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ARTICLE INFO ABSTRACT

Keywords: The concept of an innovative bonded joining technology where welding is not required is presented as an
CHS alternative to traditional welded connection for steel circular hollow section (CHS). Wrapped composite joints
Wrapped composite joints have potential to greatly improve fatigue endurance when applied in multi-membered truss structures, e.g.
Steel yielding offshore jackets for wind turbines. This paper focuses on characterization of influence of chemical bonding
Fracture toughness . . s . N o
Debonding resistance, fracture toughness of resins, and steel yielding on debonding of wrapped composite joints. Uniaxial
3D DIC splice joints (A-joints) are made with GFRP composite material wrapped around steel sections, and tested under
static tensile loading conditions until failure. Different chemical bonding properties by application of bonding
primer, different types of polymer resins and steel grade are used during the wrapping procedure. Debonding on
the bonded interface are identified by surface strain measurements through 3D digital image correlation (DIC)
technique. Testing results indicate that steel yielding limits full utilization of the resistance of the bonded
interface. Wrapped composite A-joints with high-strength steel exhibits 75% larger ultimate load where yielding
is prevented. Larger fracture toughness of toughened vinyl-ester resin contributes to 30% larger displacement of

the joints at failure compared to regular vinyl-ester and polyester resins.

1. Introduction

Circular Hollow Sections (CHS) have been extensively used in engi-
neering structures, as shown in Fig. 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 welded con-
necting brace (diagonal) to the chord member, encounter severe fatigue
problem [2-4]. The low fatigue endurance of welded CHS joints results
from high and complex stress conditions as consequence of local
bending of the thin-walled CHS sections and ovalization in the welded
intersection areas. Further reasons are stress concentrations attributed
to 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 [5];
and geometric peak stresses due to the non-uniform stiffness distribution
at the perimeter of the connection [1]. In addition, welding results in
residual stresses in the heat affected zone and embrittlement of the steel
material.

Fibre reinforced polymer (FRP) composites, further referred to as
composites, have excellent corrosion and fatigue resistance in addition
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to high strength-to-weight ratio. With tailorable material properties by
choosing the type of fibre (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 butt joints [6-7], T joints [8-9], Y joints [10]
and gap K joints [11-12]. The conclusion of all previous research is that
retrofitting steel CHS joints by composites can enhance loading capacity
of those joints substantially, and unfavorable failure modes, i.e., chord
ovalization and punching shear, are efficiently mitigated.

Despite improved static behavior of composite-strengthened CHS
joints, main load is carried through welded connection, which remains
to be a source of stress concentration and brittle 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 [13] as an alternative to
traditional welded joints, as shown in Fig. 2. CHS brace members (di-
agonals) and the chord member in this case are bonded together by
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Fig. 1. Engineering application of CHS.
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Fig. 2. Wrapped composite joints.

composite wrap which can be shaped in an optimal manner to decrease
stress concentration at the bonded interface. Initial tensile static tests
presented in TU Delft [14-16] prove their improved initial stiffness and
equivalent load resistance compared to welded joints. The subsequent
fatigue experiments validate their lower stiffness degradation and su-
perior fatigue life than the welded joints [17]. Use of high-strength steels
(HSS) could lead to large reduction of thickness and therefore weight of
the fatigue dominated supporting structures in offshore applications.
However, application of HSS is hindered because of very limited fatigue
life of the welded joints. Novel wrapped composite joints have potential
to overcome this limitation and foster utilization of HSS in structures to
reduce weight and CO2 emissions related to steel consumption. Static
experiments of wrapped composite joints at different geometric scales

are then conducted in different load conditions indicating that full
debonding of the bonded interface is the predominant failure mode of
the joints [18]. A combined digital image correlation-finite element
analysis (DIC-FEA) method is proposed to monitor the debonding crack
propagation at the interface of bonded composite-steel joints [19].
Good debonding resistance of the bonded interface is an essential
prerequisite for good static behavior of wrapped composite joints, which
can be realized by appropriate surface treatment and selection of ad-
hesives. 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 [20]. Surface treat-
ments for steel include but are not limited to solvent degreasing,
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Table 1
Test series and specimen designation.
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Series number Test series and Resin type Bonding treatment Steel Grade Connection type Geometry in Figure number
specimen naming

1 A-Ss-R1-NM_S1/2/3 Resin 1 No Primer S355 Wrapped composite 3(@)

2 A-Ss-R1-PM_S1/2/3 Resin 1 With Primer S$355 Wrapped composite 3(@)

3 A-Ss-R2-PM_S1/2/3 Resin 2 With Primer $355 Wrapped composite 3(@)

4 A-Ss-R3-PM_S1/2/3 Resin 3 With Primer $355 Wrapped composite 3(a)

5 A-Ss-R2-PM_S4/5/6 Resin 2 With Primer S$355 Wrapped composite 3(b)

6 A-Ss-R2-PH_S1/2/3 Resin 2 With Primer S700 Wrapped composite 3(b)
abrasion and grit blasting [21]. Researchers have found that the best
bonded performance of adhesive joints can be achieved by an optimum | 1000 ‘
surface roughness of steel normally determined by grit blasting [22-25]. - 300 —— 300 —

In the cases to ensure superior durable bonds under particularly
adverse environments, the use of bonding primers to pretreat substrates
prior to adhesive bonding is becoming of increasing importance in in-
dustrial applications [26-27]. It is usually a dilute solution of an adhe-
sive in an organic solvent with the following functions: 1) protect the
adherend’s surface from oxidation after surface cleaning, extending the
time that may elapse between surface preparation and bonding appli-
cation [28]; 2) improve wetting [29]; 3) serve as a barrier coat to pre-
vent unfavorable reactions between adhesive and adherend [29]; 4)
modify the properties of the bonded interface to improve certain char-
acteristics such as peel [30]. Adhesive types also have a significant in-
fluence on the bonding quality. The load-bearing capacity is inevitably
affected by ductility of adhesives [31-33].

However, current studies are only limited to 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 [18].

This paper follows the previous research work in TU Delft [13-19]
and aims to quantify and identify the influence of production parameters
(i.e., application of bonding primer, polymer resin types and steel grade)
on the static resistance of wrapped composite joints. Steel members are
connected solely through direct bonding (laminating) the composite
wrap in this novel joints as the alternative to welded CHS joints. Six
series of A-joint specimens at small-scale (60-mm diameter) are tested in
monotonic tensile load until failure. Deformation of the joint during
loading is captured by linear variable differential transformers (LVDTs)
and surface strain measurements obtained by 3D digital image correla-
tion (DIC) technique.

2. Ultimate load joint experiments

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 op-
portunity 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 influ-
ence of difference in chemical bonding properties on the debonding
resistance of the joint. Three types of thermoset polymer resins desig-
nated as resin 1 and 2 — both vinyl-ester based and resin 3 — polyester
based, are used in the wrapping procedure to investigate 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 production of A-joint specimens to quantify the influence of interac-
tion between debonding and steel yielding on the static resistance of the
wrapped composite joints.

120 140 240 240 140 120
I f |
4 x 120 mm fillet weld

14 mm wrap thickness

CHS 60.3/4

Displacement measurement
point 50 mm outside the wrap end

a) Joint type 1: series 1~4 — mild steel (MS)

1000

‘ 500 500
(150 110 240 _ 240 _ 110 150_

4 x 150 mm fillet weld 14 mm wrap thickness

CHS 63.5/3.6

Displacement measurement
point 50 mm outside the wrap end

b) Joint type 2: series 5 — mild steel (MS) and series 6 — high strength steel (HSS)

Fig. 3. Geometry of small-scale wrapped composite A-joint specimens for
tensile tests (unit: mm).

2.1. Test series

Based on the above-mentioned motivation of the experimental
campaign, 6 series of small-scale wrapped composite A-joint specimens
are designed for the tensile static experiments, as summarized in
Table 1. Configuration of the joint specimen is shown in Fig. 2¢) while its
geometry with dimensions are shown in Fig. 3a) and Fig. 3b). The main
differences of the geometry 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 accom-
plished with 3 nominally identical specimens.

Following naming convention is used for series given in Table 1 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.).

2.2. Material properties

The CHS profiles (grade S355 and S700) are connected by E-Glass
based composite wrap. Bi-directional fibre mats are wrapped (lami-
nated) around steel hollow sections and fibre volume fraction ranging
30-32% is achieved. Note that the composite wrap is directly applied /
bonded on the steel tubes without separate adhesive layer so that the
failure related to adhesive is eliminated. Grit blasting and chemical
degrease is applied on the steel tubes before wrapping to ensure good
surface preparation. The alignment of the steel tubes is controlled to be
less than 0.5 mm misalignment. The hand lamination (wrapping)



P. He et al.

Table 2
Mechanical properties of the composite wrap laminate with resin 2.

Mechanical properties Average value (and CoV

[%])
200 MPa (3.79)

In-plane compressive strength in x/y direction — f
fre

In-plane compressive modulus in x/y direction — Ey

Ey.

In-plane tensile strength in x/y direction — fi;  fyc

In-plane tensile modulus in x/y direction — Ex;  Ey

In-plane major Poisson’s ratio — Vyy

In-plane shear strength — fyy v

In-plane shear modulus — G,y

12077 MPa (4.50)

216 MPa (5.78)
11798 MPa (6.37)
0.15 (6.50)

72.2 MPa (2.59)
3120 MPa (6.81)

procedure is fulfilled in a couple of stages where the smooth thickness
transition and ply drops is achieved as well as good compaction and
avoidance of air gaps. No post-curing is applied to the wrapped speci-
mens. Thickness of the composite wrap is maximum at the joint root
with the value of 14 mm and decreases to 0 mm at the wrap end, as
shown in Fig. 3. The repeatability of the production is assured by using
only certified laminators in the factory where the joint 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

&RPSRVLWH 6 WUXFWXUHV

programme.

Mechanical properties of the composite material are determined in
case of resin 2 and are summarized in Table 2. The standard tensile/
compressive/in-plane shear coupon tests are conducted to obtain these
material properties based on ISO standard [34-37].

2.3. Joint experiments set-up

The tensile static experiments of wrapped composite A-joints in se-
ries 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 Fig. 4. 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 Fig. 5 b) and 5c).
Load is applied by displacement control with rate of 1 mm/min to
provide quasi-static loading condition.

2.4. Measurement set-up

Two measurement techniques are used in the ultimate load joint
experiments. In experiments of series 1 ~ 4), the measurement system

a) Experimental set-up condiuration b)Schenaticexperinental set-up c) Loacdhiroduction at tebrae enc

Fig. 4. Test set-up of small-scale wrapped composite A-joints in series 1-4 under axial tensile load.

a) LVDTs in series 1-4 b)

DIC measurements in series 5-6

c) Schematic experimental set-up

Support on the frame
with load cell inside

4~ Clamping Force

CHS member

Speckle patterns

- Clamping Force

1 Steel clamp
Fl
AJ
Platform with
hydraulic jack inside

d) Spackle pattern

Fig. 5. Measurement technique in series 5-6 using 3D DIC system with live measurement of displacements and strains on the surface of specimens.
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Fig. 6. Failure modes of a wrapped composite A-joint loaded in tension.

based on two Linear Variable Differential Transformers (LVDTSs), at front
and back is used to capture potential eccentricity and average the data.
In the experiments series 5-6, 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 Fig. 5. 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. The
750 610 610 mm> measuring volume is used and speckle patterns
are applied on the specimens’ surface by spray method with grain size of
approximately 2 mm, corresponding to the small-scale joint geometry.
Polarized blue light is used to limit influence of variation of ambient
light on measurement accuracy.

3. Failure modes of wrapped composite joints

Based on the results of preliminary tensile static tests [14-18] and
the results shown in this paper afterwards, the load transfer mechanism
and potential failure scenarios of wrapped composites A-joints are
identified and schematically shown in Fig. 6. The main load transferring
components of the wrapped composite joint are:

- Bonded interface — which connects the CHS members to the com-
posite wrap. The joint load in tension from the steel member is trans-
ferred to the composite wrap mainly through mode II (shear) interface
behavior.

- Composite wrap — which transfers the joint load from one CHS
members to another CHS member. The load transfer is through multi-
axial stress state: longitudinal, trough thickness and tangential stresses
due to the relatively thick curved laminate.

The failure modes of the wrapped composite A-joints can be divided
into four main groups for tensile axial load:

1) Failure of the bonded interface by partial or full debonding. Mode II
interface failure is dominant, partially reduced by mode-mixity with
Mode I interface stresses at the wrap end due to contraction of the
steel cross section after yielding. From the three-point end notched
flexure (3ENF) test not presented here, the average value of the mode
II critical strain energy release rate is 2 N/mm. The crack initializes
at the root of the connection (coincidence of the two CHS members)
due to stress concentrations and propagates towards the end of the
bonded interface. 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.

Failure of the composite wrap by fracture involving micro-scale
failure modes of the fibres and resin. Given the quasi-isotropic
behavior and relatively large thickness (up to 14 mm) of composite
wrap laminate used in the joints, the local failure modes of the
composite wrap can be characterized as out-of-plane shear due to
delamination and tensile failure (in-plane) of the laminate.

Failure of CHS member by yielding next to or inside the composite
wrap. Yielding of the steel inside the composite wrap can promote

2

—

3

(7

Table 3
Test results related to influence of primer and resin.
Series  Specimen Initial Elastic Ultimate Displacement
stiffness load limit  load [kN] at failure
[kN/mm] [kN] [mm]

1 A-Ss-R1- 258.5 196.3 319.9 4.0
NM_S1
A-Ss-R1- 262.5 185.2 314.3 1.8
NM_S2
A-Ss-R1- 261.9 198.3 314.0 2.1
NM_S3
Average 261.0 193.3 316.1 2.6 (36.99)
(and COV (0.67) (2.98) (0.86)
[%1)

2 A-Ss-R1- 255.7 189.1 334.7 3.8
PM_S1
A-Ss-R1- 256.7 195.7 327.0 4.4
PM_S2
A-Ss-R1- 252.2 186.8 324.5 3.4
PM_S3
Average 254.9 190.5 328.7 3.9 (10.63)
(and COV (0.76) (1.98) (1.32)
[%])

3 A-Ss-R2- 251.8 221.5 335.4 5.1
PM_S1
A-Ss-R2- 241.9 221.4 341.2 4.9
PM_S2
A-Ss-R2- 247.8 234.2 334.7 4.8
PM_S3
Average 247.2 225.7 337.1 4.9 (2.53)
(and COV (1.65) (2.66) (0.86)
[%])

4 A-Ss-R3- 265.8 179 334.4 3.9
PM_S1
A-Ss-R3- 264.8 186.2 324.3 3.7
PM_S2
A-Ss-R3- 266.0 185 325.4 3.6
PM_S3
Average 265.5 183.4 328.0 3.7 (3.34)
(and COV (0.20) (1.72) (1.38)

[%])

debonding 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.

Full debonding on the bonded interface around any CHS member
will lead to loss of structural integrity (failure) while partial debonding
will lead to reduction of secant stiffness of the joint without loss of the
structural integrity.

4. Results and discussion

General overview of all test results is given in Table 3 and Table 4.
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



P. He et al.

Table 4
Test results 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 249.9 (1.59) 224.8 (0.30) 310.3 (0.81) 6.1 (4.02)

(and COV [%])

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 239.5(1.30) 227.6(0.41)  543.2(9.36)  5.2(20.12)

(and COV [%])

curves.

The displacement values in Table 3, 4 and Figs. 7, 8 and 9 are
measured based on the two points 50 mm outside the wrapped region on
the two steel members, as indicated in Fig. 3.

All specimens of 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 details in Section 4.4. 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%.

4.1. Influence of bonding primer

Fig. 7 shows the load-displacement curves of 6 wrapped composite
A-joints of 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.

400
350
300 -
250 -

200 +

Force (kN)

150 +

&RPSRVLWH 6WUXFWXUHV
4.2. Influence of mechanical properties of polymer resins

Fig. 8 shows load—-displacement curves of 9 wrapped composite A-
joint specimens referring to series 2, 3 and 4 produced with three types
of resins R1, R2 and R3, respectively. 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.

4.3. Influence of CHS steel grade

Fig. 9 depicts the load-displacement behavior of 3 mild steel (MS)
and 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

400 -
350 4
IR
300 4 e
250+
< A-Ss-R1-PM_S1
S 200- ASsRLPMS]
q A-Ss-R1-PM_S3
o
L 150 _ neemoemsr
..... A-Ss-R2PM_S2
004 f e A-Ss-R2-PM_S3
/‘»# A-Ss-R3-PM_S1
50+ / A-Ss-R3-PM_S2
' A-Ss-R3-PM_S3
0 . , : | | |
0 > T 6

Displacement (mm)

Fig. 8. Tensile static behavior of wrapped composite A-joints produced with
three types of resins.

100

50

—— A-Ss-R1-NM_S1
----- A-Ss-R1-NM_S2
------ A-Ss-R1-NM_S3
A-Ss-R1-PM_S1
A-Ss-R1-PM_S2
A-Ss-R1-PM_S3

2 3
Displacement (mm)

Fig. 7. Tensile static behavior of wrapped composite A-joint applied with vs without bonding primer.
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A: Elastic limit (Initiation of debonding from the joint root)

7007 B: Progression of debonding from the joint root C: Initiation of steel yielding

650 7 D and E: Progression of debonding from the joint root

600 1 F: Initiation of debonding from the joint end

550 e G: Ultimate failure
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Fig. 9. Tensile static behavior of M

/Debondmg

a) MS joints failsat the stelecomposite bonded interfadgéull debonding;

Debonding Delamination

b) HSS joints failing due to mbined debonding and Eenination

/Debonding

¢) HSS joint with levest resistance failing due talf debonding

Fig. 10. Comparison of the failure modes between MS and HSS A-joints.

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 Fig. 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 Fig. 11. The cut surface is
grinded by sand paper 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 Fig. 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

S vs. HSS wrapped composite joints.

) ... Delamination
. Debonding Delamination .

a bC de f9

a bc de f

Debonding Delamination l‘—!

Delamination
Fig. 11. Crack path in cut HSS specimen (A-Ss-R2-PH_S1).

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).

4.4. Crack propagation in mild steel vs. high-strength steel A-joint
specimens

In the experimental results presented so far for the MS joint speci-
mens, 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 domi-
nated) 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 despite that 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
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Fig. 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.

conclusive results was obtained. The main reasons for unsuccessful
measurements are the relatively large thickness (14 mm) 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. Fig. 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 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.

Development of surface strains (longitudinal strains) of 2 specimens,
A-Ss-R2-PM_S5 and A-Ss-R2-PH_S3, are shown in Figs. 13 and 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 Fig. 9 to explain the two different failure
process related to debonding with or without yielding of the steel
members. Wrapped composite joints behave elastic in both cases as
shown in Fig. 13a) and 15a) 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 Fig. 13 b) and 15b). 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
Fig. 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 Fig. 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
Fig. 13e). By contrast, debonding crack from the root of the HSS joint
consistently propagates (point B, D and E, see Fig. 15 ¢), d) and e))
without steel yielding until reaching the critical length at 464 kN (point
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e) Critical debonding length before failure — point G (291kN)

Fig. 13. Longitudinal surface strains of a mild-steel specimen (A-Ss-R2-PM_S5)
at critical loading stages indicating failure process.

G, see Fig. 15 f)) and leads to full debonding of the bonded interface.
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
Fig. 13 and Fig. 15. The longitudinal surface strains along the path ob-
tained at characteristic loading stages of the MS and HSS joint are shown
in Fig. 14 a) and Fig. 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 normalized to strains that would correspond to the elastic load
stage in Fig. 14 b) and Fig. 16 b) for MS and HSS, respectively. If there
would be no debonding, delamination, composite cracking and/or steel
yielding, the normalized strains at later load stages would be identical to
the reference elastic state. The deviations from such idealistic state are
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Fig. 14. Longitudinal surface strains along the end of steel tube and composite
wrap of a mild-steel specimen (example of A-Ss-R2-PM_S5).

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 normal-
izing. 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 [19].

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 Fig. 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 Fig. 9, and
consistently grows to 70 mm at 306 kN where debonding is initiated
from the wrap end - point F in Fig. 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 Fig. 14) when the coalescence
of the crack initiated at the wrap root and wrap end is reached due to
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f) Critical debonding length before failure — point G (464kN)

Fig. 15. Longitudinal surface strains of a high-strength steel specimen (A-Ss-
R2-PH_S3) at critical loading states indicating failure process.

excessive yielding of steel outside the wrap with approximately 2.2% of
plastic strain (see Fig. 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 Fig. 9), respectively, without
steel yielding and without debonding initiated from the wrap end. The
debonding crack subsequently propagates to the critical length of 175



P. He et al.

Elastic state_114kN

1.2 - Root debonding_226kN

Debonding progression_270kN Debonding length
—— Debonding progression_350kN from the joint root
1.0 — Debonding progression_400kN
Critical debonding_464kN 175 m

. N\ N

Longitudinal surface strain (%)

0.0 T T T T
-60 0 60 120 180 240
Steel part Wrap end Wrap root

Path along the end of steel tube and composite wrap (mm)

a) Strains at characteristioading states correspding
to progression of failure

Elastic state_114kN

0.5 - Root debonding_226kN
Debonding progression_270kN Debonding length

—— Debonding progression_350kN from the joint root

—— Debonding progression_400kN

Critical debonding_464kN

0.4 4

175 mm

131 mm

78 mm

Normalized Longitudinal surface strain (%)

0.0 T T

T T
-60 0 60 120 180 240
Steel part Wrap end Wrap root
Path along the end of steel tube and composite wrap (mm)

b) Strains norralized to load level corresponding to the elastic
state (114 kN)

Fig. 16. Longitudinal surface strains along the end of steel tube and composite
wrap of a high-strain steel specimen (example of A-Ss-R2-PH_S3).

mm (73% of full bonding length) just before ultimate failure (see
Fig. 16). At the wrap end, strain localization is observed due to ply drops
during the loading process as presented in Fig. 16.

Development of debonding in MS and HSS joints is compared in
Fig. 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 increasing joint displacement, as shown in load-displacement
graphs in Fig. 9. This behavior is attributed to steel CHS yielding as
indicated in Fig. 17 a) by contraction (necking) of the steel cross section
of MS joints outside the composite wrap. It is shown in Section 4.2 that
more ductile resin would contribute in 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 fa