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1. INTRODUCTION 
 

 

This chapter provides the background information on the application of circular 

hollow sections (CHS) and the concept of wrapped composite joints. The research 

problems and scope are well defined. Research objectives, questions and methodology 

are introduced subsequently. Finally, the thesis outline is presented.   
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1.1 Research background 

Circular Hollow Sections (CHS) have been extensively used in engineering 

structures, as shown in Figure 1-1, due to its high mechanical/cost efficiency, aesthetic, 

and good durability[1]. However, when applied in off-shore jacket structure and steel 

bridges where long-term cyclic loading is prevalent, CHS joints, traditionally formed by 

welds connecting brace (diagonal) to the chord member, encounter severe fatigue 

problem[2]–[4].   

 

Figure 1-1 Engineering application of CHS in a) off-shore wind turbine jacket 

supporting structures; b) support structures of hydraulic barriers; c) truss steel bridges 

(originating from the section library) 

The low fatigue endurance of welded CHS joints results from high and complex 

stress conditions as consequence of: 1) welding residual stresses in the heat affected 

zone; 2) stress concentrations attributed to fabrication where metallurgical changes occur 

in welds, heat affected zone and the parent material[5]; 3) geometric peak stresses due to 

the non-uniform stiffness distribution at the perimeter of the connection[1]. 

Fiber reinforced polymer (FRP) composites, further referred to as composites, have 

excellent corrosion and fatigue resistance. With tailorable material properties by 

choosing the type of fiber (glass or carbon, etc.), resin and ease of providing complex 

shapes through molding and lamination, composites have potential in application with 

steel hollow sections, as hybrid joints, in fatigue-dominated loading conditions. 

Increasing interest of research has been seen in last two decades towards strengthening 

of existing welded circular hollow section (CHS) joints with composite material. The 

main focus is on steel T/Y-joints [6]–[18], tubular K joints [19]–[25], and tubular KH-

joints [26], [27]. The conclusion of all the previous research studies is that retrofitting 

a) b)

c)

Midsection

Main

jacket

part

4

pilestoppers
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welded CHS joints by composites can enhance loading capacity, decrease the stress 

concentration factor (SCFs) of those joints substantially, and mitigate unfavorable failure 

modes such as chord ovalization and punching shear efficiently.   

Despite improved static and fatigue behavior of composite-strengthened CHS 

joints, the large part of load is transferred through welded connection, which remains to 

be a source of stress concentration and dominated failure under fatigue load. To fully 

unlock application potential of CHS restricted by current welding technology in many 

cases, the concept of innovative wrapped composite joints is proposed by TU Delft[28] 

as an alternative to traditional welded joints, as shown in Figure 1-2. CHS brace members 

(diagonals) and the chord member in this case are bonded together by composite wrap 

which can be shaped in an optimal manner to decrease stress concentration at the bonded 

interface.  

 

Figure 1-2 a) Off-shore jackets made of wrapped composite joints; b) wrapped 

composite K-K joint; c) wrapped composite K-joint; d) a 45° small-scale X-joint with   

Ø 60.3mm braces tested in this research. 

1.2 Definition of research problems 

Currently, bonded joints are not preferred to be used in the load carrying structures 

due to its risk of brittle failure. Therefore, the feasibility of applying the innovative 

wrapped composite K-K joint shown in Figure 1-2 b) to offshore jackets is doubted. 

Moreover, it is difficult to predict debonding failure in wrapped composite K-K joint 

attributed to its complexity in failure mechanism as consequence of complex geometry, 

stress concentrations and size effect. In this research, these two problems must be 

a) b)

c)

d)
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answered.  

1.3 Research scope (limitations)   

Sufficient debonding resistance and its reliable prediction are the prerequisite for 

application of large-scale bonded joints in load carrying structures. Therefore, 

understanding debonding failure of wrapped composite joints is the relevant knowledge 

gap to solve. Wrapped composite K-K joint in offshore jackets is prone to tensile fatigue 

failure so tensile load scenario is mainly considered. The K-K joint geometry is 

simplified to K-joint geometry shown in Figure 1-2 c) to limit load conditions to 

uniplanar tension, aiming to make it easier to understand debonding. Considering 

limitation of loading protocol and efficiency in lab experiments, the K-joint is designed 

as 2Y 45º joints with comparable stress concentrations. For simplification of 

nomenclature in representing test results, the 2Y 45º joints is further named as 45º X-

joints, as shown in Figure 1-2 d). Hence, the focus (scope) of this study is on debonding 

behavior of wrapped composite 45º X-joints under tensile load. To focus on debonding 

failure, the joint specimens in this study are designed with an empirical margin to prevent 

ultimate failure by excessive damage in composite material.  

1.4 Research objectives 

The goal of this research is to understand and predict debonding failure of wrapped 

composite 45º X-joints subjected to monotonic tensile load. In order to achieve this goal, 

the following research objectives should be accomplished: 

• Research objective 1: Identify and explain debonding failure modes and failure 

process of wrapped composite 45º X-joints under tensile load.  

• Research objective 2: Understand and estimate influence of size-effect on 

debonding resistance of wrapped composite joints. 

• Research objective 3: Develop a numerical model to predict debonding resistance 

of wrapped composite 45º X-joints loaded in tension. 

1.5 Research questions  

Based on the proposed research objectives, the following research questions should 

be addressed: 

• Research question 1: How is the tensile resistance of joints influenced by initiation 

and propagation of debonding? Are wrapped composite joints prone to brittle 

debonding? 

• Research question 2: Is debonding failure of the joints dominated by mode I, mode 

II or mixed-mode interface failure? 

• Research question 3: Which failure mode is dominating the resistance of wrapped 

composite joints loaded in tension: interface or substrate failure? Is fiber bridging 

present in the joints?  
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• Research question 4: How are the ultimate resistance, ductility and elastic load limit 

of the joints influenced by interaction of debonding failure modes on braces and on 

the chord member of the joints at different scales? 

• Research question 5: What are the fracture properties of the composite-steel bonded 

interface in terms of crack initiation, crack propagation and fiber bridging? 

• Research question 6: Which model can be used to represent non-linear behavior of 

steel-composite interface in mode I and mode II dominated failure? 

• Research question 7: How can the model for composite-steel bonded interface 

developed based on fracture mechanics tests be implemented to simulate debonding 

behavior of the joints loaded in tension? Can the proposed interface model effectively 

account for size-effects in wrapped composite joints? 

1.6 Research methodology  

At the joint level, the monotonic ultimate tensile load joint experiments with 

different joint sizes are conducted to identify the debonding failure modes of wrapped 

composite 45º X-joints. At the material level, the fracture mechanics experiments, 

including the double cantilever beam (DCB) test and the end notched flexure (ENF) test, 

are used to determine the fracture mechanical properties of the composite-steel bonded 

interface in terms of toughness, crack initiation and crack propagation. The material 

coupon experiments are carried out to obtain mechanical properties of composite 

material used in the joints. Digital image correlation (DIC) technique is used in the 

material, fracture mechanics and joint experiments to measure the damage development 

and to identify debonding failure process.  

Numerical finite element modeling (FEM) is used at the scale of the interface 

fracture mechanics experiments to develop interface model which can replicate mode I 

and mode II fracture behavior. FEM is developed at the joint level incorporating the 

interface model to help understand debonding failure process of wrapped composite 

joints and to predict resistance. The FE model at the joint level is first cross-validated 

with the joint experiments at different scales and then used in the parametric study to 

investigated the influence of geometry (size and wrapping length) on the failure modes 

and resistance of the joints. 

1.7 Thesis outline 

The thesis consists of 8 Chapters which are arranged as follows: 

Chapter 1 serves as the general introduction to the research background, research 

problems, research scope, research objectives, research question and research 

methodology. 

Chapter 2 presents the literature review on application of composites for 

strengthening welded tubular joints, fracture behaviour of bi-material interface, method 

to model complex composite wrapping and composite-steel bonded interface in 

strengthened CHS joints, debonding crack propagation monitoring by DIC, and size 
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effect in composite-metal bonded joints. 

Chapter 3 gives the ultimate load test results of wrapped composite 45˚ X-joints 

loaded in tension/compression, and wrapped composite 90˚ X-joints loaded in bending. 

The tensile behavior of wrapped composite 45˚ X-joints and the bending behavior of 

wrapped composite 90˚ X-joints are compared to the welded joint counterparts. Wrapped 

composite 45˚ X-joints in small-scale and medium-scale are tested in tension to 

investigate size effect. The governing failure modes of wrapped composite X-joints are 

identified.  

Chapter 4 shows the results of fracture mechanics tests (DCB, 3ENF and 4ENF 

tests) to quantify the fracture toughness at crack initiation/propagation and the fracture 

process zone (FPZ) length of composite-steel bonded interface in pure mode I and mode 

II. The results of the composite material tests including tensile, compressive and in-plane 

shear coupon test are also presented.  

Chapter 5 shows the numerical results of the DCB and ENF tests based on the 

developed modelling strategy. The element type and mesh, composite layup orientation, 

boundary conditions, contact interaction, and analyses method are introduced. The 

traction-separation laws in mode I, mode II and mixed-modes are determined through 

the iterative fitting procedure and validated by comparing both global response and the 

local failure process.  

Chapter 6 shows the development of the joint model and the numerical results of 

the wrapped composite 45˚ X-joints in small-scale and medium-scale under tensile load. 

The modification of the modeling strategy is conducted to consider the differences in 

geometry complexity and debonding process. The joint FE model is validated by good 

matches to the test results in terms of global response and the failure process which is 

presented by the FEA.  

 Chapter 7 presents the results of parametric study concerning the influence of 

wrapping length, wrapping thickness and the geometric size on the static resistance of 

wrapped composite 45˚ X-joints under tensile load. Mesh dependency is also 

investigated in this Chapter. 

Chapter 8 summarizes the key conclusions and indicates the recommendation for 

future work.   

It should be noted that understanding how debonding of the large-scale joints can 

be modelled by the interface model and how the initiation and propagation are influenced 

by size effects will contribute to other structural engineering research fields. 
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2. LITERATURE 

REVIEW 
 

 

This chapter provides an overview of current research studies in the literature 

relevant to the present work. Section 2.2 summarizes the current state of research studies 

on the application of composites in strengthening hollow sections. Section 2.3 presents 

an overview of theoretical, experimental and numerical approaches used to investigate 

the fracture behavior of composite-steel bonded interface. In Section 2.4, the current 

approaches to modelling the complex wrapping geometry are summarized from the 

literature. Additionally, Section 2.5 discusses debonding crack propagation in 

experiments monitored by digital image correlation (DIC). The concept of size effect in 

composite-metal bonded joints is introduced in Section 2.6.    
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2.1 Introduction 

Fatigue is one of the common grounds for the failure of tubular welded joints after 

a long period of service life[1]. It is a mechanism whereby cracks grow in a structure 

under fluctuating stress. Final failure generally occurs when the reduced cross section 

becomes insufficient to carry the load without rupture. Generally the fatigue cracks start 

at locations with high stress peaks. In welded circular hollow section (CHS) joints, there 

are two sources of high stress peaks: a) discontinuities at local notches, e.g. at the toes of 

butt welds and at the toes and roots of fillet welds, where sharp changes of direction 

occur[2], see Figure 2-1a); b) geometric peak stresses due to the non-uniform distribution 

at the perimeter of the connection resulting from local bending of the thin-walled CHS 

sections and ovalization in the welded intersection area, see Figure 2-1b) [3]. Such high 

stress peaks lead to limited fatigue endurance of CHS welded joints which are 

extensively used in the jacket structures of off-shore wind turbines[4]–[6].  

 

Figure 2-1 a) Peak stress due to weld discontinuity; b) Geometric stress distribution in 

an axially loaded X joint of circular hollow sections [3] 

A composite material is a combination of two or more distinct materials into one 

with the intent of suppressing undesirable properties of the constituent materials in 

favour of desirable properties[7]. More specific, fiber polymer composites (a.k.a. Fiber 

Reinforced Polymer – FRP) further referred to as composites, are typically fabricated 

using a polymer matrix, such as epoxy, vinyl ester, or polyester and reinforced with 

various grades of carbon, glass, and/or aramid fibers[8]. Over the past two decades, 

composites are extensively used in numerous fields, e.g. aerospace[9]–[14], 

maritime[15]–[18], automotive[19] and civil industries[20], [21], attributed to the 

following advantages to help improve the performance of traditional material based 

structures: a) high strength-to-weight ratio; b) excellent fatigue and corrosion resistance; 

c) design flexibility due to tailorable material properties.  

The properties of the composite material necessarily depend on the properties of the 

a)

b)
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fibers and the resins, types of reinforcement, fiber volume fraction, the orientations of 

the fibers in the composite with respect to the direction of loading, .etc. Fiber provide the 

dominant load bearing function and stiffness of composite material due to its high 

ultimate strength and relatively high modulus of elasticity. Fibers are surrounded by the 

polymer resin (matrix) which fixes the fibers in designed arrangement, transfers the 

forces between fibers, prevents buckling of fibers and protects them from environmental 

effects. Figure 2-2 shows the schematic stress-strain characteristics of composite 

material given as the synergy of its constituents. As for E-glass fibers used in this 

research, its stiffness is approximately 70 GPa, the strength is around 2750 MPa and the 

ultimate strain is approximately 4%. Stiffness and strength of polymer resin are an order 

of magnitude lower compared to fibers. Elastic modulus is in the range of 2-4 GPa, while 

the strength is approximately 20-80 MPa. 

 

Figure 2-2 Stress-strain curve of composite material given as a synergy of the 

components[22] 

In the current studies, the composites have been extensively used for strengthening 

of hollow sections or welded tubular joints to increase their static resistance or decrease 

the SCFs, see more details in section 2.2. But welding still transfer the main load in the 

strengthened joints which is the main source of stress concentrations and the fracture. 

When applying composites to the tubular joints, the fracture properties of the composite-

steel bonding should be investigated. Calculation of the strain energy release rate 

(SERR), mode partitioning, experimental and numerical method of bi-material bonded 

interface are review in section 2.3. Current method of modeling composites with 

complex geometry and composite-steel bonding in CHS joints are introduced in section 

2.4 and its limitations are clarified. Digital image correlation (DIC) can be used to 

monitor debonding crack propagation between composite and the substrates. The 

corresponding studies are overview in section 2.5 and they are all focused on the 

composites with very thin thickness. As a quasi-brittle material, strong energetic size 

effect is expected in composite-steel interface. The related research studies are 

summarized in section 2.6 as references to study size effect in wrapped composite joints.  
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2.2 Application of composites in strengthening hollow sections  

2.2.1 Application of composites in strengthening hollow section members 

Since the beginning of 21st century, the research area in terms of strengthening of 

steel hollow section members using composite material has been rapidly developing. 

Some research studies focused on retrofitting tension or compression columns by 

composites. Shaat and Fam[23] conducted axial compression test on short and long 

square hollow section columns retrofitted with CFRP sheets and found that the increase 

of axial load capacity is maximum 18% for short columns and is 13% to 23% for long 

columns. The highest gain was associated with three layers applied on four sides. The 

same authors[24] developed an analytical model for slender steel hollow section columns 

strengthened with higher modulus CFRP sheet, which considers material and geometric 

non-linearity, through thickness residual stress, initial column imperfection, and the 

contribution of CFRP sheets. It could predict the load versus axial and lateral 

displacements relationship. A limiting strain of 0.13% was adopted in the model for the 

CFRP in compression.  

Zhao et al. [25] and Tao et al. [26] performed tests on concrete-filled steel hollow 

section short columns strengthened by CFRP. The dominating failure mode was found 

to be CFRP rupture at outward mechanism locations, which was also observed by Shaat 

and Fam[23] in their unfilled long column tests. In the test done by Zhao et al. [25], The 

increase in load carrying capacity was found to be 5%–22% when one CFRP layer was 

used. The increase in load carrying capacity became 20%–44% when 2 layers of CFRP 

were applied. It was found that the larger the diameter-to-thickness ratio, the greater the 

increase in load carrying capacity. Tao et al. [26] found that a lower increase in load 

carrying capacity due to CFRP strengthening was achieved for concrete-filled 

rectangular hollow sections, although a similar increase in ductility was found for both 

CHS and RHS. Teng and Hu[27] investigated the axial compressive behavior of FRP-

confined steel tubes and found that the ductility of the steel tube can be greatly enhanced 

with the provision of a thin FRP jacket. But when the jacket thickness reaches a threshold 

value for which inward buckling deformations dominate the behavior, further increases 

in the jacket thickness do not lead to significant additional benefits as the jacket provides 

little resistance to inward buckling deformations. In addition, finite elements results 

showed that FRP jacketing is also an effective strengthening method for thin steel 

cylindrical shells against local elephants’ foot buckling failure at the base.  

Duell et al. [28] modeled steel pipes containing defect geometries with FRP repairs 

and the results were compared to field test. It was found that the defect width around the 

circumference had little impact on the ultimate rupture pressure of the repaired vessel, 

but influenced the stress state in the underlying pipe substrate. Fernando et al.[29] found 

that the end-bearing capacity of a RHS steel tube can be substantially increased through 

local strengthening using bonded CFRP plates. Haedir and Zhao[30] conducted axial 

compression test on ten short cold-formed steel CHS columns with externally bonded 

orthogonal CFRP sheets and found that CFRP sheets delayed the buckling of steel tube 

while the bare steel tube buckled at its ultimate load. Narmashiri and Mehramiz[31] used 
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CFRP sheets to strengthen steel hollow pipe sections and found that when the hollow 

section was wrapped with two layers of CFRP there was a 20% increase in load bearing 

capacity.  

Some other researchers investigated the flexure behavior of hollow section beams 

strengthened by composites. Seica et al. [32] conducted four point bending tests on 

circular steel tubes strengthened by CFRP sheets wrapped and cured in air and 

underwater. The improvements of the flexural stiffness and the ultimate strength were 

found in the wrapped beams regardless of the wrapping and curing environments. 

However, the composite members wrapped and cured underwater were not able to attain 

the flexural capacity of those cured in air. Haedir et al.[33], [34] conducted tests on class 

4 CHS beams strengthened by CFRP sheets. It has been shown that a class 4 section can 

be upgraded to a class 2 section if CFRP strengthening is applied in both longitudinal 

and hoop directions. The hoop layers played a more important role in enhancing the 

rotation behavior of the steel crosssetion, thus delaying failure due to local buckling. 

Meanwhile, the longitudinal layers played a more important role in increasing the 

bending moment capacity, due to the contribution of the CFRP in the tension zones. 

Photiou et al.[35] studied strengthening of artificially degraded steel RHS beams under 

four point bending. Two types of upgrading systems were adopted. One utilized flat plate 

GFRP and CFRP prepregs bonded only to the tension flange while the other one utilized 

U-shaped GFRP prepregs, which were bonded to the tension flange and were extended 

up on the web. It was concluded that provided the ultimate strains in the normal modulus 

carbon fibers are not exceeded and the bonding mechanisms between the first FRP layer 

and the steel surface are sufficient, the steel beam can be deformed well into its plastic 

region; the U-shaped system had the ability to contain the failure and to provide a degree 

of stiffening even after substantial damage had taken place.  

2.2.2 Application of composites in strengthening welded tubular joints 

Welded tubular joints are prone to failure under cyclic loading. Results of finite 

element analysis of tubular T-joints[36] indicates that the critical point for the peak hot 

spot stresses is located on the saddle position when subjected to pure axial loading. 

Conversely, in the case of pure in-plane bending loading, the critical point occurs almost 

midway between the saddle and the crown. Wang and Chen[37] investigated failure of 

welded tubular T-joints under cyclic loading and concluded that the energy dissipation 

is mainly by plastic deformation of the chord wall under axial load while by plastic 

deflection of the brace under in-plane bending load. The primary failure of the joints is 

weld cracking in tension and excessive plastic deformation of the chord wall in 

compression. For in-plane bending failure modes are punching shear and chord 

plastification accompanied by ductile fracture of the welds. 

Strengthening and retrofitting is needed for welded tubular joints to increase their 

lifespan and fatigue life. The conventional methods to strengthen tubular joints are by 

filling with grout[38]–[40], chord reinforcement, adding collar plate or ring stiffeners, as 

shown in Figure 2-3. The fatigue life of grout filled joints was found to get increased 

compared to the original joints[38], but practical difficulties exist in terms of filling grout 
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in offshore tubular joints[39]. In addition, the effectiveness of strengthening depends on 

the early-age cycling during grout cure, grout shrinkage, radial pre-stress, temperature 

and surface finish[40] which are not easy to be controlled. Chord reinforcement was 

found to be effective in improving static strength of tubular joints[41], [42], but it is only 

suitable when the brace diameter is much smaller than the chord one and the reinforced 

thickness should not excess twice of its original thickness. This is because the large ratio 

of brace to chord diameter or large ratio of local to global chord thickness makes the 

chord behave just like a bending beam, and no local buckling occurs on the chord surface. 

In this case, the failure mode of the chord is flexure yielding, which has no relation to 

the local chord thickness[41]. The collar plate reinforced tubular joints can absorb more 

energy than the unreinforced joints and the collar-plate reinforcement can change the 

failure location from the intersection region to the weld toe of the collar plate to the chord 

surface[43]. An increase of ultimate strength of up to 295% for double collar plate 

reinforced tubular T and Y joints was found compared to the unreinforced joints[44]. 

The internal ring stiffeners placed in tubular joints lead to the disposition of the peak 

stress concentration factor along the weld toe[45] and a new set of SCF parametric 

equation was developed for the fatigue design of internally ring-stiffened KT-joints[46], 

[47]. The experimental study[48] found that the external ring stiffeners greatly enhance 

the tubular joint compressive strength. The joint strength increases significantly as the 

size of the stiffener increases. The reinforcement effect is more dependent on the stiffener 

length than on the stiffener height [49]. However, corrosion is a major factor in the 

utilization of collar plates or ring stiffeners in reinforcement. Placing of stiffeners in the 

existing structures is a challenging job [50].  

An alternative to the conventional strengthening methods is to apply composites in 

retrofitting welded tubular joints. Tubular joints of in-service structures have complex 

geometry where composites application is more efficient and convenient than traditional 

metallic-based reinforcing methods. It is more practical to apply hand layup method in 

which soft fiber sheets are in situ laminated, than to employ prefabricated rigid FRP 

plates [51], [52]. Relevant research of composites application on strengthening welded 

tubular joints were summarized as below according to the joint geometries. 
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Figure 2-3 Conventional methods for strengthening of welded tubular joints: a) filling 

grout[38]; b) chord reinforcement[41]; c) adding collar plate[43]; d) adding internal 

ring stiffener[50]; e) adding external ring stiffener[50] 

(1) Tubular butt joints: The behavior of CFRP strengthened butt-welded very high 

strength (VHS) steel circular hollow section joints was investigated by the axial tensile 

experiments conducted on a total of 21 specimens [53].  The results indicated that the 

load carrying capacity of the joints was enhanced by 85% using the CFRP and Araldite 

420 epoxy system. The full yield capacity of VHS steel tubes was recovered. An effective 

bond length of 75 mm was found for the Araldite 420 bonded CFRP system.   

(2) Tubular T-/Y-joints: A pilot fatigue test was conducted to explore the effective 

method of applying CFRP patches on a damaged steel T-joint of square hollow sections 

(SHS), and early debonding resulting from peeling effect was analyzed and fixed out for 

further research on repair of three fatigue-cracked RHS-to-RHS cross-beam connections 

[52]. GFRP sheets were bonded to the intersection of the rectangular hollow section T-

joints against web buckling. The results demonstrated the effectiveness of externally 

bonded FRP plates in stabilizing thin webs of high strength steel (HSS) sections, and 

generally the FRP plating technique is more effective than the through-wall bolting 

Brace tensile load

grouted

T-joints without grout T-joints with grout

infilled chord

a) b)

c) d)

e)
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technique especially at higher axial loading in chord[54], [55]. The numerical and 

experimental work were conducted on GFRP wrapped CHS T-/Y-joints sustained to 

axial compressive load, with the tested T-joint specimen in wrapping shown in Figure 

2-4 a) and the comparison of chord deflections without and with wrapping after 

compression test shown in Figure 2-4 b) and c). It was found that the state of stresses, 

deformations and ovalization of the wrapped joint have a descending trend up to 50% of 

the original joint[56]–[58]. SCF values in FRP strengthened tubular T-joints subjected 

to the three main loading conditions were studied to investigate the affectability of joints 

from FRP parameters. Three different types of FRP materials were used, and a reduction 

of around 50% in the SCF was observed for the Carbon/Epoxy layup with 1-mm 

thickness[59], [60]. A rather sophisticated numerical study on the effect of FRP 

parameters such as thickness, fibers orientation and strengthening material was 

performed on two benchmark specimens under various brace loading, and 

recommendations were given for practical FRP lay-up on tubular T-joints[61][62]. 

Subsequently, the similar research was extended to the tubular Y-joints in terms of 

influence of strengthening parameters on the SCFs[63]–[65]. 

 

 Figure 2-4 a) GFRP wrapping on tested CHS T-joint specimen and differences in 

chord deflection in b) original and c) wrapped specimens[57] 

(3) Tubular K-/KT-joints: GFRP composites were applied to repair fatigue-cracked 

CHS aluminum truss K-joint of overhead sign structures, and both static tensile and 

fatigue experiments were conducted to demonstrate the effect of GFRP application in 

terms of ultimate capacity and fatigue life[66]–[68]. An innovative FRP installation 

method was proposed to repair fatigue damaged CHS aluminum K-joint of highway 

a)

b) c)
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overhead sign structures, and the results of static tensile experiments showed that full 

strength of the joints was restored using CFRP, whist only 70% of strength restored using 

GFRP[69].  More recently in 2014, Fu et al.[70] improved the strengthening technique 

for CHS K-joints on the basis of work in [69]. A combined use of bidirectional and 

unidirectional CFRP sheets significantly improved the load-bearing capacity of 

undamaged steel CHS gap K-joints tested in static force in braces. Figure 2-5 shows 

installation of one layer of chord laminate made of two patches of L-shaped bi-directional 

CFRP. The same strengthening method is utilized in fatigue experiments of CHS-CFRP 

gap K-joints and it was found that the maximum SCFs were reduced by 20% in the chord 

while by 15% in the brace[71]. The 3D FE model was verified by the experimental results 

in  [71] and the parametric study indicates that the wrapping length has a negligible effect 

on SCF reduction coefficient if the bond length requirement is met[72]. The parametric 

study based on the validated FE models indicated that the SCF values of tubular KT-

joints could be lowered by 30 to 55 percent through FRP strengthening, and the fatigue 

design formulas were developed in terms of axial and bending load[73], [74].  

 

Figure 2-5 Installation of chord CFRP (one layer): a) two patches of L-shaped 

bidirectional CFRP; b) the first patch of L-shaped bidirectional CFRP: c) the second 

patch of L-shaped bidirectional CFRP. 

Despite improved static behavior of composites strengthened welded tubular joints, 

main load is still carried through welded connection, which remains to be a source of 

stress concentration and brittle failure under fatigue load. The influence of welds on the 

mechanical performance of tubular joints can be eliminated if the load transfer is only 

through bonding between composites and steel hollow section members. Zhao et al.[53], 

a) b)

c)
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[75] conducted axial tensile tests on very high strength (VHS) steel circular butt joints 

connected by CFRP bonding (no welding is applied). The effective bond length, the 

strain distribution along the bond length and across CFRP layers are investigated. 

Unfortunately, no further research studies were carried out to investigate their bonding 

capacity compared to welded connections, and the debonding mechanism. To fully 

unlock application potential of CHS restricted by current welding technology in many 

cases, the concept of innovative wrapped composite joints is proposed by TU Delft as an 

alternative to traditional welded joints, and a series of experimental and numerical work 

is conducted[76]–[80]. The details of the static behavior of wrapped composite joints 

will be thoroughly presented in this doctoral dissertation. 

2.3 Fracture behavior of composite-steel bonded interface 

2.3.1 Failure modes of FRP-steel bonded joints 

The possible failure modes in the general FRP-steel bonded joints can be 

categorized as below (see the schematic view in Figure 2-6): 

 

Figure 2-6 Schematic view of failure modes of general FRP-steel bonded interface[81] 

a) Adhesive failure between steel adherend and the adhesive; 

b) Cohesive failure within adhesive layer; 

c) Adhesive failure between FRP adherend and the adhesive; 

d) FRP delamination; 

e) FRP rupture; 

f) steel yielding; 

In the innovative wrapped composite joints, thickness of adhesive layer is negligible 

such that no obvious distinction can be observed between failure modes a), b) and c). 

Therefore, they can be combined as the failure mode of debonding. Similarly, FRP 

delamination and FRP rupture can be combined as failure of composites. Based on the 

simplification, three main failure modes exist in wrapped composite joints: 1) debonding 

of composite-steel bonded interface; 2) Failure of composite laminate; c) steel yielding. 

It was found in the current study that debonding of the composite-steel bonded interface 

is the governing failure mode of wrapped composite joints[78]. Therefore, it is 

a) Adhesive failure betwwen steel and adhesive
b) Cohesive failure within adhesive layer

c) Adhesive failure betwwen FRP and adhesive

FRP

Adhesive

Steel

f) Steel yielding

d) FRP delamination

e) FRP rupture
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imperative to understand fracture behavior of composite-steel bonded interface. 

2.3.2 Fracture mechanics concepts 

• Fracture modes 

An interface crack can propagate in three different fracture modes in fracture 

mechanics: opening (mode I), in-plane shear (mode II) and out-of-plane shear (mode 

III)[82], as shown in Figure 2-7. In the case of quasi-isotropic laminate, the fracture 

behavior in mode II and mode III is identical. Therefore, the focus of research shifts 

towards the fracture properties of mode I and mode II.     

 

Figure 2-7 The fracture modes of the bonded interface – a) mode I: opening; b) mode 

II: in-plane shear; c) mode III: out-of-plane shear 

• Crack driving force 

There are three forms of crack driving force pursued to predict the onset and 

propagation of cracking: 1) stress intensity factor (SIF); 2) strain energy release rate 

(SERR); 3) J-integral. The concept of SIF K was introduced by Irwin in 1957 with a 

focus on the near-tip stress and displacement fields[83]. It particularly describes the 

singular stress and displacement fields in front of the crack tip. It can be written as[84], 

[85]: 

( )/K a f a W =  Equation 2-1 

where f(a/w) is a specimen geometry dependent function of the crack length a, and the 

specimen width W, and σ is the applied stress. The concept of SIF is frequently applied 

to characterize the crack growth behavior in the domain of Linear Elastic Fracture 

Mechanics (LEFM) and it is difficult to calculate K for inhomogeneous composites. J-

integral has also been applied as the crack driving force to account for the failure 

behavior of the ductile adhesive in bi-material bonded joints[86], [87]. In order to avoid 

the complexity of calculating the stress singularity at the bi-material interface, the strain 

energy release rate G is regularly chosen as the crack driving force[88]. The validity of 

SERR is also confined to crack problems where the extent of the inelastic processes is 

much smaller than the relevant geometric length scales, and calculation of total SERR is 

essential in the fracture analysis of a bi-material interface fracture. Unlike the near tip 

stress field method discussed for K, the concept of SERR associates the crack growth 

with the energy variation of the system containing a growing crack. The total SERR, 

Gtotal, is defined as the release of strain energy per unit crack growth area: 

a) b) c)
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1 e s

total

dU dU
G

B da da

 
= − 

 
  Equation 2-2 

where Ue is the external work performed and Us is the strain energy. B corresponds to the 

specimen width and a is the crack length. Generally the total SERR can be calculated by 

two means: Irwin’s crack closure integral[89] and the compliance method[90]. The crack 

closure integral method assumes that the work necessary to extend the crack is equal to 

the work required to close the crack to its original length, and can be expressed as: 

( )0
0

1
( )

2
I yy yG Lim r r dr 



→= −
 

 Equation 2-3 
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II xy xG Lim r r dr 



→= −
 

 Equation 2-4 

where Δ is a small crack extension, xy and yy are the shear and normal tractions, 

respectively; r refers to the distance ahead of the crack tip; δx and δy are the displacement 

jump at a distance r behind the crack tip along the x (mode II) and y (mode I) directions, 

respectively. The crack closure integral was modified in 1977[91] for the numerical 

Virtual Crack Closure Technique (VCCT) method which has been extensively applied 

to calculate the total SERR and perform mode partitioning for adhesively bonded joints. 

The Irwin-Kies equation is used to calculate the total SERR in the compliance method: 

2

2
total

P dC
G

B da
=  Equation 2-5 

where P corresponds to the applied load and C refers to the compliance of the specimen 

containing a crack length a. Different methods exist for calculation of the compliance in 

which the compliance calibration method (CCM) is the most intuitive method where the 

function C=f(a) is derived experimentally and then differentiated with respect to the 

crack length a. Two forms of the function are normally used: 

0 1

nC C C a= +  Equation 2-6 

2 3

0 1 2 3C C C a C a C a= + + +  Equation 2-7 

where Ci=0,1,2,3 are constants that can be derived by curve fitting either Equation 2-6 or 

Equation 2-7. The exponent n in Equation 2-6 is usually 3[12] in accordance with the 

theoretically obtained compliance functions of a beam theory. The CCM requires 

continuous and accurate measurements of crack length a measurements during testing, 

which are not easy to obtain. As a result, important errors can occur during fracture 

characterization of bonded joints[92]. On the other hand, it was found that CCM cannot 

be used for the mode partitioning of mixed-mode results as is the case for the asymmetric 

and layered joint configuration[93]. Another method called the Global Method was 
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proposed by Williams[90] where the SERR is calculated by application of conventional 

beam theory, as shown in Figure 2-8. The total SERR can be obtained based on Equation 

2-2 and shown in Equation 2-8 below:   

( )
( )

2 2
21 2

1 23 3

1

16 1
total

M M
G M M

BEI  

 
 = + − +

−  

 Equation 2-8 

in which M1 and M2 are the bending moments applied to the upper and lower sections 

respectively. B, E and I is the width, the axial Young’s modulus and the second moment 

of area, respectively. ξ = h1/2h. The global method assumes that the crack lies between 

the adherends with the same material and is extended to solve the crack propagation 

between dissimilar materials. The total SERR in the Extended Global Method (EGM) 

can be expressed as below: 

( )

( )

22 2
1 21 2

2 3 3 3

1 1 2 2 1 2

6
total

M MM M
G

B E h E h E h h

 +
= + − 

+  

 Equation 2-9 

Where E1, E2 is the axial modulus of the upper and lower adherend, respectively. The 

EGM is suitable for application in the bi-material cracking investigation and is also used 

in this research to calculate SERR of the composite-steel bonded interface.  

 

Figure 2-8 a) Geometry of the cracked specimen; b) crack tip contour with 

rotations[90] 

• Mode partitioning 

Most bi-material interface problems are inherently mixed-mode problems as a result 

of loading asymmetry and material asymmetry across the interface[94]. As discussed in 

the preceding sections, the total SERR is relatively easy to calculate using the EGM. On 

the other hand, the total SERR should be partitioned into mode I and mode II 

components. William proposed the analytical partitioning method of the mixed mode 

with two assumptions[90]: 1)pure mode I loading requires two opposite moments of the 

same value applied to the two arms, β=1 in Figure 2-9; 2) pure mode II is obtained when 

the curvature of the two arms is the same, resulting in ψ = (1-ξ)3/ξ3 with ξ = h1/(h1+h2). 

The applied moments can be decomposed into two moments corresponding to pure mode 

I and pure mode II loading cases: 

1 I IIM M M= +  Equation 2-10 

a) b)
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2 I IIM M M= − +  Equation 2-11 

Substituting Equation 2-10 and Equation 2-11 into Equation 2-8 leads to 

decomposition of the total SERR into: 
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−
= +   Equation 2-13 

where E=E1=E2 is the longitudinal Young’s modulus in the case of bonding with same 

material and I is the reference moment of inertia of the bonded part. In the case of 

bonding with dissimilar material, the equivalent bending stiffness ratio should be defined 

based on the flexure stiffness of each arm[93], [95] as shown in  Equation 2-14. 

2 2

1 1

E I

E I
 =   Equation 2-14 

 It has been proved that the assumption made in the Williams portioning method for 

obtaining pure mode I SERR is not accurate[96]. It is only reasonable for the symmetric 

case[97]. To overcome the identified deficiency, the strain-based mode partitioning 

method[98] was proposed by modifying the condition for mode I SERR motived by the 

strain-based design of bi-material double cantilever beam for pure mode I loading[82]. 

As illustrated in Figure 2-9, in order to have the same strain distribution at the faying 

surfaces of the two arms for the pure mode I SERR, β is expressed as 

2

2 2

2

1 1

E h

E h
 =  Equation 2-15 

    The strain-based mode partitioning is suitable for composite-metal interface and 

is also used in this research to calculate the SERR in the pure mode. 

 

Figure 2-9 Illustration of loading in the mode partitioning method[99] 

2.3.3 Bi-material interface testing 

• Mode I testing 

The double cantilever beam (DCB) specimen configuration has been extensively 

applied to obtain fracture toughness or investigate the fatigue behavior under mode I 

loading of composites and adhesively bonded joints[99]. Currently, standard mode I 
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fracture test methods[100], [101] are only available for joints with the same adherend 

material. Experimental and numerical work has been carried out by many researchers for 

bonded joints with symmetric DCB (same material and same thickness) 

configuration[102]–[105]. 

The fracture behavior and correspondent critical fracture energy might be dependent 

on the materials of two adherends when performing fracture test of bi-material DCB 

joints. In this case, the standard DCB specimens has to be adapted[82] to the general 

DCB configuration illustrated in Figure 2-10. The mode I testing of the bi-material 

interface crack is initially based on the DCB specimens designed for cracks between two 

adherends with the same flexural stiffness which bend symmetrically under a pair of 

opening loads. This design criterion can be expressed mathematically as below: 

1 1 2 2E I E I=  Equation 2-16 

Where E and I denotes the longitudinal Young’s modulus and the moment of inertia, 

respectively. The subscripts 1 and 2 denotes the two different adherends, respectively. 

This design criterion has been followed by some researchers for testing composite-metal 

bonded interfaces[106]–[110], but the mode II fracture component was found in the 

numerical results indicating failure of this criterion in guaranteeing pure mode I loading 

condition[107], [108].  Therefore, another design of DCB configuration is based on the 

criterion that the two arms have the same longitudinal strain distribution at the faying 

surfaces. This is proposed to remove the in-plane sliding associated with the mode II 

fracture components[82]. This design criterion can be described by the following 

equation: 

2 2

1 1 2 2E h E h=  Equation 2-17 

 Research on bi-material DCB joint design following Equation 2-17 is not extensive 

as the one following the same flexure rigidity but the limited research[82], [111]–[113] 

agrees that the mode II fracture component is sufficiently suppressed when Equation 

2-17 is followed in designing the bi-material DCB specimens. 

 

Figure 2-10 Illustration of a general DCB specimen[99] 

• Mode II testing 

 The significance of mode II interface crack problem is justified by the fact that 

most bonded joints are designed to transmit loads in the form of shear[99]. The three-
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point end notched flexure (3ENF) test has been used by many researchers to investigate 

delamination propagation in laminated composites. The current standard of 3ENF test is 

only suitable for unidirectional composite specimens with symmetric geometry [114]. 

The standard configuration of the 3ENF test is adapted to the general configuration 

shown in Figure 2-11 for application for bi-material interface problem. Compared to the 

mode I interface crack problem in bi-material specimens, less work in terms of mode II 

interface problem between two dissimilar materials can be found from current literature. 

Ning et al.[115] used the standard 3ENF configuration that comprises two adherends of 

the same thickness to investigate the mode II fracture toughness of CFRP-aluminum 

interface without providing any information on the mode mixity. Ouyang and Li[116] 

proposed a bi-material 3ENF specimen configuration described by Equation 2-17 to 

ensure the pure mode II based on their previous work on developing pure mode I in the 

DCB configuration[111], [112]. It was found that[111], [112], [116] Equation 2-17 is a 

decoupling condition such that mode I loading does not cause tangential deformation 

components related to mode II fracture behavior. Besides this, the mode II loading does 

not cause normal deformation components related to mode I fracture behavior. Other 

researches designed the bi-material 3ENF specimen by matching the stiffness of upper 

and lower adherends as depicted by Equation 2-16[117]–[120]. They did not conduct 

detailed analysis to prove the mode I fracture component was not presented in the studies.  

The main drawback of the 3ENF configuration is the inherent instability of the crack 

propagation. An alternative test configuration, namely the four-point end notched flexure 

(4ENF) test, was proposed[121] for stable cracking propagation in mode II. The 4ENF 

specimen configuration is shown in Figure 2-12. Unfortunately, there is no current 

literature found in terms of mode II bi-material interface problem.   

 

Figure 2-11 Illustration of a generic 3ENF configuration [99] 
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Figure 2-12 Illustration of a 4ENF configuration 

• Mixed-mode testing 

Adhesively bonded joints are normally subjected to mixed mode loading and it is 

well known that the fracture toughness, Gtotal = GI + GII, is a function of the mode I, mode 

II fracture components and their ratio[99]. The mixed mode bending (MMB) test 

configuration has been extensively used for studying mixed mode failure in symmetric 

bonded joints and has been adopted in bi-material bonded joints as well. The general 

MMB test setup is depicted in Figure 2-13. It was first proposed by Reeder and 

Crews[122], [123] and has been standardized for specimens with symmetric 

adherends[124]. Technically, all mode mixities can be achieved with this test setup by 

changing the loading moment arm. For this reason, the MMB test is widely employed 

for characterizing crack growth in bi-material joints[99]. Shahverdi and Cassilopoulos et 

al.[93], [95], [125], [126] have employed the MMB test to study the mixed mode fracture 

in asymmetric pultruded GFRP joints where the EGM was used to separate the SERR 

components for pure mode I and mode II. Arouche and Wang et al.[98] also employed 

the MMB test to study the crack propagation at bi-material CFRP-steel bonded interface. 

The specimen was designed according to Equation 2-17 to match the longitudinal strains 

such that pure mode I loading is generated at the pair of opposite moment while pure 

mode II is obtained by having the same curvature in the two adherends. 

 

Figure 2-13 Illustration of the MMB configuration 

2.3.4 Numerical simulation of interface fracture   

Linear elastic fracture mechanics (LEFM) is a useful tool for solving fracture 
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problems provided a crack-like notch or flaw exists in the body and the nonlinear zone, 

namely the fracture zone, ahead of the crack tip is negligible[127], i.e., the notch root tip 

and the real crack tip shown in Figure 2-14 overlap. However, for ductile metals or for 

cementitious materials, the size of the fracture zone – due to plasticity or micro-cracking 

– is not negligible compared to other dimensions of the cracked geometry. Moreover, 

even for brittle material where the fracture zone can be lumped into a single point, the 

presence of an initial crack is needed for LEFM to be applied. This means that bodies 

with blunt notches – but no cracks – cannot be analyzed with LEFM[127]. 

 

Figure 2-14 Illustration of a): the fracture process zone and b) cohesive parameters in a 

bi-linear CZM 

The non-linear fracture zone can be approximated in conjunction with 

computational techniques by utilizing the concept of a cohesive zone model (CZM) 

pioneered for concrete by Hillerborg under the name of fictitious crack model[128] to 

surmount the above-mentioned difficulties. The constitutive behavior of the cohesive 

zone, a.k.a. fracture zone or fracture process zone (FPZ), is defined by the traction-

separation law, a.k.a. the cohesive law, derived from laboratory tests. In the traction-

separation relation, the traction across the cohesive surface reaches a peak value with 

increasing separation and then decreases until vanishing eventually[129], as shown in 

Figure 2-14. δi and δf refers to the critical separation values to reach crack initiation and 

crack propagation (failure of the fracture process zone). The area under the traction-

separation law until δi corresponds to the fracture toughness or the critical SERR in terms 

of crack initiation Ginit, while the area of the whole traction-separation law corresponds 

to the fracture toughness or the critical SERR in terms of crack propagation Gprop. The 

distance between the real crack tip and the notch root tip is identified as the length of the 

fracture process zone (FPZ).  

The shape of the cohesive law is highly dependent on the material property, the 

layup configuration, the surface preparation of the bonded material, .etc. Various 

traction-separation laws have been utilized in the open literature, as shown in Figure 

2-15. The bi-linear cohesive law is the simplest and most widely used traction-separation 

relation and other cohesive laws, i.e. tri-linear, trapezoidal, exponential and polynomial 
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laws, are also applied according to the material or interface properties.  

 

Figure 2-15 Normally used traction-separation laws: a) bi-linear; b) tri-linear; c) 

trapezoidal; d) exponential; e) cubic polynomial 

The CZM has been extensively applied in the research in terms of numerical 

simulation of delamination in laminated composites. Shahverdi and Vassilopoulos et 

al.[93], [95], [125] used an exponential bridging law to simulate bridging behavior in 

mode I fracture of asymmetric adhesively-bonded pultruded composite joints. Molares 

et.al[130] and Rarani et.al[131] applied the tri-linear cohesive law to simulate the mode 

I delamination process. Joki et.al simulated the delamination incorporating lar scale 

bridging behavior by the trapezoidal cohesive law. Unluckily, there is limited research 

studies in terms of applying cohesive zone model in simulation of composite-steel 

bonded interface.   

 

Figure 2-16 Fiber bridging during delamination of laminated composites[132] 

a) b) c)

d) e)
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Figure 2-17 A schematic R-curve 

In the delamination problem of composites, the existence of fiber bridging, as 

shown in Figure 2-16, results in significant increase of the fracture toughness and 

relatively long fracture process zone. The feature that the strain energy release rate 

(SERR) as the crack advances is known as the resistance curve (R-Curve)[132], as shown 

in Figure 2-17. The R-curve can be identified as the material property of the composites 

or the bonded interface such that the length of FPZ remains constant and the crack 

propagation proceeds by a steady state or a self-similar crack growth involving 

simultaneous propagation of both crack tips[132].  

In the context of describing mixed mode fracture problems, two terminologies are 

frequently used in literature: mixed mode ratio and mode mixity. Mixed mode ratio is 

normally referring to the ratio of the mode II fracture toughness GII, to the total fracture 

toughness, Gtotal, i.e., GII / Gtotal. Shahverdi et al.[125] conducted MMB test of adhesively-

bonded pultruded GFRP joints and found out that the fracture toughness follows a 

polynomial relation as the mixed mode ratio increases from pure mode I to mode II.  

2.4 Modeling of (complex) composite wrapping and composite-steel 

interface in CHS joints  

It is essential to accurately model the behavior of composites and the composite-

steel bonded interface when composites are used to wrap CHS joints. The corresponding 

modeling strategies were proposed by some researchers mentioned in Section 2.2.2 when 

they investigated the application for composite wrapping in strengthening welded tubular 

joints[56]–[64], [70], [72]–[74].  

Lesani et al.[56]–[58] used ABAQUS software package to simulate behavior of 

FRP-strengthened CHS T/Y-joints under axially compressive load. The tubular joints 

were modeled as three-dimensional structures with shell elements. The FRP wrapping 

was modeled with shell elements as a skin stretched on the tube surfaces by sharing 

Increase of crack length (Δa)

S
E

R
R

Ginit

Gprop
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interface nodes, see Figure 2-18. A perfect bond state was considered without modeling 

of cohesive/adhesive element at the FRP and the steel substrate interface and this 

assumption was validated against the experimental results accordingly. For the FRP, the 

Hashin damage criteria were utilized for strength assessment and damage evolution was 

considered in the analyses to consider the post-damage behavior of the FRP element[57]. 

In this research, the thickness of FRP wrapping on brace, chord and the brace/chord 

intersection is 4, 6 mm and 10 mm, respectively. Exceeding 6 mm FRP thickness on the 

steel tubes was not considered since the thicker composites have different behavior and 

also it is not cost effective in practical application of strengthening[56].  

 Hosseini et al. built the numerical model by ABAQUS software package to 

investigate influence of FRP material on SCF values in tubular T-joints[59]–[62] where 

the model geometry was exactly the same as the experimental specimens tested by Lesani 

et al.[56]. The shell element used in the numerical work of Lesani et at.[56] was replaced 

by the 3D solid element C3D20 in modeling the geometry of tubes and weld profile, in 

order to achieve more accurate and detailed stress distribution at the joint intersection 

zone. FRP wrapping was still modelled by shell element but the element type S4R was 

used which is a 4-node doubly curved thin or thick shell with reduced integration. FRP 

wrapping performed in the model as covering layer of the joint and the shell elements 

were stretched on the tube surfaces as a skin by sharing interface nodes. Alike in the 

studies of Lesani et.al[56], the FRP-steel interface was considered as a perfect bond state 

without utilization of cohesive/adhesive element. The finite element model is shown in 

Figure 2-19.  
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Figure 2-18 Graphical presentation of modeling FRP wrapping and FRP-steel 

bonding[58]  
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Figure 2-19 Finite element mode of the tested T-joint specimens: a) Isometric view; b) 

sections cuts at crown and saddle points; c) Mesh enlargement view[62] 

 

Figure 2-20 The FE model of tubular Y-joints using the sub-zone method: a) the regions 

adjacent to the joint intersection; b) spatial 360º volume of weldment; c) and d) the 

enlarged brace-to-chord intersection region[63] 

Nassiraei et al.[63], [64] also performed numerical investigation into SCF values of 

FRP-strengthened T/Y-joints based on the results from open literature. ANSYS software 

package was utilized for the simulation where the element type SOLID186 was used to 

model tubes and weld profile while the SHELL281 element was used to model FRP 

layers. A sub-zone mesh technique was used to guarantee the mesh quality where the 

entire model is divided into several different regions according to the computational 

requirements. The mesh of every region is generated separately using different densities 

and then mesh of full model is generated by merging the meshes of all the sub-
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regions[63]. The behavior of the FRP-steel interface was defined to be always bonded 

simulated by the ANSYS contact ability. The outer surfaces of CHS members were 

chosen as the contact surface and inner surfaces of the FRP sheets were selected as the 

target surface. The flexible-to-flexible surface-to-surface contact elements were used to 

simulate the interaction[64]. The FE model of the strengthen tubular Y-joints are shown 

in Figure 2-20.      

   

 

Figure 2-21 The FE model of a CFRP-CHS K-joint [72] 

 Lewei Tong et al.[70], [72] conducted numerical simulation in terms of static and 

fatigue behavior of CFRP-strengthened CHS gap K-joints, with the FE model built in 

ABAQUS software package shown in Figure 2-21. The steel members and the welding 

were modeled with 3D solid element and a linear solid element C3D8I was used to model 

steel tubes which is better at gloving the convergence problem that occurs in contact 

analysis than a quadratic element such as C3D20R. To balance the computational cost 

and accuracy, the meshes near the weld intersection line were refined, see Figure 2-21 

d). The CFRP sheets were modeled using the shell element S4R, and the Hashin damage 

criteria and damage evolution were combined to analyze post-damage behavior of the 

composites. The perfect bonding was assumed in majority of bonding area between 

CFRP wrapping and steel substrate, as per reference[56] without adhesive elements 

while the surface-based cohesive contact was applied to the interface between CFRP-

brace and at the intersection areas where debonding was observed. 

Zavvar et al. investigated SCFs in steel tubular KT-joints with FRP-wrapping and 

built the FE model with ABAQUS software package, as shown in Figure 2-22. The 3D 

solid element C3D20 was used to model steel members and the shell element S4R 
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sharing nodes with the 3D solid element was utilized to model CFRP. A perfect bond 

state was considered proved by Lesani et al[56]–[58]. 

 

Figure 2-22 a) Isometric view of the KT-joint FE model; b) Mesh enlargement at the 

intersection zone; c) FRP shell elements sharing nodes with steel solid elements[73] 

It can be concluded from the current modelling strategies in literature that the 

composite wrapping were all modelled by shell elements. This is suitable for the FRP-

strengthened tubular joints where the weld still transferred the main load such that 

thickness of wrapping is relatively small especially at the intersection region (no more 

than 10 mm) due to limited numbers of wrapping plies. However, this is not applicable 

in the case of wrapping composite joints with wrapping thickness significantly larger 

than that in strengthened joints. Using shell element to model behavior of thick and 
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curved geometry is difficult and inaccurate so an alternative method should be proposed. 

On the other hand, the perfect bond state was assumed in the majority of the current 

studies, which cannot be utilized in wrapped composite joints in which the governing 

failure mode is debonding of the composite-steel bonded interface. The surface-based 

cohesive contact is a good option but the constitutive law of the bonded interface should 

be given correctly.  

2.5 Debonding crack propagation monitoring using DIC 

The digital image correlation (DIC) technique, as one of the NDT techniques, has 

been extensively applied for monitoring cracking in physical testing attributed its 

advantages of non-contact, full field and real-time measurements, and also powerful 

post-processing analysis. Tracking and image registration techniques are employed in 

DIC for accurate 2D and 3D measurements of deformations and surface strains of tested 

specimens. It has been used as a useful tool to monitor the debonding crack propagation 

between composites and steel/concrete/masonry substrates during the experiments. 

Ghiassi et al.[133], Zhang et al.[134] and Ali-Ahmad et al.[135] monitored the 

debonding process between composites and substrates under the monotonic quasi static 

loads with help of DIC. In their studies, the observed strain distribution can be divided 

into three main regions (see Figure 2-23): 1) the unstressed region; 2) the stress transfer 

zone corresponding to the effective bond length; 3) the fully debonded zone. The formula 

was proposed to approximate strain distribution along the bond length to quantify the 

three zones. The DIC technique was also utilized in monitoring the debonding crack 

propagation of the CFRP-steel bonding subjected to fatigue load[136], [137]. In these 

studies, the debonding length was identified by the strain plateau or by negligible strain 

gradient. Some other researchers[138], [139] used the artificial delamination crack to 

validate the surface strain-based crack monitoring method by DIC. The results showed 

that the location of the artificial delamination can be effectively detected by DIC strain 

contours. The DIC results were also comparable with results from finite element (FE) 

models. It is worth noting that the thickness of the material above the delaminated 

interface may have influence on the monitoring results. 

It can be concluded that DIC technique is effective in monitoring the debonding 

crack propagation between composite and substrates, but the thickness of applied 

composites is very thin. As for wrapped composite joint with thick and varying thickness, 

the influence of local material variations of composites on the surface strain distribution 

can be considerable. In this case, the FEM can be used to validate the feasibility of the 

DIC monitoring method and determine the debonded area. 
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Figure 2-23 Experimental and theoretical strain distribution along FRP sheet at the 

postpeak part of load response [135] 

2.6 Size effect in composite-metal bonded joints 

In many situations, the laboratory tests must be conducted on a much reduced scale 

of the specimens attributed to the cost of failure tests of full scale or larger scale 

structures. Therefore, it is essential to extrapolate the small-scale test results to the large-

scale structures where the size effect needs to be considered. The size effect is defined 

for geometrically similar structures and represents the effect of structural size D (or 

characteristic dimension) on a load parameter of the dimension of stress. This parameter 

is normally chosen as the nominal strength, which is defined as: 

max

N

P

bD
 =  Equation 2-18 

where Pmax is the maximum load, b is the width of the structure in the third dimension 

and D is the characteristic dimension which can be selected arbitrarily since only the 

ratio of σN values matters. There are two types of size effect: a) the statistical size effect 

caused by randomness of material strength; b) the energetic/deterministic size effect 

caused by stress redistributions due to stable propagation of fracture or damage and the 

inherent energy release[140]. For purely metallic structure, there is no deterministic size 

effect and the relatively weak statistical size effect is well understood. However, the 

deterministic size effect is much stronger than the statistical size effect in the quasi-brittle 

materials like fiber composites[141], as in the case of wrapped composite joints.  

The size effect was explained by Bazant[140] using a simply-supported beam as 

shown in Figure 2-24 a). The response Y (e.g. the maximum stress or the maximum 

deflection) is a function of the characteristic size (dimension) of D, i.e. Y = Y0f(D). Three 
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structural sizes (1, D and D’) are presented and the size 1 is chosen as the reference size. 

The response for size D and size D’ are Y = f(D) and Y’= f(D’). If there is no characteristic 

length, the Equation 2-19 must be satisfied which is a functional equation for the 

unknown scaling law f(D) having only one solution, namely the power law (Equation 

2-20). The s is the constant exponent, and c1 is a constant implied as a unit of length 

measurement. For elasticity with a strength limit or plasticity with a yield surface 

expressed in terms of stresses and strains, s = 0 in the power scaling law indicating that 

there is no characteristic dimension. On the other hand, s = -1/2 in LEFM provided that 

geometrically similar structures with geometrically similar cracks or notches are 

considered, as shown in Figure 2-24 b). 

' '( )
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f D D
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f D D
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=  
 

 Equation 2-20 

Quasi-brittle materials obey the theory of plasticity or strength theory on a small 

scale where s = 0 while they follow the LEFM on a large scale where s = -1/2. As for the 

sizes in between as shown in Figure 2-24 c), the size effect law was derived[142] for the 

bridging of plasticity and LEFM: 

1

2
0

0

(1 )N R

D
B

D
  

−

= + +  Equation 2-21 

in which B are positive dimensionless constants and D0 is the constant representing the 

transitional size at which the power laws of plasticity and LEFM intersect; Usually, the 

constant σR = 0. 
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Figure 2-24 a) Geometrically similar structures of different size; b) power scaling law; 

c) size effect law for quasi-brittle failures bridging the law of plasticity (horizontal 

asymptote) and the power law of LEFM (inclined asymptote) 

Due to the existence of composites, the strong deterministic size effect in 

composite-metal bonded joints was investigated by some researchers. Yu et al.[141], 

[143], [144] studied the size effect on the strength of hybrid bi-material joints of steel 

and fiber composites. Three series of scaled geometrically similar specimens of 

symmetric double-lap joints with a rather broad size range (1:12) are tested, as shown in 

Figure 2-25. With the help of asymptotic matching, the general approximate size effect 

laws for the strength of the 2 types of hybrid metal-composite joints were derived[143] 

and validated by comparison with size effect experiments[141]. The size effect is 

depicted in the double-logarithmic graphs of σN and D shown in Figure 2-26. It was found 

that the strength of metal-composite hybrid joints exhibits a strong size effect with more 

than 50% drop of the strength due to a fourfold increase in size. It is not safe to design 

large hybrid joints on the basis of classical material failure criteria expressed in terms of 

stresses or strains, or both[143]. A cohesive layer base on a traction-separation softening 

law was used by the same authors to simulate the failure of the hybrid joints and good 

agreement was reached compared to the experiment results[144]. 
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Figure 2-25 Geometry of double-lap hybrid joint[141] 

 

Figure 2-26 Measured nominal strength values compared with optimum fit by size 

effect formula (solid curves): a) test series 1; b) test series 2 and c) test series 3[141] 
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3. ULTIMATE LOAD 

JOINT 

EXPERIMENTS 
 

 

This chapter presents the results of the ultimate load experiments conducted on 

wrapped composite joints, aiming to identify the debonding failure mechanism. In 

Section 3.7, the results of monotonic tensile tests of wrapped composite A-joints are 

presented. The aim is to quantify the influence of the production parameters (bonding 

primer, resin toughness, steel grade) on the debonding resistance.  

Moving on to Section 3.8, the failure modes of wrapped composite X-joints 

subjected to tensile, compressive, and in-plane bending load are characterized. Two 

scales of X-joints are tested under monotonic tensile load to identify the size effects on 

the debonding behavior. 

In the aforementioned experimental work, the debonding length of the joints is 

quantified through the analysis of the surface strain monitored using the digital image 

correlation (DIC) technique. 

  

Part of this chapter has been published as two journal articles: 

[1] P. He, W. Feng, and M. Pavlovic, “Influence of steel yielding and resin toughness on debonding of 

wrapped composite joints”, Compos. Struct., vol. 312, no. February, p. 116862, 2023, doi: 

10.1016/j.compstruct.2023.116862. 

[2] P. He and M. Pavlovic, “Failure modes of bonded wrapped composite joints for steel circular hollow 

sections in ultimate load experiments”, Eng. Struct., vol. 254, no. August 2021, p. 113799, 2022, doi: 
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64                                                                                       CHAPTER 3 

   

3.1 Introduction 

Good debonding resistance of the bonded interface is an essential prerequisite for 

good static behavior of adhesively bonded joints, which can be realized by appropriate 

surface treatment and selection of adhesives. Surface treatments are often required to 

provide maximum adhesion strength, not only to remove contaminants, but also to 

increase the difference in surface energy between adhesive and substrate, so good wetting 

and adsorption of the adhesive is obtained[1]. Surface treatments for steel include solvent 

degreasing, abrasion, grit blasting[2]–[6], use of bonding primers[7]–[11], etc. Adhesive 

types also have a significant influence on the bonding quality. The load-bearing capacity 

is inevitably affected by ductility of adhesives[12]–[14]. However, current studies are 

only limited to the influence of surface treatment and adhesive types on the behavior of 

adhesively bonded joints. Further study is needed to characterize their influence on the 

behavior of novel wrapped composite joints that are directly bonded (laminated) where 

thin resin layer plays the role of the adhesive. Moreover, the influence of steel grade on 

the joint resistance should be investigated where high-strength steel has the potential to 

enhance bonding resistance by preventing yielding of the steel cross section which 

showed to interact with the debonding process[15]. 

 Understanding debonding failure of wrapped composite joints is the relevant 

knowledge gap to solve. A major problem in characterizing debonding behavior is the 

complexity resulting from the variety of possible failure modes[16]: 1) rupture of 

composite material; 2) delamination of composites; 3) debonding of the bonded 

interface; 4) yielding of steel tubes. Therefore, it is imperative to conduct the ultimate 

load joint experiments to explicitly learn the relevant failure modes of wrapped 

composite joints. The joints experiments should be conducted prior to the material and 

interface experiments aiming to provide the opportunity to select which kind of material 

and interface experiments need to be designed and conducted. Accordingly, the joint 

experiments are presented first in Chapter 3 followed by relevant material and interface 

experiments in Chapter 4.  

3.2 Motivation behind the experimental campaign 

Aiming to quantify and identify the influence of production parameters (i.e., 

application of bonding primer, polymer resin types and steel grade) on the debonding 

resistance of wrapped composite joints, A-joint geometry, namely uniaxial splice joint, 

is chosen and tested in monotonic tensile load until failure. Selection of this uniaxial and 

axisymmetric geometry is attributed to ease of production, and the opportunity for clear 

interpretation of mechanical behavior of the bonding in a simple load condition. A-joint 

specimens wrapped with and without application of the bonding primer are compared to 

quantify the influence of difference in chemical bonding properties on the debonding 

resistance of the joint. Three types of thermoset polymer resins designated as resin 1 and 

2 – both vinyl-ester based and resin 3 – polyester based, are used in the wrapping 

procedure to investigate the impact of fracture toughness of resins on the joint resistance. 

Resin 2 has improved fracture toughness properties compared to resin 1 and resin 3. Mild 

steel (S355) and high-strength steel (S700) circular hollow sections are used in 
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production of A-joint specimens to quantify the influence of interaction between 

debonding and steel yielding on the static resistance of the wrapped composite joints.       

 

 

Figure 3-1 Schematic zoom in from full-scale K-K joint to small-scale 45˚ X-joint: a) 

full-scale K-K joint; b) full-scale K-joint; c) downscaling from large-scale to small-scale 

45˚ X-joint. 

In offshore jackets, wrapped composite K-K joint is prone to tensile fatigue failure 

while T-T joint suffers from bending fatigue. The K-K joint and the T-T joint geometry 

are simplified to K-joint and T-joint shapes, respectively, to limit load conditions to 

uniplanar tension and in-plane bending, aiming to make it easier to understand 

debonding. In the design of lab experiments, the K-joint geometry is designed as 2Y 45º 

joints with comparable stress concentration while 2T joints are used which can be 

regarded as two identical T joints. These two geometries are helpful to set up tensile and 

in-plane bending experiments, respectively. For simplification of nomenclature in 

a) b)

c)

Ls (1/2)Ms (1/3)Ss (1/12)
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representing test results, the 2Y 45º joints are further named as 45º X-joints. Similarly, 

the 2T joints are named as 90º X-joints. Due to limitations of laboratory machines in 

terms of load capacity and clamping devices, the full-scale geometry of the designed 

joints is downscaled to 1/12 as the small-scale geometry with diameter ratio d1/d0 = 

60/108 = 0.56. d1 and d0 are the diameter of the brace and the chord members, 

respectively. At small-scale, 45˚ and 90˚ X-joints connected by composite wrap and 

welding are compared in tensile and in-plane bending experiments, respectively, for 

stiffness, elastic limit and ultimate load comparisons. In addition, medium-scale 45° 

wrapped composite X-joint is designed by upscaling the brace diameter in small-scale to 

almost 4 times, reaching 1/3 of the full-scale size. This is to investigate size effect on the 

debonding behavior of wrapped composite joints. 

Figure 3-1 illustrates the schematic zoom-in process, showcasing the design 

evolution of the wrapped composite K-K joint from its initial form to the small-scale and 

the medium-scale 45˚ X-joints in joint experiments. Figure 3-2 shows configuration of 

the small-scale 45˚ X-joints used to learn the debonding failure modes and of the small-

scale A-joints used to identify influence of production parameters on debonding 

resistance.   

 

Figure 3-2 Composite wrapped small-scale a) 45˚ X-joint with Ø 60 mm braces[15] and 

b) A-joint with Ø 60 mm steel tubes in lab tests[17]. 

3.3 Overview of CHS joints in the ultimate load joint experiments 

Based on the above-mentioned motivation behind the experimental campaign, 7 

types of geometries of CHS joints are designed in the ultimate load joint experiments, as 

summarized in Table 3-1. Geometries with dimensions of CHS joints are shown in Figure 

3-3. The main differences of the A-joint geometry in joint type 1 and type 2 as shown in 

Figure 3-3 a) and Figure 3-3 b), respectively, are the length of the weld at the end detail 

and the diameter of the steel tubes. Longer weld is used for geometry of joint type 2 

where the high strength steel specimens are compared to mild steel specimens. 45˚ and 

a)

b)
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90˚ X joints in small-scale are composed of two CHS 60.3/4 brace members and one 

CHS 108/5 chord member. 45˚ X joints in medium-scale consist of two CHS 219/6 brace 

members and one CHS 324/10 chord member. The joint dimensions in medium-scale are 

30% of the real-scale in off-shore jacket supporting structures for wind turbines, where 

the brace and chord members are typically within 600~1200 mm range in diameter. 45˚ 

and 90˚ X joints in small-scale are connected by either traditional welding technique or 

by wrapped composite joining (bonding through the composite wrap – i.e., no welding). 

Chord and brace members in 45˚ X joints of medium-scale are only connected by 

wrapped composite joining. 

The main objectives of the ultimate load joint experiments are defined: 

1) to identify governing failure modes, load transfer mechanism, elastic limit and 

ultimate load of wrapped composite joints X-joints loaded in tension (45˚ X-joints), 

compression (45˚ X-joints) and in-plane bending (90˚ X-joints). 

2) to understand differences in failure modes of wrapped composite 45˚ X-joints at 

two different scales (small-scale and medium-scale) to investigate size effect on the 

debonding behavior of wrapped composite joints. 

3) to compare tensile static behavior of wrapped composite 45˚ X-joints vs. welded 

counterparts and bending static behavior of composite 90˚ X-joints vs. welded 

counterparts. 

4) to investigate the influence of production parameters on the debonding behavior 

of wrapped composite joints, including effect of bonding primer, resin toughness and 

steel yielding. 

Table 3-1 Overview of geometries of CHS joints in ultimate load experiments 

Joint 

type  
Joint description 

Geometry in 

Figure number 

1 
Wrapped composite A-joints in small-

scale with cross section 60.3/4 
Figure 3-3 a) 

2 
Wrapped composite A-joints in small-

scale with cross section 63.5/3.6 
Figure 3-3 b) 

3 
Wrapped composite 45˚ X-joints in 

small-scale 
Figure 3-3 c) 

4 Welded 45˚ X-joints in small-scale Figure 3-3 d) 

5 
Wrapped composite 90˚ X-joints in 

small-scale 
Figure 3-3 e) 

6 Welded 90˚ X-joints in small-scale Figure 3-3 f) 

7 
Wrapped composite 45˚ X-joints in 

medium-scale 
 Figure 3-3g) 
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a)

b)

Joint type 1: mild steel (MS) 

Joint type 2: mild steel (MS) 

and high strength steel (HSS) 

c) d)

e) f)
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Figure 3-3 Geometries of CHS joints in ultimate load experiments: wrapped composite 

A-joint with a) type 1 and b) type 2 geometry; wrapped composite c) 45˚ and e) 90˚ X-

joints in small-scale; welded d) 45˚ and f) 90˚ X-joints in small-scale;  g) wrapped 

composite 45˚ X-joints in medium-scale. 

3.4 Production of CHS joints 

The CHS profiles of all specimens are made of mild steel with grade S355, except 

the A-joints made of high strength steel (grade S700). For welded joints, the brace and 

chord members are connected by single-sided full penetration weld with 4-mm thickness 

followed by grinding weld toes to improve fatigue endurance, as shown in Figure 3-3. 

For wrapped composite joints, CHS tubes are connected by E-Glass fiber mixed with 

thermoset resin with volumetric fraction ranging 30-32% and wrapped (laminated) 

around steel hollow sections. Three types of thermoset polymer resin (resin 1, resin 2 

c) d)

e) f)

g)
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and resin 3) are used in production of wrapped composite A-joints to investigate its 

influence on bonding resistance, and the resin leading to optimum bonding quality (resin 

2) is used in production of wrapped composite X-joints. It should be noted that the 

composite wrap is directly bonded on the steel tubes without application of intermediate 

adhesive layer so that the failure mode related to adhesive is eliminated. Steel tubes are 

grit blasted and chemically degreased as surface preparation prior to wrapping to ensure 

good bonding strength between the composite wrap and the steel tubes. The alignment 

of the steel tubes is controlled to be less than 0.5 mm misalignment. The hand lamination 

(wrapping) procedure is fulfilled in a couple of steps with quality control to ensure 

smooth thickness transition, good compaction and avoiding air gaps. The thickness of 

the composite wrap is maximum at the joint root with a value of 14 mm and 23 mm in 

small and medium-scale, respectively, and decreases to 0 mm at the end of the bonded 

connection, see Figure 3-3. No post-curing is applied to the wrapped specimens. The 

repeatability of the production is assured by using only certified laminators in the factory 

where the joints are produced. Temperature, humidity, surface roughness and cleans, 

peroxide type and content, the resin shell and the cleans of the glass fiber and mats are 

strictly controlled through the quality control and assurance programme.  

E-Glass fiber is composed of bidirectional woven fabric and chopped strand mat to 

perform quasi-isotropic behavior. Mechanical properties of the mild steel and the 

composite material determined in case of resin 2 are summarized in Table 3-2. The 

standard tensile/compressive/in-plane shear coupon tests are conducted to obtain these 

material properties based on ISO standard[18]–[22]. 

Table 3-2 Mechanical properties of the composite wrap laminate produced with resin 2 

Material Mechanical properties 
Average value 

(and CoV [%]) 
Standard 

Mild steel 
Tensile modulus – E 210000 MPa (5.74) 

ISO 6892-1[18] 
Yield strength – σe 360.91 MPa (4.86) 

Composite 

In-plane tensile strength in x/y 

direction – fx,t= fy,t 
216 MPa (5.78) 

ISO 527-1[19] 

and 527-2 [20] In-plane tensile modulus in x/y 

direction – Ex,t=Ey,t 
11798 MPa (6.37) 

In-plane compressive strength in x/y 

direction – fx,c=fy,c 
200 MPa (3.79) 

ISO 14126[21] 
In-plane compressive modulus in x/y 

direction – Ex,c= Ey,c 
12077 MPa (4.50) 

In-plane shear strength – fxy,v 72.2 MPa (2.59) 
ISO 14129[22] 

In-plane shear modulus – Gxy 3120 MPa (6.81) 

3.5 Measurement technique 

Two measurement techniques are used in the ultimate load joint experiments. In 

experiments of joint type 1, the measurement system based on two Linear Variable 

Differential Transformers (LVDTs) at front and back is used to capture potential 

eccentricity and average the data, as shown in Figure 3-4a). The displacement of the A-
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joint specimen is equal to the extension of the aluminum bracket clamped to both sides 

of the CHS members outside the wrapped region by preloading, which is measured by 

two LVDTs attached through the plastic clip. In experiments of joint type 2~8, the 3-

dimensional (3D) Digital Image Correlation (DIC) system is used to measure both 

longitudinal extension between ends of the specimens and distribution of surface strain 

of the joints to indirectly track the propagation of the debonding crack, as shown in 

Figure 3-4b)~e). GOM Aramis adjustable base 12MPx system is used which includes 

two cameras with 12-megapixel resolution, controller and graphical analysis software to 

acquire and process test data. It enables recording of strain distribution and crack 

initiation/propagation on the specimen surface during the experiments, and processing 

of measurement data with high accuracy and pertinence after the experiments. Two 

measuring volumes are used corresponding to wrapped composite joints in two 

geometric scales. The 1900×1400×1400 mm3 measuring volume is utilized in the 

medium-scale test, while the 750×610×610 mm3 measuring volume is used in the small-

scale tension, compression and bending tests. Speckle patterns are applied on the 

specimens’ surface by spray method with grain size of approximately 2 and 4 mm in 

small-scale and medium-scale experiments, respectively. Polarized blue light is used to 

limit the influence of variation of ambient light on measurement accuracy. 

 

Figure 3-4 Measurement system in ultimate load joint experiments: a) LVDTs and b) 

3D DIC used in A-joint tensile tests; 3D DIC used in c) axial and d) bending test of X-

joint in small-scale; 3D DIC used in tensile test of e) medium-scale X-joints; speckle 

pattern on f) small-scale X-joints and g) small-scale A-joints  

a) b) c)

d) e) f) g)
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3.6 Failure modes of wrapped composite joints 

Based on the results of the ultimate load joint tests[15], [17], [23]–[26] and the 

results shown in this Section afterwards, the load transfer mechanism and potential 

failure scenarios of wrapped composites joints are identified and schematically shown in 

Figure 3-5. The main load transferring components of the wrapped composite joint are: 

- Primary bonded interface in X-joints or bonded interface in A-joints – which connects 

the brace or CHS member to the composite wrap. The joint load (tension, compression, 

bending) from the brace or CHS member is transferred to the composite wrap mainly 

through mode II (shear) interface behavior. 

- Composite wrap – which transfers the joint load from the brace or CHS members to 

another brace or CHS member and to the chord. The load transfer is through complex 

multi-axial stress state at the meso-scale, scale of the curved laminate. 

- Secondary bonded interface in X-joints – which connects the composite wrap to the 

chord member. The load transfer is through mixed-mode interface behavior, i.e. 

combination of Mode I (peel) and Mode II/III (shear). 

The failure modes of the wrapped composite joint can be divided into four main 

groups for any general load direction: 

1) Failure of the primary bonded interface in X-joint or the bonded interface in A-joint 

by partial or full debonding. Mode II interface failure is dominant, partially reduced by 

mode-mixity with Mode I interface stresses at the root due to local bending of the 

composite wrap and the wrap end due to contraction of the CHS cross section after 

yielding of steel. The crack initializes at the root of the connection (coincidence of the 

brace and chord or CHS members) due to stress concentrations and propagates towards 

the end of the bonded interface. The thickness profile of the composite wrap is tapered 

towards the wrap end to reduce the shear stress concentrations and peel stresses at the 

end of the composite wrap. 

2) Failure of the composite wrap by fracture involving micro-scale failure modes of the 

fibers and resin. The failure criterion of composite material was adopted to be 1.2% from 

looking at the surface strain in DIC results. Given the quasi-isotropic behavior and 

relatively large thickness of composite wrap laminate used in the joints, the local failure 

modes of the composite wrap can be characterized as: a) in-plane tensile / compressive / 

shear failure of the laminate and b) out-of-plane shear / tensile failure of the laminate due 

to delamination. 

3) Failure of the secondary bonded interface in X-joints by debonding of the composite 

wrap from the steel chord member. The mode-mixity of Mode I and Mode II/III failure 

behavior at the interface connecting the composite wrap to the chord member will depend 

on ratio of diameter of the chord and the brace. With smaller brace-to-chord diameter, 

the peel stresses (Mode I) can turn dominant for example in case of tensile joint load on 

the brace as the composite wrap is pulled away from the chord. 

4) Failure of brace or CHS member by yielding or local buckling next to, or inside the 

composite wrap. Yielding of the steel inside the composite wrap can promote debonding 
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on the bonded interface. Yielding of the steel outside, close to the end of composite wrap 

can initiate debonding crack from the end of the bonded interface. 

The interaction of failure modes of separate components can lead in general to two 

scenarios: 

Loss of structural integrity (failure): X-joint: due to full debonding on primary 

bonded interface in X-joint and bonded interface in A-joint, and/or failure of the 

composite wrap in a complete circumference around any brace member in X-joint or any 

CHS member in A-joint; The transfer of the joint loads between the brace or the CHS 

members and between the chord and the brace members is no longer possible. 

Secant stiffness degradation: Partial debonding on the secondary bonded interface 

in X-joints will not lead to loss of structural integrity of the joint but will result in loss of 

joint secant stiffness. It will be shown in the results of small-scale and medium-scale 

experiments of X-joints that debonding on the secondary bonded interface is only partial. 

Even in the very unlikely event of failure of the entire bonded interface on the chord 

there would not be loss of structural integrity of the joint. The transfer of the joint load 

components between the brace members and partially to the chord would still be possible 

through the composite wrap. Also, partial debonding on primary bonded interface in X-

joints and on bonded interface in A-joints leads to reduction of secant stiffness of the 

joint but not to the loss of the structural integrity. 

 

Figure 3-5 Failure modes of wrapped composite a) X-joint and b) A-joint – loaded in 

tensions as an example 

 

a)

b)
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3.7 Influence of production parameters on the static behavior of 

wrapped composite joints 

3.7.1 Test series 

6 series of small-scale wrapped composite A-joint specimens are designed for the 

tensile static experiments, as summarized in Table 3-3, to investigate influence of 

production parameters (bonding primer, resin toughness and steel yielding) on the 

debonding resistance of wrapped composite joints. Geometries of the joint specimens 

with dimensions are shown in Figure 3-3 a) and b). The main differences of the geometry 

in Figure 3-3 a) and Figure 3-3 b) are in the length of the weld at the end detail and the 

diameter of the steel tubes. Longer weld is used for series 5 and 6 in which the high 

strength steel specimens are compared to mild steel specimens. Each series of wrapped 

composite A-joints tested is accomplished with 3 nominally identical specimens to 

characterize scattering of static behavior of this new joining technology.  

The following naming convention is used for series given in Table 3-3 and used 

afterwards in analysis of the results: A – Wrapped composite joints, A (uniaxial) 

geometry; Ss – small-scale; R1, R2, R3 – Resin type used as resin 1, resin 2 and resin 3; 

PM – with primer / mild steel, NM – no primer / mild steel , PH – with primer / high-

strength steel; S1/2/3/etc. - nominally identical specimens, number 1, 2, 3, etc. (S4/5/6 is 

used in series 5 to distinguish the specimens between series 3 and series 5.) 

Table 3-3 Test series and specimen designation of A-joints 

Series 

number 

Test series and 

specimen 

naming 

Resin 

type 

Bonding 

treatment 

Steel 

Grade 

Connection 

type 

Geometry in 

Figure number 

1 
A-Ss-R1-

NM_S1/2/3 

Resin 

1 
No Primer S355 

Wrapped 

composite 
Figure 3-3 a) 

2 
A-Ss-R1-

PM_S1/2/3 

Resin 

1 

With 

Primer 
S355 

Wrapped 

composite 
Figure 3-3 a) 

3 
A-Ss-R2-

PM_S1/2/3 

Resin 

2 

With 

Primer 
S355 

Wrapped 

composite 
Figure 3-3 a) 

4 
A-Ss-R3-

PM_S1/2/3 

Resin 

3 

With 

Primer 
S355 

Wrapped 

composite 
Figure 3-3 a) 

5 
A-Ss-R2-

PM_S4/5/6 

Resin 

2 

With 

Primer 
S355 

Wrapped 

composite 
Figure 3-3 b) 

6 
A-Ss-R2-

PH_S1/2/3 

Resin 

2 

With 

Primer 
S700 

Wrapped 

composite 
Figure 3-3 b) 

3.7.2 Experimental set-up 

The tensile static experiments of wrapped composite A-joints in series 1-4 are 

conducted in the MTS 647 Hydraulic Wedge Grip with 600 kN loading capacity 

equipped with hydraulic clamping heads in Stevin lab 2 of TU Delft, as shown in Figure 

3-6 a) and b). The axial load on steel tubes is applied through gripping the endplates 

welded to the joint. Specimens in series 5-6 are tested in the Universal testing Machine 

(UTM) with 800 kN loading capacity considering the potential enhancement of the static 

resistance attributed to use of high strength steel, see Figure 3-6 c) and d). Load is applied 
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by displacement control with rate of 1mm/min to provide quasi-static loading condition. 

 

 Figure 3-6 Test set-up of wrapped composite A-joints in a) and b) series 1-4 and in c) 

and d) series 5-6 

3.7.3 Overview of test results of wrapped composite A-joints 

General overview of all A-joint test results is given in Table 3-4 and Table 3-5. The 

identification of the failure modes are presented in the follow-up sections and facilitated 

by analysis of surface strains obtained by 3D DIC measurements in combination with 

general load-displacement curves. The displacement values in Table 3-4 and Table 3-5 

are measured based on the two points 50 mm outside the wrapped region on the two steel 

members, as indicated in Figure 3-3 a) and b).  

All specimens from series 1 to 5 failed by full debonding at the steel-composite 

interface on one of the steel members preceded by limited or extensive yielding of the 

steel CHS outside the wrapping area. The debonding initiates and propagates 

consecutively from the joint root in the middle of the joint towards the wrapping ends. 

Final debonding failure is due to coalescence of debonding crack from the root and end. 

The failure process is explained in more detail in section 3.7.7. In series 6 delamination 

between the first plies next to the interface is dominant failure mode while yielding of 

the steel CHS is less evident.  

The elastic load limit is governed as initiation of debonding from the root of the 

bonded interface. For each specimen, the elastic limit is determined as the load level at 

which the secant stiffness decreases 5%.  

   

 

 

 

 

 

 

a) b) c) d)
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Table 3-4 Test results of A-joints related to influence of primer and resin 

Series Specimen 

Initial 

stiffness 

[kN/mm] 

Elastic load 

limit [kN] 

Ultimate 

load [kN] 

Displacement at 

failure 

[mm] 

1 

A-Ss-R1-NM_S1 258.5 196.3 319.9 4.0 

A-Ss-R1-NM_S2 262.5 185.2 314.3 1.8 

A-Ss-R1-NM_S3 261.9 198.3 314.0 2.1 

Average 

(and COV [%]) 

261.0 

(0.67) 
193.3 (2.98) 

316.1 

(0.86) 
2.6 (36.99) 

2 

A-Ss-R1-PM_S1 255.7 189.1 334.7 3.8 

A-Ss-R1-PM_S2 256.7 195.7 327.0 4.4 

A-Ss-R1-PM_S3 252.2 186.8 324.5 3.4 

Average 

(and COV [%]) 

254.9 

(0.76) 
190.5 (1.98) 

328.7 

(1.32) 
3.9 (10.63) 

3 

A-Ss-R2-PM_S1 251.8 221.5 335.4 5.1 

A-Ss-R2-PM_S2 241.9 221.4 341.2 4.9 

A-Ss-R2-PM_S3 247.8 234.2 334.7 4.8 

Average 

(and COV [%]) 

247.2 

(1.65) 
225.7 (2.66) 

337.1 

(0.86) 
4.9 (2.53) 

4 

A-Ss-R3-PM_S1 265.8 179 334.4 3.9 

A-Ss-R3-PM_S2 264.8 186.2 324.3 3.7 

A-Ss-R3-PM_S3 266.0 185 325.4 3.6 

Average 

(and COV [%]) 

265.5 

(0.20) 
183.4 (1.72) 

328.0 

(1.38) 
3.7 (3.34) 

Table 3-5 Test results of A-joints related to influence of steel grade 

5 

A-Ss-R2-PM_S4 245.0 225.7 312.4 6.4 

A-Ss-R2-PM_S5 250.1 224.2 306.8 5.8 

A-Ss-R2-PM_S6 254.7 224.4 311.8 6.1 

Average 

(and COV [%]) 

249.9 

(1.59) 
224.8 (0.30) 

310.3 

(0.81) 
6.1 (4.02) 

6 

A-Ss-R2-PH_S1 241.8 228.4 571.5 6.3 

A-Ss-R2-PH_S2 241.6 228.1 586.3 5.6 

A-Ss-R2-PH_S3 235.1 226.2 471.8 3.8 

Average 

(and COV [%]) 

239.5 

(1.30) 
227.6 (0.41) 

543.2 

(9.36) 
5.2 (20.12) 
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3.7.4 Influence of bonding primer 

Figure 3-7 shows the load-displacement curves of wrapped composite A-joints from 

series 1 and 2, without and with application of the bonding primer, respectively. 

Application of the bonding primer helps improve displacement of the joint at failure by 

50% and decrease its scattering by 71%. No significant difference (within 5%) is seen in 

the initial stiffness and elastic load limit because it depends merely on the elastic 

properties of composite material and steel. 

 

Figure 3-7 Tensile static behavior of wrapped composite A-joints applied with vs 

without bonding primer 

3.7.5 Influence of mechanical properties of polymer resins 

Figure 3-8 shows load-displacement curves of wrapped composite A-joint 

specimens referring to series 2, 3 and 4 produced with three types of resins: resin 1, resin 

2 and resin 3, respectively. According to the manufacturers’ data, resin 2 exhibits the 

largest elongation at break compared to resin 1 and resin 3 implying its largest fracture 

toughness. The joints produced with resin 2 (toughened vinyl ester) show 19%~22% 

larger elastic load limit and 26%~32% larger displacement at failure, respectively, than 

the joints produced with resin 1 (regular vinyl ester) and resin 3 (regular polyester).  

The fracture toughness of resins has a governing effect on the joints' ultimate 

displacement (ductility). Larger fracture toughness of resin 2 over the other two resins 

contributes to less rapid debonding crack propagation in the joint and resulting in larger 

displacement at failure, thus improved ductility of the joint. 
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Figure 3-8 Tensile static behavior of wrapped composite A-joints produced with three 

types of resins 

3.7.6 Influence of CHS steel grade  

Figure 3-9 depicts the load-displacement behavior of 3 mild steel (MS) vs 3 high 

strength steel (HSS) wrapped composite A-joint specimens. 75% larger ultimate joint 

load is observed in HSS joint specimens. The initial stiffness is the same as in case of 

MS joint specimens. While full debonding on the bonded interface is the governing 

failure mode of all MS joints, two out of three HSS joints (A-Ss-R2-PH_S1 and S2) fail 

due to combined debonding and delamination. Still, one of the HSS specimens A-Ss-R2-

PH_S3 fails in the same manner as MS specimens, by full debonding, as shown in Figure 

3-10. This specimen had lowest resistance in the HSS series experiments. 

One of the HSS joints with combined debonding-delamination failure (A-Ss-R2-

PH_S1) is cut through its mid-plane after the experiments to investigate the failure 

process, as shown in Figure 3-11. The cut surface is grinded by sandpaper and polished. 

The failure is initiated by debonding on the interface at the wrap root (junction of steel 

tubes) which propagates to a certain length (region a-b in Figure 3-11). At approximately 

100 mm of the debonding length the crack transfers into the inter-laminar interface 

between the first and the second ply of the composite wrap (region c-d). The 

delamination transfers further into the interface between the 2nd and 3rd ply (e-f), and 

the final failure is reached by growth of the delamination towards the composite wrap 

end (point g). 
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 Figure 3-9 Tensile static behavior of MS vs HSS wrapped composite joints 

 

Figure 3-10 Comparison of failure modes between MS and HSS A-joints: a) MS joint 

fails at the steel-composite bonded interface (full debonding); HSS joint fails due to b) 

combined debonding and delamination and c) full debonding 
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 Figure 3-11 Crack path in cut HSS specimen (A-Ss-R2-PH_S1) 

3.7.7 Crack propagation in mild steel vs high strength steel A-joint specimens  

In the experimental results presented so far for the MS joint specimens, full 

debonding of the bonded interface is reached after yielding of steel tube. Steel yielding 

leads to contraction of the steel cross-section outside the wrapped region, resulting in 

Mode I (peel stress dominated) debonding crack initiation and propagation from the wrap 

end and finally coalescence with the debonding crack propagated from the wrap root. 

Therefore, resistance of the bonded interface is limited by yielding of steel. In wrapped 

composite joints with HSS, yielding and excessive contraction of the steel cross-section 

outside the composite wrap is excluded. Therefore, debonding at the wrap end is 

prevented which is the main reason why much larger debonding resistance is reached 

even though the dimensions of the composite wrap and the surface preparation are the 

same as in case of MS joint specimens. 

In order to substantiate the explained difference in failure behavior, ultrasonic 

scanning was attempted including phased array alternative to measure the debonding 

length but unfortunately no useful and conclusive results were obtained. The main 

reasons for unsuccessful measurements are the relatively large thickness (14mm) curved 

surface and unclear reflection from steel to composite interface. The analysis of 

development of debonding cracks in MS and HSS specimens is then performed with help 

of DIC results. Figure 3-12 gives the explanation of physical analogy that is used to 

determine the debonding crack length by using longitudinal surface strains obtained from 

DIC in experiments. In the perfectly bonded state, steel and composite in an arbitrary 

cross section are connected and carry the external force in a manner of hybrid 

(composite) circular cross section. The longitudinal strains along the steel tube and the 

composite wrap are of similar magnitude, as indicated by the blue line. Strains are 

slightly diminished in the region of the composite wrap due to larger cross section (steel 

+ composite) resisting the external load. Still the distribution of longitudinal surface 

strain along the longitudinal path is relatively uniform and monotonic. In the partially 

debonded state, by contrast, a deviation of such monotonic state would exist. In case of 

debonding at the wrap root an increase of surface strain will occur because in that region 

the external force is no longer resisted by a hybrid steel + composite cross section but by 

the composite part of the cross-section only. In similar fashion the surface strains in the 
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region of debonding at the wrap end would be decreased compared to the bonded area. 

This is because the composite part of the cross section which is on the outside is 

debonded and no longer transfers the external load. 

 

Figure 3-12 Principle of using variation of the distribution of longitudinal surface 

strains on composite wrap to determine debonding crack length in the embedded 

bonded interface 

Development of surface strains (longitudinal strains) of 2 specimens, A-Ss-R2-

PM_S5 and A-Ss-R2-PH_S3, are shown in Figure 3-13 and Figure 3-15, respectively, to 

characterize the failure process of MS and HSS wrapped composite A-joints. Critical 

load stages are identified in the load-displacement curves in Figure 3-9 to explain the 

two different failure processes related to debonding with or without yielding of the steel 

members. Wrapped composite joints behave elastic in both cases as shown in Figure 

3-13a) and Figure 3-15 a) until approximately 225 kN (point A). The end of linear elastic 

behavior is attributed to initiation of debonding from the joint root between the composite 

wrap and the steel member due to shear stress on the interface, see Figure 3-13b) and 

Figure 3-15 b). As for the MS joint, debonding crack propagates steadily from the joint 

root followed by initiation of steel yielding at the wrap end at 289kN (point C), see Figure 

3-13c). Additional debonding crack is initiated from the joint end at 306 kN (point F) 

when the bonded interface at the wrap end cannot resist the peel stress due to contraction 

of the steel cross section after yielding (see Figure 3-13d)). Debonding crack then 

develops significantly to the critical length at 291 kN (point G) and its coalescence with 

the debonding crack from the wrap root leads to full debonding, as shown in Figure 

3-13e). By contrast, debonding crack from the root of the HSS joint consistently 

propagates (point B, D and E, see Figure 3-15 c), d) and e)) without steel yielding until 

reaching the critical length at 464 kN (point G, see Figure 3-15 f)) and leads to full 

debonding of the bonded interface. 
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 Figure 3-13 Longitudinal surface strains of a mild-steel specimen (A-Ss-R2-PM_S5) at 

a) linear elastic stage (114 kN); b) initiation of debonding from wrap root – point A (224 

kN); c) Initiation of steel yielding – point C (289kN); d) initiation of debonding from the 

wrap end – point F (306kN); e) Critical debonding length before failure – point G 

(291kN) 

Crack lengths at the characteristic load stages are analyzed along a path which is 

defined in longitudinal direction, starting at the free end of the composite wrap and 

ending at the root connection, as indicated in Figure 3-13 and Figure 3-15. The 

longitudinal surface strains along the path obtained at characteristic loading stages of the 

MS and HSS joint are shown in Figure 3-14a) and Figure 3-16 a), respectively. The aim 

is to identify indirectly the debonding crack length by observing local increase or 

decrease of surface strains at the crack front. To this aim the surface strains at all stages 

are scaled to strains that would correspond to the elastic load stage in Figure 3-14 b) and 

Figure 3-16 b) for MS and HSS, respectively. If there were no debonding, delamination, 

composite cracking and/or steel yielding, the scaled strains at later load stages would be 
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identical to the reference elastic state. The deviations from such idealistic state are used 

to identify fronts of the debonding cracks that are observed after cutting of the specimens. 

The threshold of the strain level to quantify debonding crack length varies from 0.15% 

to 0.3% while it becomes more or less constant and is approximately 0.1% after strain 

scaling. These values are chosen on judgment of location of the strains front at which the 

strain would significantly increase from flat line to higher strain region. This method is 

verified in the investigation where FE model are used to determine the threshold[26]. 

 

 

Figure 3-14 a) Absolute and b) scaled surface strains along the end of steel tube and 

composite wrap of a mild-steel specimens (example of A-Ss-R2-PM_S5) 
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Figure 3-15  Longitudinal surface strains of a high-strength steel specimen (A-Ss-R2-

PH_S3) at a) linear elastic stage (114 kN); b) initiation of debonding from wrap root – 

point A (226 kN); c) Progression of debonding from wrap root – point B (270 kN); d) 

Progression of debonding from wrap root – point D (350 kN); e) Progression of 

debonding from wrap root – point E (400 kN); f) Critical debonding length before 

failure – point G (464kN) 
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Figure 3-16 a) Absolute and b) scaled surface strains along the end of steel tube and 

composite wrap of a high strength steel specimens (example of A-Ss-R2-PH_S3) 

Surface strains distribute uniformly without steep increase along the path in the 

linear elastic stage, the load level of 114 kN before point A indicated in Figure 3-9. 

Significant steep increase of surface strain from 0.1% to 0.3% indicates that debonding 

is initiated from the wrap root with 25 mm debonding length at load level 225kN (point 

A). In the MS joint, debonding length at the root steadily increases to 56 mm at 289 kN 

corresponding to initiation of steel yielding – point C in Figure 3-9, and consistently 

grows to 70 mm at 306 kN where debonding is initiated from the wrap end – point F in 

Figure 3-9. Debonding crack from the wrap root subsequently stops increasing because 

all energy is dissipated in propagation of debonding crack from the wrap end. The critical 

length of the debonding crack of 190 mm (79% of full bonding length) is recorded just 

before ultimate failure (see Figure 3-14) when the coalescence of the crack initiated at 

the wrap root and wrap end is reached due to excessive yielding of steel outside the wrap 
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with approximately 2.2% of plastic strain (see Figure 3-14 a)). Conversely, debonding 

crack from the root of the HSS joint steadily increases to 45 mm, 78 mm and 131 mm at 

270 kN, 350 kN and 400 kN (point B, D and E in Figure 3-9), respectively, without steel 

yielding and without debonding initiated from the wrap end. The debonding crack 

subsequently propagates to the critical length of 175 mm (73% of full bonding length) 

just before ultimate failure (see Figure 3-16). At the wrap end, strain localization is 

observed due to ply drops during the loading process as presented in Figure 3-16. 

 

 
Figure 3-17 Radial deformation of the steel tubes outside the composite wrap indicating 

the necking behavior in a) mild-steel specimen and b) high strength steel specimen 

Development of debonding in MS and HSS joints is compared in Figure 3-18 with 

respect to the applied load level. The propagation rate of the crack propagating from the 

wrap root is almost identical for MS and HSS joint until the load level at which steel 

yielding in MS joint initiates the debonding from the wrap end. Propagation of debonding 

at the wrap end in MS joints is exhibited at non-increasing load level, however with the 
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increasing joint displacement, as shown in load-displacement graphs in Figure 3-9. This 

behavior is attributed to steel CHS yielding as indicated in Figure 3-17a) by contraction 

(necking) of the steel cross section of MS joints outside the composite wrap. It is shown 

in section 3.7.5 that more ductile resin would contribute to retarding the propagation of 

the debonding crack at the wrap end. Development of the debonding crack in the wrap 

root in the HSS joint is steady until final failure. The debonding from the wrap end is 

excluded because of absence of steel yielding (necking) in the CHS outside the composite 

wrap, see Figure 3-17b). 

 
Figure 3-18 Comparison of crack length growth in mild-steel and high strength steel 

specimens 

3.8 Static behavior of wrapped composite X-joints 

3.8.1 Test series 

In order to characterize the static behavior of wrapped composite X-joints, 6 series 

of wrapped composite or welded X-joint specimens are designed in the static 

experiments at various load conditions, as summarized in Table 3-6. Wrapped composite 

X-joints are produced with mild steel and resin 2. X-joints with two different angles 

between braces and the chord member: 45˚ and 90˚; in 2 scales: small-scale and medium-

scale are tested with 3 load cases applied as tension, compression and in-plane bending. 

The following naming convention is used for series given in Table 3-6 and used 

afterwards in analysis of the results: cX45/90 – wrapped composite joint, X geometry at 

45˚/90˚ angle; wX45/90 – welded joint, X geometry at 45˚/90˚ angle; Ss , Ms – small-

scale and medium-scale, respectively; T, C or B – tension, compression or in-plane 

bending loading on braces, respectively; S1/2/3/etc. - nominally identical specimens, 

number 1, 2, 3, etc. 

Geometry with dimensions of X-joints in Table 3-6 are shown in Figure 3-3. Each 

series of wrapped composite joints loaded in tension and compression (series 7, series 9-

10) is accomplished with at least 3 nominally identical specimens to characterize 

scattering of static behavior of this new joining technology. Counterpart welded joints 

loaded in tension (series 8) are tested with at least 2 nominally identical specimens per 
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series for comparison reasons. Bending experiment (series 11-12) is accomplished with 

2 specimens per series but 4 results are obtained from each series. That is because the 

clamped boundary conditions with 2 load point set-up allow almost independent test of 

bending on the left and the right brace members, which is explained in section 3.8.2.  

Table 3-6 Test series and specimen designation of X-joints 

Series 

number 

Test series 

and  

specimen 

naming 

Scale 
Load 

condition 

Connection 

type 

Geometry in 

Figure number 

7 
cX45-Ss-

T_S1/2/3/4/5 

Small-

scale 

Tensile on 

braces 

Wrapped 

composite 
Figure 3-3c) 

8 
wX45-Ss-

T_S1/2 

Small-

scale 

Tensile on 

braces 
Welded Figure 3-3d) 

9 
cX45-Ss-

C_S1/2/3 

Small-

scale 

Compressive 

on braces 

Wrapped 

composite 
Figure 3-3c) 

10 
cX45-Ms-

T_S1/2/3 

Medium-

scale 

Tensile on 

braces 

Wrapped 

composite 
Figure 3-3g)  

11 
cX90-Ss-

B_S1/2 

Small-

scale 

Bending on 

braces 

Wrapped 

composite 
Figure 3-3e) 

12 
wX90-Ss-

B_S1/2 

Small-

scale 

Bending on 

braces 
Welded Figure 3-3f) 

3.8.2 Experimental set-up  

The tensile and compressive experiments of 45° X-joints in small-scale are 

conducted in the Universal Testing Machine (UTM) with 800kN loading capacity 

equipped with hydraulic clamping heads in Stevin lab 2 of TU Delft, as shown in Figure 

3-19. The axial load on braces is applied through gripping the ends by pairs of preloaded 

steel clamps with pins inside, as shown in Figure 3-19d), in order to obtain uniform stress 

distribution in cross section at load introduction. Load is applied by displacement control 

with rate of 1 mm/min to provide quasi-static loading condition. 

The tensile test of 45° X-joints in medium-scale is conducted in the 6-meter-high 

loading frame with 2.5 MN loading capacity, as shown in Figure 3-20a) and Figure 

3-20b). The specimen is pin connected to the loading frame through the ear plates with 

Ø100 mm cylindrical hole, which are welded through end plates to the braces. Load is 

applied by controlling the hydraulic jack moving upward, with the displacement control 

with rate of 1 mm/min to obtain quasi-static loading condition. 
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Figure 3-19 Test set-up of small-scale 45° X-joints under tensile/compressive axial load: 

a) wrapped composite joint; b) welded joint; c) schematic set-up; d) load application at 

brace end 

 

Figure 3-20 a) Configuration and b) schematic set-up of medium-scale 45° X-joints 

under tensile load; c) configuration and d) schematic set-up small-scale 90° X-joints 

under in-plane bending load 

The in-plane bending load is applied to 90° small-scale X-joint specimens through 

lateral load on braces. Two synchronized hydraulic jacks with load capacity of 100kN 

are eccentrically connected to brace ends at 450mm away from the chord center, each. 

The lateral load on the brace is applied through set of preloaded wooden clamps to 

a) b) c) d)

a)
b)

c)

d)
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prevent local buckling of the cross section at the load introduction, see Figure 3-20 c) 

and Figure 3-20 d). The chord member in the middle is fixed to the frame by applying 

preload at the top and bottom cross section. Such clamped boundary conditions with 2 

load point set-up allows independent test of bending on the left and the right brace 

members. Load is applied simultaneously with displacement control of 1 mm/min. Once 

one of the connections of the left or the right brace member fails due to excessive 

bending, the load is continued on the opposite side. Therefore, from one specimen two 

bending test results are obtained. 

3.8.3 Overview of test results of X-joints  

General overview of all X-joint test results is given in Table 3-7~Table 3-10. The 

indicated failure modes and scenarios of failure and stiffness degradation are presented 

through the experimental results for various load cases and scales. Identification of 

failure modes is facilitated by analysis of surface strains obtained by 3D DIC 

measurements in combination with general load-displacement curves. 

Table 3-7 Test results of wrapped composite vs welded 45˚ X-joints in small-scale under 

tensile load 

Specimen 

Initial 

stiffness 

[kN/mm] 

Elastic load 

limit [kN] 

Ultimate load 

[kN] 

Final failure 

mode 

cX45-Ss-T_S1 159.0 183.9 339.5 Full 

debonding at 

the primary 

bonded 

interface 

accompanied 

by yielding on 

the brace 

cX45-Ss-T_S2 163.3 182.2 346.5 

cX45-Ss-T_S3 160.3 180.5 347.4 

cX45-Ss-T_S4 171.9 180.4 346.0 

cX45-Ss-T_S5 170.3 184.9 344.9 

Average 

(and COV [%]) 
164.9 (3.15) 182.4 (0.98) 345.7 (1.01)  

wX45-Ss-T_S1 125.6 156.7 334.1 
Punching 

shear failure 

of the chord 

next to welds 
wX45-Ss-T_S2 129.0 153.3 341.9 

Average 

(and COV [%]) 
127.3 (1.37) 155.0 (1.09) 338.0 (1.16)  
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Table 3-8 Test results of wrapped composite 45˚ X-joints in small-scale under 

compressive load 

Specimen 

Initial 

stiffness 

[kN/mm] 

Elastic load 

limit [kN] 

Ultimate load 

[kN] 

Final failure 

mode 

cX45-Ss-C_S1 177.4 215.2 361.2 

Local 

buckling of 

brace 

cX45-Ss-C_S2 177.8 221.3 358.2 

Full 

debonding at 

the primary 

bonded 

interface 

accompanied 

by yielding on 

the brace 

cX45-Ss-C_S3 166.0 223.5 361.7 

Local 

buckling of 

brace 

Average 

(and COV [%]) 
173.7 (3.14) 220.0 (1.60) 360.4 (0.42)  

Table 3-9 Test results of wrapped composite 45˚ X-joints in medium-scale under tensile 

load 

Specimen 

Initial 

stiffness 

[kN/mm] 

Elastic load 

limit [kN] 

Ultimate load 

[kN] 

Final failure 

mode 

cX45-Ms-T_S1 349.2 1193 1483 Full 

debonding at 

the primary 

bonded 

interface cX45-Ms-T_S2 345.2 1139 1353 

cX45-Ms-T_S3 341.5 1053 1640 

Full 

debonding at 

the primary 

bonded 

interface 

accompanied 

by yielding on 

the braces 

Average 

(and COV [%]) 
345.3 (0.92) 1128 (5.11) 1492 (7.88)  
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Table 3-10 Test results of wrapped composite vs welded 90˚ X-joints in small-scale 

under in-plane bending load 

Specimen 

Initial 

stiffness 

[kN/mm] 

Elastic load 

limit [kN] 

Ultimate load 

[kN] 

Final failure 

mode 

cX90-Ss-B_S1_Left 4.01 10.81 36.59 

Fracture of 

wrap root in 

the tensile 

zone 

cX90-Ss-B_S1_Right 3.68 10.26 38.03 

cX90-Ss-B_S2_Left 3.63 10.04 33.66 

cX90-Ss-B_S2_Right 3.35 10.10 32.02 

Average 

(and COV [%]) 
3.67 (6.42) 10.30 (2.93) 35.07 (6.74)  

wX90-Ss-B_S1_Left 2.29 7.16 18.92 
Brace 

failure next 

to welds in 

the tensile 

zone 

wX90-Ss-B_S1_Right 2.41 7.18 18.47 

wX90-Ss-B_S2_Left 2.39 7.19 19.84 

wX90-Ss-B_S2_Right 2.31 7.11 19.61 

Average 

(and COV [%]) 
2.35 (2.22) 7.16 (0.43) 19.21 (2.84)  

3.8.4 Small-scale 45° X-joints under tensile load  

Figure 3-21 shows the load-displacement curves of 5 wrapped composite joint 

specimens vs 2 welded counterparts in small-scale loaded in tension. Wrapped composite 

joint specimens in this case show 30% larger initial stiffness, 18% larger elastic load 

limit and 3% larger ultimate load resistance than welded counterparts, with low 

scattering within 0%~5% range. Ultimate displacement at failure is lower compared to 

welded counterparts, however with less scattering. The elastic load limit of wrapped 

composite joints (180 kN) is 51% higher than the nominal resistance of the counterpart 

welded joints (119 kN) calculated according to EN 1993-1-8[27]. Full debonding on the 

primary bonded interface and final pull-out of steel brace member from the composite 

wrap is predominant failure mode in wrapped composite joints, See Figure 3-19d). 

Welded joints are characterized by punching shear failure of the chord next to welds 

initiating from the joint crown toe and developing into the joint crown heel, see Figure 

3-19b).  

Figure 3-22 gives the explanation of physical analogy that is used to determine the 

debonding crack length by using longitudinal surface strains obtained from DIC in 

experiments. In the perfectly bonded state, steel and composite in an arbitrary cross 

section are connected and carry the external force in a hybrid manner. The longitudinal 

strains along the steel brace and the composite wrap are of similar magnitude. Therefore, 

the distribution of surface strain along the path is relatively uniform with a steady 

increase towards the root due to local bending caused by transfer of load to the chord. In 

the partially debonded state, by contrast, an instantaneous jump of surface strain will 

appear on the surface of composite near the crack tip because there is only composite 
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material part of the cross section carrying the external load at the debonded part of the 

primary bonded interface. 

 

Figure 3-21 Tensile behavior of 45˚ small-scale wrapped composite joint specimens vs 

welded counterparts  

 

Figure 3-22 The approach of using the distribution of longitudinal surface strains to 

determine debonding crack length on the brace  

 

Surface strains (principal strains) of a representative wrapped composite joint 

specimen (cX45-Ss-T_S4) are presented in Figure 3-23 at critical load stages identified 

in load-displacement curve to explain the failure process. Wrapped composite joints 

behave elastically as shown in Figure 3-23a) until 180kN (stage le) which corresponds to 
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52% of the ultimate tensile load of 346 kN on braces. The end of linear elastic behavior 

is attributed to plasticity of the bonded interface on the brace at the wrap root and the 

local bending of the composite wrap on the chord. Debonding is firstly initiated on the 

primary bonded interface from wrap root due to shear stress concentrations indicated by 

the localized increase of surface strains and the occurrence of damaged region at the wrap 

root shown in Figure 3-23b) – stage ir at 234 kN. Debonding on the chord is initiated 

simultaneously at stage ir indicated by localized increase of surface strains in Figure 3-23 

b) in contrast to Figure 3-23 a) in the region of the composite wrap on the chord next to 

the brace. This process is gradual in contrast to behavior in tensile experiment at the 

medium-scale shown later, probably due to size effect that results in more sudden 

debonding on the chord with a larger energy release in a larger scale. The effect of size 

on the debonding crack propagation on the brace is investigated in Chapter 7. Debonding 

crack propagates steadily along the primary bonded interface at stage B – 289 kN where 

the high strain region on the surface and the damaged region at the boned interface 

progress from the wrap root, see Figure 3-23 c). Crack propagation continues with further 

increase of high surface strain regions and the damage areas on the bonded interface 

illustrated in Figure 3-23 d) at point y – 321 kN where the yielding is initiated on the 

braces outside the composite wrap. Significant progression of debonding from the wrap 

root continues further at stage ie (341 kN), see Figure 3-23 e). At this stage, additional 

debonding crack is initiated on the primary bonded interface from wrap end attributed to 

contraction of steel cross section as a consequence of excessive yielding. The debonding 

crack propagates significantly from wrap end indicated by the increase of low surface 

strain region in at the stage r (346 kN) prior to the final failure, see Figure 3-23 f) . This 

localizes the fracture process at the end of the composite wrap such that debonding crack 

stops developing from the wrap root. 

A path is defined in the middle of the brace member, starting at the free end of the 

composite wrap and ending at the root connection to the chord, as indicated in Figure 

3-23. The longitudinal surface strains along the path obtained at characteristic loading 

stages are shown in Figure 3-24. The aim is to identify indirectly the debonding crack 

length by observing local increase of surface strains at the crack front. Surface strains 

distribute uniformly, without steep increase along the path, in the linear elastic stage, 

load level of 170 kN before stage le indicated in Figure 3-21. Significant steep increase 

of surface strain from 0.3% to 0.5% indicates that debonding is initiated on the primary 

bonded interface with 13 mm debonding length at load level 234 kN (stage ir). 

Debonding length from wrap root steadily increases to 44 mm at the load level 289 kN 

(stage B) and further increases to 85 mm at the load level 321 kN (stage y) where yielding 

is initiated on the brace outside the wrap end. Increase of debonding length (117 mm) is 

arrested at the load level 341 kN (stage ie) where the debonding from wrap end is initiated 

and significantly increases to 63 mm at the load level 346 kN (stage r). At this stage, 

debonding crack from wrap end coalesces with the crack from wrap root leading to full 

debonding. In summary, the gradual loss of secant stiffness during the inelastic stage, 

between stage ir and stage y, is attributed to initiation and growth of the debonding on 

the secondary bonded interface on the chord and the primary bonded interface from wrap 

root to 85 mm (35% of full bonding length). The critical length of the debonding crack 
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on the brace of 181 mm (75% of full bonding length) is recorded just before ultimate 

failure (stage r).  
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Figure 3-23 Surface strains of cX45-Ss-T_S4 at a) linear elastic state – stage A (170 kN); 

b) initiation of debonding from wrap root – stage ir (234 kN); c) Progression of 

debonding from wrap root – stage B (289 kN); d) initiation of steel yielding – stage y 

(321kN); e) initiation from wrap end – stage ie (341kN); f) coalescence of debonding 

crack from wrap root and wrap end – stage r (346 kN)                                                          

 

Figure 3-24 Longitudinal surface strains along primary bonded interface at 

characteristic loading stages – cX45-Ss-T_S4 

3.8.5 Small-scale 45° X-joints under compressive load  

Figure 3-25 compares the load-displacement curves of wrapped composite joint 

specimens loaded in compression vs tension (shown in previous section). Wrapped 

composite joint specimens loaded in compression show 5% larger initial stiffness, 21% 
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larger elastic load limit and 4% larger ultimate load than in tension. The elastic load limit 

of wrapped composite joints in compression (215 kN) is 81% higher than the nominal 

resistance of the counterpart welded joints (119 kN) calculated according to EN 1993-1-

8[27]. In the compressive test, all three specimens have the same ultimate load level, and 

their bonding resistance is all higher than the yielding resistance of the brace cross 

section confirmed by DIC data. In two out of three specimens (cX45-Ss-C_S1 and 

C_S3), the bonding resistance is slightly higher, leading to full plastic buckling of the 

brace cross section outside the wrapped region (see Figure 3-28). By contrast, in 

specimen cX45-Ss-C_S2, the bonding resistance is a bit lower, allowing the compressive 

yield strains at the end of the composite wrap to progress inside the composite wrap. 

Progression of yield strains inside the composite wrap initiates coalescence of the 

debonding crack from the wrap end and the wrap root, leading to full debonding as in 

the case of the tensile experiment. Some specimens show slight drops of load in load-

displacement curves, which is attributed to the interaction between debonding on the 

secondary bonded interface and ovalization of the chord due to contact force from the 

brace. 

Surface strains (principal strains) of a representative wrapped composite joint 

specimen (cX45-Ss-C_S1) are presented in Figure 3-26 at critical load stages identified 

in load-displacement curves to explain the failure process. The colors in compression 

DIC images (Figure 3-26) corresponds to the same absolute values of strain as in tension 

DIC images in Figure 3-23. Additional load transferring mechanism exists in the joints 

loaded in compression through the direct contact between the brace and the chord 

member at the root of the joint. This is identified as main reason for higher limit of elastic 

behavior at 215kN (stage le in load-displacement curve) compared to joints loaded in 

tension. The debonding on the secondary bonded interface and the primary bonded 

interface leads to gradual decrease of secant stiffness from stage ir to stage y in the load-

displacement curve. Debonding on primary bonded interface, see Figure 3-26 b), is also 

initiated at slightly higher load level (278 kN, point ir) compared to tensile experiment 

which is again consequence of partial load transfer through the direct contact inside the 

joint. Progression of debonding from wrap root is also less compared to tensile specimens 

at stage y (323 kN, Figure 3-26c)) where steel starts to yield. The ultimate load is reached 

at 361 kN (stage B) when local buckling of steel outside of the composite wrap is initiated 

and leads to reduction of load to 338 kN at stage C, see Figure 3-26 d).    

The distribution of longitudinal surface strains in Figure 3-27 clearly indicates that 

in contrast to tensile experiment, the debonding crack in the root of the primary bonded 

interface is arrested to limited length of 35 mm. The compressive strains at the end of 

the composite wrap linearly increase as a consequence of local buckling of brace CHS. 

The steel cross section is expanding in this case which prevents formation of peel stresses 

at end of the composite wrap. 
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Figure 3-25 Compressive vs tensile behavior of small-scale wrapped composite 45˚ X-

joint specimens 
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 Figure 3-26 Surface strains of cX45-Ss-C_S1 at a) linear elastic state – stage A (200 

kN); b) b) initiation of debonding from wrap root – stage ir (278 kN); c) initiation of 

steel yielding – stage y (323 kN); d) local bucking of steel outside composite wrap – 

stage C (338 kN) 

 

Figure 3-27 Longitudinal surface strains along primary bonded interface at 

characteristic loading stages – cX45-Ss-C_S1 
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Figure 3-28 Buckling of brace outside the composite wrap in compressive static test 

3.8.6 Medium-scale 45° X-joints under tensile load  

Wrapped composite 45° X-joint specimens in medium-scale show linear elastic 

behavior in axial tension up to a minimum of 1053 kN (64% of the ultimate load), see 

stage le in load-displacement curve of specimen cX45-Ms-T_S3 in Figure 3-29. This 

elastic load limit of wrapped composite joint is 82% higher than the nominal resistance 

of the counterpart welded joints (577 kN) calculated according to EN 1993-1-8[27]. Full 

debonding on the primary bonded interface and final pull-out of steel brace member from 

the composite wrap is predominant failure mode, accompanied by delamination at the 

root of wrap and at the end of wrap on brace, as shown in Figure 3-30. Full debonding 

happens before yielding of the steel brace outside the composite wrap in two out of three 

specimens (cX45-Ms-T_S1 and S2) while the ultimate load exceeds the yield resistance 

of steel brace CHS in specimen cX45-Ms-T_S3. The possible reason is the acceptable 

variability of the debonding resistance within 10%. 

 

Figure 3-29 Tensile behavior of medium-scale wrapped composite 45˚ X-joint 

specimens 

Development of surface strains (principal strains) of 2 specimens, cX45-Ms-T_S2 

and cX45-Ms-T_S3, are shown in Figure 3-31 and Figure 3-32, respectively. Critical 
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between Figure 3-31a) and Figure 3-31b) and between Figure 3-32a) and Figure 3-32b) 

indicates that the sudden drop of stiffness within 1050~1200kN load range is the 

consequence of debonding on relatively large area of the chord identified by the local 

increase of strain on the composite wrap on the chord. This behavior is in contrast to 

those in small-scale specimens where the stiffness degradation is gradual. The difference 

in chord debonding behavior between the two scales is probably due to size effect that 

results in more sudden debonding on the chord with a larger strain energy release in a 

larger scale. Debonding on the chord is followed by initiation of debonding on the 

primary bonded interface from wrap root at 1106 kN (stage ir), as shown in Figure 3-31 

b) and Figure 3-32 b), respectively. As for the specimen with lower debonding resistance 

(cX45-Ms-T_S2), the debonding length on the primary bonded interface increases 

significantly to the critical value (220 mm) leading to final failure at 1353 kN (stage r) 

before yielding of brace CHS, as shown in Figure 3-31 c). By contrast, Figure 3-32 c) 

indicates that slightly shorter debonding length is reached from wrap root at higher load 

level (1571kN, stage y) where the brace starts to yield in the specimen with larger 

debonding resistance (cX45-Ms-T_S3). It is followed by final failure with longer critical 

debonding length (296 mm) reached at 1640 kN (stage r) as shown in Figure 3-32 e).   

 

Figure 3-30 Failure patterns on medium-scale wrapped composite 45˚ X-joint 

specimens loaded in tension: a) full debonding on the primary bonded interface with 

delamination at the wrap end; b) delamination at the root of composite wrap 

a) b)



 

102                                                                                       CHAPTER 3 

   

 

 

 Figure 3-31 Surface strains of cX45-Ms-T_S2 at a) linear elastic state – stage A (1000 

kN); b) initiation of debonding from wrap root – stage ir (1106 kN); c) critical 

debonding length from wrap root – stage r (1353 kN)      
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Figure 3-32 Surface strains of cX45-Ms-T_S3 at a) linear elastic state – stage A (1000 

kN); b) initiation of debonding from wrap root – stage ir (1106 kN); c) initiation of steel 

yielding – stage y (1571 kN); d) Progression of debonding from wrap root – stage B 

(1618 kN); e) critical debonding length from wrap root – stage r (1640 kN)                                                                               

 

Figure 3-33 Longitudinal surface strains along primary bonded interface of cX45-Ms-

T_S3 at characteristic loading stages  

Figure 3-33 illustrates longitudinal surface strains of cX45-Ms-T_S3 along the path 

obtained at critical load stages in Figure 3-32 to indirectly identify the debonding length 
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on the primary bonded interface. Similar to small-scale tests, strain is relatively uniform 

in the elastic of medium-scale test. Debonding is initiated with 9 mm cracking length 

where strain increases considerably to 0.4% at 1248kN (stage ir). Debonding length 

increases to 203 mm (37%) when yielding of steel is initiated at 1571kN (stage y) and 

subsequently reaches 296 mm (54%) just before final failure at 1640 kN (stage r). 

3.8.7  Small-scale 90° X-joints under in-plane bending load 

Figure 3-34 shows the load-displacement curves of 2 wrapped composite joint 

specimens vs. 2 welded counterparts (4 results each) in small-scale subjected to in-plane 

bending load. Wrapped composite joint specimens in this case show 56% larger initial 

stiffness, 44% larger elastic load limit and 83% larger ultimate load than welded 

counterparts. The elastic load limit of wrapped composite joints (10 kN) is 6% higher 

than the nominal load resistance of the counterpart welded joints (9.47 kN), 

corresponding to the bending moment in the root of the brace calculated according to 

Wardenier[28]. Fracture of the composite wrap in the complete circumference around 

the brace member is the predominant failure mode, see Figure 3-35a). Meanwhile, partial 

debonding on primary bonded interface in the tensile zone and on the joint side and 

delamination in the compressive zone is observed, as shown in Figure 3-36. Figure 

3-35b) indicates that welded specimens are characterized by bending fracture of the brace 

member next to the welds in the tensile zone, not the failure of the joints. This is 

confirmed by the fact that the ultimate bending resistance (7.49 kN·m) of the CHS cross 

section calculated concerning the ultimate strength of steel (590MPa[23]) corresponds 

to the bending moment in the joint root by applying the ultimate load (19 kN).  

Surface strains (Principal strains) of a representative wrapped composite joint 

specimen (cX90-Ss-B_S2) are presented in Figure 3-37 from DIC results at critical load 

stages identified in load-displacement curve to explain the failure process. Comparison 

between Figure 3-37a) and b) indicates that initiation of inelastic behavior of the joint is 

due to debonding on the secondary bonded interface (chord) in the tensile zone, when 

transverse bending load reaches 30% of the ultimate load (10kN, stage A). Subsequently, 

debonding on the primary bonded interface in the tensile zone and on the joint side will 

be initiated and propagate gradually to 80mm (30% of the bonding length) at load level 

27kN (stage B), as shown in Figure 3-37c). Nevertheless, debonding on the brace will 

not further develop because fracture of the composite wrap happens in the circumference 

around the wrap root in the tensile zone and results in final failure at 33kN (stage C). 



 

106                                                                                       CHAPTER 3 

   

 

Figure 3-34 Bending behavior of small-scale wrapped composite 90˚ X-joint specimens 

vs welded counterparts 

 

Figure 3-35 Failure pattern on small-scale 90˚ a) wrapped composite and b) welded X-

joint specimens 

 

Figure 3-36 View of cut-plane of small-scale wrapped composite 90˚ X-joint specimens 

loaded in bending representing a) debonding on primary bonded interface and fracture 

of composite wrap on the joint side; b) delamination of composite wrap in the 

compressive zone 
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Figure 3-37 Surface strains of cX90-Ss-B_S2 at a) linear elastic state (8kN); b) inelastic 

state (14kN); c) 30% failure on primary bonded interface – point B (27kN)         
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3.9 Conclusions  

In this Chapter, ultimate load experiments in terms of 6 series of small-scale 

wrapped composite A-joints and 8 series of X-joints are conducted on 7 types of CHS 

joint geometries aiming to: 

1) identify governing failure modes, load transfer mechanism, elastic limit and ultimate 

load of wrapped composite joints X-joints loaded in tension (45˚ X-joints), compression 

(45˚ X-joints) and in-plane bending (90˚ X-joints). 

2) understand differences in failure modes of wrapped composite 45˚ X-joints at two 

different scales (small-scale and medium-scale) to investigate size effect on the 

debonding behavior of wrapped composite joints. 

3) compare tensile static behavior of wrapped composite 45˚ X-joints vs. welded 

counterparts and bending static behavior of composite 90˚ X-joints vs. welded 

counterparts. 

4) investigate the influence of production parameters on the debonding behavior of 

wrapped composite joints, including effect of bonding primer, resin toughness and steel 

yielding. 

The following conclusions are drawn: 

1) In tensile, compressive and bending experiments, the ultimate failure load of wrapped 

composite joints exceeds the yield resistance of the steel brace CHS. Clearly there is 

opportunity for optimization of composite wrap thickness and length. 

2) Wrapped composite joints exhibit quasi-ductile failure. The gradual loss of secant 

stiffness during the inelastic stage is attributed to initiation and growth of partial 

debonding of the secondary bonded interface on the chord and development of 

debonding on the primary bonded interface on the brace. 

3) The final failure of wrapped composite joints is due to full debonding on the brace 

and pull-out of the steel brace member from the composite wrap in tensile experiments 

in both small and medium-scales. Partial debonding combined with cracking of the 

composite material is the governing failure mode in the bending experiment. 

4) Wrapped composite X-joints in small-scale have 30% to 56% larger joint stiffness, 

18% to 44% larger elastic load limit and 3% to 83% larger ultimate load at failure 

compared to welded counterparts loaded in tension and bending. Wrapped composite 45˚ 

X joints in medium-scale (brace diameter 219mm) show linear elastic behavior in axial 

tension up until a minimum of 1053 kN which is 82% higher than the characteristic 

resistance of the counterpart welded joints calculated according to EN 1993-1-8. 

5) Interaction between debonding and steel yielding limits full utilization of the fracture 

resistance of the bonded interface in the mild steel wrapped composite A-joints. The 

main reason is initiation and propagation of the debonding crack due to yielding 

contraction (necking) of the steel-cross section at the wrap end. Wrapped composite A-

joints with high strength steel exhibits 75% larger ultimate joint load where steel yielding 

is prevented. 
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6) The fracture toughness of polymer resins has a governing effect on the ductility of 

wrapped composite joints. Larger fracture toughness of the resin helps delay the 

initiation of debonding crack in mode I from the wrap end due to the steel cross-section 

contraction.  
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4. MATERIAL AND 

INTERFACE 

EXPERIMENTS  
 

 

This chapter presents the results of the double cantilever beam (CCB) and the end 

notched flexure (ENF) tests conducted on the composite-steel boned interface. The aim 

is to quantify the fracture properties of the bi-material interface used in the wrapped 

composite joints. The tri-stage fracture process is identified, encompassing crack 

initiation, softening, and fiber bridging. A novel approach is proposed, based on the 

digital image correlation (DIC) technique, to quantify the crack length and the crack tip 

opening displacement during the experiments. The strain energy release rate (SERR) is 

calculated using the extended global method (EGM).  

 The influence of the adherend position in 3ENF tests and the effect of the pure 

bending moment loading on obtaining the fracture properties of the bi-material interface 

are discussed.  
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4.1 Introduction 

It was found in Chapter 3 that debonding of the composite-steel bonded interface is 

the predominant failure mode of wrapped composite joints subjected to axial load[1], 

[2], as shown in Figure 4-1. It is therefore imperative to understand the fracture behavior 

of the composite-steel bonded interface as a prerequisite for prediction of the joint 

resistance. Meanwhile, as the main load transferring component, the material properties 

of composite wrap should be obtained as the input for finite element analysis. The most 

explicit way to obtain these properties is to conduct material and interface tests at the 

material level due to simple geometry and ease of specimen production, ease of test 

conduction, and the opportunity to investigate failure mechanisms separately. 

 

Figure 4-1 a) Wrapped composite joints – a 45º X-joint specimen [1]; b) summary of 

failure modes and load transfer mechanism of wrapped composite joints loaded in 

tension [1] 

 

Figure 4-2 a) Fracture modes of the interfacial cracking – a) mode I: opening; b) mode 

II: in-plane shear; c) mode III: out-of-plane shear 

An interfacial crack can propagate in three different fracture modes in fracture 

mechanics: mode I (opening), mode II (in-plane shear) and mode III (out-of-plane shear), 

Mode I failure

Mode I opening / failure 

(illustration from FE model 

with deformation  10)

a)

b)

Tensile loadTensile load

Mode II failure

Composite wrap

a) b) c)
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as illustrated in Figure 4-2. Mode I failure is pronounced at the secondary bonded 

interface (on the chord) due to local bending of the composite wrap and at the end of the 

primary bonded interface attributed to contraction of the brace cross section resulting 

from steel yielding [1]. In comparison, mode II failure is governing at the root of the 

primary bonded interface (on the brace) leading to coalescence of the debonding crack 

along the braces, see Figure 4-1 b). The double cantilever beam (DCB) specimen 

configuration was initially used in the ASTM-D5528 [3] and the ISO 15024 [4] standards 

for evaluation of delamination in unidirectional composites under mode I loading, and 

was utilized by many researchers to acquire fracture properties of the adhesively bonded 

joints[5]–[8]. In comparison, the three-point end notched flexure (3ENF) specimen 

configuration was initially proposed by Russel [9], [10] and was widely established in 

the testing standards, such as ASTM D7905 [11], for evaluation of delamination in 

unidirectional composites under mode II loading. Many researchers used it to acquire 

mode II fracture properties of the adhesively bonded joints or delamination toughness of 

composite laminate [12]–[15]. Nevertheless, an important feature of 3ENF configuration 

is that the crack propagation is generally unstable. Some researchers have found that the 

stable crack growth can be achieved when the initial crack length is at least 0.7 times of 

the half span [16], [17]. However, this finding is specific to the delamination crack 

initiation and propagation at the interply interfaces of the composite laminates or 

adhesively bonded joints. It is still unknown how to achieve stable crack growth in 

directly bonded composite-steel interfaces. Additionally, several authors have also 

reported that 3ENF test allows only the determination of fracture behavior related to 

crack initiation but not the R-curve behavior [18], [19], which characterizes the crack 

propagation. As an alternative, the four-point end notched flexure (4ENF) test was 

proposed to obtain more stable crack growth in mode II loading scenario [20], [21]. 

It should be noted that all the experimental work mentioned above was based on the 

symmetric (same material and same thickness) DCB, 3ENF and 4ENF configurations. 

In the case of asymmetric configurations, with un-even thickness of adherends around 

the interface and/or dissimilar materials, limited research studies were conducted to 

investigate fracture behavior of DCB[22]–[27] and 3ENF[28]–[33] specimens. No 

research studies regarding asymmetric 4ENF specimens are reported - to the best of the 

author’s knowledge. The fracture behavior of an asymmetric composite-metal bonded 

interface is complex due to the following three reasons: a) the inherently existed mode 

mixity as result of loading asymmetry and material asymmetry across the interface[34]; 

b) dependency of interfacial fracture behavior on the material and surface treatment of 

the adherends, types of resin and adhesive; c) non-linear behavior of the interface 

attributed to plastic deformation of metal adherend where linear elastic fracture 

mechanics (LEFM) may not apply. To alleviate the mode mixity attributed to the in-

plane sliding, the design of bi-material DCB and ENF configurations based on the 

criterion that the two bending arms have the same longitudinal strain at the faying 

surfaces was proposed [25], [26], [32], [35], [36]. 

This Chapter focuses on the acquisition of material properties of composite wrap 

by testing composite coupon specimen configuration, and acquisition of mode I and 
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mode II fracture behavior of glass fiber composite-steel bonded interface by testing DCB, 

3ENF and 4ENF specimen configuration. Such bonded interface is utilized in the 

innovative non-welded wrapped composite joints. However, the developed results and 

methods are applicable to other connections where composite is directly bonded to steel 

(excluding adhesive) by wet lamination or other suitable application techniques. Novel 

approach to analyze 2D DIC measurement data was developed to obtain the crack length 

and the crack tip opening displacement (CTOD) during the tests. The strain energy 

release rate (SERR) was calculated by extended global method (EGM) from 

experiments.           

4.2 Material experiments of composites  

Due to quasi-isotropic property of the composite laminate used in wrapped 

composite joints, the tensile, compressive, and in-plane shear behavior should be 

identified through the corresponding material coupon experiments of composites. The 

identification includes E-modulus, strength and non-linear behavior in tensile, 

compressive and in-plane shear direction.  

4.2.1 Specimens and materials 

3 series of composite coupon specimens are designed in the material experiments, 

as summarized in Table 4-1. Geometry with dimensions of the coupons in Table 4-1 are 

determined based on the ISO standards[37]–[39] and are shown in Figure 4-3. Each 

series of coupons is accomplished with 5 nominally identical specimens to characterize 

scattering of the material properties. Following naming convention is used for test series 

given in Table 4-1 and used afterwards in analysis of the results: cT, cC, cIPS – tensile, 

compressive, in-plane shear coupons of composites, respectively; 1/2/3/4/5 – nominally 

identical coupons, number 1, 2, 3, 4, 5, etc.   

Table 4-1 Overview of series and dimensions of composite coupon specimens (unit: mm) 

Test series Specimen Material type Standard for test design 

1 cT- 1/2/3/4/5 Composite ISO 527-1 [37] 

2 cC-1/2/3/4/5 Composite ISO 14126 [39]  

3 cIPS-1/2/3/4/5 Composite ISO 14129 [38]  

The composite coupons used in the material experiments were manufactured by 

hand-lamination in a wet-layup process using E-glass fiber plies and a vinyl ester 

thermoset resin (resin 2 used in Chapter 3). The hand lamination is performed in a 

controlled factory environment at room temperature and humidity conditions with 

quality control to ensure good compaction and avoiding air gaps. The E-glass fiber plies 

are composed of bidirectional woven fabrics and chopped strand mat, and the composite 

laminate presents a fiber volumetric fraction ranging 30%~32%. The laminated plate was 

left for curing at a controlled environment of temperature and humidity and no post-

curing was applied. 
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Figure 4-3 Geometry with dimensions of composite specimens in a) tensile, b) 

compressive and c) in-plane shear coupon experiments 

4.2.2 Experiment and measurement set-up 

The material coupon tests are conducted in the INSTRON 1251 tensile and 

compressive press, as shown in Figure 4-4 a) and b). It is equipped with a load cell with 

100 kN capacity in static loading and 200 kN in dynamic loading. The axial load is 

applied through gripping the composite material tabs with ±-45 fiber orientation at ends 

by the wedges. Load is applied by displacement control with rate of 2 mm/min in tensile 

and in-plane shear experiments, respectively, whilst 0.3 mm/min in compressive 

experiments, to provide quasi-static loading conditions. Measurement of the material 

experiments are performed by the 3-dimensional (3D) digital image correlation (DIC) 

system including two cameras with 12-megapixel resolution due to availability of set-

up, as shown in Figure 4-4 c). A thin layer of white matt paint was coated to the side 

surface of the specimens followed by a sprayed black speckle pattern to create the 

measurement surface for DIC analysis. A polarized blue light was used during the test to 

provide steady illumination conditions for accurate measurements. After tests, the test 

a)

b)

c)
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data can be processed in the GOM Aramis graphical analysis software with high accuracy 

and pertinence after the experiments.  

 

Figure 4-4 Composite coupon experiments conducted in a) the INSTRON 1251 tensile 

and compressive press illustrated in b) the schematic view; c) the 3D-DIC measurement 

system 

4.2.3 Overview of material coupon test results 

General overview of all test results is given in Table 4-2. The indicated failure 

modes and scenarios of failure process are presented through the experimental results. 

More detailed analysis is explained in the subsequent subsections. 
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Table 4-2 Overview of material coupon test results 

Specimen 

Tensile 

modulus 

[MPa] 

Tensile 

strength 

[MPa] 

Strain at 

failure 

[%] 

Poisson’s 

ratio (υ12) 
Failure mode 

cT-1 12050 197.39 1.95 0.15 
Failure of laminate 

away from the tab 
cT-2 12562 221.84 2.39 0.15 

cT-3 10866 231.58 2.61 0.14 
Failure of laminate in 

the middle 

cT-4 12365 215.57 2.32 0.13 
Failure of laminate 

away from the tab 
cT-5 11148 214.49 2.36 0.15 

Average 

(and COV 

[%]) 

11798 

(6.37) 

216.17 

(5.78) 

2.33 

(10.23) 

0.147 

(6.49) 
 

Specimen 

Compressiv

e modulus 

[MPa] 

Compressiv

e strength 

[MPa] 

Strain at 

failure 

[%] 

- Failure mode 

cC-1 12720 201.21 1.75  

Delamination within 

the gauge length 

cC-2 11916 198.12 1.63  

cC-3 12555 196.97 1.85  

cC-4 11764 191.96 1.63  

cC-5 11432 212.29 1.82  

Average 

(and COV 

[%]) 

12077 

(4.50) 

200.11 

(3.78) 

1.73 

(6.03) 
  

Specimen 

Shear 

modulus 

[GPa] 

Shear 

strength 

[MPa] 

Strain at 

failure 

[%] 

- Failure mode 

cIPS-1 2.94 72.04 0.050  

In-plane shear failure 

in the middle 

cIPS-2 3.04 69.56 0.042  

cIPS-3 3.22 74.30 0.046  

cIPS-4 2.96 71.43 0.044  

cIPS-5 3.45 73.60 0.047  

Average 

(and COV 

[%]) 

3.12 (6.81) 72.19 (2.58) 
0.046 

(6.90) 
  

4.2.4 Tensile coupon tests of composites 

Figure 4-5 shows the stress-strain curves of 5 tensile coupons of composite material. 
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It can be seen that composite material shows quasi-brittle behavior under tensile load up 

to final rupture. Measurable non-linear deformation can be quantified prior to failure. A 

representative coupon as shown in Figure 4-6 indicates the final failure mode of tensile 

rupture of composite material.  

The tensile strains are determined using two virtual extensometers through the 

GOM graphic software, one 40mm in the longitudinal axis and one 20mm in the 

transverse direction, positioned at the middle of the coupons. The tensile modulus (Ex,t) 

was determined by applying a least squares linear regression analysis on the stress strain 

curve on the strain interval 0.05% ≤ ε ≤ 0.25%[37]. The tensile strength is calculated as 

fx,t = Fm/A, where Fm is maximum force obtained during the loading history. The strain 

at failure (εm) is obtained as the strain corresponding to the point where tensile strength 

is reached[37]. The Poisson’s ratio is determined by plotting the change in width against 

the change in thickness of the coupon, according to the extensometer’s measurements, 

and applying a least squares linear regression fit on the strain interval. 

 

Figure 4-5 Stress-strain curves of composite material under axial tensile load 

 

Figure 4-6 Failure mode of tensile rupture of composite material in tensile coupon tests 

4.2.5 Compressive coupon tests of composites  

Figure 4-7 shows the stress-strain curves of 5 composite material coupons subjected 

to axial compressive load. Composite material exhibits a comparable elastic modulus in 

axial tension and compression, with difference within 2%. Additionally, 7% lower 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0

50

100

150

200

250

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 cT-1

 cT-2

 cT-3

 cT-4

 cT-5



 
                                CHAPTER 4                                                                         121 

 

strength and 35% lower strain at failure are observed in the compressive experiments 

compared to tensile experiments, attributed to compressive buckling of the fibers 

forming kink bands and premature failure. The final failure mode of the coupon is 

delamination within the gauge length, as shown in Figure 4-8.  

The compressive modulus is defined as Ex,c=(σ’’
c - σ’

c)/(ε’’
c - ε’

c), where σ’’
c is the 

compressive stress at ε’’
c = 0.25%, and σ’

c is the compressive stress at ε’
c= 0.05%. The 

compressive strength is calculates as fx,c = Fm/(b·h) [39]. Strains are calculated along the 

loaded surface of the coupon through the virtual extensometers in GOM graphic 

software, similarly as in the tensile experiments. 

 

Figure 4-7 Stress-strain curves of composite material under axial compressive load 

 

Figure 4-8 Failure mode of delamination of composite material in compressive coupon 

test 

4.2.6 In-plane shear coupon tests of composites  

The stress-strain curves of 5 composite material coupons subjected to in-plane shear 

load are shown in Figure 4-9. The failure mode is overstretching of the fibers in the ±45° 

direction followed by the final failure, as illustrated in Figure 4-10.  
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Figure 4-9 Stress-strain curves of composite material under in-plane shear load 

 

Figure 4-10 Failure mode of composite material in the in-plane shear coupon test 

The shear modulus Gxy is calculated as the slope of the stress-strain curve within 

the range of 0.001~0.005 shear strain. The shear strength during the experiment is 

calculated as fxy,y = Fm/(2·b·h), where Fm is the maximum attained load during the 

loading history, and b and h represent the width and the thickness of the coupon, 

respectively[38]. The in-plane shear strain of the coupon is calculated as γ12 = εx – εy 

where εx and εy are the strains obtained using virtual extensometers in the middle of the 

coupon during the DIC post-processing analysis, respectively. 
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4.3 Interface (debonding) experiments 

The quasi-isotropic properties of composite material used in the wrapped composite 

joints leads to identical fracture properties of composite-steel bonded interface in mode 

II and mode III. Consequently, the main objective of the interface (debonding) 

experiments presented here is to understand and quantify the mode I and mode II fracture 

behavior of the used metal-composite interface.  

4.3.1 Specimens and materials  

1 Series of DCB tests (series 4) are performed to characterize and quantify the mode 

I fracture behavior of the composite-steel bonded interface with configuration illustrated 

in Figure 4-11. In contrast, 3 series of 3ENF and 4ENF tests are performed to characterize 

the mode II fracture behavior. 3ENF specimens with composite laminate positioned as 

the upper and the lower adherend are illustrated in Figure 4-12 a) and Figure 4-12 b) and 

tested in test series 5 and test series 6, respectively, to study the influence of adherend 

position on the mode II behavior of composite-steel bonded interface. 4ENF specimens 

with composite laminate served as lower adherend (with respect to direction of the 

applied load) are illustrated in Figure 4-12c) and tested in test series 7 to investigate the 

effect of a different loading scenario on the mode II fracture process of composite-steel 

bonded interface. Each test series is accomplished with at least 3 nominally identical 

specimens to characterize scattering of the material properties. The mode I test specimens 

are named as DCB-S1/2/3 where S refers to static test and 1/2/3 refers to specimen 

number 1, 2, 3, respectively. In comparison, the naming convention of the mode II test 

specimens refers to the testing method (3ENF/4ENF), position of the composite laminate 

(CU, CL – composite laminate served as upper or lower adherend, respectively), and the 

specimen number (S1/2/3/etc.).  

In DCB tests (series 4) the steel is positioned as the upper adherend with thickness 

hsteel = 3 mm while the composite laminate is located as the lower adherend with 

thickness hcomposite = 7.62 mm. The adherend length L and width B is 180 mm and 20 mm, 

respectively, and the pre-crack is inserted with length a0 = 60 mm. The pre-crack length 

a0 is defined as the distance between the section of the applied load and the pre-crack tip. 

The loading pin with length Lp = 25 mm is bonded to the upper and lower adherends for 

load transfer. The overview of the dimensions of the DCB specimens are summarized in 

Table 4-3. 

Overview of the dimensions of the 3ENF and 4ENF specimens are shown in Table 

4-4. hsteel and hcomposite refer to the thickness of steel and composite laminate adherend, 

respectively, while the specimen length, specimen width and the span length are 

designated as l, B and 2L, respectively, see Figure 4-12. The pre-crack length a0 is 

defined as the distance between the support roller (pin) and the pre-crack tip while the 

distance of the two loading pins in 4ENF specimens is designated as d.  

The composite-steel bonded plates were manufactured by hand-lamination in a wet-

layup process. Test coupons were cut from the laminated composite-steel plates using 

water jet. Surface treatment of the steel plate, grade S355, included grit blasting and 

degreasing by acetone. A non-adhesive Teflon based tape with 32 µm thickness was 
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placed at the steel plate end before lamination to create a pre-crack. Subsequently, the 

hand lay-up lamination was performed using E-glass fiber plies and a vinyl ester 

thermoset resin (resin 2) in a controlled factory environment at room temperature and 

humidity conditions with quality control to ensure good compaction and avoiding air 

gaps. The E-glass fiber plies use is the same as the material used in the composite coupon 

experiments. The laminated plate was left for curing at a controlled environment of 

temperature and humidity and no post-curing was applied. It should be noted that the 

composite laminate was directly bonded on the steel plate without application of 

intermediate adhesive layer so that the thickness of the adhesive layer is negligible.  

The 3ENF (test series 5 and 6) and DCB/4ENF specimens (test series 4 and 7) were 

produced in 2 different batches. 3ENF specimens were produced first with low roughness 

of steel adherend. Subsequently, DCB and 4ENF specimens were designed with 

decreased thickness of steel adherend and were produced with higher roughness of steel 

adherend, aiming to increase the bonding properties. In 4ENF tests, the mode II crack is 

initiated by the shear strains at the crack which are proportional to the difference in 

longitudinal strains at the interface in the steel and composite adherends. Both adherends 

follow same curvature due to bending. Therefore, decreasing the thickness of steel 

adherend relative to the thickness of the composite adherend helps reducing the 

longitudinal strain in the steel adherend at the crack tip, thereby reducing the yielding of 

steel during initiation or crack propagation process. 

Table 4-3 Test series and dimensions of DCB specimens (unit: mm) 

Test 

series 
Specimen hsteel hcomposite L B a0 Lp 

4 DCB-S1/2/3 3 7.62 180 20 60 25 

   Table 4-4 Overview of test series and dimensions of 3ENF and 4ENF specimens (unit: 

mm) 

Test 

series 
Specimen hsteel hcomposite l 2L B d a0 

5 3ENF-CU-S1/2/3/4/5 4 12.3 220 180 25 - 30 

6 3ENF-CL-S1/2/3 4 12.3 220 180 25 - 30 

7 4ENF-CL-S1/2/3 3 7.6 180 120 20 70 40 
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Figure 4-11 Composite-steel DCB specimens 

 

 

a)

b)

c)
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Figure 4-12 Composite-steel mode II fracture test specimens: a) 3ENF specimens with 

composite as upper adherend; b) 3ENF specimens with composites as lower adherend; 

c) 4ENF specimens with composite as lower adherend 

4.3.2 Experiment and measurement set-up 

All 4 series of interface tests were conducted in the UTM 25 universal testing 

machine with a 15kN load cell, as shown in Figure 4-13. In DCB tests, the specimen is 

connected to the fixture through the pin connection at the upper and lower adherend, see 

Figure 4-13 a). The specimens remain supported on the test frame and are connected to 

the fixture through either one cylindrical loading pin in 3ENF tests (see Figure 4-13 b)) 

or two arc-edged loading pins symmetrically bolted to a spreader beam in 4ENF tests 

(see Figure 4-13 c)). The crack driving force F is applied through the hydraulic jack to 

the upper adherend at a constant displacement rate of 1 mm/min.  

Prior to the tests, the specimens were coated on the side to measure the full field 

displacements around the crack path using a 2-dimensional (2D) digital image 

correlation (DIC) system. A thin layer of white matt paint was coated to the side surface 

of the specimens followed by a sprayed black speckle pattern to create the measurement 

surface for DIC analysis. A camera with 51-megapixel resolution was set to take photos 

of the specimens at a frequency 1/3 Hz and a polarized blue light was used during the 

test to provide steady illumination conditions for accurate measurements. A calibration 

block with a length of 30 mm was placed on the specimen to provide a reference length 

for the DIC measurements, as shown in Figure 4-14 and Figure 4-15. After the tests, the 

photos were imported into the GOM Correlate Pro software to track and measure the 

deformation of the specimens based on the surface component built at the reference 

stage, see Figure 4-14 and Figure 4-15.  

a)

b)

c)
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Figure 4-13 Configuration and schematic view of a) DCB, b) 3ENF and c) 4ENF test 

set-up 

a)

b)

c)
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Figure 4-14 DIC analysis in GOM Correlate Pro software – DCB specimens 

 

Figure 4-15 DIC analysis in GOM Correlate Pro software – 3ENF specimen as an 

example 

4.3.3 Mode I and mode II fracture process of composite-steel bonded interface 

represented by a four-linear traction-separation law  

Due to improved fracture toughness of resin, enhanced steel surface roughness and 

existence of fiber bridging, the fracture process of the composite-steel bonded interface 

does not follow the assumption of LEFM. On the contrary the non-linear behavior near 

or around the interface, with fracture process zone (FPZ) encompassing various stages 

of fracture process development, is formed as shown in Figure 4-16 a) for mode I and 

Figure 4-17 a) for mode II. The relation between the traction and the crack tip opening 

displacement (CTOD) of the pre-crack tip within the FPZ is defined here by a four-linear 

traction-separation law illustrated in Figure 4-16 b) for mode I and Figure 4-17 b) for 

mode II, respectively. Such set-up of the traction-separation law is explained here 

through physics-based considerations and assumptions. The interface model is then 
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phenomenologically validated in Chapter 5 through detailed comparison of global and 

local behavior in the experiments and FE analysis of DCB, 3ENF and 4ENF 

configurations, by looking at load-displacement response, crack propagation and CTOD 

development. 

 

Figure 4-16 Mode I fracture process of composite-steel bonded interface illustrated by 

a) schematic diagram and described by b) the four-linear traction-separation law 

Four critical stages are defined for further explanation: “p” − onset of plasticity; “c” 

− onset of cracking; “b” − onset of fiber bridging; “f” − failure. Two out of three distinct 

phenomena described in the fracture process are consistent with the current 

literature[40]–[42]: phenomenon 1 – crack tip deformation and phenomenon 3 – fiber 

bridging, indicated by orange and blue regions, respectively, in Figure 4-16 a) and Figure 

4-17 a). In addition, phenomenon 2, defined here as softening corresponding to green 
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regions, is introduced in between to consider the contribution of mechanical interlocking 

of the resin embedded in the rough steel surface. 

 

Figure 4-17 Scheme of mode II fracture process of composite-steel bonded interface – 

4ENF specimen as an example; b) four-linear traction-separation law to describe the 

mode II fracture process 

In the beginning of the fracture process the cohesive traction increases linearly until 

reaching p at stage “p” referring to onset of plasticity where the traction keeps constant 

(p = c) in mode I while increases at a slower pace in mode II, until reaching c at stage 

“c” corresponding to onset of cracking. The nonlinearity between stage “p” and stage “c” 

is attributed to micro-fracture of resin within the cavities of the steel surface roughness. 

Value of c is assumed larger in mode II compared to mode I hypothetically attributed 

to more resistance to the fracture of resin in the shear mode resulting from restraint of 
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chopped strand mat and the rough steel surface near the interface. The SERR dissipated 

to reach stage “c” (the orange area) is defined as the critical SERR for crack initiation or 

crack tip fracture resistance[40]–[42] with the symbol GIc,tip in mode I and GIIc,tip in mode 

II, respectively. The distance between point at stage “p” and point at stage “c” on the 

interface (see detail cut-out in Figure 4-16 a) and Figure 4-17 a)) is defined as the FPZ 

length related to crack initiation designated as FPZIc,tip in mode I and FPZIIc,tip in mode 

II, respectively.  

Subsequently, in mode I fracture process, the tractions drop significantly from stage 

“c” to stage “b”, see Figure 4-16 a). On the contrary, the traction remains constant (c = 

b) as the CTOD increases until stage “b” in mode II failure, see Figure 4-17 a). The 

softening phenomenon between stage “c” and stage “b” is hypothetically attributed to 

pull-out of resin from valleys in the micro profile of steel surface roughness. The 

resistance of the resin embedded in the steel surface valley against the pull-out force is 

week in mode I, while engaging in such mechanical interlocking load transfer provides 

a significant amount of fracture toughness in mode II fracture. The SERR dissipated from 

stage “c” to stage “b” is defined as the SERR due to softening (the green area) with the 

symbol of GI,soft in mode I and GII,soft in mode II, respectively. The distance between point 

at stage “c” and point at stage “b” on the interface is defined as the FPZ length related to 

softening designated as FPZI,soft in mode I and FPZII,soft in mode II, respectively. The 

toughness in the softening of mode I is negligible due to weak mechanical interlocking, 

i.e., pull-out resistance, in the mode I opening. In the current literature, GI,soft and FPZI,soft 

are considered as part of GIc,tip and FPZIc,tip, respectively[42], [43]. Conversely, in 

softening of mode II failure, pull-out of resin from valleys in the micro profile of steel 

surface roughness engaged in mechanical interlocking load transfer provides a 

significant amount of toughness. Therefore, contribution of softening phenomenon is 

suspected to be significant and distinct in mode II fracture process. GII,soft and FPZII,soft 

is proposed in such tri-staged model, opposed to usually considered[42], [43] dual-stage 

model considering initiation and fiber bridging behavior only.  

The softening is followed by fiber bridging where the traction values decrease 

gradually from σb at stage “b” to 0 at stage “f” and the corresponding SERR dissipated 

is defined as the SERR corresponding to fiber bridging (the blue area) with the symbol 

of GI,br in mode I and GII,br in mode II, respectively. The distance between point on the 

interface at stage “b” and point at stage “f” is defined as the FPZ length related to fiber 

bridging designated as FPZI,br in mode I and FPZII,br in mode II, respectively. When stage 

“f” is reached, the fracture surface is completely separated at the pre-crack tip and the 

SERR attains a constant value in an R-curve referred to as the critical SERR for crack 

propagation or steady state fracture resistance[40], [41], [43] designated as GIc in mode 

I and GIIc in mode II, respectively. The distance between point on the interface at stage 

“p” and at stage “f” is defined as the FPZ length related to crack propagation designated 

as FPZIc  in mode I and FPZIIc in mode II, respectively. The critical SERR for crack 

propagation and the fracture process zone length related to crack propagation based on 

Figure 4-16 a) and Figure 4-17 a) are defined as: 
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Ic Ic,tip I,soft I,brG G G G= + +  Equation 4-1 

IIc IIc,tip II,soft II,brG G G G= + +  Equation 4-2 

Ic Ic,tip I,soft I,brFPZ FPZ FPZ FPZ= + +  Equation 4-3 

IIc IIc,tip II,soft II,brFPZ FPZ FPZ FPZ= + +  Equation 4-4 

Figure 4-16 reveals that the largest area underneath the mode I traction-separation 

law corresponds to fiber bridging (GI,br), and the FPZ length related to fiber bridging is 

the longest as well. This indicates that fiber bridging provides the majority of the fracture 

resistance to the bonded interface in mode I fracture process. In contrast, Figure 4-17 

shows that softening contributes the most (GII,soft) to the mode II fracture toughness and 

fracture process zone length (FPZII,soft). The values in terms of CTOD at the critical 

stages (“p”, “c”, “b” and “f”) as well as values of the critical SERR (GIc,tip, GIc, GIIc,tip 

and GIIc) are used in the defined cohesive laws for the DCB, 3ENF and 4ENF modeling 

in Chapter 5. These values are obtained through an approach that combines 

measurements of crack length a and CTOD through analysis of DIC data, along with 

SERR values calculated using EGM. More details in terms of this approach are given in 

the follow-up subsection.        

4.3.4 Fracture data analysis 

4.3.4.1 Determination of critical stages in fracture process 

The method to determine critical stages in DCB and ENF tests is explained in Figure 

4-18 and Figure 4-19, respectively, using specimen DCB-S2 and 4ENF-CL-S1 as 

examples. The load-displacement curves (red in DCB and blue in 4ENF) of the specimen 

are compared to the variations of tangential stiffness in load-displacement response, 

crack length and CTOD with the applied displacement (in orange), respectively. It can 

be seen that stage “p”, stage “c” and stage “f” refer to the turning points where decreasing 

rate of tangential stiffness grows suddenly and meanwhile increasing rate of crack length 

a and CTOD rises instantly. Stage “p” cannot be determined through observing the 

increasing rate of crack length a starting to grow after stage “c”. However, it can be 

determined by good agreement between variation of tangential stiffness and CTOD. It 

should be noted that the part of the tangential stiffness curve exceeding 7-mm applied 

displacement in DCB test is not presented in Figure 4-18 a) because big noise is 

introduced to the stiffness attributed to appearance of the inertia effect during the fiber 

bridging process. In this case, point “f” refers directly to the peak load point on the load-

displacement curve. It can also be seen in Figure 4-18 and Figure 4-19 that this method 

helps determine stage “f” but cannot identify stage “b” in DCB and 4ENF tests because 

no sudden increase of crack length or CTOD happens after stage “b” attributed to stable 

crack growth. On the contrary, it helps determine stage “b” but cannot identify stage “f” 

in 3ENF tests because the specimens fail immediately after stage “b” attributed to 

unstable crack growth without reaching stage “f”, see Figure 4-32. Therefore, it can be 

beneficial to perform both types of ENF tests to better characterize all the stages in the 
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4-linear traction-separation law.   

 

Figure 4-18 Illustration of the method to determine critical points in DCB experiments 

through a) tangential stiffness, b) crack length a and c) CTOD – an example of 

specimen DCB-S2 (p, p-c, c-f, f+ corresponds to elastic behavior until point p, point p to 

point c, point c to point f, after point f, respectively) 
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Figure 4-19 Illustration of the method to determine critical stages in 4ENF experiments 

through a) tangential stiffness, b) crack length a and c) CTOD – an example of 

specimen 4ENF-CL-S1 (p, p-c, c-f, f+ indicates elastic behavior until stage “p”, stage 

“p” to stage “c”, stage “c” to stage “f”, after stage “f”, respectively) 

4.3.4.2 Determination of crack length a and CTOD 

In DCB, 3ENF and 4ENF test the crack length a and the CTOD were determined 

by analysis of DIC measurement data In GOM Correlate Pro software. In DIC analysis 

of DCB tests, two surface curves were built on the steel and composite adherends 0.5 

mm parallel to the bonded interface (see Figure 4-14) and the vertical displacement along 

them were read from surface component data. The present crack tip is determined as the 

location where the relative vertical displacement from the two surface curves starts to 

deviate, as shown in Figure 4-20. The crack length a is the distance between the section 

of the applied load and the present crack tip while the CTOD is the subtraction of the 

vertical displacement from two surface curves at the pre-crack tip location. 

However, these two parameters cannot be explicitly measured in 3ENF and 4ENF 

tests where the direction of the crack opening is parallel to the direction of crack 

extension. Instead, new “shear strain scaling method” is proposed here to measure the 

crack length a. It involves building a surface curve along the composite-steel bonded 

interface (see Figure 4-15) and reading the shear strain from the surface curve data (see 

Figure 4-21). It can be inferred from the extended global method (EGM) [44], [45] that 

the significant increase in shear strain from the crack tip to the right support point along 

the interface is caused by the difference of maximum tensile and compressive strain in 
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the upper and lower adherend, respectively. Therefore, the present crack tip can be 

determined indirectly by observing local increase of shear strains along the bonded 

interface. To eliminate interference of elastic deformation in shear strain increase, and to 

ensure accuracy in defining the curve path directly on the interface, the shear strains at a 

later load state are relativized and scaled (the red curve) to shear strains that correspond 

to a selected reference elastic state (the green curve), as shown in Figure 4-21. If there 

were no crack extension, the scaled shear strains at a later load state would be identical 

to the strains at the reference elastic state. The deviations from such idealistic state are 

used to identify the present crack tip and quantify the crack length a using the strain 

threshold identified as 0.1% by pin-pointing at which strain level the shear strains 

significantly increase from a flat, steady, trend to a higher strain distribution trend. The 

strain threshold depends on the selected reference elastic load level and specimen 

geometry, therefore, shall be determined for each specific test set-up and selected 

reference load level. In present study the reference load level for scaling was kept the 

same. 

 

Figure 4-20 Illustration of determination of a and CTOD in DIC – DCB specimens 

The CTOD was quantified as well with help of detailed DIC data. The method 

proposed is by analyzing the horizontal displacement along the height of the specimens 

at the pre-crack tip as shown in Figure 4-22 where the measurements of displacements 

were obtained from the vertical surface curve in Figure 4-15. Two parallel straight lines 

are observed at the steel and composite adherend due to the elastic bending deformation. 

If there were no slip at the interface related to crack initiation, growth of propagation, 

the two lines would overlap. Contrarily, once the fracture process starts the CTOD is 

characterized by shift at the interface between the straight lines fitted to the regions on 

the upper (steel) and the lower (composite) adherend away from the interface. 
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Figure 4-21 Illustration of determination of crack length and growth in DIC using the 

shear strain scaling method – an example of specimen 3ENF-CL-S2 

 
Figure 4-22 Illustration of determination of mode II CTOD by DIC – an example of 

specimen 3ENF-CL-S2 

4.3.4.3 Determination of SERR by EGM 

The strain energy release rate (SERR) was calculated using the extended global 

method (EGM) [44], [45] where the total SERR is: 
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 Equation 4-5 

where Esteel, Isteel, Ecomposite, Icomposite, E and I are the elastic modulus and the moment 

of inertia in the section of the crack tip of the steel adherend, composite adherend and 

the specimen, respectively, see Figure 4-11 and Figure 4-12. Msteel and Mcomposite are the 

bending moments (assumed positive when counterclockwise) of the steel and composite 

adherend at the crack tip, respectively. The design of DCB and ENF specimens in this 

study did not satisfy the longitudinal strain based criterion[25], so the equivalent 

longitudinal strain ratio of the steel and composite adherends was introduced to guarantee 

pure mode I or pure mode II in mode partitioning of bi-material bonded joints[27]: 

2

2

composite composite

steel steel

E h

E h
 =    Equation 4-6 

The applied moments can be resolved as: 

steelM M M = +  Equation 4-7 

compositeM M M  = − +  Equation 4-8 

 

where ψ is defined as the bending stiffness ratio of steel and composite adherends 

to assure the identical curvature in the two adherends to obtain pure mode II: 

composite composite

steel steel

E I

E I
 =   Equation 4-9 

Substitution of Equation 4-7 and Equation 4-8 into Equation 4-5 leads to the mode 

partition of Gtotal into GI and GII as: 
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    Equation 4-11 

In the presented DCB tests, Msteel = Fa, Mcomposite = -Fa. Therefore, the SERR in 

mode I can be calculated as: 
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In the presented 3ENF tests, Msteel and Mcomposite are calculated as:  

steel steel

steel

FaE I
M

EI
=    Equation 4-13 

composite composite

composite

FaE I
M

EI
=    Equation 4-14 

where the F is the applied load and a is the present crack length, respectively. 

Therefore, the SERR in mode II can be calculated as:  
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  Equation 4-15 

In the presented 4ENF tests, Msteel and Mcomposite are calculated as: 
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      Equation 4-17 

where F, L and d are the applied load, half span length, and the distance of the two 

loading pins, respectively. Therefore, the SERR in mode II can be calculated as:  
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  Equation 4-18 

4.3.5 Results and discussion 

4.3.5.1 DCB test results  

The load-displacement curves of 3 specimens in DCB tests (test series 4) are shown 

in Figure 4-24 where the critical stages are identified, and the associated values of applied 

displacement and load are summarized in Table 4-5. The fracture morphology is shown 

in Figure 4-23. It can be seen from Figure 4-24 that onset of plasticity (stage “p”) 

corresponds to the elastic load limit at approximately 120 N followed by crack initiation 

at approximately 170 N (stage “c”) where the load drops slightly due to softening. 

Subsequently, the existence of fiber bridging shown in Figure 4-23 a) leads to gradual 

increase of load until the peak load is reached at stage “f”, where the FPZ for crack 

propagation is completely formed. It should be noted that stage “b” cannot be obtained 

from the tests due to the negligible fracture energy accumulated in the softening stage. 

Figure 4-23 b) and Figure 4-23 c) show the representative fracture morphology of the 

DCB specimens, and Figure 4-23 d) shows the height profile on the fracture surface of 

steel adherend obtained from a 3D optical profilemeter (Keyence VR6000) with 

40×magnification. It can be seen that fiber bridging is really governing in mode I fracture 
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process.  

Table 4-5 Overview of displacement/load values at the critical stages of the fracture 

process in DCB tests 

Specimens 

Onset of 

plasticity 

(stage “p”) 

Onset of stage 

(point “c”) 

Onset of 

bridging 

(stage “b”) 

Failure (stage “f”) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

DCB-S1 2.74 133.0 4.14 177.3 - - 9.60 224.11 

DCB-S2 2.42 113.6 3.98 164.3 - - 10.45 233.62 

DCB-S3 2.55 123.4 3.97 165.1 - - 9.60 236.23 

Average 

(and 

COV[%]) 

2.57 

(5.11) 

123.3 

(6.43) 

4.03 

(1.93) 

168.9 

(3.51) 
- - 

9.88 

(4.05) 

231.32 

(2.25) 

 

 

 

 

Figure 4-23 Fracture surface morphology: a) fiber bridging observed during loading; 

b) fracture surface on steel and c) composite adherend; d) 3D scan of the fracture 

surface on the steel adherend 

a) b)

c)

d)

Fiber bridging

a) b)

c)

d)

Fiber bridging
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Figure 4-24 Load-displacement response in DCB tests 

Figure 4-25 and Figure 4-26 present the crack length a and the CTOD measured 

during the DCB tests. It can be seen that the pre-crack tip opens at stage “p” but the 

CTOD is still limited (less than 0.02 mm) until crack initiates at stage “c”. Subsequently, 

the crack length a and the CTOD develop progressively until stage “f” where these two 

variables increase at a constant rate. This indicates that FPZ for crack propagation is fully 

developed, and crack starts to propagate in a stable manner.  

 

Figure 4-25 The a-displacement relation in DCB tests 
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Figure 4-26 CTOD-displacement relation in DCB tests 

 

Based on the EGM, the mode I SERR of the composite-steel bonded interface was 

calculated and its relation with the crack extension Δa, i.e. the R-curve, is shown in 

Figure 4-27. It can be seen that the critical SERR for crack initiation GIc,tip is 

approximately 0.3 N/mm on average obtained at stage “c” and increases progressively 

during the fracture process to GIc = 1.47 N/mm on average at stage “f” defined as the 

critical SERR for crack propagation. The summation of the FPZ length due to softening 

FPZI,soft and due to fiber bridging FPZI,br refers to the distance of X coordinates between 

stage “c” and stage “f” on the R-curves while FPZIc,tip is neglected due to the its limited 

and unmeasurable values. The values of GIc,tip, GIc and FPZI,soft + FPZI,br in 3 DCB 

specimens are summarized in Table 4-6. The average values of FPZI,soft + FPZI,br in mode 

I fracture is approximately 16 mm. 
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Figure 4-27 R-curves of 3 specimens in DCB tests 

Table 4-6 Overview values of fracture resistance and FPZ length in DCB test 

Specimens 
Critical SERR (N/mm) 

FPZI,soft + FPZI,br 

(mm) 
GIc,tip GIc 

DCB-S1 0.31 1.32 17.0 

DCB-S2 0.32 1.64 18.5 

DCB-S3 0.28 1.46 13.5 

Average (and 

COV[%]) 
0.30 (5.60) 1.47 (8.89) 16.3 (12.83) 

4.3.5.2 Test results of 3ENF specimens with composite laminate as upper adherend   

The load-displacement curves of five 3ENF specimens tested with composite 

laminate as upper adherend (test series 5) are shown in Figure 4-28. It shows that non-

linearity occurred at approximately 2000 N while the ultimate resistance deviates within 

the range of 8000~10000 N. Figure 4-29 shows the front view of a characteristic 

specimen 3ENF-CU-S5 during loading and Figure 4-30 illustrates its fracture 

morphology after test. It can be seen that migration of the crack happens from the 

composite-steel bonded interface into the inter-laminar failure plane in the composite 

adherend directly at the pre-crack tip without initiating and propagating on the bonded 

interface. The crack transition is attributed to micro cracking of the composite plies close 

to the bonded interface due to tensile bending when the composite laminate is positioned 

as the upper adherend. This transition of crack path helps improve the bonding behavior 

by allowing more energy dissipation but leads to difficulty in obtaining mode II fracture 

properties of the composite-steel bonded interface. 
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Figure 4-28 Load-displacement response of 3ENF specimens tested with composite 

laminate as upper adherend 

 

Figure 4-29 Front view of specimen 3ENF-CU-S5 during test indicating the crack 

transition 
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Figure 4-30 Fracture surface morphology of specimen 3ENF-CU-S5: a) fracture surface 

on a) steel and b) composite adherends; c) 3D scan of the fracture surface on the steel 

adherend 

4.3.5.3 Test results of 3ENF specimens with composite laminate as lower adherend   

To prevent crack migration from the bonded interface to the inter-laminar interface, 

the composite laminate adherend is positioned as the lower adherend in the 3ENF test in 

test series 6 and the subsequent 4ENF test in test series 7. The aim is to keep composite 

plies close to the bonded interface in state of longitudinal compression due to the local 

arm bending moment. The assumption is that the longitudinal compression in 

combination with the through thickness shear is restraining more the crack development 

in the composite than the combination of longitudinal tension and through thickness 

shear. The load-displacement response of the 3ENF specimens in test series 6 is shown 

in Figure 4-32 where the critical stages (“p”, “c” and “b”) are identified, and the 

associated values of applied displacement and load are summarized in Table 4-7. The 

fracture morphology is shown in Figure 4-31. It can be seen from Figure 4-32 that onset 

of plasticity (stage “p”) corresponds to the elastic load limit at approximately 2000 N 

followed by crack initiation at approximately 3500 N (stage “c”). Subsequently, 

softening leads to gradual increase of load until the peak load is reached at stage “b” 

within the load range of 5500~8000 N, where the bonded interface fails immediately 

with unstable crack propagation. There are two reasons accounting for the unstable crack 

propagation: 1) the bending moment at the present crack tip keeps increasing as the crack 

advances leading to consistently increasing SERR which is unfavourable for stable crack 

propagation; 2) fiber bridging is negligible on the fracture surface as shown in Figure 

4-31 such that the remaining resistance of the interface due to fiber bridging is too small 

to retain stable crack growth. The fracture morphology in Figure 4-31 clearly shows that 

crack propagation happened merely on the bonded interface, therefore proving the 

effectiveness of preventing crack transition by positioning composite laminate as the 

lower adherend in 3ENF test.    

a)

c)Pre-crack tip

b)

Pre-crack tip

Crack migration at

the pre-crack tip
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Table 4-7 Overview of displacement/load values at the critical stages of the fracture 

process in 3ENF test 

Specimens 

Onset of plasticity 

(stage “p”) 

Onset of cracking 

(stage “c”) 

Onset of bridging 

(stage “b”) 

Failure (stage 

“f”) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

3ENF-CL-

S1 
1.01 2210.02 1.74 3671.28 4.52 7873.33 - - 

3ENF-CL-

S2 
0.93 2122.93 1.72 3750.41 3.74 7042.56 - - 

3ENF-CL-

S3 
0.61 1335.2 1.59 3430.8 2.67 5393.6 - - 

Average 

(and 

COV[%]) 

0.85 

(20.33) 

1889.38 

(20.83) 

1.68 

(3.95) 

3617.50 

(3.76) 

3.64 

(20.81) 

6769.83 

(15.22) 
- - 

Figure 4-33 and Figure 4-34 illustrate the development of the crack length a and the 

CTOD at the pre-crack tip with the increased applied displacement during the tests, 

respectively. The pre-crack tip starts to open at stage “p” but the opening displacement 

is limited (less than 0.02 mm) according to DIC measurements. After the crack is 

initiated at stage “c”, the crack length and crack opening develop steadily until stage “b” 

where the bonded interface starts to propagate abruptly and fails immediately. Due to 

unstable crack propagation in 3ENF test, only the part from stage “c” to stage “b” in the 

R-curves of the tested specimens is obtained based on EGM and is shown in Figure 4-35. 

The critical SERR for crack initiation GIIc,tip is approximately 0.56 N/mm on average 

obtained at stage “c” and increases gradually during the fracture process to GIIc,tip + GII,soft 

= 3.36 N/mm on average at stage “b”. The FPZ length related to softening FPZII,soft is 

represented by distance between point at stage “c” and point at stage “b” on the R-curves, 

see Figure 4-35. FPZIIc,tip is neglected being very short while FPZIIc,br is unknown in 

consequence of unstable crack propagation. The values of GIIc,tip, GIIc,tip + GII,soft, and 

FPZII,soft in three 3ENF specimens are summarized in Table 4-8. The average value of 

FPZII,soft is approximately 5 mm. 
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Figure 4-31 Fracture surface morphology of specimen 3ENF-CL-S2: a) fracture surface 

on a) steel and b) composite adherends; c) 3D scan of the fracture surface on the steel 

adherend 

 

Figure 4-32 Load-displacement response in 3ENF tests with composite laminate as 

lower adherend 
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Figure 4-33 The a-displacement relation in 3ENF tests with composite laminate as 

lower adherend 

 

Figure 4-34 CTOD-displacement relation in 3ENF tests with composite laminate as 

lower adherend 
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Figure 4-35 R-curves of 3 specimens in 3ENF tests with composite laminate as lower 

adherend 

      Table 4-8 Overview values of fracture resistance and FPZ length in 3ENF 

tests 

Specimens 
SERR (N/mm) 

FPZII,soft (mm) 
 GIIc,tip GIIc,tip + GII,soft 

3ENF-CL-S1 0.56 4.66 5.1 

3ENF-CL-S2 0.55 3.49 5.5 

3ENF-CL-S3 0.57 1.93 3.9 

Average (and 

COV[%]) 
0.56 (1.46) 3.36 (33.28) 4.8 (14.07) 

4.3.5.4 Test results of 4ENF specimens   

To prevent unstable crack growth observed in 3ENF tests, 4ENF tests were 

performed in test series 7. Local bending moments in arms of adherends around the crack 

tip are constant and independent of the crack length which leads to more stable crack 

propagation in 4ENF. The load-displacement response of the 4ENF specimens is shown 

in Figure 4-37 where the critical stages are identified, and the associated values of applied 

displacement and load are summarized in Table 4-9. The fracture morphology is shown 

in Figure 4-36. It can be seen in Figure 4-37 that onset of plasticity (stage “p”) 

corresponds to the elastic load limit at approximately 1700 N followed by crack initiation 

at approximately 3000 N (stage “c”). Different from 3ENF tests, the applied load 

increases consistently in 4ENF tests from stage “c” to stage “f” within the load range of 

6000~7000 N where the pre-crack tip propagates consistently. This difference can be 
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explained in two aspects: 1) the bending moment at the present crack tip is independent 

of the crack length a in 4ENF loading (see Equation 4-17 and  Equation 4-18) which is 

favorable for the stable crack propagation; 2) although fiber bridging in mode II is much 

less prevalent in 4ENF tests (see Figure 4-36) compared to mode I in DCB tests, it has 

more ability to engage due to stable propagation than in 3ENF tests (see Figure 4-31). 

   Table 4-9 Overview of displacement/load values at the critical stages of the fracture 

process in 4ENF test 

Specimens 

Onset of plasticity 

(stage “p”) 

Onset of cracking 

(stage “c”) 

Onset of bridging 

(stage “b”) 

Failure 

(stage “f”) 

Disp. 

(mm) 
Load (N) 

Disp. 

(mm) 
Load (N) 

Disp. 

(mm) 

Load 

(N) 
Disp. (mm) Load (N) 

4ENF-CL-S1 0.83 2062.9 1.29 3031.6 - - 3.31 6020.5 

4ENF-CL-S2 0.70 1907.8 1.23 3088.1 - - 3.46 6261.3 

4ENF-CL-S3 0.47 1242.9 1.24 2975.3 - - 4.44 6958.5 

Average 

(and COV[%]) 
0.67 (22.33) 

1737.9 

(20.46) 

1.25 

(2.09) 

3031.7 

(1.52) 
- - 

3.74 

(13.41) 

6413.4 

(6.20) 

 

Figure 4-36 Fracture surface morphology of specimen 4ENF-CL-S1: a) fracture surface 

on a) steel and b) composite adherends; c) 3D scan of the fracture surface on the steel 

adherend Fracture surface morphology 

Figure 4-38 and Figure 4-39 illustrate the development of the crack length a and the 

CTOD at the pre-crack tip with the increased applied displacement during the tests, 

respectively. Similar to 3ENF tests, the pre-crack tip starts to open at stage “p” but the 

opening displacement is limited (less than 0.02 mm). After the crack is initiated at stage 

“c”, the crack length a and the CTOD develops gradually until stage “f” where these two 

variables increase at a constant rate. This indicates that FPZ for crack propagation is fully 

developed, and crack starts to propagate in a stable manner.  

a)

c)Pre-crack tip

b)

Pre-crack tip

Pre-crack tip

Crack

propagation
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Figure 4-37 Load-displacement response in 4ENF tests 

 

Figure 4-38 The a-displacement relation in 4ENF tests 

Based on the EGM, the mode II SERR of the composite-steel bonded interface was 

calculated and its relation with the crack extension Δa, i.e. the R-curve, is shown in 

Figure 4-40. It can be seen that the critical SERR for crack initiation GIIc,tip is 

approximately 0.9 N/mm on average obtained at stage “c” and increases gradually during 

the fracture process to GIIc = 5.4 N/mm on average at stage “f” defined as the critical 

SERR for crack propagation. The summation of the FPZ length due to softening FPZII,soft 

and due to fiber bridging FPZII,br refers to the distance between point at stage “c” and 

point at stage “f” on the R-curves while FPZIIc,tip is neglected being very short. The values 

of GIIc,tip, GIIc and FPZII,soft + FPZII,br in three 4ENF specimens are summarized in Table 

0 1 2 3 4 5 6 7 8

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

f: failure

c: onset of cracking

p: onset of plasticity

c

p

L
o

a
d

 (
N

)

Appliced displacement (mm)

 4ENF-CL-S1_p

 4ENF-CL-S1_p-c

 4ENF-CL-S1_c-f

 4ENF-CL-S1_f+

 4ENF-CL-S2_p

 4ENF-CL-S2_p-c

 4ENF-CL-S2_c-f

 4ENF-CL-S2_f+

 4ENF-CL-S3_p

 4ENF-CL-S3_p-c

 4ENF-CL-S3_c-f

 4ENF-CL-S3_f+

f

0 1 2 3 4 5 6 7

40

42

44

46

48

50

52

54

56

58

60

f: failure

c: onset of cracking

p: onset of plasticity

cp

C
ra

c
k
 l
e

n
g

th
 a

 (
m

m
)

Appliced displacement (mm)

 4ENF-CL-S1_p

 4ENF-CL-S1_p-c

 4ENF-CL-S1_c-f

 4ENF-CL-S1_f+

 4ENF-CL-S2_p

 4ENF-CL-S2_p-c

 4ENF-CL-S2_c-f

 4ENF-CL-S2_f+

 4ENF-CL-S3_p

 4ENF-CL-S3_p-c

 4ENF-CL-S3_c-f

 4ENF-CL-S3_f+

f



 
                                CHAPTER 4                                                                         151 

 

4-10. The average values of FPZII,soft + FPZII,br in mode II fracture is approximately 10 

mm.   

 

Figure 4-39 CTOD-displacement relation in 4ENF tests 

 
Figure 4-40 R-curves of 3 specimens in 4ENF tests 
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   Table 4-10 Overview values of fracture resistance and FPZ length in 4ENF tests 

Specimens 
SERR (N/mm) 

FPZII,soft + FPZII,br  (mm) 
 GIIc,tip GIIc 

4ENF-CL-S1 0.72 4.64 9.3 

4ENF-CL-S2 0.86 5.20 11.4 

4ENF-CL-S3 1.08 6.39 10.7 

Average (and 

COV[%]) 

0.89 

(16.71) 
5.41 (13.49) 10.5 (8.34) 

 

4.4 Discussion of critical SERR 

Based on the aforementioned results in combination with the numerical results from 

Section 5.4.3, the average values of GIc,tip, GIc,tip + GI,soft and GIc in DCB tests, as well as 

the average values of GIIc,tip, GIIc,tip + GII,soft and GIIc in 3ENF and 4ENF tests, are 

summarized in Table 4-11. Note that differences between the 3ENF and 4ENF critical 

SERR values are owed to difference in roughness in the two batches and not necessarily 

due to difference of fracture characterization in those two types of tests. The ratio of 

critical SERR at crack initiation to crack propagation are further discussed.    

It can be seen from Table 4-11 that the critical SERR values at crack initiation 

contribute merely approximately 20% to those values at crack propagation which is 

relatively low. Based on the existing literature[45]–[47] this ratio of critical SERR at 

initiation to propagation is around 40% in mode I and 55% in mode II, respectively. 

Nevertheless, if the amount of SERR related to softening is included in the critical SERR 

at crack initiation, the ratio is 40% in DCB and 60% in 4ENF, which are more consistent 

to the literature results. 

DCB experimental and numerical results reveals that crack extension at the end of 

softening (stage “b”) is 2.5 mm which is 16% of the FPZ length (16 mm). Considering 

the limited crack extension, inclusion of softening as crack initiation is physically 

reasonable. However, 4ENF results show that crack extension at stage “b” is 7 mm which 

is already 67% of the FPZ length (10.5 mm). In this case, considering SERR related to 

softening as part of the crack initiation is not feasible. Further studies are needed to align 

the SERR ratio better with the existing research studies. 

It should be noted that considering SERR related to softening as part of the critical 

SERR at initiation in 3ENF tests results in extremely high ratio of it to propagation 

(96%). This could be attributed to the lower traction values at the softening process as a 

consequence of low steel surface roughness in the batch of 3ENF specimens compared 

to 4ENF.  
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   Table 4-11 Overview of critical SERR values of DCB, 3ENF and 4ENF specimens 

Interface 

test 

scenario 

Critical SERR (N/mm) Ratio of initiation to propagation (%) 

GIc,tip GIc,tip + GI,soft GIc GIc,tip / GIc (GIc,tip + GI,soft) / GIc 

DCB 0.3 0.56 1.4 21 40 

Interface 

test 

scenario 

GIIc,tip GIIc,tip + GII,soft GIIc GIIc,tip / GIIc (GIIc,tip + GII,soft) / GIc 

3ENF 0.56 3.35 3.5 16 96 

4ENF 0.89 3.25 5.4 16 60 

4.5 Conclusions 

In this Chapter, 3 series of composite material coupon experiments were conducted 

to identify its tensile, compressive and in-plane shear behavior. Meanwhile, 4 series of 

interface (debonding) experiments were employed to understand and quantify the mode 

I and mode II fracture behavior of the used metal-composite interface. Based on the test 

results and the discussion, the follow conclusions are drawn: 

1) A four-linear traction-separation law is proposed to describe the mode I and mode 

II fracture behavior of the metal-composite interface. It describes three distinct 

phenomena: 1) crack tip deformation, 2) softening (newly proposed) and 3) fiber 

bridging. The fracture morphology indicates that fiber bridging is governing in mode I, 

but softening phenomenon contributes the most to the fracture toughness in mode II as a 

consequence of pull-out of resin from valleys in the micro profile of steel surface 

roughness.  

2) No adhesive (interfacial) failure was observed in the considered pure mode I 

fracture process. The fracture path is through the first ply of the composite adherend 

(substrate failure) featuring significant fiber bridging behavior. The critical SERR GIc,tip 

is 0.3 N/mm on average obtained for crack initiation while the critical SERR GIc is 1.47 

N/mm on average obtained for crack propagation. The average FPZ length corresponding 

to summation of softening and fiber bridging is approximately 16 mm. 

3) To ensure crack propagation on the composite-steel bonded interface instead of 

transition into the inter-laminar interface due to tensile bending stresses, composite 

laminate should be designed as the lower adherend (with respect to the load direction) in 

3ENF and 4ENF experiments. 3ENF test provides good insight into softening behavior 

while 4ENF shows to be more useful to quantify fiber bridging.     

4) The critical SERR for crack initiation GIIc,tip is within the range of 0.55~1.1 N/mm 

based on 3ENF and 4ENF results. The critical SERR GIIc is 5.4 N/mm on average for 

crack propagation while the average fracture process zone (FPZ) length corresponding 

to summation of softening and fiber bridging is 10.5 mm, based on 4ENF results. 

5) An approach is proposed to determine the critical stages of the four-linear 
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cohesive law through the combination of detailed measurements of crack length and 

CTOD using 2D DIC, along with SERR values calculated by EGM. A new “shear strain 

scaling method” is proposed based on DIC measurements to quantify the crack length in 

the 3ENF and 4ENF tests. DIC sectioning method is introduced and proved to be 

effective to evaluate usually challenging mode II CTOD.  
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5.  FINITE ELEMENT 

MODELING OF MATERIAL 

AND INTERFACE 

EXPERIMENTS 
 

 

In this Chapter, a finite element modeling (FEM) strategy for simulating the 

composites and composite-steel bonded interface using ABAQUS are proposed. The 

composite material is modeled by solid elements, and its damage is phenomenologically 

simulated by plasticity. The cohesive zone modeling (CZM) is employed to capture the 

fracture behavior of the composite-steel bonded interface. A new four-linear traction-

separation law is proposed for modeling of the metal-composite interfacial failure. The 

necessary strain energy release rate (SERR) and the crack tip opening displacement 

(CTOD) required for calculating the cohesive law are obtained through fracture data 

analysis in Chapter 4.  

The FEM strategy and material input are implemented to model the double 

cantilever beam (CCB) and the end notched flexure (ENF) tests presented in the previous 

chapter. The simulation results are validated through a good agreement with the 

experimental results in both global behavior and local fracture behavior  
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5.1 Introduction 

In Chapter 4, three series of composite material coupon tests were conducted to 

determine the tensile, compressive, and in-plane shear properties of the composite wrap. 

Meanwhile, four series of interface (debonding) experiments were employed to 

understand and quantify the mode I and mode II fracture behavior of the composite-steel 

bonded interface used in the innovative wrapped composites joints. The fracture 

properties, i.e., the critical strain energy release rate (SERR) and the fracture process 

zone (FPZ) length, were quantified. Three distinct phenomena, namely 1) crack tip 

deformation, 2) softening and 3) fiber bridging, were identified, and a four-linear 

traction-separation law was proposed to describe the identified fracture process.  

It is essential to accurately model the behavior of composite wrap and the 

composite-steel bonded interface in wrapped composite joints as the prerequisite of 

predicting its resistance and replicating the debonding process. In the current literature, 

the composite wrapping was modelled by shell elements[1]–[13]. This is suitable for 

application in FRP-strengthened tubular joints where the weld still transferred the main 

load such that thickness of wrapping is relatively small especially at the intersection 

region (no more than 10 mm) due to limited numbers of wrapping plies. However, this 

is not applicable in the case of wrapped composite joints with wrapping thickness 

significantly larger than that in strengthened joints. Using shell element to model 

behavior of thick and curved geometry is difficult and inaccurate so an alternative 

method should be proposed. 

 In the fracture problems of the composite-metal interface where the size of fracture 

process zone (FPZ) is not negligible attributed to plasticity of adherends due to micro-

cracking of resin and fiber bridging, the LEFM cannot be appropriately used for fracture 

analysis. Instead, the non-linear interface behavior can be approximated with help of the 

cohesive zone modeling (CZM) [14] where the constitutive behavior of the FPZ is 

defined by the traction-separation law (cohesive law) derived from laboratory tests. The 

shape of the cohesive law is highly dependent on the material properties, composite 

layup, adherend surface treatment, etc. The CZM has been extensively applied in the 

numerical simulation of delamination in composites[15]–[20]. Unluckily, there is limited 

research studies in terms of applying cohesive zone model in simulation of composite-

steel bonded interface[21].      

This Chapter deals with developing the FEM strategy in ABAQUS for simulation 

of composite wrap and composite-steel bonded interface which is validated in the 

material level due to simplification of geometry, low calculational cost and the 

opportunity to simulate the interface fracture modes separately. The material properties 

of composites obtained in the composite coupon experiments are used as input to 

simulate its behavior in the FE model. The four-linear traction-separation laws proposed 

in Chapter 4 will be explained thoroughly as well as the introduction of mode mixity. 

The modeling approach and the cohesive law are validated by good matches between 

numerical and experimental results.  
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5.2 Determination of element type and mesh size 

In general composite material can be modeled by any deformable elements in 

ABAQUS. The selection of finite element types is mainly determined by the types of 

structures and the types of analysis that is desired. Two categories of  elements are 

normally utilized in numerical simulation of composite structures: 2D shell elements and 

3D solid elements. Shell elements allow easy definition of lay-up and geometry of 

composite material but excludes the possibility to model delamination. In shell elements 

the thickness is defined through the cross section property which is not suitable for 

modeling complex and curve-shape composite wrap in wrapped composite joints. The 

stresses and stiffness in the through-thickness (out-of-plane shear) direction of the 

composite laminate is not available using shell elements. In the case where contact 

interactions are modeled as the main failure mechanism, e.g., debonding in wrapped 

composite joints, the actual thickness of elements is significant where shell element is 

not suitable.  

The disadvantages of modeling by 2D shell elements are partly overcome by using 

the continuum shell elements, sometimes referred to as 2.5D elements, as shown in 

Figure 5-1. In continuum shell elements the modeling of the laminate includes real 

thickness defined by nodal geometry such that contact interactions work properly in 

simulation. It is useful in the case where thickness of the laminate is varied. However, 

values of stresses and stiffness in the through-thickness direction (S33) are not accurate 

in continuum shell element, as well as the out-of-plane shear properties.  

 

Figure 5-1 Conventional versus continuum shell element[22] 

The 3D solid elements are used in simulation of composite wrap in wrapped 

composite joints, as shown in Figure 5-2, considering its advantage in modeling of 
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through-thickness behavior over 2D conventional shell and 3D continuum shell 

elements. The simplification is performed by considering groups of plies by equivalent 

layers corresponding to wrapping procedure which is explained thoroughly in Chapter 6. 

The modeling strategy in the material level is consistent to the joint level where 4-node 

linear tetrahedral elements (C3D4) is used to model composite material, as presented in 

Figure 5-3. Tetrahedral elements are used as the substitute for hexahedral elements which 

cannot be used in the curved shape of composite wrap due to difficulty of meshing. 

Second-order elements capture stress concentrations more effectively and are better for 

modeling geometric features than first-order (linear) elements, but they require 

significant calculation costs. Based on the preliminary joint modeling results, linear 

elements do not significantly result in modeling inaccuracy considering the relatively 

fine mesh size used in the composite wrap, but enormously enhances modeling 

efficiency. Therefore, C3D4 elements is used in modeling of composite material, as 

shown in Figure 5-2 and Figure 5-3. The steel part is meshed with 8-node linear 

hexahedral element (C3D8) attributed to its simple geometry in wrapped composite 

joints and DCB/ENF FE models. The global mesh size of composite material and steel 

is 2 mm according to the results of mesh sensitivity analysis in joint modeling in Chapter 

6, which is sufficiently efficient in computational cost but does not sacrifice the accuracy 

of modeling out-of-plane shear stresses significantly. Local seeds are assigned to the 

steel plate in DCB/ENF modeling such that 4 elements are present in the through-

thickness direction to accurately simulate the bending-dominated deformation, as shown 

in Figure 5-3 b). 

 

Figure 5-2 Modelling composite wrap of wrapped composite joints using 3D solid 

elements (4-node linear tetrahedral elements, C3D4) 
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Figure 5-3 Utilization of C3D4 in mesh of composite material and C3D8 in mesh of 

steel: a) mesh of composite material FE model; b) mesh of interface FE model 

5.3 FEM of composites 

The composite material is modeled by a cuboid with 4-mm length, 4-mm width and 

2-mm height, see Figure 5-3 a) . The aim of this FE model is to justify the FEM strategies 

introduced to model composites based on the input of material properties from the 

composite material coupon tests.  

5.3.1 Boundary conditions 

The displacement/rotation boundary conditions are used in the composite material 

FE model as shown in Figure 5-4. Two reference points named “Load” and “Hold” are 

built at the middle of the intersection line between the front and top surface, and between 

the bottom and back surface, respectively. Displacement controlled failure loading is 

defined to the reference point “Load” fixed in all degrees of freedom except for the 

longitudinal translation U1 (1 is designation for the global X direction). The reference 

point “Hold” is then assigned with a fully fixed boundary condition to simulate the static 

loading condition. In simulation of axial tensile (compressive) loading, the front and the 

back surface is kinematically constrained (coupled) to the reference point “Load” applied 

with positive (negative) U1 displacement and “Hold” fixed completely, respectively, in 

longitudinal translation U1 and all rotational degrees of freedom. The constraint in the 

transverse (U2) and through-thickness translation (U3) is released to replicate contract 

(expansion) of the cross section of composite material due to Poisson Effect, as shown 

in Figure 5-4 a) and Figure 5-4 b). Similar coupling constraint is applied from the 

reference point “Load” and “Hold” to the right and the left surface, respectively, in all 

degrees of freedom to simulate in-plane shear loading, see Figure 5-4 c). Simulation of 

out-of-plane shear loading is conducted using the same coupling constraint  applied to 

the top and the bottom surface of composite material, see Figure 5-4 d). The obtained 

longitudinal displacement U1 and the corresponding reaction force (RF1) of the 

reference point “Load” is divided by the distance between and the cross section area of 

the constrained surfaces of the composite material part, respectively, to obtain the stress-

strain curve in the corresponding loading cases. 

Global mesh size: 2 mm

a)
Steel adherend

Composite adherend

Global mesh size: 2 mm

b)
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Figure 5-4 Boundary conditions in composite material FE model subjected to a) 

tension; b) compression; c) in-plane shear and d) out-of-plane shear load 

5.3.2 Analyses method 

Material nonlinear analysis in modeling of composites and cohesive failure analysis 

in modeling of interface are performed as quasi-static using the explicit dynamic solver 

in ABAQUS because it does not have the usual convergence issue as does the implicit 

static solver. Bottleneck of any explicit dynamic solver is the characteristic size of the 

smallest finite element in a model, since divided by a wave propagation speed it 

represents the maximum stable time increment for the integration. Computation time of 

a real time quasi-static analysis can be inapplicably long. Calculation speed can be 

increased either by a mass scaling method. This method tends to increase inertia forces 

in a model, sometimes leading to useless results. A compromise must be found between 

an acceptable computation time and quality of results, often by analyses for each of the 

different model set-ups.  

Mass scaling with desired time increment of 0.002 sec is used in the modeling of 

composite material and DCB/ENF experiments. Quality of the results is verified by 

matching applied and reaction forces in a model for displacement controlled failure 

loading, as shown in the example of 4ENF modeling results Figure 5-5. Linear matching 

curve with no fluctuations for the smallest analyzed desired time increment (0.002 s) 

proves that no inertia effects govern the results.   
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Figure 5-5 Quality of quasi-static solution 

5.3.3 Material model of composites 

The nature of the composite material used in wrapped composite joints follows a 

typical stress-strain response of metal specimen which compromises three states of 

material behavior (see Section 4.2): elasticity, plasticity and damage, as illustrated in 

Figure 5-6. Therefore, the framework to model linear elastic behavior, plastic behavior 

and progressive damage in steel are used in modeling of composite material, taking into 

account the orthotropic properties in different material directions.  

Linear elasticity of composite material is defined by “Engineering Constants” 

considering the orthotropic behavior, and the constitutive law is expressed in Equation 

5-1. The subscript 1, 2, 3 represents the principal direction aligned with the fiber, 

perpendicular to the fiber in plane, and perpendicular to the fiber out of plane, 

respectively. Three elastic modulus E1, E2, E3, Poisson’s ratios ν12, ν13, ν23, and the 

shear modulus G12, G13, G23 associate with the material’s principal directions. The 

quasi-isotropic behavior of the composite material determined by the layup composition 

requires that E1 = E2, ν13 = ν23 and G13 = G23. The input of linear elasticity of 

composite material is the same as the material test results summarized in Section 4.2.3, 

where E1 (E2), ν12, G12 are obtained from the ISO standard coupon experiments[23]–

[25]. In addition, the elastic modulus in through-thickness tensile and shear behavior is 

E3 = 5000 N/mm2 and G13 = G23 = 2500 N/mm2, respectively. These values were obtained 

based on the manufacturer’s data and calculation using classical laminate theory and rule 

of mixture.  

0 1000 2000 3000 4000 5000 6000 7000 8000

-8000

-7000

-6000

-5000

-4000

-3000

-2000

-1000

0

A
p

p
lie

d
 f

o
rc

e
 (

N
)

Reaction force (N)

 0,1 s

 0,05 s

 0,02 s

 0,005 s

 0,002 s

Defined desired

time increment:



 

168                                                                                       CHAPTER 5 

   

 

Figure 5-6 The stress-strain response of a typical metal specimen 
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 Equation 5-1 

Plasticity theories have been developed most intensively for metals, but its 

fundamental concepts are sufficiently general that model based on these concepts have 

been developed successfully for a wide range of materials. Anisotropic yield is used in 

this chapter to simulate the orthotropic softening behavior of composite material. The 

definition of composite material damage is not provided in this thesis for simplification, 

as no material failure of composites is observed in the experiments.  

5.3.4 Validation of composites FEM 

The material model of composite material defined in Section 5.3.3 is input into the 

composite material FE model to simulate its tensile, compressive, in-plane shear and out-

of-plane shear behavior. The numerical material properties are compared to the 

composite coupon test results to justify the feasibility of the input data. Comparison of 

the average material property values in experiments vs the material property output in 

FEM are summarized in Table 5-1 while numerical material stress-strain curves are 

plotted against the experimental stress-strain curves in Figure 5-7~Figure 5-9 for 

justification. 

It can be seen from Table 5-1 and Figure 5-7~Figure 5-9 that the elastic modulus 

matches well in tensile, compressive and in-plane shear loading cases, with the deviation 
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of FEA results from average experimental results all within 10%. The softening behavior 

also matches well in all loading cases, while the FEA results show more pronounced 

non-linear behavior after 75 MPa when the material is loaded in compression as 

illustrated in Figure 5-8. This is because composite material exhibits less non-linearity 

when subjected to compression compared to tension, as shown in the coupon 

experiments in Chapter 4. However, the same constitutive law is used in ABAQUS to 

define the material properties both under tensile and compressive load, leading to 

overestimation of the non-linear behavior in compression if the material model is input 

based on the tensile loading scenario. Since the focus of this research is to use plasticity 

to model softening of composite material in the out-of-plane shear direction aiming to 

simulate debonding, overestimation of plasticity in compression in the FEA can be 

acceptable. 

Table 5-1 Comparison of elastic modulus of composites in coupon experiments vs FEM 

(‘cT’, ‘cC’, ‘cIPS’ indicate coupon tension, coupon compression, coupon in-plane shear 

load scenario, respectively; ‘average’ indicates the average coupon test results; ‘FEM’ 

indicates the modeling output)  

Coupon tensile scenario Tensile modulus [MPa] 

cT_average (and COV [%]) 11798 (6.37) 

cT-FEM 12650 

Deviation (%) 7 

Coupon compression scenario 
Compressive modulus 

[MPa] 

cC_average (and COV [%]) 12077 (4.50) 

cC-FEM 12851 

Deviation (%) 6 

Coupon in-plane shear scenario Shear modulus [GPa] 

cIPS_average (and COV [%]) 3.12 (6.81) 

cIPS-FEM 3.45 

Deviation (%) 9 

Out-of-plane shear deformation of composite material is considerable, and its input 

needs to be correctly defined. Unluckily there is no current standard available to obtain 

the out-of-plane shear properties of composite material through physical experiments. In 

the current study the out-of-plane shear material input of composites is determined 

implicitly by iteration in DCB/ENF modeling and in joint modeling. The shear modulus 

and peak shear stress are 2.50 GPa and 55.65 MPa, respectively. 
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Figure 5-7 Tensile stress-strain behavior of composites from FEM vs from coupon tests 

 

Figure 5-8 Compressive stress-strain behavior of composites from FEM vs from coupon 

tests 
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Figure 5-9 In-plane shear stress-strain behavior of composites from FEM vs from 

coupon tests 

5.4 FEM of DCB and ENF tests 

The geometry of the DCB, 3ENF and 4ENF FE models are presented in Figure 5-10 

where the part in red represents steel adherend while the part in green represents 

composite material adherend. The hollow cylindrical parts in blue are the loading pin 

and the support pins. 

   

Figure 5-10 Geometries of FE models in simulation of a) DCB, b) 3ENF and c) 4ENF 

experiments (unit: mm) 
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The dimensions of the DCB, 3ENF and 4ENF models correspond well to the test 

series 4, test series 6 and test series 7 presented in Section 4.3, respectively. 3ENF tests 

with composites as upper adherend are not simulated because of migration of crack into 

the laminate which could not provide fracture properties of the bonded interface. The 

aim of interface FEM is to validate the FEM strategies and to validate the proposed 

cohesive law in modeling fracture process of composite-steel bonded interface by 

comparing to the interface test results. It should be noted that the selection of element 

type and mesh size, and utilization of analyses method in the interface FEM have been 

discussed in Section 5.2. 

5.4.1 Boundary conditions 

Figure 5-11 a) shows a representation of the boundary conditions applied in the 

DCB model. The symmetry boundary condition in global Z direction was applied to the 

back surface of the half model  to save computational costs. The area of the steel and 

composite adherends glued with the loading pin designated as upper surface and lower 

surface was kinematically constrained (coupled) to the “Load” and the “Hold” reference 

point in all degrees of freedom, respectively. The crack driving force was applied through 

positive displacement in vertical translation (U2) to the reference point “Load” fixed in 

translation in global X and Z direction and rotation in global X and Y direction. The 

same degrees of freedom were fixed at the reference point “Hold” and the vertical 

translation U2 was also fixed to simulate the real constraints during the test. 

Figure 5-11 b) and Figure 5-11 c) show the boundary conditions applied in the 

3ENF model and the 4ENF model, respectively. The loading pin and the support pin 

were modeled by the cylindrical shell to simulate the sliding between the pins and the 

specimens due to deflection of the latter observed during the experiments. The outer 

surfaces of the loading pin and the support pin were kinematically constrained to the 

“Load” and the “Hold” reference points in all degrees of freedom, respectively. The load 

in the model was applied through negative displacement in vertical direction (U2) to the 

reference point “Load” which is fixed in translation in global X and Z direction and 

rotation in global X and Y direction. In the 4ENF model the translation in global X 

direction was released at the reference point “load” to allow the translational movement 

of the spreader beam observed in the experiments. Similarly, all degrees of freedom were 

fixed at the reference point “Hold” to simulate the constraints during the test.  
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Figure 5-11 Boundary conditions of FE models in simulation of a) DCB, b) 3ENF and c) 

4ENF experiments 

5.4.2 Contact interactions 

ABAQUS Explicit solver provides two algorithms for modelling contact 

interactions: general contact or contact pairs. In the presented interface FEM process, 

general contact is utilized attributed to great simplification in contact definitions and the 

relaxed restrictions on the types of surfaces that can be used in contact. Successful 

definition of a general contact interaction consists of specifying the contact domain and 

the mechanical contact property models. In ABAQUS explicit solver self-contact for a 

default unnamed, all-inclusive surface is automatically defined as the general contact 

domain which contains all exterior element faces, analytical rigid surfaces and all edges 

based on beam and truss elements in the model. In addition, contact pairs as a subset of 

the contact domain can also be specified with distinct contact properties. In the presented 

DCB, 3ENF and 4ENF models two types of contact property models are assigned 

globally to the general contact domain: the hard contact model and the friction model. 

The default hard contact model is illustrated in Figure 5-12 a). When surfaces are in 

contact, any contact pressure can be transmitted between them. The surfaces separate if 

the contact pressure reduces to zero and the separated surfaces come into contact when 

the clearance between them reduces to zero. In DCB modelling the default tangential 

behavior is defined where the interaction between contacting bodies is frictionless while 
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in 3ENF and 4ENF modelling the basic Coulomb friction model is used to simulate 

sliding of the specimen with the loading and the support pins. The Coulomb friction 

model defines the critical shear stress τcrit, at which sliding of the surfaces starts as a 

fraction of the contact pressure, p, between surfaces (τcrit = μp). The fraction, μ, is known 

as the coefficient of friction. The stick/slip calculations define a surface in the contact 

pressure-shear stress space along which a point transitions from sticking to slipping, as 

shown in Figure 5-12 b). 

 

Figure 5-12 Contact property models globally assigned to the general contact domain in 

the interface models: a) default pressure-overclosure relationship; b) slip regions for 

the basic Coulomb friction model 

 

Figure 5-13 Schematic comparison of cohesive element and cohesive contact approaches 

To simulate debonding behavior of the composite-steel bonded interface, the 

cohesive contact approach is used in the DCB, 3ENF and 4ENF models to define the 

contact model (cohesive zone model) assigned to the individual contact surface pairs, as 

highlighted in Figure 5-11. Figure 5-13 illustrates the differences between cohesive 

element and cohesive contact approaches. Cohesive contact approach is primarily 

intended for situations where the interface thickness is negligibly small as in the case of 

extremely thin bond line in wrapped composite joints. It is typically easier to define than 

modeling the interface using cohesive elements and allow simulation of a wider range of 

cohesive interactions. The cohesive zone model is explained thoroughly in subsection 

a) b)
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5.4.3, including the linear elastic traction-separation model, damage initiation criteria 

and damage evolution laws.  

5.4.3 Cohesive zone model (CZM) – the interface model of composite-steel bonding  

5.4.3.1 Linear elastic traction-separation behavior 

The traction-separation model defines the linear elastic behavior followed by the 

initiation and evolution of damage. The elastic behavior is written (Equation 5-2) in 

terms of an elastic constitutive matrix that relates the normal and shear stresses to the 

normal and shear separations across the bonded interface. The nominal traction stress 

vector, t, consists of three components: tn, ts and tt, which represent the normal and the 

two shear tractions, respectively. The stiffness matrix, K, consists of nine components 

with the general form of Kij which is the traction stress in direction i resulting from per 

unit separation in the direction j. The normal and tangential stiffness components are not 

coupled in the current modeling: pure normal separation by itself does not give rise to 

cohesive forces in the shear direction, and vice versa. In other words, only Knn, Kss, Ktt 

are nonzero parameters. The nominal separation vector, δ, represents the normal and 

shear separations in the three principal directions. 

           

         

         

n nn ns nt n

s ns ss st s

t nt st tt t

t K K K

t K K K

t K K K







     
    

= = =    
         

t Kδ  Equation 5-2 

5.4.3.2 Damage initiation criterion 

Damage initiation refers to the beginning of degradation of the cohesive response 

at a contact point. The process of degradation begins when certain damage initiation 

criterion defined is satisfied. In the current modeling the quadratic traction criterion is 

utilized in which damage is assumed to initiate when a quadratic interaction function 

involving the contact stress ratios reaches a value of 1. This criterion is represented as: 

2 2 2

1n s t

o o o

n s t

t t t

t t t

      
+ + =     

     
 Equation 5-3 

where tn
o, ts

o and tt
o  represent the peak values of the contact stress when the 

separation is either purely normal to the interface or purely in the first or the second shear 

direction, respectively. 

5.4.3.3 Damage evolution 

Damage evolution law describes the rate at which the cohesive stiffness is degraded 

once the corresponding initiation criterion is reached. It can be defined by the scalar 

damage variable, D, representing the overall damage at the contact point. The damage 

variable initially has a value of 0. If damage evolution is modeled, D monotonically 

evolves from 0 to 1 upon further loading after the damage initiation. The contact stress 

components are affected by the damage according to 
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(1 ) , 0

, 0 (in compression)

n n

n

n n

D t t
t

t t

 − 
= 



 Equation 5-4 

(1 ) sst D t= −  Equation 5-5 

(1 ) ttt D t= −  Equation 5-6 

wheretn,ts andtt are the contact stress components predicted by the elastic traction-

separation behavior for the current separations without damage. 

5.4.3.4  Four-linear traction-separation law simulating fracture of composite-steel 

bonded interface 

In cohesive zone modeling (CZM) the traction-separation law is defined as the 

constitutive model describing the traction-separation behavior of the fracture process 

zone in the wake of the crack tip. Considering the existence of fiber bridging and the 

mechanical interlocking, a four-linear traction-separation law is proposed in Chapter 4 

to simulate encompassing various stages of fracture process of composite-steel bonded 

interface. Figure 5-14 a) and b) represent the cohesive laws of the composite-steel 

bonded interface in pure mode I and pure mode II, respectively. Three distinct 

phenomena are described in the fracture process: crack tip deformation, softening and 

fiber bridging, distinguished by four critical stages: “p” − onset of plasticity; “c” − onset 

of cracking; “b” − onset of fiber bridging; “f” − failure. GI,br provides the majority of the 

fracture toughness in mode I due to fiber bridging whilst GII,soft is most devoted to the 

fracture resistance in mode II as a consequence of the mechanical interlocking.  
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Figure 5-14 Schematic fracture process of composite-steel bonded interface in a) pure 

mode I and b) pure mode II 

The values in terms of CTOD and tractions at the critical stage (“p”, “c”, “b” and 

“f”) as well as values of the critical SERR (GIc,tip, GIc, GIIc,tip, GIIc) used as the input of 

cohesive laws for modeling DCB, 3ENF and 4ENF tests are summarized in Table 5-2. 

The generated cohesive laws for DCB, 3ENF and 4ENF modeling are illustrated in 

Figure 5-15 and Figure 5-16, respectively. The values in Table 5-2 are obtained based 

on the average values of the acquired test results which are detailed in Chapter 4. Note 

that differences between the 3ENF and 4ENF values are owed to difference in roughness 
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in the two batches and not necessarily due to difference of fracture characterization in 

those two types of tests.  

Table 5-2 Parameters of the four-linear cohesive laws used in modeling DCB, 3ENF and 

4ENF tests 

FEM 

scenario 

Onset of 

plasticity - 

stage “p” 

Onset of 

cracking - 

stage “c” 

Onset of fiber 

bridging - stage 

“b” 

Failure - stage 

“f” 
Critical SERR 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIc,tip 

(N/mm) 

GIc 

(N/mm) 

DCB 0.002 20 0.016 20 0.040 2 0.881 0 0.3 1.4 

FEM 

scenario 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIIc,tip 

(N/mm) 

GIIc 

(N/mm) 

3ENF 0.0017 17.3 0.027 26 0.132 26 0.148 0 0.56 3.5 

4ENF 0.002 20 0.037 30 0.116 30 0.259 0 0.89 5.4 

 

Figure 5-15 Traction-separation laws of pure mode I used in DCB modelling 
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Figure 5-16 Traction-separation laws of pure mode II used in 3ENF and 4ENF 

modelling 

5.4.3.5 Definition of mode mixity 

Mode mixity of the interface fracture should be defined in modeling of DCB and 

ENF experiments due to its prevalent existence in the bi-material fracture behavior. In 

ABAQUS the data defining the evolution of damage at the cohesive interface can be 

tabular functions of the mode mixity. The manner in which this dependence is defined 

can be either based on energy or traction[22]. In this research the mode mixity definition 

is identified based on energy in ABAQUS due to convenience of description and 

possibility to be validated by mixed-mode bending (MMB) experiments in the future, as 

outlined below. 

The mode mixity definitions based on energies are as follows: 

1
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where Gn, Gs and Gt are the work done by the tractions and their conjugate 

separations in the normal, first and second shear directions, respectively. GT = Gn + Gs + 

Gt is the total strain energy release rate (SERR). It is also useful to define the quantity 

GS = Gs + Gt to denote the portion of the total work done by the shear traction and the 

corresponding separation components. For an energy-based definition of mode mixity, 

0.00 0.25 0.50 0.75 1.00

0

5

10

15

20

25

30

35

T
ra

c
ti
o
n
 (

M
P

a
)

Crack tip opening displacement (mm)

 Mode II-3ENF-FEM

 Mode II-4ENF-FEM



 

180                                                                                       CHAPTER 5 

   

in the most general case of a three-dimensional state of separation with anisotropic shear 

behavior, the fracture toughness, GC, must be defined as a function of (m2 + m3) and [m3/ 

(m2 + m3)]. It can be derived based on Equation 5-7~ Equation 5-9 that the quantity (m2 

+ m3) = GS / GT is a measure of the fraction of the total separation that is shear, while 

[m3/ (m2 + m3)] = Gt / GS is a measure of the fraction of the total shear separation that is 

in the second shear direction. Considering that mode mixity is identical in the first and 

the second shear direction attributed to the quasi-isotropic properties of the composite 

laminate, its definition can be simplified into a two-dimensional problem where SERR 

is defined as a function of m2 (m3 = 0). Five mix ratio values of m2, i.e., 0 (pure mode I), 

0.25, 0.5, 0.7 and 1 (pure mode II), are subsequently used in the current FEM to consider 

mode mixity. Based on the literature[15], the dependence of SERR on mode mixity does 

not follow a linear relationship. An exponential relation between interface SERR and the 

mix ratio is assumed and validated by the interface experiments. The shape of the 

traction-separation laws at 2 pure modes and 3 mixed modes are shown in Figure 5-17. 

It can be identified that the portion of the SERR in the softening phenomenon increases 

as mix ratio changes from pure mode I (m2=0) to pure mode II (m2=1) while the portion 

of the SERR in the fiber bridging phenomenon decreases. The physical explanation is 

that the contribution of mechanical interlocking continuously increases from mode I to 

mode II whilst the fiber bridging effect decreases consistently as observed in Chapter 4 

and validated by DCB and ENF modeling in this Chapter. 

 

Figure 5-17 Shape of traction-separation laws at mode I, mode II and mixed modes of 

composite-steel bonded interface 

5.4.4 Fracture data analysis  

For validation of the interface FEM, the CTOD and the crack length a should be 

obtained from the FEA and be compared to the values from the experiments. In DCB 
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damage variable of the interface) just reaches the input values corresponding to stage “c” 

indicated as crack initiation, as shown in the front of the yellow contour in Figure 5-18. 

The CTOD is obtained by subtracting the vertical displacement output in steel and 

composite adherend at the pre-crack tip. 

 

Figure 5-18 Illustration of determination of crack length a and CTOD in DCB FEM 

 

Figure 5-19 Illustration of determination of crack length a and CTOD in 3ENF and 

4ENF FEM 

In the FEM of 3ENF and 4ENF tests, determination of present crack length is the 

same as in FEM of DCB tests, as illustrated in Figure 5-19. The CTOD is obtained by 

subtracting the displacement parallel to the interface on the interface surfaces of steel 

and composite adherend at the pre-crack tip. The longitudinal position of the present 

crack tip varies with a convex shape across the DCB specimens (see Figure 5-18) while 

with a concave shape across the 3ENF and 4ENF specimens (Figure 5-19). This is due 

to the anticlastic bending of the specimen affected by both material properties (Poisson’s 
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ratio) and geometry of the specimens[26]–[30].     

5.4.5 Validation of DCB and ENF FEM 

5.4.5.1  Validation of DCB FEM 

It can be seen in Figure 5-20 that the numerical load-displacement curve (black 

curve) matches well with the testing curves in terms of elastic stiffness, non-linear 

behavior, ultimate load, and ductility. The values of load and applied displacement at 

critical stages from FEM are compared to the average values in the experiments, as 

presented in Table 5-3 where the deviation of these variables compared to average testing 

results are within 5%. Therefore, it can be concluded that good match is reached in terms 

of global response in DCB modeling and DCB tests. Figure 5-20 also shows that the load 

level in DCB numerical curve is larger than those in the experiments curves when the 

applied displacement value exceeds 15 mm. This is because the crack transfer from the 

bonded interface into the composite laminate in DCB tests leading to reduction of the 

bending stiffness while in simulation the crack always propagates on the bonded 

interface. The numerical load-displacement curve illustrates that stage “b” is reached 

after stage “c” through only 20 N load increase indicating the softening phenomenon is 

rather short and the majority of the resistance after crack initiation comes from the fiber 

bridging until the peak load at stage “f”.    

Table 5-3 Displacement/load values at the critical stages of the fracture process in DCB 

tests vs DCB FEM 

Specimens 

or FE model 

Onset of plasticity 

(stage “p”) 

Onset of cracking 

(stage “c”) 

Onset of bridging 

(stage “b”) 
Failure (stage “f”) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

DCB_avera

ge (and 

COV[%]) 

2.57 

(5.11) 

123.33 

(6.43) 

4.03 

(1.93) 

168.92 

(3.51) 
- - 

9.88 

(4.05) 

231.32 

(2.25) 

DCB-FEM 2.61 120.77 3.91 172.67 4.95 194.25 9.99 238.78 

Deviation 

(%) 
1.6 2.1 3.0 2.2 - - 1.1 3.2 

In Figure 5-21 and Figure 5-22 the crack length a and the CTOD vs applied 

displacement obtained from the FE model are plotted for comparison with the testing 

curves. In both figures good matches of the crack length and the CTOD in tests and in 

FEM are achieved. It can also be seen in Figure 5-21 that the crack extension Δa between 

point “c” and point “f” obtained from FEM is approximately 16 mm which matches well 

to the average value from DCB tests. Therefore, it can be concluded that good matches 

of the failure process are achieved in DCB modeling vs DCB tests. 
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Figure 5-20 Comparison of load-displacement response in DCB test vs modeling 

 

Figure 5-21 Comparison of a-displacement relation in DCB test vs modeling 
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Figure 5-22 Comparison of CTOD-displacement relation in DCB test vs modeling 

5.4.5.2 Validation of 3ENF and 4ENF FEM 

It can be seen in Figure 5-23 and Figure 5-26 that the load-displacement behavior 

from the numerical models (black curves) match well with the testing curves in terms of 

elastic stiffness and non-linear behavior in both 3ENF and 4ENF results. Comparison of 

load and applied displacement values at critical stages are presented in Table 5-4 and 

Table 5-5 where the deviation of numerical results from average testing results are within 

8%. Therefore, it can be concluded that good match is reached in terms of global response 

in 3ENF modeling vs 3ENF tests, and in 4ENF modeling vs 4ENF tests. The numerical 

load-displacement curve in Figure 5-26 illustrates that stage “f” is reached from stage 

“b” through only 500 N load increase. This indicates that the contribution of fiber 

bridging to fracture resistance is relatively small and the majority of the resistance after 

crack initiation comes from the softening phenomenon from stage “c” to stage “b” in 

mode II failure. 

In Figure 5-24~Figure 5-25 and in Figure 5-27~Figure 5-28, the crack length a and 

the CTOD vs applied displacement obtained from the FE models are plotted and 

compared with the curves from 3ENF and 4ENF tests, respectively. In both cases good 

agreement of the crack length and the CTOD in tests and in FEM are achieved. It can 

also be seen in Figure 5-27 that the crack extension Δa obtained from 4ENF FEM is 

approximately 11.5 mm which matches well to the average value from 4ENF tests. 

Therefore, it can be concluded that good agreement of the failure process is achieved in 

3ENF modeling vs 3ENF tests, and in 4ENF modeling vs 4ENF tests.   
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Table 5-4 Displacement/load values at the critical stages of the fracture process in 

3ENF tests vs 3ENF FEM 

Specimens or 

FE model 

Onset of 

plasticity 

(stage “p”) 

Onset of 

cracking 

(stage “c”) 

Onset of bridging 

(stage “b”) 

Failure (stage 

“f”) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

3ENF_averag

e (and 

COV[%]) 

0.85 

(20.33) 

1889.4 

(20.83) 

1.68 

(3.95) 

3617.5 

(3.76) 

3.64 

(20.81) 

6769.8 

(15.22) 
- - 

3ENF-FEM 0.82 1909.9 1.72 3897.2 3.80 6989.2 - - 

Deviation (%) 3.5 1.1 2.4 7.7 4.4 3.2 - - 

Table 5-5 Displacement/load values at the critical stages of the fracture process in 

4ENF tests vs 4ENF FEM 

Specimens 

or FE model 

Onset of plasticity 

(stage “p”) 

Onset of cracking 

(stage “c”) 

Onset of bridging 

(stage “b”) 
Failure (stage “f”) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 
Load (N) 

Disp. 

(mm) 

Load 

(N) 

Disp. 

(mm) 

Load 

(N) 

4ENF_avera

ge (and 

COV[%]) 

0.67 

(22.33) 

1737.9 

(20.46) 

1.25 

(2.09) 

3031.7 

(1.52) 
- - 

3.74 

(13.41) 

6413.4 

(6.20) 

4ENF-FEM 0.70 
1768.2

2 
1.34 3174.8 2.82 5528.2 3.45 6084.8 

Deviation 

(%) 
4.5 1.7 7.2 4.7 - - 7.8 5.1 

 

Figure 5-23 Comparison of load-displacement response in 3ENF test vs modeling 
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Figure 5-24 Comparison of a-displacement relation in 3ENF test vs modeling 

 

Figure 5-25 Comparison of CTOD-displacement relation in 3ENF test vs modeling 
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Figure 5-26 Comparison of load-displacement response in 4ENF test vs modeling 

 

Figure 5-27 Comparison of a-displacement relation in 4ENF test vs modeling 
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Figure 5-28 Comparison of CTOD-displacement relation in 4ENF test vs modeling 

5.5 Conclusions 

In this Chapter, the FEM strategy for simulation of composite wrap and composite-

steel bonded interface using ABAQUS are proposed. The FE models are built at the 

material level using composite property input based on composite coupon tests and the 

interface property input (four-linear traction-separation laws) referring to the interface 

tests (DCB, 3ENF and 4ENF) conducted in Chapter 4. The numerical results are 

compared with the experimental results to validate the proposed modelling strategy and 

the used material input. Based on the numerical results and the discussions, the follow 

conclusions are drawn: 

1) Composites with complex and curved shape as in the case of wrapped composite 

joints can be modelled by 3D solid 4-node linear tetrahedral element (C3D4) due to its 

advantage in modelling through-thickness behavior which is significant for modelling of 

interface debonding.  

2) The composite-steel bonded interface with negligible thickness of the adhesive 

layer can be modelled using the cohesive contact approach where the cohesive zone 

model is utilized to simulate the fracture process in the wake of the crack tip using a four-

linear traction-separation law.  

3) The proposed modelling strategy for composites is validated by good matches 

between the composite coupon tests and the numerical results in terms of the tensile, 

compressive, and in-plane shear behavior. The modelling strategy for composite-steel 

bonded interface are justified through the good agreement between the test results and 

the numerical simulations regarding to DCB, 3ENF and 4ENF scenarios. 
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6.  FINITE ELEMENT 

MODELING OF ULTIME 

LOAD JOINT 

EXPERIMENTS 
 

 

This chapter is dedicated to modelling debonding behavior of wrapped composite 

45° X-joints subjected to the monotonic tensile loads, encompassing both the small-scale 

and the medium-scale scenarios. The strategy of employing solid elements to model 

composites in Chapter 5 is implemented and adjusted with varying mesh size to optimize 

computational efficiency. The four-linear cohesive law, derived from the interface 

experiments, is further adapted, accounting for statistical uncertainty inherent in the 

fracture properties of the composite-steel bonded interface. The effect of friction at the 

bonded interface is considered in the joint modelling to account for the influence of the 

Poisson’s ratio effect and the confinement of the composite wrap.  

The joint models are verified through good matches in terms of the global response 

and failure process with the small-scale and medium-scale 45˚ X-joints in tensile 

experiments presented in Chapter 3. The validated joint models gain insight into the 

failure process of debonding. 
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6.1 Introduction 

In Chapter 4, the mechanical properties of composite material and the composite-

steel bonded interface are justified by material and interface experiments. In Chapter 5, 

those properties are successfully calibrated as material input in finite element modelling 

(FEM) of interface experiments where the modelling strategy is validated by good 

matches to the experimental results. The core of the developed FEM strategy can be 

summarized as follow: 1) Using 3D solid 4-node linear tetrahedral element (C3D4) to 

model composite material with definition of the composite layup orientation to simulate 

orthotropic behavior; 2) Utilizing the cohesive contact approach to simulate debonding 

behavior of the composite-steel bonded interface with introduction of the four-linear 

traction-separation law to consider mode mixity.  

In this chapter, the developed modelling strategy in the material level is used for 

FEM of wrapped composite joints with calibrated material and interface input to replicate 

failure process of ultimate load joints experiments presented in Chapter 3. Compared to 

the material level, the geometry of composites is more complex, more curved, and of 

considerable size. Therefore, further modification in terms of the modelling strategy 

should be made to satisfy physical feasibility and computational requirements. The main 

changes include: 1) the reliability analysis is applied to the determination of the fracture 

properties of the composite-steel bonded interface used in the joint simulation based on 

EN 1990[1]; 2) contribution of friction to the debonding resistance of composite-steel 

bonded interface is considered in FEM of wrapped composite joints as a consequence of 

contraction of the composites around the steel members due to Poisson’s effect while 

load is applied; 3) variable mesh size is defined in composite wrap to decrease the amount 

of element and to save computational cost. More details of the changes are explained in 

the sub-sections below.  

In Chapter 3, three types of wrapped composite joints (A-joints, 45˚ X-joints, and 

90˚ X-joints) are designed and tested in the ultimate load joint experiments, see Table 3-

1 and Figure 3-3. Among them the geometry of  45˚ X-joints is finally selected in FEM 

of wrapped composite joints, due to the following considerations: a) 45˚ X-joints 

resembles K-joints in terms of stress concentration and the D/t ratio and the K-joints are 

the most prone to axial fatigue failure in offshore jacket structures. FEM of 45˚ X-joints 

is the benchmarking work for prediction of resistance of wrapped composite K joints 

sustained to tensile load; b) fracture of composite laminate is observed in bending test of 

90˚ X-joints, which is not relevant to the aim of avoiding failure of composite material 

and focusing on experimental characterization and numerical simulation of debonding 

behavior; c) good matches to the test results of 45˚ X-joints in 2 geometric scales (small-

scale and medium-scale) helps validate the modified modeling strategy used in the joint 

level, and can be the basis of the subsequent research into size effect. Once the joint FEM 

strategy and the input of the fracture properties (cohesive zone model) of the bonded 

interface are validated, the calibrated FE model of 45˚ X-joints can be used to perform 

parametric study into the influence of wrapping thickness, wrapping length, and joint 

size on debonding resistance, therefore providing design recommendations.     
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6.2 Overview of FE models in simulation of tensile static   

experiments of wrapped composite 45˚ X-joints 

Corresponding to the ultimate load joint experiments conducted on wrapped 

composite 45˚ X-joints, 2 FE models are built to replicate the debonding process of 45˚ 

X-joints under tensile static load in small-scale and in medium-scale, respectively, as 

summarized in Table 6-1. Geometry of the 2 FE models are presented in Figure 6-1. In 

the medium-scale FE model the blue part and the orange part corresponds to the steel 

connection plates and the steel ear plate, respectively, for transfer of the tensile load to 

the brace members. All the dimensions of the circular hollow sections and the composite 

wrap in the FE models are equal to the values of the tested specimens. The medium-scale 

geometry is determined by upscaling the chord diameter in small-scale to 3 times, 

reaching almost 1/4 of the full scale. Similar naming convention as in the ultimate load 

joint experiments is used for FE models given in Table 6-1 and used afterwards in 

analysis of the numerical results: cX45 – wrapped composite joint, X geometry at 45˚ 

angle; Ss, Ms – small-scale and medium-scale, respectively; T – tension loading on 

braces; FEM – finite element modelling.  

The objectives of the FEM of wrapped composite 45˚ X-joints under tensile load 

are defined as below: 

1) Investigate the influence of considering the statistical uncertainty of the fracture 

properties of composite-steel bonded interface and the influence of contribution of 

friction on the debonding resistance of wrapped composite joints.  

2) Validate the FEM strategy used in the joint level by good matches between 

numerical and experimental results in both global response and local behavior at two 

scales.  

3) Represent the debonding process of wrapped composite 45˚ X-joints under 

tensile load which cannot be explicitly obtained in physical tests. 

4) Determine the principal strain threshold on composite wrap surface which can be 

used to implicitly quantify the debonding length on the primary bonded interface. 

Table 6-1 Overview of FE models in simulation of tensile static test of 45˚ X joints 

FE model type  FE model name 
Geometry in Figure 

number 

FE model of small-scale 45˚ X joints cX45-Ss-T-FEM Figure 6-1 a) 

FE model of medium-scale 45˚ X joints cX45-Ms-T-FEM Figure 6-1 b) 
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Figure 6-1 Geometries of FE models of wrapped composite 45˚ X joints in a) small-scale 

and in b) medium-scale used in simulation of tensile static experiments (unit: mm) 

6.3 Modelling strategy 

6.3.1 Modeling of layer lay-up, element type and element size 

As been explained in the modeling strategy in the material level, the 3D solid 

elements are used in simulation of composite wrap in wrapped composite joints 

considering its following advantages over 2D conventional shell element and 3D 

continuum shell element:  1) the solid element is capable of simulating the real thickness 

of composite laminate which is suitable for modelling complex and curve-shape 

composite wrap in wrapped composite joints; 2) values of stresses and stiffness in the 

through-thickness direction (S33) and in the through-thickness shear (S13) direction can 

be accurately calculated in 3D solid element. In the case of wrapped composite joints 

where debonding of the bonded interface is the main failure mechanism, through-

thickness shear behavior of composite laminate must be simulated precisely for the load 

transfer from composite wrap to the unboned interface; 3) 3D solid element gives 

b)

a)
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possibility to model delamination within one wrapping layer in the future simulation of 

wrapped composite joints, while conventional or continuum shell element cannot 

simulate delamination since there is only on element in the out-of-plane direction. The 

downside is that using 3D solid element is tedious to define the layered lay-up of 

composite laminate where the number of elements through the thickness has to coincide 

with number of plies.  

Two simplified strategies are proposed to define the layered lay-up of composite 

wrap: a) layered method and b) non-layered method. An example of the laminate lay-up 

in small-scale 45˚ X joints is illustrated in Figure 6-2 to explain the differences. In the 

layered method the composite wrap is composed of a couple of wrapping layers, as 

shown in Figure 6-2a). Each wrapping layer corresponds to one wrapping stage in the 

production of the joints and includes groups of composite plies. In this method the 

layered lay-up of composite laminate can be efficiently defined and the delamination 

within one wrapping layer can be simulated through plasticity the 3D solid element in 

the through-thickness shear direction. However, the fracture property of the inter-laminar 

interface between the adjacent wrapping layers should be known and used as interaction 

input in the joint simulation which is not available in the current stage. On the contrary, 

in the non-layered method the composite wrap is modeled by one solid part without 

definition of composite lay-up, as shown in Figure 6-2b). Compared to layered method, 

it avoids inputting the fracture property of the inter-laminar interface but cannot replicate 

the position and path of delamination accurately due to lack of details of the composite 

lay-up. In the tensile experiments of  45˚ X-joints, no delamination occurs in the 

composite laminate, so the non-layered method is preferred to model the composite wrap 

without sacrifice of the modeling accuracy. 

 

Figure 6-2 Two strategies to define layered lay-up of composite wrap using 3D solid 

element – an example of small-scale 45˚ X joints: a) layered method; b) non-layered 

method 

 

b)a)
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Two types of solid elements are normally used in finite element modeling, i.e., 

hexahedral element and tetrahedral element. Hexahedral element is preferred to be used 

in meshing simple geometry and is economic in computational cost because the same 

degrees of freedom of 1 hexahedral element corresponds to 6 tetrahedral elements. In 

comparison, tetrahedral element is suitable for meshing complex and curved geometry 

but the distortion of the element should be well controlled to ensure the mesh quality. 

Considering the geometry of wrapped composite joints, the hexahedral element is used 

to mesh steel circular hollow sections while the tetrahedral element is used to mesh 

composite wrap. In finite element modeling the second-order element captures stress 

concentrations more effectively and is better for modeling geometric features than the 

first-order (linear) elements. However, it also incurs a significant increase in calculation 

costs. Based on the preliminary joint modeling results, linear element does not reduce 

modeling accuracy considering the relatively fine mesh size used in modeling of 

composite wrap and steel tubes. Therefore, 4-node linear tetrahedral element (C3D4) and 

8-node linear hexahedral element (C3D8) is used in meshing composite wrap and steel 

members, respectively, as shown in Figure 6-3.  

The global mesh size of the joint FE model is determined by trade-off between 

considerations of simulation accuracy, computational cost, and the dimensions of the 

joint geometry. Figure 6-3 illustrates the mesh strategy of the FE model using small-

scale 45˚ X-joints as an example where the reference mesh size is 2 mm in meshing steel 

members and composite wrap. The steel members are meshed with the reference size 

(2mm) constantly due to limited amount of the hexahedral elements. A local seed of 4 

elements is assigned to the through-thickness direction to accurately simulate its bending 

deformation. On the contrary, two mesh strategies are compared in Figure 6-3 in terms 

of meshing composite wrap. The first strategy uses the reference size (2mm) constantly 

in all regions of the composite wrap ensuring modeling accuracy by keeping details of 

stress concentration in the whole wrap but losing the economy in computation cost 

especially in the case of larger geometric scale, as shown in Figure 6-3a). The second 

strategy uses the variable mesh size through the thickness direction where the mesh size 

is equal to the reference value of 2 mm at the region close to the bonded interface and 

increases gradually to 8 mm until the outer surface of the composite wrap, as shown in 

Figure 6-3b). It uses finer mesh around the interface location to accurately capture the 

stress concentrations as the source of debonding. On the other hand, coarser mesh is used 

far from the interface location where the stress level is significantly decreased to save 

the computation cost. Finally, the variable mesh size is selected to be utilized in the joint 

simulation considering the enhanced computational efficiency without sacrificing 

modeling accuracy. The numerical results using the two strategies are compared in the 

section 7.3.1. The variable mesh size is also employed in meshing of medium-scale 45˚ 

X-joints where the mesh size of composite wrap is 4 mm close to the bonded interface 

and increases gradually to 16 mm towards the outer surface.   
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Figure 6-3 Mesh strategies of joint FE modes – an example of small-scale 45˚ X joints: 

a) constant mesh size in composite wrap; b) variable mesh size in composite wrap 

6.3.2 Boundary conditions 

The boundary conditions used in the FE models of small-scale and medium-scale 

45˚ X-joints are illustrated in Figure 6-4 b) and Figure 6-5 b), respectively, compared to 

the experimental set-up shown in Figure 6-4 a) and Figure 6-5 a). In both cases only half 

of the joint geometry is built to save computational cost and the symmetry boundary 

condition in global Z direction is applied to mid-plane of the joint with reference to the 

symmetric tensile load. In the tensile test of small-scale 45˚ X joints, the load is 

transferred through gripping the brace members by the steel clamps. Accordingly, a 

simplified boundary conditions without steel clamps and the inside braces are used in the 

model since no sliding occurs in between to decrease the stiffness. However, it is not 

suitable in the case of the medium-scale joint where the stiffness of the ear plates and the 

connection plates cannot be regarded infinite compared to the joint and should be 

included in the FE model to ensure the stiffness in the experiments. Two reference points 

named “Top” and “Bottom” are built at the ends of the top and bottom braces at the edge 

of the steel clamps in the small-scale model, and at the center of the hollow cylinder of 

the top and bottom ear plates in the medium-scale model, respectively. The cross section 

b)

a)
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of the brace end and the hollow cylindrical surface is kinematically constrained (coupled) 

to the reference point in all degrees of freedom in the small-scale joint model and the 

medium-scale joint model, respectively, to simulate the same load transfer as in the test. 

The displacement controlled failure loading is applied by building the 

displacement/rotation boundary conditions to the reference point “Top” and “Bottom” 

fixed in all degrees of freedom except for the vertical translation U2 and the in-plane 

rotation UR3 (2/3 is designation for the global Y/Z direction). The positive and negative 

displacement with identical absolute value is simultaneously applied to the “Top” and 

the “Bottom” reference point, respectively, to simulate the loading scenario as in the test. 

In the small-scale model the applied displacement and the load is obtained from the 

displacement and the reaction force of the reference point. In the medium-scale model 

the load is still obtained from the reference point but the applied displacement is 

measured from the point approximately 100 mm from the end of the braces to matches 

the DIC measurements, as shown in Figure 6-5 b). 

 

Figure 6-4 Boundary conditions in b) the FE model of small-scale 45˚ X joints 

compared to a) the experimental set-up 
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Figure 6-5 Boundary conditions in b) the FE model of medium-scale 45˚ X joints 

compared to a) the experimental set-up 

6.3.3 Contact interactions 

As explained in the Section 5.4.2, the contact interactions in the current FE model 

are simulated by the general contact algorithm in ABAQUS Explicit solver consisting of 

specifying the general contact domain with global contact properties and the individual 

contact pairs with distinct contact properties. Two types of contact property models are 

assigned globally to the general contact domain: the hard contact model and the friction 

model. The default hard contact model is illustrated in Figure 6-6a). When surfaces are 

in contact, any contact pressure can be transmitted between them. The surfaces separate 

if the contact pressure reduces to zero and the separated surfaces come into contact when 

the clearance between them reduces to zero. The default tangential behavior is defined 

where the interaction between contact bodies is frictionless. 

The individual contact pairs are defined to simulate the behavior of the bonded 

interface in the joint model with distinct contact properties which includes hard contact 

model, the Coulomb friction model and the cohesive zone model (CZM). Different from 

the material-level model, at the joint level the friction plays a significant role in 

enhancing the debonding resistance attributed to circumferential contraction applied on 

b)
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the bonded interface by composite wrap under tensile load due to Poisson’s ratio effect. 

The Coulomb friction model as shown in Figure 6-6b) is used to simulate the 

improvement of the debonding resistance by friction. It defines the critical shear stress 

τcrit, at which sliding of the surfaces starts as a fraction of the contact pressure, p, between 

surfaces (τcrit = μp). The fraction, μ, is known as the coefficient of friction (COF). The 

stick/slip calculations define a surface in the contact pressure-shear stress space along 

which a point transitions from sticking to slipping. The influence of friction and the 

measurement of the COF will be explained more thoroughly in Section 6.5.2.  

 

Figure 6-6 The hared contact model and the coulomb friction model used in the joint 

model[2]: a) default pressure-overclosure relationship; b) slip regions for the basic 

Coulomb friction model 

To simulate debonding behavior of the composite-steel bonded interface, the 

cohesive-contact approach is used to define the cohesive zone model (CZM) assigned to 

the individual contact surface pairs. Cohesive contact approach is primarily intended for 

situations where the interface thickness is negligibly small as in the case of the very thin 

bond line in wrapped composite joints. It is typically easier to define than modeling the 

interface using cohesive elements and allows simulation of a wider range of cohesive 

interactions. The details of the CZM with introduction of four-linear cohesive law are 

explained thoroughly in subsection 5.4.3. Figure 6-7 illustrates the definition the contact 

pairs to simulate debonding where the highlighted inner surface of composite wrap and 

the outer surface of braces and the chord are paired and are assigned with distinct contact 

properties.     

    

a) b)
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Figure 6-7 Definition of contact pairs to simulate debonding of the bonded interface – 

an example of small-scale 45˚ X joint model 

6.3.4 Analyses method 

Consistent to the numerical simulation of the interface tests in Chapter 5, failure 

analysis of the joint model is performed as quasi-static using the explicit dynamic solver 

because it does not have the usual convergence issue as does the implicit static solver. 

Mass scaling method is also utilized to increase the calculation speed. This method tends 

to increase inertia forces in a model, sometimes leading to useless results. A compromise 

must be found between an acceptable computation time and quality of results, often by 

analyses for each of the different model set-ups.   

Mass scaling with desired time increment of 0.002 sec is used in the modeling of 

wrapped composite joints. Similar to DCB and ENF modeling in Chapter 5, quality of 

the joint modeling results is verified by matching applied and reaction forces in a model 

for displacement controlled failure loading. The desired time increment is selected when 

linear match is reached between input and output forces with no fluctuations. More 

details can be found in Section 5.3.2.  

6.4 Material models and the interface model 

6.4.1 Material model of composite material  

The material input used in the joint model in this Chapter is the same as used in the 

material-level FE models which has been calibrated by good matches to the material test 

results in Table 4-2.  

6.4.2 Material model of steel 

Non-linear behavior of steel is simulated by plasticity model in ABAQUS. The 

elastic constants (E = 210 GPa, ν = 0.3) and nominal yield and ultimate stress (S355, fy 

= 355 MPa, fu = 510 MPa) in combination with isotropic hardening are included in the 

Outer surface of 

braces and chord

Inner surface of 

composite wrap
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plasticity model.  

6.4.3 Selection of the interface model of composite-steel bonded interface 

Debonding of composite-steel bonded interface is simulated by the cohesive zone 

modeling (CZM) where the traction-separation law is defined to describe the traction-

separation behavior of the fracture process zone in the wake of the crack tip. The four-

linear traction-separation law is proposed in Chapter 4 and Chapter 5 to simulate the 

fracture process of the composite-steel bonded interface with three distinct phenomena: 

1) crack tip deformation [3]–[5], 2) softening, and 3) fiber bridging [3]. They are 

distinguished by four critical stages: “p” − onset of plasticity; “c” − onset of cracking; 

“b” − onset of fiber bridging; “f” − failure. More details of the definition of the CZM and 

the four-linear cohesive law can be found in Section 4.3.3 and Section 5.3.3.  

  In Chapter 5, the four-linear traction-separation laws of pure mode I / II used in 

modeling DCB / ENF tests are determined based on the mean values of the DIC 

measurements in the 3 tested specimens in each test series. The mean values of the 

fracture properties of the bonded interface give good matches to the interface 

experimental results. However, they cannot be used to match and replicate the joint 

experiment results due to their failure to account for the scatter of test data and the 

statistical uncertainty associated with the number of tested specimens. Figure 6-8 

illustrates a generic normal distribution graph of the material properties where the mean 

value and the 5% fractile value are indicated. It can be seen that if the mean value of the 

material property were used for design calculation, the material would fail with 50% of 

probability. EN 1990[1] requires using the characteristic value to achieve the level of 

reliability which should be defined as the 5% fractile value for design calculations such 

that in 95% probability the material property is higher than the design values. In the 

current research, it is unknown how variability of the interface properties influences the 

overall response of the large and complex join interface. Therefore, the response of the 

joint model using both the mean value and the 5% characteristic value of the interface 

properties are considered and compared. It should be noted that the level of surface 

treatment and the quality control in production of small-scale and medium-scale wrapped 

composite 45˚ X-joints in Chapter 3 is the same as in production of 3ENF specimens in 

Chapter 5. Consequently, the mode II traction-separation laws in simulation of joint 

models are determined based on 3ENF test data. Based on EN 1990[1], the characteristic 

values of the mode II fracture property of the bonded interface in 3ENF tests are derived 

using the Equation 6-1: 

 1k k n xX m k V= −  Equation 6-1 

where: 

Xk – the characteristic value corresponding to a certain probability (5% in this case) 

of fractile value; 

mX – Mean value of the n sample results;   

kn – Characteristic fractile factor; 
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VX – Coefficient of variation of X;  

The 5% characteristic fractile factor kn can be determined based on the VX according 

to the Table 6-2 in EN 1990[1]. In the current research where the sample number n is 3 

and the VX is known from the test, the kn = 1.89.      

The mean values and the 5% characteristic values of the crack tip opening 

displacement (CTOD) at the critical stages, as well as the critical SERR at crack initiation 

and crack propagation in mode II facture of 3ENF specimens are summarized in Table 

6-3. It should be noted that there is no DCB test available that provides the mode I 

fracture properties of the bonded interface with nominally comparable production 

process to 3ENF specimen. An alternative method is therefore proposed to obtain the 

mean and 5% characteristic parameters in the mode I cohesive law. It assumes the ratio 

of values of the critical parameters in mode II over those of mode I is the same in the 

batch of 3ENF and DCB/4ENF. The values of the critical parameters in mode I in the 

batch of 3ENF specimen can be calculated based the mode II parameters and the ratio. 

They are also summarized in Table 6-3. The corresponding cohesive laws in mode I and 

mode II are compared in Figure 6-9 and Figure 6-10, respectively.  

 

Figure 6-8 The generic normal distribution of material properties[1]   

Table 6-2 Values of kn for the 5% characteristic value 

n 1 2 3 4 5 6 8 10 20 30 ∞ 

VX  

known 
2.31 2.01 1.89 1.83 1.80 1.77 1.74 1.72 1.68 1.67 1.64 

VX  

unknown 
- - 3.37 2.63 2.33 2.18 2.00 1.92 1.76 1.73 1.64 
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Table 6-3 Mean values and 5% characteristic values at the critical stages based on DCB 

and 3ENF test 

FEM 

scenario 
Values 

Onset of 

plasticity - 

stage “p” 

Onset of 

cracking - 

stage “c” 

Onset of fiber 

bridging - stage 

“b” 

Failure - stage 

“f” 
Critical SERR 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIc,tip 

(N/mm) 

GIc 

(N/mm) 

Mode I 

Mean 0.0017 17.33 0.012 17.33 0.046 1.73 0.505 0 0.19 0.91 

5% 

char. 
0.0015 14.67 0.012 14.67 0.054 1.47 0.394 0 0.17 0.76 

FEM 

scenario 
Values 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIIc,tip 

(N/mm) 

GIIc 

(N/mm) 

Mode II-

3ENF 

Mean 0.0017 17.33 0.027 26 0.132 26 0.148 0 0.56 3.5 

5% 

char. 
0.0015 14.67 0.025 22 0.069 22 0.087 0 0.45 1.6 

 

Figure 6-9 Mode I cohesive-law with 5% characteristic fracture properties 

 

Figure 6-10  Mode II CZM with mean and 5% characteristic fracture properties of 

3ENF specimens 
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The definition of mode mixity in the joint modelling is the same as in the interface 

modelling explained in Section 5.4.3.5 where five mix ratio (m2) values, i.e. 0 (pure mode 

I), 0.25, 0.5, 0.75 and 1 (pure mode II), are used based the values of the SERR. An 

exponential relation between interface SERR and the mix ratio based on the literature [6] 

and validated by the interface tests are used. Figure 6-11 shows the shape of traction-

separation laws at the 2 pure modes and the 3 mixed modes with 5% characteristic values 

of the critical parameters used in the modelling of wrapped composite 45° X-joints tested 

in Chapter 3.  

 

Figure 6-11  Shape of traction-separation laws at mode I, mode II and mixed modes of 

composite-steel bonded interface (mode I and mode II cohesive laws are based on the 

5% characteristic values)  

6.5 Sensitivity analysis of the joint global response to physical 

parameters 

In the field of structural reliability or operational safety, mathematical models are 

used for simulation and for prediction. Models are also used for uncertainty 

quantification and sensitivity analysis studies[7]. Sensitivity analysis allows the study of 

how uncertainty in the output of a model can be apportioned to different sources of 

uncertainty in the model input[8]. Measures of each influential input variable on the 

response variability provide a deeper understanding of the modeling in order to reduce 

the response uncertainties in the most effective way[9]–[11]. As been discussed in this 

Chapter, there are two critical parameters leading to variability in simulation of the 

debonding resistance of the bonded interface in wrapped composite joints: 1) traction-

separation law (CZM) obtained from ENF test; 2) coefficient of friction (COF). The 

former quantifies the fracture toughness of the bonded interface while the latter helps 

describe the resistance of the bonded interface to sliding during crack propagation. 

Influence of the 2 critical parameters on debonding resistance is investigated by 

sensitivity analysis in the following subsections. The rest of modeling parameters are 

constant during the sensitivity analysis process to eliminate potential interaction of 

different input to the modeling output variability. 
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6.5.1 Influence of the traction-separation laws (CZM) 

Due to the identical level of surface treatment and the quality control during the 

production in 3ENF specimens and small/medium-scale 45˚ X joints, the traction-

separation laws obtained from 3ENF test are used for simulation of the debonding 

resistance of tested 45˚ X joints. The joint modeling results with the input of the mean 

cohesive law and the 5% characteristic cohesive law, as shown in Figure 6-10, are 

compared to investigate sensitivity of joint resistance to this parameter. In this sensitivity 

analysis the only variable is the traction-separation law, and no friction is introduced on 

the bonded interface which will be investigated in the following subsection. 

Figure 6-12a) and Figure 6-12b) compares the load-displacement response of the 

joint models in small-scale and in medium-scale, respectively, with the mean cohesive 

law and the 5% characteristic cohesive law, to the experiment results. In both geometric 

scales, the mean CZM and the 5% characteristic CZM give good matches in initial 

stiffness but the mean CZM underestimates the progression of the non-linearity of the 

joint after the stiffness starts to degrade. This can be explained in Figure 6-8 where using 

the mean CZM leads to 50% probability that the real behavior of the bonded interface in 

experiments is worse than the response of the joint model shown in Figure 6-12. The 

distinction of the progression of non-linearity between the joint model and the 

experiment results is even larger in medium-scale joint. On the contrary, the 5% 

characteristic CZM gives good matches of progression of the non-linear behavior, 

especially in medium-scale where the load drop (see Figure 6-12b)) appearing at 

approximately 1200 kN is well-captured. Therefore, the 5% characteristic CZM is used 

as the benchmark traction-separation law in the following sections related to sensitivity 

study in terms of COF, the FEA validation, and the parametric study.  

 

Figure 6-12 Load-displacement response of joint models in a) small-scale and b) 

medium-scale with input of mean CZM and 5% characteristic CZM 

6.5.2 Influence of coefficient of friction (COF) 

As illustrated in Figure 6-12, the 5% characteristic CZM is utilized as the 

benchmark CZM for FEM of  45˚ X joints due to its effective capturing of the progression 

of  non-linearity. However, the load resistance of the FE model utilizing only CZM to 
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model the interface behavior is significantly lower than the experimental results, 

indicating the indispensable contribution of friction on the bonded interface to the 

debonding resistance. The additional slip resistance provided by friction is the 

consequence of contraction of the composites around the steel in the debonded region 

due to Poisson’s effects while tensile load is applied, and the consequence of 

confinement of the composite around steel during curing process. Figure 6-13a) and 

Figure 6-13b) compares the contour plot of contact pressure (CPRESS) on the bonded 

interface in the 3ENF FE model and in the small-scale 45˚ X joint model, respectively, 

at the peak load in the load-displacement curves. It can be seen that in 3ENF model the 

value of normal pressure is negative within the fracture process zone in front of the pre-

crack tip indicating the trend of separation of the bonded interface attributed to the 

differences in the curvature. In comparison, in the joint model, approximately 8~10 MPa 

of normal pressure distributes on the bonded interface between braces and composite 

wrap where the crack is propagated. Once the normal pressure exists on the bonded 

interface, the friction would give additional resistance to debonding of the bonded 

interface.  

 

Figure 6-13 Normal pressure on the bonded interface of a) 3ENF model and b) small-

scale 45˚ X joint model at the peak load in load-displacement curves (unit: MPa) 

Sensitivity analysis is performed on the small-scale and the medium-scale 45˚ X 

joint models to investigate the sensitivity of their load-displacement behavior to the 

coefficient of friction (COF). The 5% characteristic CZM is used as the benchmark CZM, 

and the COF is increased from 0 (frictionless) to 0.6 with the increment of 0.1. The load-

displacement response of the 45˚ X joint models in small-scale and in medium-scale is 

shown in Figure 6-14a) and Figure 6-14b), respectively. It can be seen that in both scales 
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the load resistance of the joint model is enhanced as the value of the COF increases from 

0 to 0.6. The ductility of the joint also increases gradually when the COF varies from 0 

to 0.5 but abrupt increase of the ductility is observed when the COF increases from 0.5 

to 0.6. This is because the load level exceeds the yielding resistance of the brace members 

when the COF is higher than 0.5. It can be concluded that the suitable value of the COF 

between the steel member and the composite wrap is within 0.5~0.6 which gives good 

match to the joint experiments in terms of ductility and load resistance.     

To justify the range of COF values concluded from the sensitivity analysis, the COF 

test is conducted in the tribometer Rtec MFT-5000 in Stevin Lab 2 of TU Delft, as shown 

in Figure 6-15. The normal contact load P = 50 N is applied through the top hydraulic 

and the tangential load Q is applied through the horizontal actuation. The value of Q and 

the horizontal displacement Δ is recorded by the load cell and the displacement sensor in 

the system, respectively. Load control is used with frequency of 0.2 Hz with loading 

duration of 1 min. The test coupon is shown in Figure 6-16 which is composed of the 

steel plate with contact surface of 25 mm × 10 mm and composite plate cut from the 

uniform region of the primary bonded interface in the tested 45˚ X joint specimen. The 

fretting loops of the COF test are shown in Figure 6-17a), where the tangential load Q 

used to calculate COF is determined by the intersection point of the fretting loops with 

the dash red line crossing the origin. The slope of this line is equal to the system stiffness 

S[12]. Figure 6-17b) illustrates the COF values against the cycles during the loading 

process indicating that the average value of COF is 0.55 between composite wrap and 

steel which is consistent to the suitable values used in the joint model. 

 

Figure 6-14 Load-displacement response of joint models in a) small-scale and b) 

medium-scale with variation of COF from 0 to 0.6 with 0.1 increment 
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Figure 6-15 Set-up to measure the COF 

 

Figure 6-16 Test coupon in COF test 

 

Figure 6-17 a) Explanation for calculating COF based on the fretting loops; b) COF 

values vs load cycles in COF test 

6.6 Validation of FE models of 45˚ X joint 

Based on the above-mentioned modelling strategy, material and interface models, 

as well as sensitivity analysis to physical parameters, the critical parameters in FEM of 

small-scale and medium-scale 45˚ X-joints are calibrated and summarized in Table 6-4. 

In addition, other parameters, e.g., mesh typology, mesh geometric order, mesh size, 

wrapping dimensions, joint size, etc., are investigated in a separate study shown in 

Section 7. In the joint FEM of this Chapter, the 4-node linear tetrahedral (C3D4) element 
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is used in composite wrap with interior element growth. 5% characteristic CZM based 

on 3ENF test are used considering the scatter of test data. COF equal to 0.55 is used to 

consider contribution of friction to addition debonding resistance of the bonded interface. 

To validate the modeling strategy and the input parameters, the static behavior of the 

joint models is compared to the experiment results not only in terms of the load-

displacement response, but also investigating the debonding patterns, surface strains, 

debonding crack length, etc. The comparisons are explained thoroughly in this section.     

Table 6-4 Overview of critical parameters in FE models of small/medium-scale 45˚ X 

joint models 

FE model name 

Composite 

element 

type 

Composite 

mesh size 

(mm) 

CZM COF 

cX45-Ss-T-FEM 

C3D4 

2→8 5% 

characteristic 

3ENF 

0.55 

cX45-Ms-T-FEM 8→32 

6.6.1 Comparison of load-displacement response 

Comparing the load-displacement response between experiments and FEM is the 

first step to validate the compatibility of the joint FE models with the test results. 

Overview of comparisons of the global response in terms of initial stiffness, elastic load 

limit and ultimate resistance is summarized in Table 6-5, and the load-displacement 

curves are shown in Figure 6-18. The elastic load limit in FEM is determined by analysis 

of the stiffness of the load-displacement curves combined with the analysis of the damage 

variable (CSDMG) of the bonded interface.      

It can be seen in Table 6-5 that the initial stiffness and the elastic load limit from 

numerical simulation match well with the average values in experiments, with the 

deviation within 5% and 10%, respectively. The ultimate resistance from FEA and the 

average test results in small-scale matches well with deviation within 1% while larger 

scatter is seen in the medium-scale attributed to larger scatter in ultimate load in the 

tested specimens resulting from acceptable variability of debonding resistance. The 

deviation of load resistance is only 2% when the FEA results are compared to test results 

of the specimen cX45-Ms-T_S3. In small-scale the numerical results show less non-

linearity after the elastic stage (200~300 kN) than the test results while in medium-scale 

the peak value at the load drop between 3~7 mm applied displacement is larger than in 

the test. The reason for the less-nonlinearity and the larger load drop is underestimation 

of debonding.  

It can be concluded that good match is reached in terms of the global response from 

joint FEA results and joint test results, validating that the modeling strategy and input 

parameters are reasonable. This provides initial motivation to compare the models and 

experiments on a deeper level of detail. The goal is to obtain more confidence in the 

validity of the model which is then used as insight to better understand the failure process 

and interaction of failure modes of the joints. Ultimately the validated model will be used 
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for parametric study in Chapter 7. 

Table 6-5 An overview global response in experiments vs FEA of 45˚ X joints 

Specimen or FE 

model 

Initial stiffness 

[kN/mm] 

Elastic load limit 

[kN] 

Ultimate load 

[kN] 

cX45-Ss-T_S1 159.0 183.9 339.5 

cX45-Ss-T_S2 163.3 182.2 346.5 

cX45-Ss-T_S3 160.3 180.5 347.4 

cX45-Ss-T_S4 171.9 180.4 346.0 

cX45-Ss-T_S5 170.3 184.9 344.9 

Average 

(and COV [%]) 
164.9 (3.15) 182.4 (0.98) 345.7 (1.01) 

cX45-Ss-T_FEM 173.4 182.1 346.5 

Deviation (%) 5 0.1 0.2 

Specimen or FE 

model 

Initial stiffness 

[kN/mm] 

Elastic load limit 

[kN] 

Ultimate load 

[kN] 

cX45-Ms-T_S1 349.2 1193 1483 

cX45-Ms-T_S2 345.2 1139 1353 

cX45-Ms-T_S3 341.5 1053 1640 

Average 

(and COV [%]) 
345.3 (0.92) 1128 (5.11) 1492 (7.88) 

cX45-Ms-T_FEM 351.4 1048 1659 

Deviation (%) 2 7 11 

 

Figure 6-18 Comparison of load-displacement response of 45˚ X joint models vs test 

results in a) small-scale and b) medium-scale 

6.6.2 Comparison of failure process 

The motivation for comparison of failure process of joint experiments and joint FE 

models are: 1) to further validate the reliability of the defined modeling strategies and 
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2) to replicate and understand the debonding process of wrapped composite joints with 

help of FEA, which cannot be achieved explicitly from the experiments; 3) to obtain the 

threshold of the principle strain on the surface of composite wrap used to determine the 

debonding crack front in DIC analysis. Based on the experimental results and the FEA 

replication, 5 critical stages of the debonding process of wrapped composite joints can 

be defined under tensile load: stage le – elastic load limit; stage ir – initiation of 

debonding from wrap root; stage y – initiation of steel yielding; stage ie – initiation of 

debonding from wrap end; stage r – rupture. They are identified in experiments through 

analysis of the load-displacement curves and analysis of principle strain on surface while 

in FEA they are specified through  analysis of damage variable on the bonded interface 

and analysis of surface principle strain. A sketch of wrapped composite joints is 

illustrated in Figure 6-19 to facilitate explanation of its failure process. The following 

conclusions are drawn based on the comparison between experiments and FEA 

debonding process afterwards in this section: 

1) The end of elastic behavior (stage le) of the load-displacement curves is due to 

plasticity in the traction-separation behavior of the primary and the secondary bonded 

interface in the intersection region.  

2) Debonding on braces is firstly initiated from wrap root (stage ir) attributed to 

shear stress concentrations on the primary bonded interface in the intersection region, 

and subsequently propagates steadily along the primary bonded interface. When the 

applied load level reaches yielding resistance of the brace members, yielding of the CHS 

is initiated at the wrap end (stage y).  

3) Steel yielding leads to contraction of the brace member at the wrap end where 

the peeling stress is concentrated on the bonded interface. Increase of peeling stress 

changes mode mixity towards the mode I with less toughness and reduces the contact 

pressure on the bonded interface leading to decrease of the contribution of friction to the 

debonding resistance.  

4) Two failure modes are observed considering the differences in the amount of 

peeling stresses caused by the steel tube yielding / necking and the dimensions (size) of 

the steel members:  excessive steel yielding leads to initiation of debonding from the 

wrap end (stage ie) which propagates along the primary bonded interface and coalesces 

with the debonding crack from the wrap root resulting in full debonding at the rupture 

stage (stage r); moderate steel yielding does not result in initiation of debonding from 

the wrap end, so propagation of debonding from the wrap root develops consistently until 

reaching the wrap end (full debonding) at the rupture stage (stage r).   

Comparisons of the displacement and load level at the critical stages of the 

debonding process in experiments vs in FE models are summarized in Table 6-6 . More 

detailed comparisons in terms of the failure process of specific specimens are presented 

in Figure 6-20~Figure 6-37. 
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Figure 6-19 Sketch of wrapped composite joints to explain its failure process 

Table 6-6 Comparisons of the displacement/load values at the critical stages of the 

debonding process in experiments vs in FEA 

Critical stages 

Small-scale Medium-scale 

X45-Ss-

T_S4 

X45-Ss-T_FEM 

(and deviation[%]) 

X45-Ms-

T_S3 

X45-Ms-T_FEM 

(and deviation[%]) 

Elastic load 

limit  

(stage le) 

Disp. (mm) 1.11 1.05 [5.4] 3.31 2.98 [10.0] 

Load (kN) 180.4 182.09 [0.9] 1053 1048 [0.5] 

Initiation of 

debonding 

from wrap 

root (stage ir) 

Disp. (mm) 1.78 1.49 [16.3] 4.64 5.82 [25] 

Load (kN) 234.4 234.2 [0.3] 1106 1108 [0.2] 

Initiation of 

steel yielding 

(stage y) 

Disp. (mm) 3.84 3.76 [2.1] 9.09 9.83 [8] 

Load (kN) 321.5 321.6 [0.03] 1571 1579 [0.5] 

Initiation of 

debonding  

from wrap 

end (stage ie) 

Disp. (mm) 5.39 4.74 [12.1] - - 

Load (kN) 341.5 340.7 [0.2] - - 

Rupture 

(stage r) 

Disp. (mm) 6.75 6.60 [2.2] 20.36 19.44 [4.5] 

Load (kN) 346.0 346.5 [0.03]  1640 1659 [1.2] 

6.6.2.1 Failure process of experiment vs FEA in small-scale 45˚ X joints 

The load-displacement behavior in the FE model X45-Ss-T_FEM is compared to 

the behavior in specimen X45-Ss-T_S4 with critical stages marked with solid circles on 

the curves, as shown in Figure 6-20. It can be seen that the load and displacement values 

match quite well at the critical stages with the deviation all within 8% except the 

displacement at point ir and point ie due to the underestimation of debonding on the chord 

in the FE model, indicating the feasibility of the modeling strategy and the input 

parameters in the joint model.  

Wrap root

Intersection region of the joint

Composite wrap

Wrap end
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Figure 6-20 Load-displacement response of small-scale 45˚ X joint in FE model vs in 

experiment 

Surface strains (principle strains) of specimen X45-Ss-T_S4 and the FE model X45-

Ss_T_FEM at the marked stages in Figure 6-20 are shown in Figure 6-21~Figure 6-27 

for comparison of debonding process where the damage variable output – CSDMG from 

FEA is also illustrated to visualize the debonding length on the bonded interface. The 

joint behaves elastically with low strains distributed uniformly on the joint surface as 

shown in Figure 6-21 – stage A at 170 kN. The end of the elastic behavior is reached at 

approximately 180 kN (stage le) attributed to plasticity of the traction-separation 

behavior of the bonded interface at the wrap root and the local bending of the composite 

wrap at the middle of the chord member. Debonding is firstly initiated on the primary 

bonded interface from wrap root due to shear stress concentrations indicated by the 

localized increase of surface strains and the occurrence of damaged region at the wrap 

root shown in Figure 6-22 – stage ir at 234 kN. Debonding crack propagates steadily 

along the primary bonded interface at stage B – 289 kN where the high strain region on 

the surface and the damaged region at the boned interface progress from the wrap root, 

see Figure 6-23. Crack propagation continues with further increase of high surface strain 

regions and the damage areas on the bonded interface illustrated in Figure 6-24 at stage 

y – 321 kN where the yielding is initiated on the braces outside the composite wrap. It 

can be seen from Figure 6-24 at this stage that debonding area is significantly larger in 

numerical results than in experiments. The possible reason is that larger yield strain in 

braces in experiments dissipates more external energy from the loading system such that 

less energy is dissipated in debonding. When the applied load reaches 341 kN, the 

excessive yield strain of brace leads to contraction of the cross section, resulting in mode 

I dominated debonding  at the wrap end, see Figure 6-25– stage ie. However, due to 

underestimation of debonding at the wrap end on the primary bonded interface, in FE 

model debonding crack from wrap end does not further propagate while crack from wrap 
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root propagates steadily at peak load (stage C – 347 kN, see Figure 6-26) and reaches 

the critical length at rupture stage (stage r – 346 kN, see Figure 6-27) just before full 

debonding. On the contrary, in the experiment, the debonding crack propagates 

significantly from wrap end indicated by the increase of low surface strain region in 

Figure 6.37 at peak load (stage C – 349 kN). This localizes the fracture process at the 

end of the composite wrap such that debonding crack stops developing from the wrap 

root. At the rupture stage (stage r – 346 kN) the debonding crack consistently 

propagating from wrap end coalesces with the crack from the wrap root and leads to full 

debonding, see Figure 6-27. 

In order to better illustrate the described failure progression, stresses at surface and 

the damage variable at the interface are analyzed from FEM. A path is defined in the 

middle of the brace surface starting at the free end of the composite wrap and ending at 

the root connection to the chord in DIC and in FE model to extract the principal strains 

along the debonding path which quantifies indirectly the debonding length, see Figure 

6-21a) and b). A path is also defined in the middle of the primary bonded interface in the 

FE model in Figure 6-21c) to extract the scalar damage variable (CSDMG) explicitly 

determining the debonding length. The scaled principal strain in DIC and in FEM, as 

well as the CSDMG in the FE model are plotted together in Figure 6-28 in solid lines, 

short dashed lines and dashed lines, respectively, at the critical loading stages to quantify 

the debonding length. The principle strains at all the loading stages are scaled to the 

elastic stage (stage A) to eliminate the linear elastic increase of surface strains such that 

its local increase is merely attributed to debonding. The value of CSDMG equal to 0.913 

corresponding to crack initiation in 5% characteristic CZM based on 3ENF test is used 

to identify the debonding crack front location in the FE model thus indicating the strain 

threshold on the surface corresponding to crack front in the FE model and in DIC. It can 

be seen in Figure 6-28 that the crack front at the root and end region is determined at the 

location where the scaled strain increases significantly from flat line to higher strain 

region while in the region with uniform wrap thickness the crack front is characterized 

by the threshold of scaled strain equal to 0.06%. The decrease of strain from the root 

region to the uniform region is steadier in FE model than in DIC, which can potentially 

be attributed to the differences in ply drops of the FE model and the specimen.  

Development of debonding in the experiment and in the FEA is compared in Figure 

6-29 with respect to the applied load level at the critical stages. It can be seen that the 

debonding length is almost identical in DIC and in FEA until stage y where less yielding 

strain on braces in the FE model leads to longer debonding length in FEA. Debonding 

stops propagating from wrap root once the load reaches stage ie where crack is initiated 

from wrap end and significantly propagates until coalescence with root debonding crack. 

On the contrary, debonding crack from wrap root propagates consistently in FEA until 

reaching the wrap end possibly due to limited length of the crack propagating from the 

wrap end. It can be concluded that the FE model replicates the debonding process well 

in terms of the debonding rate and the critical debonding length. The only difference is 

that crack propagates consistently from wrap root in FEA while it stops in the experiment 

and coalesces with the crack developed from wrap end.  
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Based on the above-mentioned comparisons in surface strain distribution and 

debonding length development between the test and the FEA, it can be concluded that 

the FE model of small-scale 45˚ X joints is decently calibrated with used modeling 

strategies and the selected input parameters. 

 

Figure 6-21 Surface strains at linear elastic stage (stage A – 170 kN) on a) test 

specimens and on b) FE model, and damage valuable of bonded interface of c) FE 

model indicating debonding length 

 

Figure 6-22 Surface strains at initiation of debonding from wrap root (stage ir – 234kN) 

on a) test specimens and on b) FE model, and damage valuable of bonded interface of c) 

FE model indicating debonding length 

a) b) c)
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Figure 6-23 Surface strains at stage B – 289kN on a) test specimens and on b) FE model, 

and damage valuable of bonded interface of c) FE model indicating debonding length 

 

Figure 6-24 Surface strains at stage y – 321kN on a) test specimens and on b) FE model, 

and damage valuable of bonded interface of c) FE model indicating debonding length 

 

Figure 6-25 Surface strains at stage ie – 341kN on a) test specimens and on b) FE model, 

and damage valuable of bonded interface of c) FE model indicating debonding length 
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Figure 6-26 Surface strains of composite wrap at stage C – 349 / 347 kN on a) test 

specimens and on b) FE model, and damage valuable of bonded interface of c) FE 

model indicating debonding length 

 

Figure 6-27 Surface strains of composite wrap at stage r – 346 kN on a) test specimens 

and on b) FE model, and damage valuable of bonded interface of c) FE model 

indicating debonding length 

a) b) c)
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Figure 6-29 Comparison of debonding length growth in test and in FEM of small-scale 

45˚ X joints 

6.6.2.2 Failure process of experiment vs FEA in medium-scale 45˚ X joints 

The load-displacement behavior in the FE model X45-Ms-T_FEM is compared to 

the behavior in specimen X45-Ms-T_S3 with critical stages marked with solid circles on 

the curves, as shown in Figure 6-30. It can be seen from Table 6-6 that the load and 

displacement values match quite well at the critical stages with the deviation all within 

10% except the displacement at stage ir due to the underestimation of debonding on the 

chord in the FE model, indicating the feasibility of the modeling strategy and the input 

parameters in the joint model.   

Surface strains (principal strains) of specimen X45-Ms-T_S3 and the FE model 

X45-Ms-T_FEM at the marked stages in Figure 6-30 are shown in Figure 6-31~Figure 

6-35 for comparison of debonding process where the damage variable output – CSDMG 

from FEA is also illustrated to visualize the debonding length on the bonded interface. 

The joint behaves elastic with low strain level distributed uniformly on the joint surface 

as shown in Figure 6-31 – stage A at 1000 kN. End of the elastic behavior is reached at 

approximately 1050 kN (stage le) attributed to plasticity of the traction-separation 

behavior of the bonded interface at the wrap root and the local bending of the composite 

wrap at the middle of the chord member. Debonding is initiated from wrap root of the 

primary bonded interface due to shear stress concentrations indicated by the localized 

increase of surface strains and the occurrence of damaged region at the wrap root shown 

in Figure 6-32 – stage ir at 1106 kN. It can also be seen in Figure 6-32 that debonding on 

chord is overestimated by the FE model where the high strain region in much larger than 

in the DIC. This can be explained by the overestimation of the local bending of composite 

wrap in the model due to its limitation to simulate out-of-plane tension behavior of 

composite laminate. Luckily, the inaccuracy in modeling local bending of composite 
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wrap does not influence simulation of debonding crack on the primary bonded interface 

which propagates steadily with high strain region and the damaged area extending from 

wrap root at approximately 1570 kN – stage y, see Figure 6-33. At this stage yielding is 

initiated on braces outside the composite wrap and the yield strain increases significantly 

at 1618 kN – stage B. Different from the behavior in small-scale, in medium-scale joints 

the plastic strain on steel braces does not lead to initiation of debonding at wrap end 

while the debonding crack propagates consistently from wrap root in both test and FEM 

with comparable crack length, see Figure 6-34. When the applied load is increased to 

approximately 1650 kN – stage r, the debonding crack from wrap root reaches the critical 

value leading to full debonding, see Figure 6-35. 

Similar to small-scale, in medium-scale a path is defined in the middle of the brace 

surface in DIC and in FE model as shown in Figure 6-31 a) and b) to extract the principal 

strains along the debonding path to indirectly quantify the debonding length. Another 

path is defined in the middle of the primary bonded interface of the model shown in 

Figure 6-31 c) to extract to scalar damage variable (CSDMG) determining the debonding 

length explicitly. The Scaled strain in DIC and in FEA, together with the CSDMG in the 

FE model along the debonding path at the critical stages are plotted together in Figure 

6-36 in solid, short dashed and dashed lines, respectively. The principal strains at all 

stages are scaled to the elastic stage (stage A) to eliminate its elastic increase such that 

the local strain increase is merely due to debonding. The value of 0.913 in CSDMG is 

selected to identify the crack front location in FEA which corresponds to crack initiation 

state in 5% characteristic CZM based on 3ENF test. It can be seen in Figure 6-36 that the 

crack front at the wrap root is determine at the location where strains increase 

significantly from flat line to higher strain region while the threshold of scaled strain 

equal to 0.1% is used to determine the crack front outside the root region. The decrease 

of strain from the root region to the uniform region in FE model is more gradual than in 

DIC potentially due to differences in configuration of ply drops between the model and 

the specimen.  

Development of debonding in the experiment and in the FEA is compared in Figure 

6-37 with respect to the applied load level at the critical stages. It can be seen that in 

medium-scale the debonding length is almost identical in FEA and in DIC in every 

identical stage and the crack from wrap root propagates consistently without  being 

initiated on the wrap end. In both DIC and FEA the debonding rate increase significantly 

after yielding of steel because it introduces peel stress to the bonded interface which 

would decrease the friction and therefore reduce the debonding resistance of the bonded 

interface. 

Based on the aforementioned comparisons in terms of critical stages, surface strain 

distribution, debonding length and debonding rate between experiment and FEA, it can 

be concluded that the FE model of medium-scale 45˚ X joints is decently calibrated with 

feasible modeling strategies and the input parameters. 
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Figure 6-30 Load-displacement response of medium-scale 45˚ X joint in FE model vs in 

experiment 

 

Figure 6-31 Surface strains at linear elastic stage (stage A – 1000 kN) on a) test 

specimens and on b) FE model, and damage valuable of bonded interface of c) FE 

model indicating debonding length 
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Figure 6-32 Surface strains at initiation of debonding from wrap root (stage ir – 

1106kN) on a) test specimens and on b) FE model, and damage valuable of bonded 

interface of c) FE model indicating debonding length 

 

Figure 6-33 Surface strains at stage y – 1571 / 1579 kN on a) test specimens and on b) 

FE model, and damage valuable of bonded interface of c) FE model indicating 

debonding length 
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Figure 6-34 Surface strains of composite wrap at stage B – 1618 kN on a) test specimens 

and on b) FE model, and damage valuable of bonded interface of c) FE model 

indicating debonding length 

 

Figure 6-35 Surface strains of composite wrap at stage r – 1640 / 1659 kN on a) test 

specimens and on b) FE model, and damage valuable of bonded interface of c) FE 

model indicating debonding length 
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Figure 6-37 Comparison of debonding length growth in test and in FEM of medium-

scale 45˚ X joints 

6.7 Conclusions 

In this Chapter, the modeling strategy and the input parameters in finite element 

modeling (FEM) of material and interface experiments in Chapter 5 are utilized in the 

joint FE models with certain changes. The joint models are validated by the good matches 

in terms of the global response and failure process to the small-scale and medium-scale 

45˚ X-joints in tensile experiments presented in Chapter 3. The validated joint models 

gain insight into the failure process of debonding. In addition, sensitivity of joint global 

response to physical modeling input (CZM, COF) are investigated. The following 

conclusions are drawn as below: 

  1) The non-layered method is utilized in simulating composite wrap to avoid 

inputting inter-laminar fracture properties without sacrifice of the modeling accuracy 

considering no delamination occurred in the experiments. Variable mesh size of 4-node 

linear tetrahedral element (C3D4) defined by interior element growth is used in meshing 

composite wrap to reduce the computation cost without sacrifice of modeling accuracy, 

which is justified by analysis of mesh dependency.  

2) The 5% characteristic cohesive zone model (CZM) obtained from 3ENF test is 

used in the joint modeling which considers the scatter of test data associated the number 

of tested specimens. It gives good matches in terms of progression of non-linearity 

behavior of load-displacement behavior after the initial stiffness starts to degrade.  

3) Friction plays a significant role in enhancing debonding resistance of wrapped 

composite joints where normal pressure is applied on the bonded interface due to 

circumferential contraction of the composite wrap happens under tensile load under 

Poisson’s ratio effect. The suitable value of the COF between the steel member and the 
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composite wrap is within 0.5~0.6 justified by COF test which gives good matches to the 

joint experiments in terms of ductility and ultimate resistance.     

4) In wrapped composite 45˚ X-joints under tensile static load, debonding is 

initiated from wrap root and propagates along the brace which is considered as the 

primary bonded interface. Crack propagation rate increases when steel yielding happens 

on braces outside the composite wrap which introduces peel stress and decreases the 

fracture toughness of the bonded interface. If excessive plastic strain occurs on braces, 

debonding is initiated on wrap end and propagates significantly until coalescence with 

debonding crack from wrap root. If plastic strain is moderate on braces, debonding crack 

propagates consistently from wrap root until it reaches wrap end and leads to full 

debonding.  
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7.  PARAMETRIC STUDY 
 

 

This chapter utilizes the validated modeling strategy and input parameters from 

joint modeling in Chapter 6 to reconstruct the 45˚ X-joint parametric study (PS) FE 

models in 4-scales. These models incorporate variations in interface properties and 

wrapping dimensions for a comprehensive parametric study. The investigation covers 

the influence of fracture toughness, wrapping length and thickness, as well as size effects. 

Based on parametric study results, a size effect law for the wrapped composite 45˚ X-

joint is proposed which is based on the quasi-brittle size effects. 

Furthermore, the mesh dependency of the joint modelling is analyzed to consider 

the effects of mesh typology, mesh geometric order, and mesh size.   
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7.1 Introduction 

Validation of the modeling strategies of 45˚ X-joints by good matches to the joint 

test results in Chapter 6 gives the opportunity to perform parametric study and gives the 

design recommendations in terms of static resistance of wrapped composite joints. It has 

been found that there are two traction-separation laws in mode II of the composite-

bonded interface attributed to the differences in quality of surface preparation. The 

cohesive law obtained from 3ENF test is used in simulation of the 45˚ X-joint 

experiments because of the nominally comparable surface preparation procedure. The 

cohesive law obtained from 4ENF test will be used in this Chapter because it matches 

production of the joints after the experimental campaign presented in this thesis with 

improved surface preparation to ensure more fiber bridging. It is important to quantify 

the influence of the interface properties on the static behavior of wrapped composite 

joints. On the other hand, yielding of steel braces is found in the joint experiments due 

to larger resistance of the bonded interface than expected. Its interaction with debonding 

makes it more difficult to conclude the debonding process with high level of 

independence. Therefore, in this chapter, linear elastic property of steel members is used 

in the joint model to exclude steel yielding and isolate behavior of debonding in 

parametric study. 

Understanding size effect on the resistance of wrapped composite joints is the 

prerequisite for prediction of behavior of the full-scale joints. The thickness and length 

of composite wrap may vary in the future design to reach the balance between good 

resistance and expense saving. It is therefore necessary to investigate influence of 

wrapping length and wrapping thickness on the debonding behavior of wrapping 

composite joints. Therefore, parametric study into the influence of wrapping dimensions 

and joint size on the debonding behavior of wrapped composite 45˚ X-joints are 

conducted in this Chapter. Prior to the it, investigation into mesh dependency is 

indispensable because it helps reduce the computation cost in the upscaled model.  

7.2 Overview of the analyzed parameters and the parametric study 

(PS) joint FE models 

To conduct the aforementioned parametric study on static resistance of wrapped 

composite, this Chapter utilizes 4 parametric study (PS) joint FE models. These models 

are summarized in Table 7-1 and their respective geometries are shown in Figure 7-1. To 

understand the size effect on the debonding resistance, the joint configuration is designed 

with geometric similarity. The dimensions of the CHS members and composite wrap are 

upscaled by the size factor which is 1-4-8-12 in small-scale, medium-scale, large-scale 

and full-scale, respectively. The wrapping length factor fl_w  is 2.5 and the wrapping 

length is equal to the brace diameter multiplied by the wrapping length factor. The 

wrapping thickness is varying in the curved and complex wrap geometry, so it is 

described by the wrapping thickness factor ft_w which is equal to 2. It means that the ratio 

of the current thickness of composite wrap over its reference thickness at any identical 

location in the joints is 2. The values of fl_w  and ft_w will be changed in section 7.5 to 

investigate its influence on joint static behavior. Similar naming convention as in Chapter 
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6 is used here for PS FE models given in Table 7-1 and used afterwards in parametric 

study: cX45 – wrapped composite joint, X geometry at 45˚ angle; Ss, Ms, Ls, Fs – small-

scale, medium-scale, large-scale and full-scale, respectively; x1, x4, x8, x12 – size factor 

in 4 scales. 

Table 7-1 Overview of the PS FE models in parametric study of 45˚ X joints subjected 

to tensile load 

Model description  Model name 
Geometry in 

Figure number 

small-scale 45˚ X-joint PS FE model  cX45-Ss-x1 Figure 7-1 a) 

medium-scale 45˚ X-joint PS FE model cX45-Ms-x4 Figure 7-1 b) 

large-scale 45˚ X-joint PS FE model cX45-Ls-x8 Figure 7-1 c) 

full-scale 45˚ X-joint PS FE model cX45-Fs-x12 Figure 7-1 d) 

 

Figure 7-1 Geometries of PS FE models of wrapped composite 45˚ X joints in a) small-

scale (x1); b) medium-scale (x4); c) large-scale (x8); d) full-scale (x12) with dimensions 

indicated in mm. 

7.3 Mesh size and mesh type dependency analysis 

The section 6.5 discusses the sensitivity of the static performance of wrapped 

composite joints to physical parameters, i.e., the fracture properties of the bonded 

a)

b)

c)

d)

CHS 720/24

CHS 1200/24

720✕2.5 = 1800

ft_w = 2
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interface and the coefficient of friction (COF), which are related to the production 

quality. In this section the focus is on the sensitivity of the joint FEA results to the mesh 

set-up, a.k.a. mesh sensitivity or mesh dependency. Many researchers have conducted 

numerical investigation of mesh dependency for certain field of application [1]–[8] to a) 

help produce reliable results by FEM; b) improve effective decision making for quality 

product development cycle. The term mesh dependency is generally defined as the 

influence of element features including element type, mesh size, mesh topology and 

mesh geometric order, on the numerical outcome. As been discussed in Section 6.3.1, 

the tetrahedral element has been selected in FEM of wrapped composite joints attributed 

to the curved and complex shape of composite wrap. Therefore, the focus of the mesh 

dependency investigation of joint modeling is related to 1) mesh topology; 2) mesh size; 

and 3) mesh geometric order. In the mesh dependency analysis one of the PS FE models 

– cX45-Ms-x4, is used and loaded in monotonic tension.  

7.3.1 Dependency on mesh topology 

Mesh topology can be defined as the variation of node density [9], face orientation, 

etc., within the meshed object determining the way how the elements are structured and 

connected to each other. Two mesh strategies in terms of mesh topology are proposed as 

indicated in Section 6.3.1: 1) constant mesh size in composite wrap and 2) variable mesh 

size in composite wrap with definition of interior element growth. Figure 7-2 depicts the 

differences in the mesh topology in the PS FE model of medium-scale 45˚ X joints where 

Figure a) indicates the constant mesh size of 8 mm in the whole composite wrap and 

Figure b) shows the interior element growth in composite wrap where the mesh size is 

equal to the reference value of 8 mm close to the bonded interface and increased 

gradually to 32 mm until the outer surface. The load-displacement curves of the joint 

model with the two categories of mesh topology are compared in Figure 7-3. It can be 

seen that the two types of mesh topology lead to identical initial stiffness, and negligible 

differences in ultimate load resistance (3% deviation) and ductility (12% deviation). 

Figure 7-4 shows the plastic strain (PE) distribution in composite wrap at the ultimate 

load level where the model with constant mesh performs larger plastic deformation due 

to smaller size than the model with variable mesh size. Larger plastic deformation in 

composite wrap dissipates higher portion of energy from the loading system and requires 

more energy input to break the bonded interface completely leading to larger ultimate 

load and ductility. Considering the lower computational cost and slightly conservative 

values of the loading resistance for the purpose of investigating size effect, using variable 

mesh size with interior element growth is chosen as the optimum mesh topology in joint 

modeling.   
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Figure 7-2 Two categories of mesh topology in PS FE model of medium-scale 45˚ X 

joints: a) constant mesh size in composite wrap; b) variable mesh size in composite 

wrap 

 

Figure 7-3 Load-displacement curves of PS FE model of medium-scale 45˚ X joints with 

constant mesh vs variable mesh in composite wrap 
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Figure 7-4 Plastic strain in composite wrap with a) constant mesh vs b) variable mesh 

at the ultimate load 

7.3.2 Dependency on mesh geometric order 

In finite element modeling the linear element is characterized by a linear shape 

function while in a quadratic element the displacements between the nodes are 

interpolated using a higher order polynomial. Quadratic element can represent curve 

edges and surfaces accurately but requires expensive computational cost compared to 

linear element. The quadratic elements have mid-side nodes and an element edge would 

consist of three nodes instead of two, as shown in Figure 7-5. To investigate the 

sensitivity of the joint behavior to geometric order of the element, the PS FE model 

cX45-Ms-x4 is used where the composite wrap is meshed with 4-node linear tetrahedral 

element (C3D4) and 10-node quadratic tetrahedral element (C3D10), respectively. The 

comparison of the load-displacement response of the joint model are illustrated in Figure 

7-6 where linear element leads to less non-linearity, 12% lower ultimate load and 18% 

lower ductility. This can be explained in Figure 7-7 where the plastic strain is much larger 

in the composite wrap meshed with C3D10 element than meshed with C3D4 element. 

Accurate capture of the stress concentrations using C3D10 elements introduces more 

plasticity in composite wrap such that higher ultimate load and larger ductility is needed 

to break the bonded interface. Although the quadratic element represents more accurate 

stress distribution in composite wrap, it requires expensive computational cost. The focus 

of the FEA in the research is debonding of the bonded interface and no fracture of 

composite material is observed. Therefore, the nominal stress results from linear element 

are acceptable. Mesh with linear element also gives more conservative ultimate load 

resistance which is beneficial to investigation into size effect. Considering all the aspects 

discussed above, 4-node tetrahedral element (C3D4) is selected as the element type in 

the joint modeling. 

b)

a)
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Figure 7-5 a): 4-node linear tetrahedral element (C3D4) vs b): 10-node quadratic 

tetrahedral element (C3D10) 

 

Figure 7-6 Load-displacement curves of PS FE model of medium-scale 45˚ X joints with 

linear mesh (C3D4) vs quadratic mesh (C3D10) in composite wrap 

 

Figure 7-7 Plastic strain in composite wrap meshed with a) C3D10 vs b) C3D4 element 
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7.3.3 Dependency on mesh size 

The dependency of the behavior of the joint model on mesh size can also be 

explained by the fact that differences in the plasticity of elements occur when changes in 

element size lead to variation of the intensity of stress concentrations. Changing from 

fine mesh to coarse mesh reduces the computational cost but decreases the modeling 

accuracy. The aim of mesh dependency study here is specifically to find the appropriate 

element size which increases the computational cost but still keeps reasonable accuracy. 

3 sets of element size are used in the FE model of the cX45-Ms-x4 joint and are 

summarized in Table 7-2. The mesh size changes from fine mesh to coarse mesh by 2 

times incrementally. Interior element growth is used in mesh of composite wrap where 

the element size close to the bonded interface is identical to size of steel element 

(identified as the reference mesh size) and increases gradually until by 4 times close to 

the outer surface. Figure 7-8 compares the load-displacement response of the joint model 

with the 3 reference mesh size. It can be seen that change of the mesh size has negligible 

influence on the initial stiffness and non-linearity of the joint but doubling the size would 

result in 4% decrease of ultimate load resistance and 8% reduce of ductility. This is 

consistent with the distribution of the plastic strain in composite wrap shown in Figure 

7-9 at the ultimate load stage where smaller reference size leads to larger element 

plasticity such that larger external work is needed to break the bonded interface 

completely. It can be concluded that 8-mm reference size of element reduces the 

computational cost significantly and still gives acceptable modeling accuracy in terms of 

the debonding behavior. Therefore, it is selected as the optimal mesh size in the joint 

modeling. 

Table 7-2 Set-up of element size used in mesh dependency analysis of the cX45-Ms-x4 

joint 

Number of mesh 

set-up 

Reference 

element size 

(mm) 

Element size of 

composites 

(mm) 

Element 

size of steel 

(mm) 

Computation

al cost (h) 

1 2 2→8 2 17 

2 4 4→16 4 5 

3 8 8→32 8 1 
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Figure 7-8 Load-displacement curves of PS FE model of medium-scale 45˚ X joints with 

reference mesh size equal to 2, 4, and 8 mm 

 

Figure 7-9 Plastic strain in composite wrap meshed with a) 2-mm; b) 4-mm and c) 8-

mm reference size 

In summary, 4-node linear tetrahedral (C3D4) elements with coarser mesh size 

varied with interior element growth is selected as the optimum mesh strategy in modeling 

of wrapped composite joints. It helps save computational time considerably without 

sacrifice in modeling initial stiffness and elastic load limit of the joints. Differences in 

the ultimate load and ductility are found, but they fall within a limited range. Moreover, 

using the optimum mesh strategy gives more conservative numerical results. Therefore, 
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it is used in the parametric study in this chapter.  

7.4 Influence of interface properties 

Based on the results of mesh dependency analysis in the previous section, the C3D4 

element will be used in the parametric study with finer mesh on the bonded interface 

gradually increasing to coarser mesh on the outer surface by 4 times. It should be noted 

that the steel is simulated with linear elastic behavior in the parametric study to eliminate 

the influence of steel yielding on the joint resistance. The COF value equal to 0.55 is 

used based on the results from section 6.5.2. In this section, the 5% characteristic CZM 

based on 3ENF and 4ENF test are compared in each scale to quantify influence of the 

surface preparation on the joint static behavior. The critical parameters of the PS FE 

models are summarized in Table 7-3. The 5% characteristic cohesive laws in mode I and 

mode II based on the 3ENF production batch and the DCB/4ENF production batch are 

compared in Figure 7-10 and Figure 7-11. The corresponding cohesive parameters at the 

critical stages are summarized in Table 7-4. The comparison of the load-displacement 

response of the joints with cohesive laws from the two production batches in 4 scales are 

illustrated in Figure 7-12 and the ultimate resistance and the failure displacement are 

compared in Table 7-5.  It can be concluded that 2.5 times larger fracture toughness at 

crack propagation leads to 30~50% larger load resistance and 40~70% larger ductility in 

all 4 scales. Therefore, the surface preparation especially the steel roughness is essential 

for the load resistance of wrapped composite joints.  

 

Table 7-3 Overview of critical parameters in PS FE models of 45˚ X-joints 

FE model name 
Composite mesh size 

(mm) 
COF CZM 

cX45-Ss-x1_5% 

3ENF 
2→8 

0.55 

5% char. 3ENF 

cX45-Ss-x1_5% 

4ENF 
5% char. 4ENF 

cX45-Ms-x4_5% 

3ENF 
8→32 

5% char. 3ENF 

cX45-Ms-x4_5% 

4ENF 
5% char. 4ENF 

cX45-Ls-x8_5% 

3ENF 
16→64 

5% char. 3ENF 

cX45-Ls-x8_5% 

4ENF 
5% char. 4ENF 

cX45-Fs-x12_5% 

3ENF 
24→96 

5% char. 3ENF 

cX45-Fs-x12_5% 

4ENF 
5% char. 4ENF 
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Table 7-4  5% characteristic values of critical cohesive parameters in mode I and mode 

II of two production batches 

Prod. 

batch 
Values 

Onset of 

plasticity - 

stage “p” 

Onset of 

cracking - 

stage “c” 

Onset of fiber 

bridging - stage 

“b” 

Failure - stage 

“f” 
Critical SERR 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIc,tip 

(N/mm) 

GIc 

(N/mm) 

3ENF 
Mode I 0.0015 14.67 0.012 14.67 0.054 1.47 0.394 0 0.17 0.76 

Mode II 0.0015 14.67 0.025 22 0.069 22 0.087 0 0.45 1.6 

Prod. 

batch 
Values 

δp 

(mm) 
p 

(MPa) 

δc 

(mm) 
c 

(MPa) 

δb 

(mm) 
b 

(MPa) 

δf 

(mm) 
f 

(MPa) 

GIIc,tip 

(N/mm) 

GIIc 

(N/mm) 

DCB/ 

4ENF 

Mode I 0.002 20 0.015 20 0.04 2 0.687 0 0.27 1.23 

Mode II 0.002 20 0.026 30 0.089 30 0.190 0 0.61 4.03 

 

Figure 7-10 Mode I cohesive law with 5% characteristic fracture properties in 3ENF 

batch vs DCB/4ENF batch  

 

Figure 7-11 Mode II cohesive law with 5% characteristic fracture properties in 3ENF 

batch vs DCB/4ENF batch 
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Table 7-5 Comparison of global behavior of the joint with 5% characteristic 3ENF 

CZM vs 5% characteristic 4ENF CZM in 4 scales 

FE model name Ultimate load (kN) Failure displacement (mm) 

cX45-Ss-x1_5% 3ENF 191 4.4 

cX45-Ss-x1_5% 4ENF 274 7.5 

Increase of performance (%) 43 70 

cX45-Ms-x4_5% 3ENF 1910 7.9 

cX45-Ms-x4_5% 4ENF 2916 18.4 

Increase of performance (%) 53 133 

cX45-Ls-x8_5% 3ENF 6562 20.2 

cX45-Ls-x8_5% 4ENF 9593 29.3 

Increase of performance (%) 46 45 

cX45-Fs-x12_5% 3ENF 13751 26.6 

cX45-Fs-x12_5% 4ENF 18215 37.0 

Increase of performance (%) 32 39 
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Figure 7-12 Load-displacement of joint models with 5% characteristic 3ENF CZM vs 

5% characteristic 4ENF CZM in a) small-scale; b) medium-scale; c) large-scale and d) 

full-scale. 

7.5 Influence of wrapping dimensions 

In order to investigate the influence of wrapping length and wrapping thickness on 

the static behavior of wrapped composite joints, two values of wrapping length factor 

fl_w (1.5 and 2.5) and of wrapping thickness factor ft_w (1.5 and 2) are used in the PS FE 

models in 4 scales. It should be noted that the interface properties used in this section are 

based on the 5% characteristic 4ENF CZM and COF = 0.55. The comparison of the load-

displacement response of the joints with different wrapping dimensions in 4 scales is 

illustrated in Figure 7-13 and the ultimate resistance and the failure displacement are 

compared in Table 7-6.  

It can be seen that reducing the wrapping length on brace by 40% leads to significant 

decrease of the failure displacement by approximately 10~50% accompanied by slight 

reduction of the ultimate load within 10%. On the other hand, 25% thinner composite 

wrap results in 10~30% reduction of the ultimate load while the change of failure 

displacement in the majority of cases is within 10%. Therefore, the joint ultimate load is 

sensitive to the wrapping thickness while the joint failure displacement is highly 

dependent on the wrapping length. The possible reason is that more energy from the 

loading system is dissipated by out-of-plane shear plastic deformation of composite wrap 

with larger thickness in a certain cross-section of the joint, therefore larger ultimate load 

can be reached. Conversely, smaller failure displacement is found in the joint with shorter 

wrapping length because it reduces the length available for the crack to propagate on the 

braces during the debonding process. Reduction of ultimate load in this case is limited 

because energy dissipation in the cross-section of the joint does not alter since the 

thickness of composite wrap does not change.  
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Table 7-6 Comparison of global behavior of the joint models with different wrapping 

dimensions 

FE model name Ultimate load (kN) Failure disp. (mm) 

cX45-Ss-x1_fl_w=2.5_ ft_w=2 274 7.5 

cX45-Ss-x1_fl_w=1.5_ ft_w=2 257 4.6 

cX45-Ss-x1_fl_w=2.5_ ft_w=1.5 250 9.1 

cX45-Ss-x1_fl_w=1.5_ ft_w=1.5 216 4.6 

cX45-Ms-x4_fl_w=2.5_ ft_w=2 2916 18.4 

cX45-Ms-x4_fl_w=1.5_ ft_w=2 - - 

cX45-Ms-x4_fl_w=2.5_ ft_w=1.5 2520 21.7 

cX45-Ms-x4_fl_w=1.5_ ft_w=1.5 2239 15.4 

cX45-Ls-x8_fl_w=2.5_ ft_w=2 9593 29.3 

cX45-Ls-x8_fl_w=1.5_ ft_w=2 8544 23.9 

cX45-Ls-x8_fl_w=2.5_ ft_w=1.5 7556 32.2 

cX45-Ls-x8_fl_w=1.5_ ft_w=1.5 6990 26.5 

cX45-Fs-x12_fl_w=2.5_ ft_w=2 18215 37.0 

cX45-Fs-x12_fl_w=1.5_ ft_w=2 16203 29.2 

cX45-Fs-x12_fl_w=2.5_ ft_w=1.5 13454 35.3 

cX45-Fs-x12_fl_w=1.5_ ft_w=1.5 13501 32.2 
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Figure 7-13 Load-displacement response of joint models with different wrapping 

dimensions in a) small-scale; b) medium-scale; c) large-scale and d) full-scale   

7.6 Influence of the scale of the joint – Size effect  

The energetic (deterministic) size effect on behavior of wrapped composite 45˚ X-

joints is discussed in this section using the PS FE models in 4 geometric scales: small-

scale, medium-scale, large-scale and full-scale. The wrapping length factor fl_w is 2.5 and 

the wrapping thickness factor ft_w is 2 in this analysis, with CZM based on the 5% 

characteristic 4ENF test and COF = 0.55. The load-displacement response of the joint 

models in 4 scales are illustrated in Figure 7-14 where the Fi and Fu refers to the load 

level at initiation of debonding on the secondary bonded interface and at the full 

debonding on the primary bonded interface, respectively. The sudden load drop after Fi 

is due to debonding on the chord which is followed by the consistent increase of load 

level corresponding to debonding on the brace, as explained in section 6.6. The values 

of Fi and Fu in all 4 scales are summarized in Table 7-7. To investigate the size effect on 

the full debonding resistance, Fu is considered here for further discussion. The general 

form of the quasi-brittle size effect law can be expressed by Equation 7-1 [10], [11]. It 

describe the relation of the nominal strength σN against the structural size D. σ0 are the 

strength limit, and D0 is the transitional size at which the power laws of plasticity and 

LEFM intersect [10]–[12]. In the current discussion, the nominal strength is defined as 

the brace nominal stress σN = Fu/Ab where Ab refers to the cross-section area of the brace 

member, and D is defined as the brace diameter. Figure 7-15 illustrates the relation of σN 

and D with logarithmic scale, where the analytical equation of the size-effect law is 

derived by curve fitting to the FEA data and is shown in Equation 7-2. It indicates that 

σ0 = 820 MPa and the transitional size D0 = 155 mm. It can be clearly seen in Figure 7-15 

that full debonding failure of wrapping composite joint follows the quasi-brittle size 

effect which can be considered for the bridging of plasticity and LEFM.  
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Figure 7-14 a) Load-displacement behavior of 45˚ X-joint models in 4 scales; b) Zoom-

in view of load-displacement response in small-scale 

 

Figure 7-15 Size-effect law of wrapped composite 45˚ X-joints fitted with the FEM data 

based on 4 scales 
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Table 7-7 Summary of Fi and Fu values in PS FE models in 4 scales 

PS FE model name Fi (kN) Fu (kN) 

cX45-Ss-x1 254 274 

cX45-Ms-x4 2819 2916 

cX45-Ls-x8 9360 9593 

cX45-Fs-x12 19225 18215 

Except the above-mentioned size effect on the global response of wrapped 

composite joints, the dependency of local behavior on structural size is also investigated. 

It can be seen in Figure 7-14 that the load drop after Fi is more sudden when the structural 

size increases, indicating that debonding on chord is more instantly in larger scale. To 

quantify this change, the debonding rate on chord in 4 scales are compared in Figure 7-16 

where the applied displacement and the debonding length on chord are normalized by 

the brace diameter in each scale. It can be seen that the debonding rate increases 

significantly from small-scale to medium-scale and slightly increases further to full-

scale.  

 

 Figure 7-16 Comparison of Debonding rate on chord in 4 scales 
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7.7 Conclusions 

In this Chapter, the validated modeling strategy and the input parameters in joint 

modeling in Chapter 6 are utilized to build the 45˚ X-joint PS FE models in 4-scales with 

variation of interface properties and wrapping dimensions for parametric study. The aim 

is to investigate the influence of properties of the bonded interface, mesh, geometric size 

and the wrapping dimensions on the static behavior of 45˚ X-joints subjected to tensile 

load. Based on the FEA results, the following conclusions can be drawn: 

  1) The load resistance of the full-scale joint with brace diameter of 720 mm is 

approximately 19000 kN. The size-effect law of 45˚ X-joints is proposed which is based 

on the quasi-brittle size effects. 

  2) Reducing wrapping length on the brace by 40% leads to a decrease in the failure 

displacement by approximately 50% in small-scale joints and 10% in full-scale joints. 

On the other hand, reducing wrapping thickness by 25% results in an approximately 10% 

reduction in ultimate load for small-scale joints and 30% for full-scale joints.   

  3) The load resistance of wrapped composite joints is strongly dependent on the 

fracture toughness of the bonded interface. 2.5 times larger fracture toughness provided 

by softening and fiber bridging at crack propagation in mode II leads to 30~50% larger 

load resistance and 40~70% larger ductility of wrapped composite joints in 4 scales.  

 4) In the case of debonding analysis using CZM, 4-node linear tetrahedral (C3D4) 

element can be used to mesh composite wrap with varied element size compared to 

uniform fine mesh to saving the computation cost without sacrificing the simulation 

accuracy. The global mesh size can be increased with the structural size of the joint. 
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8.  CONCLUSIONS AND 

FUTURE WORK 
 

 

This chapter offers a concise overview of this dissertation. The main conclusions 

are summarized for the research questions proposed in Chapter 1. Additionally, 

recommendations are presented for future work endeavors, with a specific emphasis on 

investigating multi-planar loading behavior, as well as exploring the effects of elevated 

temperature and moisture.    
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The innovative wrapped composite 45º X-joints for use in off-shore jacket 

structures as the competitive alternative to traditional welded joints were investigated 

with a focus on their debonding behavior under monotonic tensile load. Experimental 

works and validated FE analysis were performed to explain and predict the debonding 

process. The fracture properties and the constitutive model of the bonded interface were 

determined through fracture mechanics experiments and modeling, and were 

implemented into the joint model considering friction on the bonded interface. Based on 

the experimental and numerical results, the following conclusions are drawn: 

1) Wrapped composite 45º X-joints show rather ductile debonding failure under tensile 

load. The elastic resistance of joints is governed by the initiation of debonding. The 

ductile debonding is attributed to the remaining friction along the bonded interface as a 

consequence of the normal pressure to the bonded interface caused by the circumferential 

contraction of the composite wrap and Poisson’s effect. The ultimate resistance of joints 

governed by the debonding propagation is approximately 40% larger than the elastic load 

limit, and is governed by the complete debonding.  

2) Debonding of wrapped composite 45º X-joints is dominated by mode II interface 

failure under tensile load. The primary factor that determined the overall resistance f 

joints is the failure of the interface on the brace. Fiber bridging develops during 

debonding crack propagation but has limited influence.  

3) Debonding on the chord leads to loss of joint stiffness while complete debonding on 

the brace results in ultimate failure. In a small-scale joint, debonding starts to propagate 

simultaneously on the brace and on the chord. Propagation of debonding on the chord is 

mild and loss of joint stiffness is gradual. In the medium-scale joints, debonding firstly 

propagates on chord in a more pronounced manner and loss of joint stiffness is abrupt. 

Once propagation of debonding on the chord is developed to a steady state, debonding 

starts to propagate on the brace.  

4) In the mode I failure of composite-steel bonded interface, the fracture toughness at 

crack initiation and propagation is 0.3 N/mm and 1.5 N/mm, respectively. Fiber bridging 

prevails as the dominant mechanism, contributing to 60% of the fracture toughness at 

crack propagation. On the contrary, in the mode II failure, the impact of fiber bridging is 

limited, accounting for a mere 6% of the fracture toughness at crack propagation. The 

fracture toughness at crack initiation and propagation in mode II failure is 0.56 N/mm 

and 3.5 N/mm, respectively. Major contribution to fracture toughness after the crack 

initiation is softening.   

5) A new four-linear traction-separation law is developed, based on the fracture 

mechanics experiments, to represent the non-linear behavior of composite-steel bonded 

interface in mode I and mode II failure. The successful implementation of the new 

cohesive law has allowed for the simulation of debonding behavior of wrapped 

composite 45º X-joints loaded in tension. Friction on the bonded interface should be 

considered. The suitable value of the coefficient of friction of composite-steel bonded 

interface is in the range of 0.5~0.6. The energetic size-effect is modelled effectively. The 

numerical results indicate that friction enhances the debonding resistance of the joints by 
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60% in small-scale and 40% in medium-scale.  

Based on the results and the discussion in this thesis, recommendations for future 

work are as follows: 

1) Tensile experiments of wrapped composite joints at large-scale and full-scale should 

be conducted to give experimental evidence on size effects. 

2) To further advance research on the debonding behavior of wrapped composite joints, 

it is necessary to extend the scope from uni-planar joint geometry to multi-planar 

geometry, e.g. K-K joints, and from uniaxial load conditions to multi-axial load 

conditions, e.g. out-of-plane bending coupled with axial tension.    

3) It is important to optimize both the length and the thickness of the composite wrap. 

To facilitate the optimization of wrapping thickness, it is necessary to examine the failure 

of composite material in the joints.    

4) The Fatigue performance of wrapped composite joints needs to be analyzed through 

physical experiments, and an appropriate numerical model should be developed to 

simulate it. 

5) Effect of elevated temperature, moisture and long-term load on the debonding 

behavior of wrapped composite joints should be studied.  
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                            Summary 
Circular hollow sections (CHS) have been extensively utilized in engineering 

structures, e.g., offshore jacket supporting structures, due to their advantage of high cost 

efficiency, aesthetic appeal, excellent mechanical properties, and durability. However, 

when CHS joints are traditionally formed by welds connecting the brace to the chord 

member and are applied in offshore jackets where long-term cyclic loading is prevalent, 

they encounter severe fatigue problems. The low fatigue endurance stems from high and 

complex stress conditions in the intersection region as a consequence of: 1) metallurgic 

changes occurring in the heat affected zone and the parent material; 2) the notch effect 

induced by the welding procedure; 3) geometric peak stresses due to the non-uniform 

stiffness distribution at the perimeter of the connection.        

Fiber reinforced polymer (FRP) composites have gained significant attention for 

retrofitting concrete structures owing to their high strength-to-weight ratio, flexibility in 

shaping, and excellent fatigue and corrosion resistance. Over the past decade, the focus 

of the application of composites has shifted towards the strengthening of welded CHS 

joints. It has been discovered that retrofitting welded CHS joints by composites could 

enhance the joints’ loading capacity, significantly reduce stress concentration factors 

(SCFs), and mitigate unfavorable failure modes such as chord ovalization and punching 

shear. However, in the retrofitted welded joints, a large portion of the load is still 

transferred through welds, which remains a source of stress concentrations and potential 

fatigue failure. To fully unlock applicational potential of CHS restricted by current 

welding joining approach, the concept of innovative wrapped composite joints was 

proposed by TU Delft as an alternative to traditional welded joints. The brace and the 

chord member in this case are bonded together and the load transfer is through the 

composite-steel bonded interface. The major concern of application of wrapped 

composite joints to offshore jackets is the uncertainty of their debonding mechanism and 

the difficulty in predicting their debonding resistance.  

This dissertation aims to understand the debonding failure mechanism of wrapped 

composite joints, and to develop a reliable finite element (FE) model for predicting 

debonding resistance. The present study focused on wrapped composite K-K joints 

susceptible to tensile fatigue failure. The K-K geometry was simplified to the 45° X-joint 

geometry to facilitate the uni-planar load application in the laboratory. Prior to 

conducting ultimate load experiments on 45° X-joints, 6 series of small-scale wrapped 

composite A-joints were tested under monotonic tensile load to investigate effect of 

production parameters (bonding primer, resin toughness, steel grade) on debonding 

resistance. 3D digital image correlation (DIC) technique was employed to quantify the 

global deformation and the local strain of the joints. The results revealed that utilizing 

bonding primer and resin with larger fracture toughness leads to increased and less 

scattered joint ductility. Interaction between debonding and steel yielding is limiting 

utilization of debonding resistance in the mild steel joints. Main reason is initiation and 

propagation of debonding crack due to yielding contraction (necking) of the steel cross 

section at the wrap end. Monotonic tensile load on small-scale and medium-scale 
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wrapped composite 45° X-joints indicated that debonding on chord leads to loss of joint 

stiffness while full debonding on brace results in ultimate failure. In small-scale, 

debonding starts to propagate simultaneously on brace and on chord. Propagation of 

debonding on chord is mild and loss of joint stiffness is gradual. In medium-scale, 

debonding first propagates on chord in a more pronounced manner and loss of joint 

stiffness is abrupt. When propagation of debonding on the chord is developed to a steady 

state, debonding starts to propagate on the brace.  

Identifying the fracture process and quantifying the fracture properties of the 

composite-steel bonded interface are prerequisites for predicting the debonding 

resistance of wrapped composite joints. To achieve this, composite-steel double 

cantilever beam (DCB) and end notched flexure (ENF) tests were carried out to acquire 

the mode I and mode II fracture behavior of the bonded interface, respectively. The crack 

length and the crack tip opening displacement (CTOD) were measured using 2D DIC, 

and the strain energy release rate (SERR) was calculated using the extended global 

method. The results showed that the fracture process of the metal-composite interface 

encompasses three distinct phenomena: crack tip deformation, softening and fiber 

bridging. Fiber bridging is governing in mode I fracture while softening contributed the 

most to mode II fracture resistance. A four-linear traction-separation law was proposed 

to describe the non-linear fracture process zone behavior of the bonded interface. 

DCB and FEM FE models were developed to establish the strategy for modeling 

composites and the bonded interface. Solid elements were used to model composites due 

to their advantages in meshing complex and curved composite wrap geometries. The 

through-thickness shear softening of composites was phenomenologically simulated by 

plasticity. Debonding of the composite-steel interface was simulated using the cohesive 

zone modeling (CZM). A good agreement was reached between experimental and 

numerical results in terms of the load-displacement response, the crack extension and the 

crack tip opening, validating the proposed modeling strategy and the four-linear traction-

separation law. They were applied in the small-scale and the medium-scale 45° X-joints 

FE models. The interior element growth was defined in meshing of composite wrap to 

save the computational costs for the exploration of size effect. Friction was defined on 

the bonded interface to consider the additional resistance arising from Poisson’s ratio 

effect and the confinement of composite wrap. The joint FE models were validated 

through a strong agreement in load-displacement behavior and the local debonding crack 

progression, between experimental results and numerical predictions. The verified joint 

model served as the benchmark for a parametric study, where the effect of wrapping 

length,  wrapping thickness, and joint size were investigated. The results implied that the 

debonding resistance of wrapped composite joints adheres to the quasi-brittle size effect 

law. Moreover, a prediction of the debonding resistance of the full-scale joint was made. 
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                            Samenvatting 
Cirkelvormige holle secties (CHS) worden uitgebreid gebruikt in 

ingenieursstructuren, zoals offshore jacket-ondersteunende constructies, vanwege hun 

voordeel van hoge kostenefficiëntie, esthetische aantrekkelijkheid, uitstekende 

mechanische eigenschappen en duurzaamheid. Echter, wanneer CHS verbindingen 

traditioneel worden gevormd door en worden toegepast in offshore jackets waar 

langdurige cyclische belasting veel voorkomt, ondervinden ze ernstige 

vermoeidheidsproblemen. De lage vermoeiingslevensduur komt voort uit hoge en 

complexe spanningstoestanden in het snijpuntgebied als gevolg van: 1) metallurgische 

veranderingen die zich voordoen in de warmtebeïnvloede zone en het basismateriaal; 2) 

het kerfeffect dat wordt veroorzaakt door de lasprocedure; 3) geometrische 

piekspanningen als gevolg van de niet-uniforme stijfheidsverdeling aan de omtrek van 

de verbinding.        

Vezelversterkte kunststoffen (VVK) hebben aanzienlijke aandacht gekregen voor 

het retrofitten van betonnen constructies vanwege hun hoge sterkte-gewichtsverhouding, 

flexibiliteit in vormgeving en uitstekende vermoeiings- en corrosiebestendigheid. In de 

afgelopen tien jaar is de focus van de toepassing van composieten verschoven naar de 

versterking van gelaste CHS-verbindingen. Er is aangetoond dat het retrofitten van 

gelaste CHS-verbindingen met VVK de draagcapaciteit van de verbindingen kan 

vergroten, stressconcentratiefactoren (SCF's) aanzienlijk kan verminderen en ongunstige 

faalmodi zoals koordovalisatie en dwarskracht pons kan verminderen. Echter, in de 

geretrofitte gelaste verbindingen wordt nog steeds een groot deel van de belasting 

overgebracht via lassen, wat een bron blijft van spanningsconcentraties en potentieel 

vermoeiing falen. Om het toepassingspotentieel van CHS dat beperkt wordt door de 

huidige lasverbindingsmethode volledig te benutten, werd door TU Delft het concept van 

innovatieve composiet omwikkeling voorgesteld als een alternatief voor traditionele 

gelaste verbindingen. De brace en chord delen zijn aan elkaar verbonden door de 

composiet omwikkeling en de belastingsoverdracht verloopt via de composiet-staal 

gebonden oppervlak. De belangrijkste zorg bij de toepassing van omwikkelde 

composietverbindingen in offshore jackets is de onzekerheid van hun 

losbreekmechanisme en de moeilijkheid om hun losbreekweerstand te voorspellen. 

Dit proefschrift heeft als doel het loslaat faalmechanisme van omwikkelde 

composietverbindingen te begrijpen en een betrouwbaar eindige-elementen (FE) model 

te ontwikkelen voor het voorspellen van de losbreekweerstand. Het huidige onderzoek 

richtte zich op omwikkelde composiet K-K verbindingen die gevoelig zijn voor 

trekvermoeiing. De K-K geometrie werd vereenvoudigd tot de 45° X-verbinding 

geometrie om de eenpvlakse belastingstoepassing in het laboratorium te 

vergemakkelijken. Voordat er ultieme belasting experimenten werden uitgevoerd op 45° 

X-verbindingen, werden 6 series van kleinschalige omwikkelde composiet A-

verbindingen getest onder monotone trekbelasting om het effect van productieparameters 

(primer, taaiheid van hars, staalkwaliteit) op de losbreekweerstand te onderzoeken. De 

3D digitale beeldcorrelatie (DIC) techniek werd gebruikt om de globale vervorming en 
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lokale spanning van de verbindingen te kwantificeren. De resultaten toonden aan dat het 

gebruik van primer en hars met een grotere breuktaaiheid leidt tot een verhoogde en 

lagere spreiding van ductiliteit. De interactie tussen losbreek en staalvervorming beperkt 

het gebruik van losbreekweerstand in de milde stalen verbindingen. De belangrijkste 

reden hiervoor is het starten en verspreiden van de losbreekkloof als gevolg van het 

krimpen (vernauwen) van de staalbuisdoorsnede aan het einde van de omwikkeling. 

Monotone trekbelasting op kleinschalige en middelgrote omwikkelde composiet 45° X-

verbindingen gaf aan dat losbreek op de chord leidt tot verlies van stijfheid, terwijl 

volledig losbreken op de brace resulteert in het uiteindelijk falen. Bij kleinschalige 

verbindingen begint losbreek tegelijkertijd op de brace en de chord te verspreiden. De 

verspreiding van losbreek op de chord is mild en het verlies van verbinding stijfheid is 

geleidelijk. Bij middelgrote verbindingen verspreidt losbreek zich eerst op de chord op 

een meer uitgesproken manier en het verlies van verbinding stijfheid is abrupt. Wanneer 

de verspreiding van losbreek op de chord is ontwikkeld tot een stabiele toestand, begint 

losbreek zich te verspreiden op de brace. 

Het identificeren van het breukproces en het kwantificeren van de 

breukeigenschappen van de composiet-staal gebonden interface zijn voorwaarden om de 

losbreekweerstand van omwikkelde composietverbindingen te voorspellen. Om dit te 

bereiken werden composiet-staal dubbel uitkragende balk (DCB) en eindinkeping 

buiging (ENF) tests uitgevoerd om het modus I- en modus II-breukgedrag van de 

gebonden interface te verkrijgen. De lengte van de scheur en de scheurpuntopening 

(CTOD) werden gemeten met behulp van 2D DIC, en de spanning-energie afgiftegraad 

(SERR) werd berekend met behulp van de uitgebreide globale methode. De resultaten 

toonden aan dat het breukproces van de metaal-composietinterface drie duidelijke 

fenomenen omvat: vervorming van de scheurpunt, verweking en vezelbrugging. 

Vezelbrugging domineert bij modus I-breuk terwijl verweking het meest bijdraagt aan 

de modus II-breukweerstand. Een vierlijnige trek-opening wet werd voorgesteld om het 

niet-lineaire gedrag van de breukproceszone van de gebonden interface te beschrijven. 

DCB- en ENF-FE-modellen werden ontwikkeld om de strategie voor het 

modelleren van composieten en de gebonden interface vast te stellen. Drie dimensionale 

elementen werden gebruikt om composieten te modelleren vanwege hun voordelen bij 

het meshen van complexe en gebogen geometrieën van composietomwikkelingen. De 

afschuifverzwakking door de dikte van de composieten werd fenomenologisch 

gesimuleerd door plasticiteit. Het losraken van de composiet-staalinterface werd 

gesimuleerd met behulp van de cohesiezone modellering (CZM). Er werd een goede 

overeenkomst bereikt tussen experimentele en numerieke resultaten wat betreft de 

belasting-verplaatsingsrespons, de scheuruitbreiding en de opening van het scheurpunt, 

wat de voorgestelde modelleringsstrategie en de vierlijnige trek-scheiding wet 

valideerde. Ze werden toegepast in de FE-modellen van zowel de kleine als de 

middelgrote 45° X-verbindingen. De groei van interne elementen werd gedefinieerd in 

het meshen van de composietomwikkeling om de berekeningskosten te besparen bij het 

onderzoeken van het schaaleffect. Wrijving werd gedefinieerd op de gebonden interface 

om de aanvullende weerstand als gevolg van het Poisson-effect en de contractie van de 
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composietomwikkeling in overweging te nemen. De FE-modellen van de verbinding 

werden gevalideerd door een goede overeenkomst in belasting-verplaatsingsgedrag en 

de lokale voortgang van het losraken, tussen experimentele resultaten en numerieke 

voorspellingen. Het geverifieerde model diende als referentie voor een parametrische 

studie, waarin het effect van de omwikkelingslengte, de omwikkelingsdikte en de 

verbinding grootte werden onderzocht. De resultaten suggereren dat de 

losbreekweerstand van omwikkelde composietverbindingen voldoet aan de quasi-brosse 

grootte-effectwet. Bovendien werd de voorspelling van de losbreekweerstand van de 

volledige verbinding gedaan. 
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