus of elasticity of 200 GPa, as 

reported by Rameshni (2011).  The steel plates were also A992 50W grade, and had the same 

nominal material properties as the W100*19 wide flange beams.  The bolts used were ASTM 

A325 grade, with a nominal ultimate strength of 825 MPa. 

 

The two different CFRP pultruded plate products used were CarboDur M1214 Normal Modulus 

CFRP (NM) and CarboDur UHM514 Ultra High Modulus CFRP (UHM). The NM plates have a 

nominal width of 120 millimetres and the UHM plates have a width of 50 millimetres. Both 
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product types have a nominal thickness of 1.4 mm.  The manufactures specified tensile strength 

and elastic modulus for the NM CFRP plate is 2.4 GPa and 210 GPa respectively, while for the 

UHM they are 1.45 GPa and 400 GPa, respectively (Sika, 2011).  For both CFRP types, a series 

of coupons were created to determine the true static strength and stiffness of the material 

received. 

 

SCIGRIP SG620, a methacrylate adhesive produced by IPS Corporation, was selected for the 

bonding agent between the CFRP and steel based on the work done by Rameshni (2011).  The 

adhesive consists of an adhesive and an activator, separated in the cartridge and mixed at a ratio 

by volume of 10:1. In order to ensure a precise mixing ratio, the manufactures application gun 

and mixing tips were used.  The adhesive has a tensile strength between 18-21 MPa and a 

modulus of elasticity between 413-517 MPA, according to the producer’s technical data sheet.   

 

3.3 Field Splice Laboratory Specimen Construction Procedure 

 

3.3.1 Material Preparation for Construction 

 

The first phase of the construction procedure was to prepare the individual materials for the splice 

connection phase.  Figure 3-2 below shows some of the key steps done to get the material ready 

for specimen fabrication. 
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Figure 3-2: Material Preparation Procedures 

 

The steel beams were reused specimens from Rameshni (2011). As none of the spliced beams 

exceeded 50% of the yielding load of the control beams (intact W100*19), it was deemed that the 

beams were acceptable for reuse.  The steel beams had any remaining FRP and epoxy removed.  

 

The steel web plates also had their bolt holes drilled in the same press, with the same hole 

diameter (A). The only preparation work required for the bolts was a visual inspection for any 

deficiencies and degreasing with acetone. The web holes in the steel beams were enlarged, 

allowing for larger bolts to be used, using a drill press (B). The holes were re-drilled to a17.5 

millimetre (11/16”) diameter, giving 2 millimetres for oversizing the holes (CSA S16-09 CL 

22.3.5.1).  

 

Steel Beam
Web Plates
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The steel beams were then sandblasted on both sides of the flanges (C), to help improve the bond 

durability and capacity as has been shown by previous researchers (Dawood, 2005), (Schnerch et 

al., 2007), (Rameshni, 2011).  The steel beams were spliced immediately after the sandblasting 

process to minimize the exposure of the cleaned steel surface to dust, dirt or moisture. 

 

The CFRP pultruded plates, were carefully handled as they were cut down to the required length 

of 950 mm (D).  To minimize the end stresses in the bond, the CFRP plates had a reverse taper 

cut to the ends, as was recommended by Schnerch et al. (2007). Figure 3-3 below shows a 

schematic (A) and a photo of the actual taper cut fabricated (B).  The cutting jig was designed to 

make the taper at a 20o cut. This angle was measured afterwards to confirm the degree. 

 

 

Figure 3-3: End Taper Detail for CFRP Plates 

 

Similarly to improving the bond on the steel beam’s surface, the CFRP plates were sanded on the 

bonding side. As mishandling the CFRP plates or damaging the fibres prior to application to the 

intended surface can detrimentally affect the bond (Sika, 2009), 400 Grit sandpaper was used for 

this process.   
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3.3.2 Laboratory Splice Specimen Construction Phase 

 

Once all the individual materials were prepared for construction, the bolted connection was the 

first component fabricated.  Figure 3-4 below shows the key steps for the construction phase and 

the steps are described below. 

 

 

Figure 3-4: Specimen Fabrication Procedure 

 

In step A (Figure 3-4), the connection was assembled and torqued to 233 N*m (172 lbf*ft), 

inducing a pretensioning force in the bolts of 85 kN (CSA S16-09 CL. 23.8.1). Appendix A.1 has 

the detailed calculations determining the required torque value.  The procedure for this process is 

the same as that outlined in Appendix I of CSA-S16-09 “Arbitration Procedure for Pretensioning 

Connections”: snug-tight first, then additional 1/3 turn of the nut, followed by torqueing to 233 

N*m. 

 



 

50 

 

Once the bolted connection was completed, the CFRP was then bonded to the steel beams. The 

bonded length was marked out on the steel beams and the centrelines of the steel flanges and 

CFRP plates were marked, in order to minimize eccentric bonding.  As per the manufacturer´s 

recommendations, the bonding surfaces of both the steel and CFRP were cleaned with acetone. 

Next the methacrylate adhesive was applied to the bonding surface of both materials (Figure 3-4 

B) and was spread smoothly over the surface with a spatula.  The adhesive, once mixed, gives off 

a potent odour and requires the use of a respiratory mask for safe work conditions.  

 

In order to ensure a consistent bond thickness, glass beads with a diameter of 0.8 mm were spread 

over the adhesive. This procedure has been shown by previous researchers to maintain a constant 

bond thickness (Dawood, 2005), (Howard, 2006), (Rameshni, 2011).   

 

The CFRP plate was then placed and pressed to the steel flanges with clamps and weights (Figure 

3-4 C). During the curing process, the CFRP plate was monitored to make sure that it did not shift 

while the adhesive hardened, and create an eccentric alignment. The curing process, with the 

weights and clamps, was left undisturbed for the adhesive manufacture’s required minimum cure 

time (48 hours).  The beams were then stored in an environmentally controlled room, for 

temperature and humidity, until it was time to test each individual beam. 
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3.4 Laboratory Set-Up 

3.4.1 Testing Frame 

 

All the beams were tested in a MTS 220 axial testing frame, with a load capacity of +1000 kN. A 

testing rig was installed in the MTS frame to create four point bending conditions.  Figure 3-5 

below shows the testing rig used in the axial frame.  Detailed design calculations of the rig - 

design can be found in Rameshni (2011).   

 

Figure 3-5:  Testing Rig for FRP/steel Splice Specimens. (Rameshni, 2011) 

 

The test frame gives a clear span of 1000 mm between the supports, HSS 152*152*13 sections. 

At this span length lateral torsional buckling is not the failure mode for W100*19 sections, 

therefore, there was no need to design lateral supports for the test specimens. The actuator is 

located at the top of the MTS frame. The load is split to the two loading points by a HSS 

254*152*13 [Element A].  Then, two HSS 152*152*13 beams [Element B], spaced 410 mm 

apart centre to centre, then apply the load on to the spliced beam. This gives a constant moment 
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region of approximately 410 mm and a varying moment region of 295 mm on each side of the 

beam.  Finally, a HSS 305*203*13 [Element C] transfers the reaction forces to the load cell, for 

recording. 

 

The test beams were placed into the frame, centred on the support and loading HSS sections, and 

had elastomeric bearing pads placed between the test beams and the HSS supports. These pads 

were used to minimize localized impact loading on the test beams from the HSS supports and 

helped keep the beam stationary.   The testing frame, as it is designed, cannot accommodate 

reverse loading to allow for negative bending.  Figure 3-6 below shows a typical FRP/steel test 

spliced beam in the test frame from the back (A) and side (B). 

 

Figure 3-6: Typical Spliced Beam Set-up in Test Frame 

 

3.4.2 Fatigue Load Calculation 

 

For the fatigue tests, the applied loading on the test beams should simulate in-situ loading 

experienced by MBEJs (i.e. transport truck wheel loads). As the test beams are simply supported, 

while the MBEJ centre beams are continuous, the moment effects from similar load levels would 
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not be the same in the two cases. Therefore, design code loads cannot be directly used for the test 

beams. For fatigue, the stress range is what contributes to the damage of the components. 

Therefore, applying similar stresses, by simulating the same internal bending moment 

experienced in a typical bridge deck, will result in similar behaviour to an in-situ splice detail. 

 

A typical MBEJ centre beam will have a continuous span of five metres, with support beams 

every metre.  On a bridge deck, this will allow three metres for traffic and one metre sides, on 

each side.  When a centre beam needs to be spliced, they are typically done at the middle of the 

second bay, where negative moments will be minimal (Rameshni, 2011).  For Fatigue Limit 

States (FLS), the applied load shall be one truck placed at the centre of one lane (CSA S6-06, CL. 

3.8.4.1 c). The loading will consist of four wheels, with two pairs spaced 1.8 m apart centre-to-

centre and each pair 600 mm apart (CSA S6-06, Figure 3.2). Based on the above information, a 

structural analysis of a typical centre beam can be made and is presented in Figure 3-7 below. 

 

Figure 3-7: Structural Analysis Model of Spliced MBEJ Centre Beam 

 

The Canadian Highway Bridge Design Code (CHBDC) requires that MBEJ be designed for the 

No. 4 axle (CSA S6-06, CL. 3.8.4.3.). For a CL-625-ONT truck, that axle gives a load of 175 kN 
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(CSA S6-06, CL.3.8.3.2.).  Analyzing this structure gives a moment at the centre beam splice of 

8.4 kN m.  Details of the analysis process can be found in Rameshni (2011).  At this section, the 

negative moments are less than half the positive moments, indicating that the effects of reverse 

loading are not as critical as positive bending. 

 

Using this bridge design moment in the testing set-up shown in Section 3.4.1 gives an applied 

load of 28 kN at each loading point, or 56 kN in total.  Given this load range, to simulate in-situ 

bending stresses, the different beams were fatigued at or near this load range. A minimum load of 

4 kN was applied for every test beam.  Table 3-2 below summarizes the load ranges for the test 

beams. 

Table 3-2:  Fatigue Test Beam Load Ranges 

 

Beam ID CFRP Modulus Load Range [ΔP] 
(kN) 

B2 NM 4 - 50 

B3 NM 4 - 50 

B5 NM 4 - 60 

B6 NM 4 - 60 

B7 NM 4 - 55 

B10 UHM 4 - 20 

 

Beams B2 and B5, which failed prematurely (Chapter 4) had their load ranges repeated by beams 

B3 and B6.  As negative bending moments at the location of a typical field splice for MBEJ are 

small, the load ranges focused solely on positive bending. 
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The five NM test beams had their ΔP close to the simulated CHBDC truck load of 56 kN. On the 

other hand, the UHM fatigue beam had its load range well under this value.  Beam B3 was tested 

earlier and under the applied load, the web plate slipped partially damaging the FRP/steel splice 

(Chapter 4).  

 

Based on the first two UHM static beams tests (B8 and B9), the web plate slippage load for the 

UHM beams was 25 kN.  Therefore, a peak fatigue load under this slippage load was desired to 

avoid the heavy damage observed in B3.   

 

For all the fatigue test beams, the intention was to reach two million cycles.  Two million cycles 

was chosen as a balance between real in-situ load history and time feasibility for numerous test 

specimens. The Average Daily Truck Traffic (ADTT) for a Highway Class A bridge is at least 

1000 (CSA-S6-06 Table 1.1).  

 

Based on 1 000 cycles a day, two million cycles would be reached in approximately five and a 

half years.  Two million cycles is equivalent to 3.5 months of continuous lab testing, although the 

proposed FRP/steel splice needs to be able to withstand much longer service life in an actual 

bridge. 

 

The testing rate for the fatigue beams was 0.5 Hz to 0.6 Hz, while for the static tests, a rate of 

1mm/min was used.  
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3.5 Instrumentation 

  

All test beams had instrumentation attached to measure the strain and displacement at different 

locations along the beam.  Strain gauges with ten and five millimetres gauge lengths were bonded 

to the CFRP and steel surfaces, to monitor the change in local stiffness and strain distribution 

through the cross section and bond length, as the beam was fatigued. It should be noted that for 

each individual test a constant gauge resistance was used for all the gauges, to minimize reading 

discrepancy between the instruments.  The strain gauges were bonded to the beam as per the 

manufacturer´s procedure.  

 

Deflection of the test specimens was recorded using linear potentiometers (LPs), which were 

placed at the mid span and over the two supports (See Figure 3-6 (B)). The beam rested on 

elastomeric pads and the compression of these pads had to be account for in determining the true 

value.  The load, stroke, strain and deflection data was recorded using a Vishay Micro-

Measurements System 7000 Data Acquisition System with a scanning rate of 10 Hz. 

 

Three different strain gauge layouts, shown in Figure 3-8 below, were used for the beam tests. 

The dimensions in Figure 3-8 are in millimetres. Strain Gage Arrangement [A] was used for 

Beams B1-B4, while [B] was used for Beams B5-B7 and [C] for B8-B10.  Figure 3-9, also below, 

shows the location of the three LPs, as shown by arrows. 
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[A] 

 

[B] 

 

[C] 

Figure 3-8: Different Strain Gage Arrangements 
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Figure 3-9: LP Location for Tested FRP/Steel Splice Beams 

 

 

3.6 Conclusion 

 

Details about the testing and specimen fabrication methodology were discussed in the above 

sections.  The materials and dimensions selected for this research program were based on 

preliminary recommendations from Rameshni (2011).  The testing rig designed for this research 

program is intended to simulate similar bending moments in the test specimen as what a typical 

MBEJ would experience from truck loads.  This similar moment, and corresponding stress, range 

under the fatigue tests is crucial to determining the feasibility of this splice detail.  The next 

chapter contains the results of the study performed on the splice details performance. 
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Chapter 4 

Experimental Results 

This chapter presents the testing results from the research program outlined in Chapter 3 for the 

study of the fatigue behaviour of the hybrid FRP/steel splice. Section 4.1 presents the 

experimental results from coupon tests done on the two types of CFRP used in the study: Normal 

Modulus (NM) and Ultra-High Modulus (UHM). A series of coupons for each modulus were 

tested to confirm the true engineering material properties of the FRPs.  Section 4.2 presents the 

experimental results from the beams tested under static loading. Two beams for each modulus of 

CFRP were tested under this loading, B1 & B4 for the NM and B8 & B9 for the UHM.  Section 

4.3 presents the experimental results from the beams tested under fatigue loading. Beams B3, B6 

and B7 were tested with the NM, while B10 was with the UHM. Finally, Section 4.4 presents the 

failure tests of B6, B7 and B10 after 2 million cycles of fatigue damage and a comparison of the 

response post-fatigue with the initial, undamaged beams. 
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4.1 Coupon Tests 

4.1.1 NM Coupons 

 

A total of 6 coupons of the NM were tested in the Instron 8802 at Queen’s University. The double 

ply CFRP tabs were long enough and the Sci-Grip SG620 adhesive was strong enough to prevent 

failure in or near the grips, thus valid coupon tests were obtained.  Figure 4-1 shows the stress-

strain curves for all the NM coupons tested. 

 

Figure 4-1: NM Coupon Stress-Strain Curves 

 

NM-2 test data lies on or between NM-4 and NM-5.  An extensometer was used instead of strain 

gauges on two coupons (NM-1 and NM-2) resulting in strain readings at load levels above 30kN 

not being recorded.  Therefore, when determining the elastic stiffness, a maximum stress of 800 

MPa was used for all coupons. Five of the coupons showed consistently, linear, smooth stress-

strain curves, and reached 800 MPa at similar strains.  Only NM-1 showed different behaviour, 
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reaching 800 MPa at a noticeably lower strain. The non-linear behaviour seen in NM-1 and 

slightly in NM-2 is due to the extensometer.  The test results of the six coupons are shown Table 

4-1 below.  

 

Table 4-1: NM Coupon Test Results 

Coupon ID Peak Load 
(kN) 

Tensile Strength 
(GPa) 

Elastic Modulus 
(GPa) 

NM-1 93.78 2.04 193 
NM-2 91.53 2.36 188 
NM-3 N/A N/A 170 
NM-4 N/A N/A 177 
NM-5 92.81 2.99 189 
NM-6 83.40 2.28 197 

Average 90.38 2.42 186 
Standard Deviation 4.74 0.4 10.3 

 

NM-3 and NM-4 were fatigue tested coupons that could not be compared with other coupons 

because they failed early in fatigue at the grips and did not provide proper tensile static strength 

values.  However, the initial loading provided appropriate stiffness values that could be used. All 

of the static coupons failed by a similar mechanism: tensile splitting along the gage length with 

small regions of rupture. The average values are 101% and 89% of the SIKA brochure values for 

tensile strength and elastic stiffness, respectively. The lower stiffness may be due to damage to 

the specimens during the gripping process. 

 

4.1.2 UHM Coupons 

 

A total of 4 UHM coupons were also tested to obtain the material properties of this CFRP.    

Figure 4-2 below shows the stress strain curves for the UHM coupons tested. 
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Figure 4-2: UHM Coupon Stress-Strain Curves 

 

In comparison to Figure 4-1, there is much less variability between the UHM coupons and the 

NM coupons.  The UHM coupons all used strain gages, but in order to keep consistency with the 

NM coupons, a max stress of 800 MPa was used again for determining the stiffness.  The test 

results for the UHM coupons are presented in Table 4-2 below. 
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Table 4-2: UHM Coupons Test Results 

Coupon Peak Load 
(kN) 

Tensile Strength 
(GPa) 

Elastic Modulus 
(GPa) 

UHM-1 30.97 0.87 379 

UHM-2 34.54 0.97 394 

UHM-3 38.77 1.12 378 

UHM-4 43.13 1.22 395 

Average 36.85 1.05 386 

Standard Deviation 5.26 0.16 9.56 

 

The primary failure mode was tensile splitting along the bond length, with little to no rupture 

observed.  The average tensile strength and elastic stiffness of the tested UHM was 1.05 GPa and 

386 GPa respectively, which are 72% and 97% of the SIKA brochure values.  The significantly 

lower tested strength value is due to failure by splitting and not rupture. While gripping the 

specimens into the test frame, cracking sounds could be heard coming from the gripping point. It 

is believed that the CFRP in the grips was damaged during gripping, weakening the material. 

Figure 4-3 below shows the typical failure mechanism for the: (A) NM CFRP and; (B) UHM 

CFRP. 

 

Figure 4-3: Typical Failure Mechanisms of CFRP Coupon Tests 
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4.2 Static Beam Test Results 

 

Figure 4-4 shows the load deflection response for 4 beams tested monotonically in the test 

configuration described in Chapter 3. The numbers in the figure indicate critical events 

during the loading phase and correlate to details described in the text by (#). 

 

Figure 4-4: Static Beam Load Deflection Response 

 

Beam B1 reached a Peak CFRP Load (PCFRP) of 76.4 kN, where web plate slippage initiated 

failure. Note that these peak loads only indicate the point at which the CFRP no longer 

contributes structurally to the beam. As will be described in Section 4.4.3, an additional 

mechanism engages after the CFRP has failed and results in additional load capacity. Once the 

web plate slipped, one of the compressive CFRP plates debonded at mid-span due to the two steel 

beams rotating inwards. Right after this occurred, the tension CFRP plate debonded from the 
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adhesive, except for a section near mid-span where the adhesive debonded from the steel surface. 

The web plate slippage only led to a 9 kN drop in load, as opposed to a 21.2 kN drop from the 

compressive plate debonding.  The spliced beam attempted to recover some load capacity, but 

inconsistency in the bond resulted in the debonding.  

 

The relative smoothness of the curve up to 76 kN in Figure 4-4 indicates minimal cracking in the 

adhesive or CFRP. Figure 4-5 below shows pictures of Beam B1 failure, in particular: (A) the 

debonding of the tension and compression CFRP plates and; (B) inconsistencies observed in the 

adhesive layer. 

 

Figure 4-5: Failure Pictures of Beam B1 

 

B4 was able to reach PCFRP of 116.8 kN, when the tension CFRP plate split along the length of the 

plate, as well as debonded from the adhesive. The tension CFRP plate experienced splitting 

cracks at the splice throughout the loading process, leading to the sudden drops in the load 

deflection response.  Unlike B1, web plate slippage did not directly contribute to the beam’s 

failure, as the web plate slipped at 44.4 kN (1). The web plate slippage caused shear rupture in 

one of the CFRP plates, but the other one was able to remain intact until 95.7 kN (2). Inspection 

of the bond surface after failure showed white discolouration around spots where the adhesive 
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had debonded, which is likely due to yielding of the bonding agent.  B4 had a more consistent 

thickness of the adhesive throughout the bonding area which allowed it to reach a peak load 52% 

higher than B1. Figure 4-6 below shows pictures of Beam B4 failure, in particular: (A) splitting 

of the tension plate along the bond length; (B) shear rupture of the compression CFRP plate after 

web plate slippage and; (3) white discolouration in the adhesive around mid-span. 

 

Figure 4-6: Failure Pictures of Beam B4 

 

B8 reached PCFRP of 68.8 kN, where CFRP rupture in the tension plate caused the ultimate failure.  

The web plate slipped at 25 kN and as the two beams rotated, which caused the compression 

CFRP plates to thrust into themselves at mid-span (3).  This caused fracturing and shearing 

damage to the compression plates. At 40 kN, as shown by the drastic slope change in Figure 4-4, 

the load plateaued for a short period as the beam continued to bend, before re-loading at a slower 

rate (4). 

 

Beam B9 reached PCFRP of 49.2 kN, where the tension CFRP plate slipped two millimeters, 

reducing the load carrying capacity of the spliced beam.  This slip in the tension CFRP plate 

caused a 28% reduction in capacity from B8, which achieved full capacity due to CFRP rupture. 

The web plate slipped at 22.1 kN, once again causing the compressive CFRP plates shear into 

themselves (5). Beam B9 also showed a plateau in the load-deflection curve after 40 kN (4).  
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Figure 4-7 shows pictures of Beam B8 and B9 at failure, in particular: (A) rupture of the tension 

CFRP plate for Beam B8 and; (B & C) slippage of the tension CFRP plate for Beam B9. 

 

 

Figure 4-7: Failure Pictures of Beam B8 and B9 (micrometer showing mm) 

 

Table 4-3 summarizes the static test results of the hybrid FRP/steel spliced beams, with the peak 

load and beam stiffness given. The beam stiffness was determined by taking the slope of the plots 

in Figure 4-4.  Figure 4-8 below shows how the different beam stiffness values were determined, 

using Beam B8 as an example. Linear trend line functions were fit to the curves to get the slope 

and this process was used for the fatigue test beams as well. For Pre-Slip, the load range of 10 -20 

kN was chosen to remain consistent with the analysis done on the fatigue test beams in Section 

4.3. The Post-slip stiffness was determined from after the web plate slip load till the next shift in 

the slope of the curve. 
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Table 4-3: Experimental Results from Static Tests 

Beam ID  PCFRP (kN)  Web Plate Slip Load (kN)  Beam Stiffness (kN/mm) 

Pre‐Slip  Post‐Slip

B1  76.8  76.8  27.54  N/A 

B4  116.8  44.4  25.01  14.05 

NM (Average)  96.8  60.6  26.28  14.05 

B8  68.8  25.0  29.99  14.65 

B9  49.2  22.1  30.04  14.36 

UHM (Average)  59.0  23.6  30.02  14.51 

 

 

Figure 4-8: Load-Deflection Slope Analysis for Determining Beam Stiffness 

 

The NM beams, with 20% additional area of FRP were able to reach an average PCFRP and 

stiffness 164% and 87% respectively of that of the UHM. In all four static beam tests, the web 

plate slipped causing a considerable change in the beam behaviour. For most beams, the 

compressive CFRP plates became ineffective in load transfer. Table 4-3 shows the beam stiffness 
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before and after the slip occurred.  Beam B1 does not have a post-slippage stiffness as the 

slippage happened at the peak load therefore there was no considerable load capacity remaining. 

Figure 4-9 below shows the two configuration of the web plate on the spliced beam: (A) intact 

and; (B) slipped. 

 

 

Figure 4-9: Web Plate Configuration on Spliced Beam 

 

Before slippage, the spliced deflects and curves as whole unit. However, once the web plate slips 

the two steel beams undergo rigid body rotation, as shown in Figure 4-9 (B), similar to the 

formation of an internal hinge.  There was no significant difference in stiffness between the 

beams with the different CFRP modulus values once the web plate slipped. 

 

Two different FRP damage mechanisms were noticed as a result of the slippage: debonding of the 

compression CFRP plates in the NM beams and fracture and shear of the compression CFRP 
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plates in the UHM.  The lower stiffness of the NM CFRP gives it more flexibility, resulting in it 

buckling at a lower load then the UHM. In addition, UHM has significantly lower rupture strain, 

which can be the reason it fractures in compression.  Figure 4-10 below shows the two main 

damage mechanisms in the compression CFRP plates: (A) fracture and shear failure and; (B) 

debonding. 

 

 

Figure 4-10: Damage Mechanisms in the Compression CFRP 
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4.3 Fatigue Beam Results 

 

Six beams were tested in fatigue loading: five using NM and one using UHM.  All beams were 

loaded with the intention of reaching at least two million cycles. Table 4-4 below shows the 

different load ranges, the load ratio and cycles reached for each beam.  All test beams had an 

initial monotonic test done to obtain pre-fatigue stiffness and strains. PCSA Load is 56 kN, and the 

rationale for this load level was explained in Chapter 3. 

Table 4-4: Fatigue Test Results Matrix 

Beam 
ID 

CFRP 
Modulus 

Load Range 
(ΔP) 
kN 

 
Cycles 

Reached 

B3 NM 4-50 0.821 1 663 545 
B6 NM 4-60 1.00 2 000 000 
B7 NM 4-55 0.911 1 969 750 

B10 UHM 4-20 0.286 2 000 000 
 

 

For timing issues, B7 was stopped at 1 969 750 cycles. As the test was not showing any drastic 

changes in behaviour after one million applied cycles, it was assumed that nothing detrimental 

would occur in the remaining 30 250 cycles to reach two million. 

 

Two other NM beams (B2 & B5) failed pre-maturely. B2 was destroyed by a sudden overload 

due to error in the test frame controller, while B5 failed during the first half cycle of its fatigue 

test. B5 failed due to debonding of the tension CFRP plate from the adhesive, in addition to a 

single split down the middle of the plate. The smoothness of the single split in B5, compared to 

the other test specimen’s shear splitting, would indicate potential mishandling with the plate.  

When the CFRP was cut off the roll, the CFRP was curved up on to wood blocks to allow for 

cutting. There may have been too much of a curve for B5’s plate, inducing bending strain during 

cutting, damaging the plate. 
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B2 did provide initial stiffness and strain values for the spliced beam however no data was 

recorded from the overload. For B5, initial stiffness and strain, as well as peak load and strain at 

failure were recorded.  

 

Figure 4-11 below shows the critical events in the fatigue process of Beam B3, in particular: (A) 

web plate slipped after the first cycle and; (B) failure after 1 663 545 cycles. 

 

Figure 4-11: Fatigue Process Pictures of Beam B3 

 

During the first cycle, the applied load caused the web plate to slip.  The steel beams underwent 

rigid body rotation causing both compression CFRP plates to debond, similar to what was 

observed with B1 and B4.  The debonded plates were removed from the spliced beam and the 

beam was fatigued. During the process, white discolouration was observed in the adhesive fillet 

around the CFRP. This is an indication of fatiguing of the bonding agent, which could have led to 

yielding of the adhesive as the cycle count approached failure. At 1 663 545 cycles, the beam 
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failed due to a combination of localized delamination and CFRP splitting near mid-span and 

debonding of the CFRP along the one side bond length. Upon inspection, the adhesive under the 

CFRP near mid-span showed a lot of white discolouration, indicative of continuous fatigue 

damage throughout the width of the adhesive.   

 

Figure 4-12 below shows some of the key observations from the fatigue process of Beam B6, in 

particular: (A) debonding of one of the compression CFRP plates after initial cycling; (B) damage 

to the adhesive at mid-span around the still bonded compression CFRP plate at 50 cycles and; (C) 

the intact web plate after 1 million cycles of fatigue. 

 

 

Figure 4-12: Fatigue Process Pictures of Beam B6 

 

After three cycles of loading, part of a compression CFRP plates buckled off. The unbonded 

length of CFRP plate occurred within the constant bending moment region, with the apex not 

exactly at mid-span, but 38 mm away from mid-span, on the side without strain gages. The other 

side compression plate remained intact until sometime between 1 000 and 5 000 cycles, when it 
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too debonded. While this plate was still intact, there was heavy cracking of the adhesive around 

the plate at mid-span, however the CFRP still showed normal load carrying capacity based on 

strain readings. With both compression CFRP plates debonded, the spliced beam carried internal 

compressive loads through a combination of the web plate and bearing of the compression 

flanges.  After 1 million cycles, the web plate showed no sign of slippage. Likely, the bearing of 

the compression flanges minimized the stress in the plate, reducing the change of slippage 

occurring. 

 

Figure 4-13 below shows some critical observations from the fatigue process of Beam B7, in 

particular: (A) initial mis alignment of the bottom steel flanges; (B) sheared compression CFRP 

plate at 5 000 cycles and; (C) white discolouration of the adhesive and tension CFRP at mid-span 

at 1 million cycles. 

 

 

Figure 4-13: Fatigue Process Pictures for Beam B7 

 

Initially there was a misalignment with the tension flanges of the two steel beams. As the 

compression flanges still lined up, likely bending of the one beam’s  web is the cause of this 
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issue. After 50 cycles, this misalignment between the two beams caused the two compression 

CFRP plates to shear. After 5 000 cycles, there was heavy white discolouration along the shear 

line and into the adhesive at this point. Similar to Beam B6, the web plate showed no signs of 

slippage during the fatigue process. After 1 million cycles, there was localized white 

dicolouration of the adhesive at mid span, and a white line in the tension CFRP. The line may just 

be fatigue damage in the “epoxy” matrix or the bottom lamina, as there was no sign of fibre 

damage during cycling at this point. 

 

Figure 4-14 below shows the critical events from the fatigue process of Beam B10, in particular: 

(A) partial shearing of the compression CFRP plate and; (B) fatigue line in the tension adhesive at 

mid-span. 

 

 

Figure 4-14: Fatigue Process Pictures for Beam B10 

 

The low load range for B10 minimized any damage during the initial cycles. Between 10 000 and 

50 000 cycles, one of the compression CFRP plates had a partial shearing. The lamina layers 

closer to the adhesive and steel flanges remained intact, while the ones closer to the free surface 

broke apart. Throughout the first million cycles, a small, white stress line in the tension adhesive 
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grew at mid span. By 1 million cycles, it appeared to reach its maximum and showed no 

significant increase in length over the 2nd million cycles. 

4.3.1 Stiffness Degradation 

 

Throughout the fatigue process, the tests were stopped and monotonic ramp tests were performed 

to obtain new stiffness and strain values.  Initial monotonic tests at a rate of 1mm/min, from 10 – 

20 kN, were performed to obtain the pre-fatigue stiffness for each spliced beam, with different 

CFRP modulus, was determined and is presented in Table 4-5 below. The data below is based on 

all 10 test beams fabricated in this research program, both static and fatigue tested. 

 

Table 4-5: Statistical Parameters for Beam Initial Stiffness 

  Normal Modulus Ultra High Modulus 

CFRP Width 
(mm) 

50 60 50 

Average 
(kN/m) 

25.57 30.23 30.25 

Standard 
Deviation 

3.95 5.16 0.40 

Variance 15.57 26.65 0.16 
 

The addition of 20% of CFRP for the NM (by increasing the width from 50 mm to 60 mm) 

allowed the NM stiffness to be comparable to that of the UHM.   

 

 

Figure 4-15 below shows the stiffness degradation of Beams B3, B6, B7 and B10, normalized to 

their initial stiffness, over the fatigue process. 

 

 



 

78 

 

 

Figure 4-15: Stiffness Degradation of High Cycle Fatigue Test Beams 

 

Within the first few cycles in all three NM tests, the compression CFRP debonded off the spliced 

beams, contributing to the initial stiffness loss. The beams were able to keep the load capacity 

throughout the fatigue process.  Without the compression CFRP able to fully contribute, the web 

plate and/or the bearing of the steel flanges as the beams rotated transferred the compressive 

strain from one beam to another.  

 

B6 and B7 show a general softening trend with some consistency while B3 shows softening but 

has considerable scatter in the data. For B3, the slippage of the web plate contributed to the 

drastic stiffness loss over the first 50 cycles.  Although the compression CFRP was removed once 

it had debonded, its stiffness contribution to the system is minimal compared to the web plate and 

beams. From this point on, there was nothing noticeable going on with B3 that could cause 

stiffening behavior (i.e.: a shift of the beam in the loading frame, compression flanges touching, 

etc.). Likely during the monotonic tests, the LP shifted or slid in its support as the beam was 
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being loaded. This may have resulted in some of the stiffness readings for B3 being 

underestimated.  

 

When B3 failed, the stiffness 3 000 cycles before failure was 40 percent of the original, whereas 

B6 and B7 had 67 and 76 percent of their original stiffness, respectively, when they reached two 

million cycles.   

 

The UHM beam, B10, showed stiffening of the splice beam for the first 5 000 cycles.  Once 

again, nothing noticeable had occurred with the spliced beam to cause the stiffening.  A similar 

effect to what happened with B3 may have occurred for B10, but on a smaller scale. Post 5 000 

cycles, the beam does show a steady softening trend, resulting in 90% remaining stiffness at two 

million cycles. 

 

In addition to gradual reduction in the stiffness of the spliced beams, there was an increase in 

residual displacement of the specimens. This was recorded by monitoring the actuator`s 

movement from a set zero point until load was applied on the beam and is shown in Figure 4-16. 
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Figure 4-16: Residual Displacement Increase of Fatigue Test Specimens 

 

Beam B6, B7 and B10 showed a gradual accumulation of residual displacement, as opposed to 

B3 which showed two major increases. The increases in residual deflections for B3 coincide with 

the stiffness drops shown in Figure 4-15, confirming that major damage effects took place 

between monotonic recordings. The initial displacement drop after 50 cycles is likely from the 

loss of the compression CFRP and damage in the tension CFRP. The gradual displacement 

accumulation over the fatigue process is probably a combination of loss of pre-tensioning in the 

bolted connection and yielding in the adhesive. With B3 failing shortly after its last monotonic, 

the increase in residual displacement may be due to the CFRP approaching its “catastrophic” 

failure point.  B6 and B7, with higher load ratios than B3, did not show this extreme stiffness loss 

post one million cycles. They, as well as B10, had an adhesive thickness of at least 1.1mm 

throughout the bond length, whereas the adhesive thickness on B3 was not consistent. This 

inconsistency may have contributed to this occurrence.  
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Logarithmic trendlines were fit to the data in Figure 4-15 and Figure 4-16, in the form of: 

 

log      Eq 4.1 

 

where N is the number of cycles, A and B are curve fitting parameters and Y is either residual 

displacement or normalized stiffness degradation. The trendlines were applied to the entire data 

series for stiffness degradation, and to cycles 50 through one million for the residual 

displacement.   This range for residual displacement was chosen to examine the general 

accumulation of displacement over the fatigue life and not take into account the varying initial 

loss seen in the four beams.  The curve fitting parameters and the R2 values for the curves are 

shown in Table 4-6 below. 

Table 4-6: Curve Fitting Parameters for Fatigue Stiffness Results 

Beam Stiffness Degradation Residual Deflection 

 A B R2 A B R2 

B3 -0.048 0.806 0.301 0.559 3.743 0.955 

B6 -0.040 0.944 0.871 0.378 1.107 0.902 

B7 -0.050 1.058 0.922 0.897 0.357 0.887 

B10 -0.032 1.141 0.537 0.284 0.127 0.905 

 

The A parameter represents the rate of stiffness degradation/ residual deflection accumulation. 

When examining the NM beams, it is interesting that B6, with the highest load range, has the 

lowest rate for both categories, whereas B7 has the largest rate. B7 experienced two increments of 

drastic displacement accumulation, whereas B6 showed a more constant, gradual accumulation. 

This drastic behaviour contributed to the higher rate.  For the residual deflection, B6 displayed a 

gradual accumulation after 50 cycles, unlike B7 which exhibited drastic drops throughout. 

Regardless, both B6 and B7 show a consistent downward trend for both parameters, as seen by 
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the good R2 values. B3, while showing a smooth rate of residual deflection accumulation, had 

tremendous scatter in the stiffness values, as shown by the low R2 value. 

 

4.3.2 Fatigue Effects on Strain 

 

Strain readings were monitored at the splice cross-section, which was determined to be the 

critical section of the connected beam based on the work done by Rameshni (2011). The change 

in the strain in the tension CFRP with cycles is presented in Figure 4-17 below. The strains are 

shown for a total load of 10 kN on the test specimen, under four point bending. 

 

 

Figure 4-17: Tension CFRP Strain Change at Splice Cross Section 

 

The normal strain readings are based on an average of the two gages at the cross section and the 

torsion readings are the difference between the average and the front side gage. The torsion strain 
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data stops once one of the gages used is lost and from that point on, the normal strain is based 

only on one gage reading. There is a considerable strain change during the first 50 cycles, as 

initial damage caused re-distribution of strains throughout the system. From 50 – 1 000 000 

cycles, the strain readings show a gradual change, with a slight decrease. The torsional strain 

readings, after 50 cycles, remain under 100 με for all four tests.  Based on the coupon tests, the 

ultimate strain of the NM and UHM CFRP is 12 804 and 2 706 με.  Thus, the out-of-plane 

loading on the bottom CFRP has minimal effect.  

 

Beam B3 after one million cycles shows a sharp increase in strain, especially torsional strain. 

This correlates with the steep decrease in stiffness at this point from Figure 4-15, emphasizing 

critical failure is eminent. B6 shows considerable scatter in the strain readings post 100 000 

cycles, which maybe attested to the one remaining gage experiencing fatigue damage. B10 shows 

a distinct shift in the strain change after 10 000 cycles. This test had one of the compressive 

CFRP plates shear between 10 000 and 50 000 cycles, resulting in a strain re-distribution at mid 

span. This coupled with damage in the tension CFRP, which reduced its modulus, likely led to the 

increased strain.  

 

Based on the strain gages located at the cross-section of the splice at mid-span, the strain profile 

in the cross-section was examined. Figure 4-18 below shows a typical beam strain profile over its 

fatigue life. The figure represents the data from B7 and figures for B3, B6 and B10 can be found 

in Appendix B.1.1. 
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Figure 4-18: Typical Beam Mid-Span Strain Profile over Fatigue Life 

 

For the NM beams, the typical trend was for the tension CFRP strain to increase during the 

middle cycle range, and then decrease below the initial value as it approaches two million cycles. 

The total change in the tension CFRP strain is only 100 με, 0.8% of the ultimate coupon strain.  

For the UHM beam, the strains in the tension CFRP increased over the fatigue life by 165 με, or 

6.1% of the ultimate coupon strain. 

 

 

The strains in the cross section 25 mm from the splice, referred to as the “start of bond”, were 

also examined. Figure 4-19 below shows the strain change in the tension CFRP at this location at 

10 kN. B3 was the only fatigue beam not instrumented at this cross section. 
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Figure 4-19: Tension CFRP Strain Change at Start of Bond Cross Section 

 

Similar to Figure 4-17, there was a considerable strain change in the first 50 cycles, followed by a 

gradual change afterwards.  For the NM beams, at this location during the mid-cycle process, the 

strains appeared to be increasing during the middle of the fatigue process, as opposed to 

decreasing at mid-span. This is likely due to fatigue damage in the adhesive and CFRP, thereby 

increasing the distance from the splice where the disturbed region begins.  The shear force 

requires a longer distance to transfer from the CFRP in tension at mid-span to the steel flange.  

 

After 10 000 cycles, Beams B7 and B10 show similar trends between their strain change at mid 

span and at the start of bond. The NM beam showed a strain decrease while the UHM showed a 

strain increase. B7 and B10 mid span strain readings after two million cycles, at their maximum 

load, were 1 927 and 720 με, respectively. This corresponded to 15 and 26% of the ultimate 

coupon strain. The higher percentage of peak strain in the UHM beam would cause more damage 
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in the CFRP, whereas the NM beams could have had more fatigue damage in the adhesive.  This 

may explain the different strain changes. 

 

B6 begins to show a downward trend after 50 000 cycles, but no gages remain at this location 

post 100 000 cycles. The scatter in B6 post 50 000 cycles in Figure 4-17  and loss of data, due to 

strain gage damage, in Figure 4-19 makes it hard to draw any conclusions using the strain 

readings.  

 

 By comparing the general trends in Figure 4-15, Figure 4-16, Figure 4-17, and Figure 4-19 there 

appears to be a consistency between the beams spliced with the NM and UHM CFRP. The NM 

shows a sharp change from 0-50 cycles followed by a gradual change, while the UHM shows a 

gradual change untill 10,000 cycles then a sharper one. Both these transition points coincide with 

partial or complete loss of the compression CFRP, resulting in noticeable stiffness loss and strain 

re-distribution throughout the system. 

 

 

Figure 4-20 below shows a typical observed beam strain profile for the start of the bond, through 

the fatigue process. Figure 4-20 is Beam B7, while the figures for B6 and B10 can be found in 

Appendix B.1.2.  
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Figure 4-20: Typical Beam Strain Profile in Cross Section at Start of the Bond 

 

All test beams showed an extensive shear lag effect from CFRP to the steel flange, with the strain 

difference between the two materials on the order of hundreds.  

 

As this cross section is 25mm away from the mid-span, the majority of the strain will be in the 

CFRP and web-plate and the steel beams will not be carrying much of the load. Also, the minimal 

change in strain readings in the steel flanges over two million cycles shows little to no fatigue 

damage has taken place in the beams. Similar to Figure 4-18, the tension CFRP in the beams 

show the same strain change for both NM and UHM, an increase then decrease for the NM beams 

and then just an increase for the UHM. 

 

In addition to examining the strain change with fatigue at different cross sections of the spliced 

beam, the change in the strain profile along the bond length of the tension CFRP was also 

observed.  Figure 4-21  below shows the typical observed beam strain profile.  Figure 4-21 is 

Beam B7, while the figures for B3, B6 and B10 can be found in Appendix B.1.3. 
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Figure 4-21: Typical Beam Strain Profile along Bond Length of the Tension CFRP 

 

The constant moment region coincides with the first 207.5mm bond length, while the remaining 

bond length is experiences varying moments.  Based on the initial curve, at half way along the 

bond length, the strains are approximately 30% of the peak value at mid-span. This steep decrease 

in strain in the CFRP through the constant moment region shows that large shear stresses are 

occurring in the CFRP in this region, as load is transferred from the tension CFRP to the steel 

beam.  

 

In general, there appears to be a bi-linear strain decrease over the bond length. It appears that the 

entire 475 mm of the bond is used to transfer the strains from the CFRP to the steel, although 

additional gages towards the end of the CFRP may give a better indication of where the strains 

reach a negligible level. In the constant moment region, there is a considerable change in the 

strain with fatigue. However, beyond the constant moment region, there is little to no change in 

strain values over the two million cycles. 
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4.4 Post Fatigue Static Behaviour 

 

Of the four fatigue beams, B6, B7 and B10 reached two million cycles. These beams were then 

monotonically loaded to failure, to examine their post fatigue behaviour.  B10 was loaded beyond 

this point, to examine the hinging behaviour of the web plate once the CFRP was ineffective.   

4.4.1 Load Deflection and Failure Mode 

 

Figure 4-22 below shows the load deflection response of the three beams tested post-fatigue. 

 

Figure 4-22: Load Deflection Response of Post-Fatigue Test Beams 

 

As was mentioned in Section 4.3, B6 and B7 lost their compression CFRP early on, but still 

sustained two million cycles of loading.  They were both able to reach PCFRP  values (130.3 and 
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147.9 kN, respectively) which were higher than the static tests of beams that were not fatigued. 

This is likely due to the inconsistent adhesive thickness in the static beam tests. 

 

When B6 and B7 reached 35 and 40 kN, respectively, the beams had deflected sufficiently that 

the compressive flanges began to bear on one another creating an additional load path in the 

system, resulting in an increase in stiffness.  At 80 and 73 kN for B6 and B7, respectively, the 

web plates slipped, causing a hinge to form at mid-span.  B10 experienced web plate slippage at 

33 kN, hinging the spliced beam. This motion prevented the flanges from bearing before the 

CFRP failed.  The change in stiffness during this process is summarized in Table 4-7 below. 

 

Table 4-7: Stiffness Change during Post Fatigue Static Beam Tests 

 Beam Stiffness (kN/mm) 
 Initial Loading at 2 

Million Cycles 
Compression 

Flange Bearing 
Post-Slip 

B6 20.2 30.7 13.5 
B7 18.5 24.7 12.5 
B10 27.5 N/A 16.9 

 

After 100 kN, both B6 and B7 began to show a slight non-linear behaviour up to their peak loads.  

This can be attested to the NM CFRP showing slightly non-linear stress-strain behaviour as seen 

in the coupon tests.  The beams reached peak loads of 130.3 and 147.9 kN, respectively.  The 

89% lower load range in B6 resulted in a 88% lower peak load, showing an almost direct 

relationship between the change in load range and ultimate failure load after fatiguing, based on 

the limited test data. 

 

B10, similarly to B8 and B9, showed a drastic stiffness change after two millimeters of 

deflection. The beam exhibited lower stiffness until 7 mm of deflection, before there was a re-
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stiffening up to failure.  B10’s initial stiffness after two million cycles was 90.9% of the average 

initial UHM stiffness, however its post-slip stiffness was 55.9% of the stiffness prior.  Figure 

4-23 below shows different failure characteristics of Beam B6. 

 

 

Figure 4-23: Failure Pictures of Beam B6 

 

B6 failed by interface shear failure with laminate shearing and rupture [A] and local interlayer 

splitting [B] at mid-span. The adhesive debonded at mid span, both from the steel and the CFRP. 

Once the CFRP was removed, white discoloration in the adhesive layer spreading 150mm from 

the mid span was observed [C]. This is an indication of yielding in the bonding agent, either from 

cyclic stress or the failure test.   

 

Figure 4-24 shows some of the failure details of Beam B7. 
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Figure 4-24: Failure Pictures of Beam B7 

 

B7 failed by a combination of CFRP rupture and plate slippage.  It is believed that the tension 

CFRP plate ruptured at mid-span first, then during the release one of the broken halves debonded 

and slipped under the still bonded half [A and B]. The total tension plate slippage was 

approximately 95 mm. There was a considerable area of debonded adhesive from the steel flange 

at mid span and at the end of the bond [C]. Similar to B6, the first 150mm of bond length had 

white discoloration in the remaining adhesive layer. The slipped CFRP plate showed substantial 

interlayer splitting and shear interface breakage.  

 

 

Figure 4-25 shows the failure characteristics of Beam B10 
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Figure 4-25: Failure Pictures of Beam B10 

 

After the web plate slipped on B10, cracking sounds were heard continuously until the point of 

failure.  The ultimate failure of this beam was a combination of rupture and laminate plate 

shearing at mid span, with debonding of the plate along the bond length [A and B]. During the 

fatigue process, a white stress line was seen growing in the adhesive fillet at mid span. Upon 

failure, there was white discoloration of the adhesive observed throughout the layer width and 

around mid-span [C]. 
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4.4.2 Post Fatigue Strain Behaviour 

 

In addition to examining the load deflection response of the spliced beams after fatigue, the strain 

behaviour was also studied. Table 4-8 below gives a summary of the peak load and failure strains 

measured in the tension CFRP plate at mid-span. 

 

Table 4-8: Summary of Test Beams Peak Loads and Failure Strain 

 Beam 
ID 

Static or 
Fatigue 

CFRP 
Width 
(mm) 

Peak Load 
(kN) 

Failure Strain 
at Mid Span 

(με) 

% εult 

 
 

NM 

B1 S 60 76.8 4394 35 

B4 S 60 116.8 6103 49 

B5 S 50 55.4 4883 39 

B6 F 50 130.3 - - 

B7 F 50 147.9 8172 66 

 
UHM 

B8 S 50 68.8 3988 147 

B9 S 50 45.0 3098 114 

B10 F 50 67.0 3248 119 

 

Beam B5 was not included in Section 4.2 as it failed during the first half cycle of fatigue and did 

not have LPs in place to record mid-span displacement.  Beam B2 failed pre-maturely in the test 

frame, while B3 failed in fatigue when there was no recording of the strain and load.  

 

In the NM beams, there was a considerable range in peak load. B1 and B4’s inconsistencies in the 

adhesive likely contributed to the lower peak loads and failure strains which were not even at 

50% of the CFRPs ultimate coupon strain.  Although B5 was fabricated at the same time as B6 

and B7, its strength was considerably less. The tension CFRP plate had a split down the middle, 

starting from the end along the portion that debonded. This split appeared very smooth, in 

comparison to other failed beams’ sheared CFRP plates.  Possibly pre-existing damage from 

handling the material could have contributed to the lower capacity.   When the CFRP was in 
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pristine condition and the adhesive application was sufficient, the beams showed the capacity to 

survive two million cycles and still have considerable load capacity. 

 

For the B10 beams, the low fatigue load range (16 kN) resulted in minimal reduction of PCFRP, 

when compared to B8. Damage in the CFRP and signs of yielding in the adhesive are the causes 

of the reduced capacity. The yielding behaviour of the adhesive would likely allow for plastic 

deformation at high stress areas during fatigue. Yielding in the adhesive may redistribute shear 

stresses from the steel into the CFRP, causing a progression of yielding in the adhesive. If the 

spliced beam failure originates in the adhesive, this could cause lower strains in the CFRP than in 

a non-fatigued specimen.  In all three UHM beams, the failure strain in the tension CFRP exceeds 

the ultimate coupon strain by 14% at least.  As rupturing did occur in the beam tests, this would 

produce higher strains then the splitting failure strains observed in the coupons. 

 

As was seen in Figure 4-22, Beams B6 and B7 rotated sufficiently to allow the compression 

flanges to bear on each other. This lead to a re-stiffening of the beam and, as is shown in Figure 

4-26, a new compressive load path in the system. 
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Figure 4-26: Average Steel Flange Strain near Splice 

 

Once the steel compression flanges started to bear on each other, there was a considerable strain 

increase in the top flanges. The tension flanges were unaffected by this action, as their strain rate 

remained relatively constant. At failure, there was a factor of ten difference between strains in the 

compression and tension flange.  For 350W steel, yielding occurs near 1 725 με, which was not 

reached in either beam, however, it is possible that localized yielding could occur on the bearing 

surface. 
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4.4.3 Post CFRP Failure Behaviour 

 

Once the CFRP failed in Beam 10 it was further loaded to see if the beam could withstand any 

load and rise again to a second peak load. Figure 4-27 below shows the entire load deflection 

response for B10. Combinations of the LP reaching its maximum stroke and loss of contact area 

on the CFRP to the large rotation, led to a loss of accurate deflection measurements. An 

approximation of the mid span deflection, based on the actuator stroke, was used beyond 25 mm 

of deflection and is shown with a dashed line.  In addition, Figure 4-28 below shows this post-

CFRP mechanism (A) and the resulting yielding to the steel web plate (B). 

 

 

Figure 4-27: Beam B10 Load Mid-Span Deflection Response 
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Figure 4-28: Post-CFRP Steel Bending Mechanism 

 

Once the CFRP failed at 67 kN, the load dropped off to 26 kN. From there, the spliced beam was 

able to recover the lost load and climb up to 160 kN. Due to the web plate slipping and the 

damage to the CFRP, the middle of the beam behaved like a hinge.  The compression flanges 

contacted each other, while the web plates bent. This created the compression and tension load 

paths respectively, required to carry the applied load.   

 

As the beam was loaded, the hinge rotation at mid span increased causing the load to be applied 

on an angle. This angled load application induced a tensile axial component into the beam, further 

straining the steel. Furthermore, the increase in deflection in the beam resulted in the center of the 

load application slowly moving further away from mid-span, and reducing the applied moment on 

the system (Seen in Figure 4-28 (A)).  
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Figure 4-29 and Figure 4-30 below show the strain in the steel web plate at mid span and steel 

flanges, respectively. 

 

The steel web plates are also 350W and Figure 4-29 shows that yielding at the middle of the plate 

began around 135 kN.  The compression flange did not reach 1 725 με which was required for 

yielding to initiate, while the tension flange again showed very low strain. At 160 kN, sufficient 

yielding had been observed in the steel web plate and the test was stopped, however, the beam 

could have continued being loaded, possibly up to the point of rupture of the steel web plates. 

 

 

Figure 4-29: Strain in Web Plates at Mid-Span of Beam B10 
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Figure 4-30: Strain in Steel Flanges in Beam B10 
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4.5 Summary 

 

The results from the testing program outlined in Chapter 3 were presented in the above sections. 

A series of coupons of both CFRP moduli used were tested to obtain the exact static mechanical 

properties of the CFRPs.  Two monotonic tests of the splice detail with each CFRP moduli were 

performed to obtain base-line static performance.  Web plate slippage, which resulted in 

considerable stiffness loss, occurred at different load levels between the different CFRP moduli.  

 

Four specimens were fatigued under constant amplitude loading with the intention of reaching 

two million cycles. During the process, changes in stiffness and strain were monitored.  All 

beams showed some degree of stiffness degradation and residual accumulation.  While web plate 

slippage contributed greatly in one test, pre-tension loss and plastic deformation in the adhesive 

are the primary source for weakening. Strain changes in the tension CFRP occurred primarily at 

or near mid span, where shear lag effects were greatest.  Throughout the fatigue process, strains at 

mid span cross section appeared to remain linear. 

 

Three fatigue specimens reached two million, or close to, and were monotonically loaded to 

failure.  During the tests, rotation of the splice system allowed the compression flanges to come 

into contact, inducing a new load path.  This caused a re-stiffening of the test specimens.  Web 

plate slippage soon after reduced the beam stiffness once again.   Once the CFRP had failed, a 

secondary mechanism was observed for reserve load capacity. Through compression flange 

bearing and web plate bending, the damaged splice detail could still sustain applied loads. 
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Chapter 5 

Discussion 

This chapter presents an in-depth discussion on the experimental results from Chapter 4 for the 

study of the fatigue behaviour of the hybrid FRP/steel splice.  Section 5.1 describes the damage 

due to fatigue of the CFRP material.  This includes a discussion of the observed failure modes of 

the compression CFRP and change in stiffness in the tension CFRP plates. Section 5.2 examines 

the spliced beam stiffness, while comparing the experimental beam’s rigidity to the individual 

material and prediction stiffness parameters. Section 5.3 presents an analysis of the static load 

capacity of the beams, based on linear elastic beam theory, to approximate the spliced beam 

capacity.  Finally, Section 5.4 presents the fatigue life data of the FRP/steel splice detail. A 

Stress-Life (S-N) curve is presented for the test data and compared to conventional steel design S-

N curves. 

 

 

 

 

 

 

 

 

  

 

 



 

103 

 

5.1 CFRP Damage 

5.1.1 Tension CFRP 

 

The stiffness degradation and displacement accumulation (Chapter 4) indicate changes in the 

system as a whole, however they do not directly show how the CFRP as a material is being 

affected.  As the steel web plate and tension flanges showed low strain readings during the fatigue 

process (Figure 4-18 and Figure 4-20), it is possible that the fatigue damage in the CFRP may be 

one of the primary contributors to the system changes. 

 

One way to quantify the damage in the tension CFRP is to examine the change in the slope of the 

load vs. average CFRP strain curves in the linear elastic region before and after the fatigue 

process.  This slope, referred to as “strain stiffness” hereafter, was obtained by fitting a linear 

trend line to the tension CFRP strain curves at mid-span, from 10 – 20 kN (this is similar to the 

procedure to produce Figure 4-8).  The change in slope, in addition to change in strain magnitude, 

provides further insight into how the CFRP behaved during the fatigue process. 

 

Table 5-1 summarizes the stiffness values. The value for B6 was taken at 1 750 000 cycles, 

before the strain gauges at mid-span were lost and the value for B3 was taken 3 000 cycles before 

failure. 
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Table 5-1: Strain Stiffness of Spliced Beams 

  Beam ID  Strain Stiffness (kN/με)  Percent 
Difference   Initial  End of Fatigue 

 
 

NM 
60mm 

B1  0.0208 ‐  ‐ 

B2  0.0177 ‐  ‐ 

B3  0.0222 0.0275  +21.33 

B4  0.0199 ‐  ‐ 

Average  0.0202 ‐  ‐ 

 
NM 

50mm 

B5  0.0190 0.0201  +5.63 

B6  0.0181 0.0154  ‐16.29 

B7  0.0281 0.0303  +7.71 

Average  0.0217 ‐  ‐ 

 
UHM 
50mm 

B8  0.0421 ‐  ‐ 

B9  0.0547 ‐  ‐ 

B10  0.0464 0.0281  ‐49.19 

Average  0.0477 ‐  ‐ 

 

From Table 5-1, B3, B5 and B7 showed an increase in stiffness while B6 and B10 showed a 

decrease in stiffness. This grouping correlates to the different failure modes as well: 

debonding/slippage and rupture, respectively. It is likely that B6 and B10 had the best bond of the 

fatigue tested beams, allowing for a higher strain transfer rate into the CFRP.  A uniform, 

sufficiently thick adhesive layer will develop higher shear stresses before yielding then 

inconsistent layers, contributing to the higher strain transfer rate. 

 

With the NM beams, the width of the CFRP plate does not appear to affect the initial strain 

stiffness.  B3, which failed in fatigue, showed the greatest change of the NM specimens.  B6’s 

strain stiffness change, at 1 750 000 cycles, is slightly less than B3.  It is possible that at two 

million cycles, the change in B6 would be similar to B3, indicating approaching fatigue failure. 
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A comparison of the NM and UHM shows that the ratio between the coupon elastic moduli (189 

vs. 386 GPa, respectively) is almost in direct correlation to the difference in average initial strain 

stiffness for 50 mm width specimens (0.49 to 0.45, respectively). 

 

For B10, the applied cyclic load range was considerably lower than the NM beams; however, it 

showed the largest change in strain stiffness.  In fatigue, damage accumulation can be used as an 

indicator of failure.  If an observed parameter has decreased under a certain threshold, usually 

50% of the original, the specimen can be considered failed. Using this as a failure criterion, it 

appears that the CFRP in B10 has weakened nearly to the point of failure.  Although other 

components in the splice detail can contribute to the strain flow into the CFRP, it appears that 

even low load ranges cause considerable weakening in the UHM CFRP.  Although B10 did not 

fail in fatigue, the observed change in the CFRP strain suggests that fatigue failure was imminent.  

Therefore, B10 gives an approximate indication of the fatigue limit of the UHM hybrid at two 

million cycles.   

 

This drastic weakening of the UHM CFRP at low fatigue load range and the low peak CFRP load 

(PCFRP) of all three UHM beams indicates poor candidacy for use as a splice detail for MBEJs.  

Adhesive yielding and damage in the matrix of the CFRP are the likely sources of the fatigue 

damage. 

 

5.1.2 Compression CFRP 

 

In addition to tension CFRP damage, structural damage to the compression CFRP during loading 

was a common occurrence.  Whether by debonding or shear fracture, the compression CFRP 

plates became ineffective early in both the fatigue process and during  monotonic testing.  
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Although experimental results have shown that the splice design can still carry applied loads 

without the compression CFRP, the plates do provide some stiffness to the system. Additionally, 

they keep the cross-section balanced in terms of CFRP area, and lower the fatiguing strain in the 

tension CFRP plates, as was observed by the drastic change in peak strain in B10 when the 

compression CFRP was damaged.  Furthermore, the top CFRP plates help resist negative bending 

which, while small, can occur at typical splice locations depending on the loading conditions. 

 

5.2 Splice Stiffness 

 

Different CFRP widths (50 mm and 60 mm) and elastic moduli were investigated in this project 

to examine their performance in the hybrid FRP/steel splice detail.  Rameshni (2011) 

implemented a Finite Element Model (FEA) of the FRP/steel spliced beams, using GFRP instead 

of CFRP, and showed that it is capable of accurately predicting the beam stiffness.  In this 

section, simple beam mechanics are used to predict the stiffness of the FRP/steel spliced beams. 

The results are compared to the measured beam stiffnesses.   

 

Predicted beam stiffness was determined from the slope of load vs. predicted deflection curve, in 

the elastic range, from 10 to 20 kN.  For determining the deflection over this range, the spliced 

beam can be considered to consist of the following four cross-sections (Figure 5-1):  

1. Steel beam;  

2. Steel beam and CFRP (Compression and Tension); 

3. Steel beam, CFRP and web plate; 

4. CFRP and web plate. 
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Figure 5-1: Different Spliced Beam Cross-Sections 

 

CFRP areas were transformed to equivalent areas of steel to obtain the moments of inertia. The 

modular ratio used for this was based on the coupon stiffness of the two CFRP elastic moduli.  It 

was assumed that there was no slippage of the steel web plate, and that there was perfect bond 

between the CFRP and steel.  The Moment-Area Method was used to calculate the mid-span 

flexure deflection and hence the beam stiffness.  

 

Rameshni (2011) showed that shear deformation in the FRP/steel spliced beams was significant. 

Shear deformation was included in a simplistic way by assuming all deformation occurs in the 

constant shear region,   and shear stresses are carried primarily by the steel I-beam webs only. At 

mid span where the internal shear force is zero, the deformation will not change from the 

magnitude that occurs under the applied load, where the internal shear force is constant.  

Therefore, the deflection at mid-span due to shear deformation of the beam webs is: 

∆
∗

∗
             Eq. 5-1 

where P is the shear force, a is the length of the steel web in the constant shear zone (295 mm  

for the beams tested), Aweb is the area of the steel beam web and G is the shear modulus of the 

steel beam, assumed to be 77 000 MPa. 
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For determining the predicted deflection, it was assumed that the beam flexural deflection and 

shear deformation can be superimposed. 

 

The predicted beam stiffnesses, as well as the experimental beam stiffness, are presented in Table 

5-2 below.  The experimental stiffness values are the pre-fatigue initial ones, before any fatigue 

or web plate slippage effects have altered the beam stiffness. Appendix C.1 contains sample 

calculations for each analytical parameter.  

 

Using the same model, the stiffness of an intact W100*19 section was also determined under 

similar loading conditions. The stiffness of the solid beam was 49.73 kN/mm, which is 

approximately 2 times greater than the three different FRP/steel splice tested configurations.  The 

predicted beam stiffness values in Table 5-2 were approximately 10% higher than the stiffness of 

a W100*19 section, due to the addition of the web plates and CFRP. 

 

Table 5-2: Comparison between Beam and CFRP Plate Stiffness 

 Normal Modulus Ultra High Modulus 

CFRP Width (mm) 50 60 50 

Experimental Beam 
Stiffness [kN/mm] 

25.57 30.23 30.25 

Predicted Beam Stiffness 
[kN/mm] 

55.00 55.60 58.18 

 

The effects of modulus and area of CFRP show a minimal change in the predicted beam 

stiffnesses compared to the experimental values.  The predicted beam stiffness is approximately 2 

times greater than the experimental value in each case. Therefore, flexural beam deflection and 
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shear deformation of the steel beam only contribute 1/2 of the total measured deflection.  The 

remaining deflection can be attributed to additional deformation mechanisms in the splice system, 

such as slippage in the adhesive and web plate.  Furthermore, the presence of the web plates, 

bolted connection, and the splice at the mid-span, lead to significant shear lag that will reduce the 

effectiveness of the cross-sections in resisting the bending. 

 

Comparing the EA values of the different CFRP widths shows that the change in experimental 

beam stiffness for the two NM widths correlates directly with the EA ratio (1.2).  However, 

comparing the UHM to NM at 50 mm width, the EA ratio of 2.0 exceeds the experimental 

stiffness change (measured to be 1.2).   The premature web plate slippage in the UHM specimens 

may indicate that the desired pre-tension force of 85 kN (Chapter 3) was not achieved in these 

specimens, compared to the NM ones.  A lower clamping force would increase the movement of 

the splice detail at mid-span, thus reducing the measured stiffness of this CFRP option. 
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5.3 Load Capacity 

 

When composite sections are used, inconsistencies in the different materials can affect the 

interaction of the system, complicating the failure mechanisms.  Different localized weaknesses 

can dominate in different specimens, leading to unique failure modes.  Various failure modes 

were observed and described in Chapter 4: 

 

 For NM specimens: Slip of the steel web plates followed by debonding/buckling of the 

compression CFRP and at the peak load splitting or debonding of the tension CFRP.  

 For UHM specimens: Slip of the steel web plates followed by shear fracture of the 

compression CFRP and rupture or slippage of the tension CFRP.   

 

In all cases, slip of the plates may result in the top flanges of the steel beam coming into contact. 

This provides an additional load path. The top flanges and steel web plates form a hinge that is 

capable of resisting applied moments. This mechanism provides additional load capacity after 

CFRP has failed. 

 

The diversity in the observed failure loads and modes can be attributed to the following 

characteristics:  

 Variability in the properties of the CFRP; 

 Variability in the thickness of the adhesive; 

 Variability in the slip capacity of the slip-critical steel web plates.  
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One roll of NM and UHM CFRP was used for all the test specimens, to mitigate any variability in 

the material. However, the coupon test data shown in Figure 4-1and Figure 4-2 shows that there 

was still some variability in the CFRP.  While the UHM showed fairly consistent elastic 

behaviour,   the NM CFRP showed some variance.  Furthermore, the average coupon failure 

strain of the NM was 12 381 με, with a standard deviation of 2 653, while the UHM had an 

average coupon failure strain of 2706 με and a standard deviation of 391 με.  This higher variance 

in both behaviour and failure strain in the NM can contribute to the larger range of PCFRP values 

for those spliced beams. 

 

In addition, FRPs are very susceptible to damage in the fibres or matrix from mishandling prior to 

application (Sika, 2009).  While all possible safety precautions were taken with the CFRP, it is 

possible that some damage could have occurred from the fabrication problem.  Initial damage not 

only lowers the static capacity, but reduces the fatigue life.  

 

Varying adhesive thickness, leading to lower adhesion, has been shown to lead to pre-mature 

failure in application of FRP bonded to steel members (Zhao & Zhang, 2007).  The adhesive 

thickness affects the load at which yielding occurs and the distribution of yielded adhesive. In 

single lap joints, thinner layers will yield at a lower load and in smaller areas.  Once the adhesive 

has yielded in thinner layers, increases in load can be sustained by small increases in yielding.  

This is due to higher shear stresses in thin layers of adhesive from the applied load (Crocombe, 

1989).  In addition, thicker joints will allow yielding to spread further due to better stress 

distribution in a thicker layer (Crocombe, 1989). 
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The white discolouration in the adhesive layer observed during the splice tests is a sign of 

yielding.  While B1 explicitly showed varying adhesive thickness at mid-span and along the bond 

length, B5 did not show wide spread signs.   B5 had small areas where the adhesive thickness 

appeared to change, but for the most part it was constant. However, adhesive yielding in B5 was 

observed just near mid-span and did not spread far along the bong length. Therefore, this yielding 

profile and the failure mode (debonding) would indicate a constant yet thin adhesive layer.   

 

The other test beams showed wide-spread discolouration in the adhesive and failure was due to 

material failure in the CFRP (shearing or rupture).  This would indicate a thicker adhesive layer, 

allowing for whole utilization of the bonding materials.  The varying adhesive thickness, 

confirmed by yielding profiles, contributed greatly to varying the failure load and initiating 

failure mechanism. 

 

The biggest contributor to damage and loss of stiffness in the splice detail was slippage of the 

web plate connection.  Specimens with higher slippage loads were able to reach higher PCFRP 

values, as shown by the low load for the UHM specimens and the high slip load for Beams B6 

and B7.  The initial clamping, or pre-tension, force is one of the major factors governing the slip 

load of a connection (Kulak et al., 2001). Analysis of single bolts torqued to a predetermined 

value using a torque wrench showed a standard deviation of 9.4% in the clamping force.  This 

deviation in clamping force was reduced to 5.6% in joints consisting of five bolts (Kulak et al., 

2001).   

 

This deviation is due to change in thread mating, lubrication and presence or absence of dirt in 

threads between different bolts. As a result, an additional 5 to 10% pre tension force is usually 
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required (Kulak et al., 2001).  Although detailed inspection and cleaning of the bolts was 

performed prior to torqueing, it is possible that certain bolt sets did not reach the desired pre-

tension force, thus lowering the slip load. 

 

It was observed that the PCFRP of the splice detail was a function of the ultimate strain of the 

CFRP.  The UHM beams reached peak CFRP loads consistently lower than all NM beams, except 

B5 (Table 4-8).  The lower peak loads of the UHM beams can be attributed to the lower coupon 

failure strain of the CFRP as compared to the NM (2,706 versus 12,381 με). The connection 

detail creates strain amplification in the CFRP at mid-span due to shear lag effects, as was noted 

in Figure 4-9. 

 

Figure 5-2 below shows the load vs. average strain curves for the UHM tests at the mid-span 

tension CFRP. 
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Figure 5-2: Load vs. Average Tension CFRP Strain at Mid-Span for UHM specimens 

 

At 40 kN for the static tests and 45 kN for the fatigue test, the strains increased, while there was 

no significant change in load.  Based on the strain gage readings at mid span, the strain 

distribution still appeared linear through the cross-section.  Bearing of the compression flanges 

does contribute to a strain change in the tension CFRP.   However, the strain levels in the 

compression flange for the UHM were lower than the NM beams, indicating minimal bearing 

action. Likely, the tension CFRP plate experienced slippage along the bond line, causing the 

strain increase but not adversely effecting load capacity. 

 

For the NM specimens, it was observed that the tension CFRP strain was about 50% the failure 

coupon strain at the time the beam reached its PCFRP.  Figure 5-3 below shows the load versus 

average mid-span strain in the tension CFRP. 
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Figure 5-3: Load vs. Average Tension CFRP Strain at Mid-Span for NM Specimens 

 

 

With the exception of the web plate slipping (1) and cracking of the CFRP (2), the NM CFRP 

was essentially linear to failure.  Compression flange bearing in the NM specimens showed no 

drastic change in the tension CFRP strain behaviour, so it can be assumed that the flat line effect 

observed in UHM specimens (seen in Figure 5-2) was not caused by flange bearing. 

 

 

Based on the above mentioned strain behaviour, for design purposes the ultimate strain capacity 

of the CFRP in this splice detail can be assumed to be 50% of the coupon value.  This percentage 

approximates well with the NM specimens. For the UHM, had the tension CFRP plate slippage 

not occurred, the strains at peak load would also be closer to 50% of the coupon value. This lower 

capacity strain in respect to the coupon failure strain, as seen in the experimental results, was 
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induced in part from compression flange bearing.  By using this value, the additional capacity due 

to bearing of the steel compression flanges is neglected. 

 

The 50% failure strain for the CFRP was observed consistently for the NM specimens, and 

approximated for the UHM. Failure of bonded CFRP components can be classified as either 

strength or debonding failure, based on the mechanism. Although the specimens failed at 50% of 

the CFRP material strength, indicating debonding, the CFRP itself did show material failure. The 

yielding of the adhesive helped initiate failure of the CFRP.  Therefore, this failure mode is a 

combination of material failure and debonding.  The use of a 50% peak strain, based on the 

presented data, must be used in design with caution. However, if future testing shows similar 

results and validates the use of this strain value, a resistance factor (φ), could be derived and 

applied to account for the variability observed in this failure mode. 

 

5.3.1 Failure Load Prediction Model 

 

The work presented in this study, in addition to the work by Rameshni (2011), has shown that the 

splice cross-section at mid-span is critical for the connection capacity. To allow for easier 

implementation in engineering design, a prediction model less time consuming than FEA is 

needed to determine PCFRP.  As shown in Figure 5-4, and based on the experimental strain gage 

readings, strains are linear over the depth of the splice cross-section at mid-span.   
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Figure 5-4: Linear Elastic Strain Profiles 

 

Typically the compression CFRP strips debonded or sheared before the beam reached its peak 

load. The loss of the compression CFRP led to an increased compressive strain in the web plate 

(Figure 5-4). In calculating the beam capacity the compression CFRP will be ignored. 

 

Two potential failure modes are: steel web plate yielding or rupture of the tension CFRP.  Again, 

it was observed experimentally that the strains in the steel web plates were well below yield when 

the tension CFRP failed.  Therefore, it is assumed that the CFRP will govern failure.  Since the 

strains in the steel web plate and CFRP remain elastic, the neutral axis and strains can be 

determined using the transformed section concept.  Taking the maximum strain in the CFRP to be 

50% of its coupon failure strain (εbeam), the moment at ultimate for the cross-section can be 

determined as: 

∗ ∗

∗
      Eq. 5-2 

 

This equation, based on a linear strain profile, assumes a perfect bond between the CFRP and 

steel.  Using the design beam CFRP failure strain of 50% of the coupon failure strain, the design 



 

118 

 

strain values are 1 353 and 6 191 με for the UHM and NM, respectively.  From this, the predicted 

PCFRP can be determined and is shown in Table 5-3 below. Calculations for determining these load 

values are shown in Appendix C.2. 

 

Table 5-3: Comparison between Predicted and Experimental PCFRP Values 

CFRP 
Modulus 

Width of 
CFRP (mm) 

Predicted 
PCFRP (kN) 

Experimental  
PCFRP (kN) 

Percentage 
Difference 

NM 50 144.9 139.1 +4.1 
60 151.7 116.8 +26.0 

UHM 50 39.4 60.3 -41.9 
 

 

For the NM test beams, Beams B1 and B5 had changing and thin adhesive layers which resulted 

in premature debonding.  As the prediction model assumes perfect bond and failure is predicted in 

the CFRP, these two test beam’s PCFRP values have been omitted from the average experimental 

value. The UHM beams did not show this issue, and all three tests beam PCFRP were included.   

 

The prediction model is very accurate for the 50 millimeter NM PCFRP, but over-estimates the 60 

millimeter by 30%.  The experimental value is based on B4, where cracking in the CFRP (Figure 

5-3 (2)) altered the linear-elastic response of the CFRP, lowering the material capacity.  The 

predicted loads are overestimates, which would not be acceptable for design purposes. 

 

The model for UHM predicts a PCFRP nearly half of the experimentally observed values. While 

conservative design is acceptable, this is a considerable underestimate.  The strain plateau effect 

seen in Figure 5-2 may have permitted further capacity than has been assumed. 
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In Section 4.4.3, it was observed that following failure of the CFRP, a hinging mechanism 

develops between the steel top flange and the steel web plates.  This leads to additional load 

capacity. With the CFRP intact, the hybrid splice can provide stiffness to help satisfy 

serviceability and help in resisting cyclic loads. However, in the case of an overload scenario and 

damage to the CFRP, the steel hinge mechanism provides redundancy and additional load 

capacity. 

 

5.4 Fatigue Life 

 

In order to assess the performance of this hybrid FRP/steel splice detail, the fatigue life of the 

connection needs to be determined and compared against conventional steel connection details.  

One of the primary advantages of this detail is the use of adhesively bonded FRP to the steel, as 

opposed to welding a steel plate. The presence of welds induces residual stresses to the critical 

cross-section and imperfections in the weld can initiate fatigue crack growth (Fisher et al., 1998). 

 

For conventional welded steel connections, a nominal stress at the critical cross-section is 

determined and then compared against experimentally derived fatigue resistance curves. These 

curves take into account stress concentrations and residual stresses, which will lower the fatigue 

life, as well as safety factors for statistical purpose (Fisher et al., 1998). In order to compare the 

fatigue life of the FRP/steel splice to these curves, the fatigue stress range needs to be determined.  

 

The nominal stress is determined using an assumed linear strain profile through the steel 

connection cross-section.  In fatigue, it is the change in stress (or moment) that causes the 

damage. Therefore, the stress range needs to be calculated to determine the fatigue life.  When the 
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change in applied bending moment is known at the connection, the nominal stress range (Δσr) can 

be determined by the following equation: 

∆
∆

      Eq. 5-3 

where ΔM is the applied moment range, based on structural analysis of the member, y is the 

distance from the neutral axis to the fatigue susceptible component (i.e.: steel flange, weld, bolt 

hole, etc.) and I is the second moment of area of the cross-section being analyzed. 

 

This methodology can be implemented for the FRP/steel splice detail.  The critical cross-section 

is at mid span. As the critical section is a composite section, transformed section can be used to 

determine I and y.  Assuming the FRP is converted to an equivalent block of steel, any stresses 

determined in the FRP would subsequently need to be multiplied by the modular ratio. 

 

Although the compression plates were intact in the linear-elastic range and do provide some 

stiffness to majority of the beam, at the point of failure they are ineffective at the critical cross-

section. Therefore, the compression CFRP is ignored in determining the second moment of area 

and corresponding stress in the tension CFRP. The maximum tensile stress occurs in the bottom 

CFRP and is assumed to be critical for fatigue. 

 

Calculations for determining the stress in a NM and UHM beam are shown in Appendix C.3.1 

and C.3.2. 

 

Previous research has looked at using GFRP in the splice detail, instead of CFRP. Rameshni 

(2011) examined different configurations of GFRP sections bonded to the steel flanges. The 
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GFRP had a modulus of elasticity and strength of 17 200 MPa and 206.8 MPa, respectively.  Of 

the total test program, 3 had a similar configuration to this test program (GFRP plates on the 

compression and tension flanges). The tension GFRP plate was 103 mm x 10 mm x 950 mm and 

the compression plate were 37 mm x10 mm x 950 mm, each. The web plate was 60 mm x6 mm x 

400 mm and bolted with 12.7 mm (1/2”) bolts. The web plates were 350W and bolts ASTM 

A325.  One of the test beams was monotonically loaded to 238 kN, where intermediate crack 

delamination in the GFRP caused static failure (Rameshni, 2011).  The two other beams were 

fatigued, under a load range of 4 to 60 kN, with the intention of reaching 1 000 000 cycles. One 

test beam failed at 719 347 cycles by a combination of cracking in the web plate on both sides at 

mid-span and intermediate crack delamination in the GFRP (Rameshni, 2011).  Further 

information on these tests results and the rest of this experimental program can be found in 

Rameshni (2011). 

 

Mulyk (2012), expanding on the work done by Rameshni (2011), tested four GFRP/ steel spliced 

beams in fatigue.  His test set-up had similar web plates as Rameshni (2012) but the GFRP plates 

were 77 mm x 10 mm x 820 mm in tension and two 37 mm x 10 mm x 820 mm plates in 

compression.  The material properties were the same the ones from Rameshni (2011).  One beam, 

tested from 4 to 94 kN, failed after 4 cycles due to suspected imperfections inducing debonding 

and delamination of the tension GFRP plate. Another test beam, loaded from 4 to 84 kN, failed 

after 15 641 cycles, due to delamination of the GFRP plate (Mulyk, 2012). The last two test 

beams, loaded from 4 – 40 kN and 49 – 85 kN, reached 374 120 and 572 375 cycles, before being 

monotonically loaded to failure.  Further information on these tests results and the rest of this 

experimental program can be found in (Mulyk, 2012). 
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The work done by the above researchers was performed in the same test setup as the CFRP/steel 

splice beams described in Chapter 3.  Using the nominal stress analysis procedure outlined for the 

CFRP/steel splice, these GFRP/steel splice test results can be compared to CFRP.  Sample 

calculations for the GFRP/steel splice results are shown in Appendix C.3.3. Figure 5-5 below 

shows the S-N plots for the different FRP/steel splice details.   

 

 

Figure 5-5: Fatigue Life Data from Experimental FRP/Steel Splice Specimens 

 

In Figure 5-5, the arrows denote tests that were halted during their fatigue process and 

monotonically loaded to failure. These test beams would have continued under the applied stress 

range until they failed in fatigue. 

 

The NM beams had one failure close to two (2) million cycles, while two beams reached two 

million cycles. B6 showed noticeable damage in the tension CFRP at 1.75 million cycles (Section 
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5.1.1), while B7 showed some change in the material response. Therefore had the tests continued, 

the beams would have potentially reached fatigue failure.  Based on the data obtained, NM beams 

have a relatively flat S-N curve, reflecting the CFRP material behaviour under fatigue which also 

shows minimal degradation until just prior to failure (Kim, 1987) (Harris, 2003) (Wuet al., 2010).   

 

Although the UHM fatigue test beam did reach a post-fatigue PCFRP comparable to the static 

monotonic tests, there was still significant damage done to the material, as discussed in Section 

5.1.1. Therefore, given this point as an approximation of the true fatigue life, there is distinct 

linear life degradation.  

 

The GFRP beams show a distinct linear life degradation, as the applied cyclic stress range 

increases.  This behaviour is similar to the material response to fatigue loading (Harris, 2003).  

The lower stiffness, compared to CFRP, allows for more degradation over the fatigue process.  

The beams tested by Rameshni and Mulyk had smaller steel web splice plates.  Instead of 

experiencing slippage, these plates showed signs of yielding and cracking at failure. Larger plates 

were chosen for the CFRP/steel splice to avoid these failure mechanisms but the subsequent 

slippage may have had a negative impact on the static capacity. 

 

Power trend line functions were fitted to the data sets in Figure 5-5, in the form of: 

 

∆ ∗      Eq. 5-4 
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where, compared to Basquin’s Equation, A is the fatigue strength coefficient, B is the fatigue 

strength exponent, Δσr applied stress range and Nf is the cycles to failure. From the power trend 

lines, the parameters A and B were obtained and are summarized in Table 5-4 below. 

Table 5-4: Fatigue S-N Curve Parameters 

FRP Type A B 

GFRP 214.24 -0.09 

NM 635.90 -0.03 

UHM 711.78 -0.08 

 

The parameters in Table 5-4 are limited sample size of the three FRP type splice details (Four for 

NM, three for UHM and seven for GFRP), including the runoff points.  In addition, the R2 values 

are 0.49 , 0.92 and 0.82 for the NM, UHM and GFRP, respectively.  As a result, the fitting values 

for the A and B factors in Eq. 5-3 have a weak statistical basis.  Although the values are of limited 

data, they can still be used for making a general comparison between the FRP/steel details and 

conventional steel fatigue design curves. The parameters can be used to create approximate S-N 

curves of the proposed hybrid splice detail.  However, care should be taken with using these 

parameters for design, as is, and further testing is needed to statistical validate these fitting 

parameters. 

 

NCHRP Report 402 requires that all splice details for MBEJ meet AASHTO/CSA S06 Category 

C curves. Category C, which governs fatigue design of welded splice and member connections, 

gives the failure stress in the weld, taking into account residual stress and imperfections in the 

weld.  The design curves were adjusted using the Fatigue Notch Factor Method, proposed by 

Albrecht & Simon (1981).  This gives the mean value curve, based on test data, and allows it to 

be compared to the FRP/steel splice detail experimental curves (Albrecht & Simon, 1981).   In 
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addition, the mean curve for Category A (hot rolled steel beam section) was determined for 

comparison with the FRP/steel splice. 

 

The different FRP/steel splice and steel S-N curves are compared in Figure 5-6 below. 

Calculations for the Fatigue Notch Factor Method steel curves can be found in Appendix C.3.4. 

 

 

 

Figure 5-6: Comparison of FRP/Steel Splice Detail to Conventional Steel Connection S-N 

Curve 

 

For the FRP curves, an endurance limit was set at 4.38 million cycles. This is identical to the 

endurance limit for Category C details (CSA, 2006) (AASHTO, 2007).   As no true endurance 
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limit for any of the FRP splices was determined, further testing is needed to accurately determine 

this stress level, if it even exists.  

 

As is seen in Figure 5-6, the GFRP shows lower fatigue resistance than the Category C.  Based on 

the presented experimental data, the NM and UHM details show higher fatigue resistance than 

Category C in the high-cycle fatigue range (cycles greater than 100 000).    NM CFRP shows the 

highest resistance of all FRP options. 

 

 

The NM after 300 000 cycles show higher resistance than Category A as well.  As was seen in 

Figure 4-20, the presence of the CFRP reduced the strain in the tension flange drastically.  Thus 

having the fatiguing stress in the FRP, where there is no residual stress effects and better material 

fatigue behaviour, may explain the superior performance compared to a conventional steel 

member.  

 

As was explained in Chapter 3, for this loading configuration the CHBDC truck load for fatigue 

is 56 kN. Of the fatigue tested beams, B6 and B7 (NM CFRP) load ranges were near or at this 

level. These two tests successfully reached two million cycles and still exhibited high static 

strength after the fatiguing process.  Beam B3, which experienced web plate slippage early in the 

fatigue process still reached over 1.6 million cycles. Had the slippage not occurred, similarly to 

B6 and B7, this specimen would have most likely reached two million cycles with significant 

static capacity.  Based on these results, the NM splice detail appears to be suitable as a MBEJ 

splice detail for fatigue limit states.  
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5.4.1 Effect of Scatter 

 

With fatigue testing, large scatter in the results is typical. From the presented test results, there are 

some observations about scatter that can be made. For the UHM, as the PCFRP and tension CFRP 

failure mechanisms were similar between the fatigue and static tests, there appears to be minimal 

variance in the system’s response. The use of the UHM CFRP, limited by the low material peak 

strain, cannot withstand high loads and will have failure initiated by CFRP rupture. 

 

For the NM, the significantly higher peak coupon strain allows for different failure initiators.  

While failure can still begin in the CFRP, additionally adhesive yielding can be a potential failure 

starter. Furthermore, the higher variance in web plate slippage load (compared to the UHM 

beams), shows that this mechanism can also contribute to failure and the PCFRP.  The two NM 

beams to reach two million cycles, B6 and B7, reached higher PCFRP than B1, B4 or B5.  Based on 

the system stiffness and CFRP degradation in those two beams, it is possible that the non-fatigued 

PCFRP for the NM beams is higher than B4, though further testing is needed to determine this.  In 

addition, the magnitude and effect of the web plate slippage should be investigated. 
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Chapter 6 

Conclusion and Recommendation 

6.1 Summary 

 

The objective of the research program outlined in this thesis was to investigate the fatigue 

performance of a hybrid CFRP/steel splice detail for MBEJs.  Two different elastic moduli of 

CFRP were tested to explore the effect of the FRP modulus on the fatigue performance.  The 

fatigue load range applied in the testing apparatus induced bending moments similar to that seen 

in service in bridge joints, thus providing insight into how the splice detail would perform under 

typical vehicle loading.  Beams that reached two million cycles had a post-fatigue monotonic test 

performed to examine the effect of fatigue on the static strength.   

 

Beam stiffness and peak CFRP prediction models were created to allow for an easier design 

method over cumbersome FEA models.  Based on the experimental data, an S-N curve of the 

CFRP/steel splice detail was measured and compared to conventional steel design curves. With 

the inclusion of previous researcher´s work on this splice detail, a generalized fatigue life curve 

for the FRP/steel splice detail was derived and could become the basis for a design equation. 
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6.2 Conclusions 

 

The following conclusions can be made based on the experimental results presented in Chapter 4 
: 

 

1. The Normal Modulus CFRP specimens were able to reach two million cycles at a load 

range which met or was near the CSA-S06-06 Fatigue Limit State (FLS) simulated load, 

and still have sufficient load capacity for a sudden overload of over 100 kN; 

2. Upon loss of the compression CFRP, either due to de-bonding or shear bearing, the web 

plate became the primary internal compression carrying component, until the beam had 

rotated enough to allow the top flanges to bear on one another; 

3. The higher rupture strain of the Normal Modulus over the Ultra High Modulus CFRP 

makes Normal Modulus an ideal candidate for this splice detail, due to the stress 

concentration at mid-span; 

4. The use of thicker web plates (12.5 to 6 mm), compared to Rameshni (2011), eliminated 

yielding in the steel during all intact CFRP tests. However, web plate slippage became 

the pre-dominate mechanism during testing, resulting in a considerable stiffness loss; 

5. There was a significant shear lag effect between the steel beams and the CFRP near the 

splice, indicating that the majority of the strain was in the CFRP or web plate near mid-

span.  This strain amplification in the CFRP was mostly dissipated by half-way through 

the bond length; 

6. Once the CFRP was no longer structurally intact, the spliced beam can still carry applied 

load through hinging. By allowing the compression flanges to bear on one another and 

the web plate to bend, internal force couples are created to resist the applied moment. 

This resistance appears to be limited by rupture in the web plates. 
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The following conclusions can be drawn from the discussion in Chapter 5: 

 

1. While strain magnitude readings during the fatigue process showed minimal change, the 

rate of straining changed drastically.  This can be indicative of localized damage in the 

CFRP. This damage will not greatly reduce the material stiffness, until right before 

failure.  

2. White discolouration in the adhesive observed is an indicator of yielding in the bonding 

agent. As the CFRP plate stiffness was not greatly affected by the fatigue stress, this 

plasticity and corresponding deformation is the primary source of the stiffness 

degradation; 

3. While the effect of increasing the area of tension CFRP can be approximated on the 

material’s axial stiffness, the effect of elastic modulus cannot be approximated as easily; 

4. Elastic bending and shear deformation deflections only account for approximately 1/2 of 

the experimentally observed deflection.  These methods, if used in design, would give an 

over-estimate of the elastic stiffness of the spliced beam;   

5. Transformed section and linear strain analysis provides a good approximation of the 

static capacity of the splice detail up to CFRP failure, when a design failure strain value 

is used; 

6. The use of NM CFRP in the hybrid splice detail, based on the presented test data, shows 

superior fatigue performance compared to conventional steel fatigue resistance curves for 

this application. 
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6.3 Recommendations for Design 

 

The testing results provided in this thesis indicate that the NM is the superior CFRP candidate for 

the FRP/steel splice.  The stress ranges that the NM CFRP can withstand are higher than 

conventional steel connections in high cycle fatigue.  However, the stiffness loss exhibited would 

be worrisome for in service performance.  A more fatigue resistant adhesive, in addition to a more 

even thickness throughout, may help alleviate this issue.  If the stiffness degradation can be 

minimized, then the FRP/steel splice detail has the potential for design implementation. Rameshni 

(2011) used a smaller thickness web plates.  While there was some slippage in his experiments, 

the detrimental effect on stiffness was much less.  The use of thinner plates may minimize the 

rigid body rotation of the steel beams, which appeared to contribute to premature failure of the 

compression CFRP  in the current experiments. 

 

6.4 Future Work 

 

The work done in this research program has laid a solid foundation for knowledge of the fatigue 

behaviour of this hybrid FRP/steel splice detail. However, in order to allow this design to be 

implemented into engineering design guidelines and standards, there are still further topics that 

need to be addressed.  The following is a summary of the key issues that will help create a more 

complete understanding of the splice detail’s behaviour. 

 

1. Investigate the effect of overload cycles on the FRP/steel splice’s fatigue life.  This will 

better simulate variable amplitude loading, as seen in field situations; 
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2. Explore different methods for keeping the compressive CFRP plates from debonding 

during fatigue.  The use of FRP wraps or near surface mounting may mitigate this 

occurrence; 

 

3. The adhesive layer appears to be the key factor in the stiffness degradation of the splice 

detail. In-depth investigation of this component is needed to establish an optimal 

thickness.  Proper material testing, both static and fatigue, is needed to better understand 

the adhesive’s performance. In addition, examining the changes in the adhesive layer in 

more detail, either though embedded strain gauges or the use of fibre optics, an emerging 

structural engineering monitoring technique.  

 

4. Individual fatigue tests, while providing copious data throughout the fatigue process, 

yield only one point on a fatigue stress-life plot. In order to make the fitting parameters 

proposed more statistical significant, further testing is required. Different stress ranges 

will result in data points within the regions tested in this thesis. 

 

5. Modular bridge expansion joints, in the field, are exposed to environmental loading from 

precipitation and temperature changes.  Moisture is detrimental to the 

adhesive, weakening the material, while the different coefficients of thermal expansion 

between the steel and CFRP will induce thermal loading on the splice. Therefore, these 

effects need to be better quantified, to allow for field application. 

 



 

134 

 

6.5 References 

 

CSA. (2006). Canadian Highway Bridge Design Code. CSA-S6-06. Toronto: Canadian Standards 

Association. 

Rameshni, R. (2011). Innovative Hybrid FRP/Steel Splice Details for Modular Bridge Expansion 

Joints. Doctoral dissertation. Kingston, Ontario, Canada: Queen's University. 

 

 

 

  



 

135 

 

Appendix A 

Procedure Appendix 

A.1 Bolt Torque Calculations 

 

The following calculations are based on the equations outline in Section 8-8 of: 

Budynas, R. G., & Nisbett, J. K. (2008). Shigley's Mechanical Engineering Design 8th 

Ed. New York, NY: McGraw-Hill. 

Known Parameters: 

 

15.875	 	 1/2"  

197.93	  

11 /  

2.3091  

14.375	 	  

85	 	 16 09	 	 	   

 

	, 0.15 – Coeficient of Friction for Bolt Thread & Collar. Average Value Reported in 

(Budynas & Nisbett, 2008) 

30 	 	 	 	 	 	 	  

 

	
∗

 

0.05113 

 

2
∗

tan ∗ sec
1 0.15 ∗ tan ∗ sec

0.625 ∗  

0.1725 

 

∗ ∗  

233	 ∗ 	 	172	 ∗  
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Appendix B 

Results Appendix 

B.1 Supplementary Test Result Figures 

 

B.1.1 Mid Span Strain Profile Change under Fatigue 

 

 

 

Figure B-1: Beam B3 Mid-Span Strain Profile over Fatigue Life 
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Figure B-2: Beam B6 Mid-Span Strain Profile over Fatigue Life 

\ 

 

Figure B-3: Beam B10 Mid-Span Strain Profile over Fatigue Life 
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B.1.2 Start of Bond Length Cross Section Strain Profile 

 

 

 

Figure B-4: Beam B6 Strain Profile in Cross Section at Start of the Bond 

 

 

 

Figure B-5: Beam B10 Strain Profile in Cross Section at Start of the Bond 
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B.1.3 Strain Profile Along Bond Length of CFRP 

 

 

 

Figure B-6: Beam B3 Strain Profile along Bond Length of the Tension CFRP 

 

 

 

Figure B-7: Beam B6 Strain Profile along Bond Length of the Tension CFRP 
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Figure B-8: Beam B10 Strain Profile along Bond Length of the Tension CFRP 
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Appendix C 

Discussion Appendix  

C.1 Analytical Stiffness Parameter Calculations  

 

C.1.1 CFRP Axial Plate Stiffness 

 
Ecoupon = 189 019 MPa (NM CFRP)   
         386 375 MPa (UHM CFRP) 
 
tcfrp = 1.4 mm 
 
wcfrp = 50 mm or 60 mm 
 

	 ∗  

 
           = 1.4 * 50 = 70 mm2 
  
           = 1.4 * 60 = 84 mm2 
 

	 	 ∗ 	  
 
               = 189 019 MPa * 70 mm2 
  
          = 13 231 330 N 
 
          = 13 231.33 kN 
 
EANM 60     = 15 877.60 kN 
 
EAUHM 50   = 27 046.25 kN 

 

 

 

C.1.2 Predicted Beam Stiffness: 
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The calculations for NM 50 are shown below. The same process is used for NM 

60 and UHM 50, with different CFRP parameters. 

 

C.1.2.1 Given Beam Parameters: 

 

Nominal dimensions were used, based off of CISC Steel Design Handbook 7th Ed for 

steel beam and designed dimensions for web plate and CFRP plates. 

 

I BEAM  W100*19 

d= 106.83 mm 

b= 103 mm 

t= 8.8 mm 

w= 7.1 mm 

   
Steel Web Plate 

dp= 69.76 mm 

tp= 12.48 mm 

   
CFRP Plate 

wct= 25 mm 

wcb= 50 mm 

tc= 1.4 mm 
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C.1.2.2 Given Material Properties: 

 

Steel 350W  

   
Fy= 345 MPA 

E= 200000 MPA 

   
CFRP Type M  

Ft= 2418.6 MPA 

Ec= 189019 MPA 

n= 0.945 Modular Ratio 

 

C.1.2.3 Different Transformed Cross-Sections Along Beam Length 

 

C.1.2.3.1 Just Steel Beam: 

 

I1 = 4.77*106 mm4 – As it is just one material, no need to do Transformed 
Section Analysis 
 

C.1.2.3.2 Steel Beam and CFRP: 

 

  
nA 

(mm2) y (mm) 
nAy 

(mm3) Ix (mm4) dy (mm) 
nAdy2 

(mm2) 

1 2480 53.415 132469.2 4.77E+06 0.258314 165.4811 

2 66.15665 9.5 628.4882 10.8056 44.17331 129090.3 

3 66.15665 107.53 7113.825 10.8056 -53.8567 191890.2 
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y2 = 53.67 mm 
I2 = 5.09*106 mm4 

 

C.1.2.3.3 Steel Beam, Web Plate and CFRP: 

 

  
nA 

(mm2) y (mm) 
nAy 

(mm3) Ix (mm4) 
dy 

(mm) 
nAdy2 

(mm2) 

1 2480 53.415 132469.2 4.77E+06 0.155 59.58231 

2 66.15665 9.5 628.4882 10.8056 44.07 128487.1 

3 1741.21 53.415 93006.71 706127 0.155 41.83278 

4 66.15665 107.53 7113.825 10.8056 53.96 192627.1 
 

y3 = 53.57 mm 
I3 = 5.80*106 mm4 

 

C.1.2.3.4 CFRP and Steel Web Plate (Mid-Span): 

 

  
nA 

(mm2) y (mm) 
nAy 

(mm3) 
Ix 

(mm4) 
dy 

(mm) 
nAdy2 

(mm2) 

1 66.15665 9.5 628.4882 10.8056 44.07 128487.1 

2 1741.21 53.415 93006.71 706127 0.155 41.83278 

3 66.15665 107.53 7113.825 10.8056 53.96 192627.1 
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y4 = 53.57 mm 
I4 = 1.03*106 mm4 

 

C.1.2.4 EI Profile Along the Beam Length 

As the cross-sections have all been transformed to steel, can use it’s E value (200 000 

MPa) to get EI profile 

 

EI1 = 9.540E+11 N*mm2 

EI2 = 1.031E+12 N*mm2 

EI3 = 1.172E+12 N*mm2 

EI4 = 2.183E+11 N*mm2 

 

C.1.2.5 Structural Analysis Model 
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C.1.2.6 Moment Area Method for Flexural Deflection 

 

As BMD and EI profiles are symmetrical about mid-span, can analysis one side of the 

M/EI figure to get mid-span deflection: 
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The length terms are based on nominal dimensions. ld is taken as half the spilce length, 

which on average was 4 mm.  In the testing frame, the applied load is split between the 

two loading points. Therefore, for a given applied load (2P), the deflection due to beam 

bending can be determined from the above equation. 

 

Load 

(kN) 

Δbending  

(mm) 

0 0 

1 0.01416 

5 0.07082 

10 0.14164 

15 0.21247 

20 0.28329 

 

C.1.2.7 Shear Deformation for Shear Deflection 

 

For shear deformation, all deformation was assumed to occur in the constant shear 

region.  Additionally, the shear stresses were assumed to be taken by the steel I beam web 

only and therefore, it’s area and shear modulus contribute to the deflection only. 

 

 G = 77 000 MPa 

 Aweb = (d -2 * t) * w = (106.83 – 2 * 8.8) * 7.1 = 633.53 mm2 

∆
∗
∗

 

 

Therefore, for a given applied load (2P), the deflection due to shear deformation can be 

determined from the above equation.   This deformation, which is independent of the 

CFRP, is the same for all three cases. 
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Load 

(kN) 

Δshear 

(mm) 

0 0.00302 

1 0.01512 

5 0.03024 

10 0.04535 

15 0.06047 

20 0.00302 

 

C.1.2.8 Predicted Beam Stiffness 

 

By summing Δbending and Δshear and plotting it against Load, the slope of the curve will 

give the predicted Beam Stiffness.  The figure below presents this curve. 

 

Therefore, for the NM 50mm wide configuration, the predicted beam stiffness is 58.18 

kN/mm. 
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C.2 Failure Load Prediction Model 

 

The calculations for NM 50 are shown below. The same process is used for NM 

60 and UHM 50, with different CFRP parameters. 

C.2.1 Determine Location of Neutral Axis at Mid-Span 

 

Given Parameters: 

 

Nominal dimensions were used, based off of CISC Steel Design Handbook 7th Ed for 

steel beam and designed dimensions for web plate and CFRP plates. 

 

I BEAM  W100*19 
d= 106.83 mm 
b= 103 mm 
t= 8.8 mm 
w= 7.1 mm 

   
Steel  Web Plate 

dp= 70 mm 
tp= 12.7 mm 

Fy = 345 MPa 
E= 200 000 MPa 

   
CFRP Plates 

wct= 25 mm 
wcb= 50 mm 
tc= 1.4 mm 

Fult = 2418.6 MPa 
E = 189 019 MPa 
n= 0.945  
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 Transformed Cross-Section Analysis: 

 

 

 

 

 

  
nA 

(mm2) y (mm) 
nAy 

(mm3) 
Ix 

(mm4) dy (mm) 
nAdy2 

(mm2) 

1 0 0 0 0 0 0 

2 1778 53.415 94971.87 726017 1.941303 6700.674 

3 66.15665 107.53 7113.825 10.8056 52.1737 180084.7 

 

yt = 55.36 mm 
It = 9.13*105 mm4 

 

C.2.2 Determine Failure Load 

Assume spliced beam failure is governed by CFRP reaching failure and linear stresses 

exist in the transformed section to this point. Failure strain for the CFRP in the splice 

(εbeam) is a percentage of the coupon failure strain.  

For NM CFRP: εbeam = 0.5 *  εcoupon = 0.5 * 12 381 = 6 191 με 

	 ∗  

 

	1170.12	  

 

∗
∗ 0.5 ∗

∗ 10  

21.37	 ∗  
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Under 4-Point Bending, one of the applied load values is given by: 

 

 

 

For an a = 300 mm value, Loading Point Force is: 

 

72.46	  

 

During testing, PCFRP is the recorded total load on the spliced beam (summation of the two point 

loads).  Therefore the predicted PCFRP is 144.9 kN.  Re-doing this process with 60 mm wide 

tension CFRP plate gives a predicted PCFRP of 151.7 kN.   
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C.3 Fatigue Life Data Points 

 

The calculations for B6 [NM 50] are shown below. The same process is used for 

NM 60 and UHM 50, with different CFRP parameters and member dimensions. 

 

C.3.1 Critical Cross-Section: Mid Span Without Compression CFRP 

 

For each individual beam, exact dimensions were taken of the different components for 

more accurate transformed inertia (and stress) calculations. 

BEAM  B6 SECTION 
PROPERTIES 

   
I BEAM W100*19  

d= 106.64 mm 
b= 101 mm 
t= 9.34 mm 
w= 6.47 mm 

   
Steel Web Plate 

dp= 69.66 mm 
tp= 12.43 mm 

   
CFRP Plates 

wct= 25 mm 
wcb= 50 mm 
tc= 1.4 mm 
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nA 

(mm2) y (mm) 
nAy 

(mm3) 
Ix 

(mm4) dy (mm) 
nAdy2 

(mm2) 

1 0 0 0 0 0 0 

2 1731.748 53.32 92336.78 700278 1.987749 6842.387 

3 66.15665 107.34 7101.255 10.8056 52.03225 179109.5 
 

yt = 55.31 mm 
It = 8.86*105 mm4 

 

C.3.2 Determine Stress Range 

 

ΔPr: 4 – 60 kN or 56 kN – total load range applied 

a = 295 mm – Exact measured distance of test frame 

 

∆ 0.5 ∗ ∆ ∗  

 

∆ 8.26	 ∗  

 

∆ ∗
∆ ∗ 0.5 ∗

∗ 10  

∆ 464	  
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C.3.3 Fatigue Life Points for GFRP Data  

 

For the GFRP data, the compression CFRP was still intact at failure. Therefore, it should 

be included in the transformed section analysis.   

 

Rameshni (2011) Beam Section Properties 
    
I BEAM W100*19  

    
d= 106 mm 
b= 103 mm 
t= 8.8 mm 

w= 7.1 mm 
    

Steel Web Plate 
    

dp= 60 mm 
tp= 6 mm 

    
GFRP Plates 
    

wgt= 37 mm 
wgb= 103 mm 

tg= 10 mm 
EGFRP = 17 200 MPa 

Fult = 206.8 MPa 
n = 0.086 Modular Ratio 
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nA 

(mm2) y (mm) 
nAy 

(mm3) 
Ix 

(mm4) dy (mm) 
nAdy2 

(mm2) 

1 63.64 13.8 878.232 530.333 42.23014 113494.6 

2 720 53 38160 216000 3.030144 6610.875 

3 88.58 111 9832.38 738.167 54.96986 267660.9 
 

yt = 56.03 mm 
It = 6.05*105 mm4 

 

ΔPr: 4 – 60 kN or 56 kN – total load range applied 

a = 295 mm – Exact measured distance of test frame 

 

∆ 0.5 ∗ ∆ ∗  

 

∆ 8.26	 ∗  

 

∆ ∗
∆ ∗

∗ 10  

As it is the tension GFRP that will be susceptible to fatigue damage, use it’s dy value 

∆ 70.4	  
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C.3.4 Fatigue Notch Factor S-N Curves 

 

Design Code Parameters: 

 

Category ϒ Fsrt (MPa) nN' 

A 8.19E+12 165 1820000 

C 1.44E+12 69 4380000 

 

From Albrecht & Simon (1981): 

 

 

 

Where N is cycles to failure, m is slope of mean regression line, Kf is fatigue notch factor 

and fr is applied stress range, in ksi. m is taken as a constant for all Categories (3.2) and 

Kf is 1.00 and 2.35 for Category A and C, respectively. For a, a known stress range at 500 

000 cycles will give this parameter. The authors give 50.83 ksi and 21.64 ksi for 

Category A and C, respectively.  Both Categorize give the same a value of 144*109. 

Know Parameters: 

 a = 144*109 

 m = 3.2 

 Kf = 1.00 or 2.35  

 

Category A Detail Category C Detail 

Stress Range 
(ksi)  

Cycle [N] Stress Range 
(MPa) 

Stress Range 
(ksi)  

Cycle [N] Stress Range 
(MPa) 

84.00 100154 579.16 51.72 30708 356.59 

60.00 293953 413.69 45.00 47936 310.26 

50.83 499779 350.46 21.64 499025 149.20 

45.40 717599 313.00 20.00 642169 137.90 

s32.95 2000000 227.21 10.98 4380000 75.68 

32.95 5000000 227.21 10.98 5000000 75.68 

32.95 100000000 227.21 10.98 100000000 75.68 
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