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Abstract

Concrete filled steel tubular (CFST) truss structures have been adopted in various
infrastructures worldwide for the past several decades. Application of CFST truss is
sometimes more prevalent in areas where harsh marine environment with chloride
corrosion limits the design life of the structures. Design of connections is one of the most
complicated issues in CFST truss structures, which becomes even more critical when
corrosion induces section loss in the outer steel tube. Improved design in terms of
economy and durability needs to be suggested based on rational research on typical
composite connections in corrosive environment, whilst such research is yet limited to
date. This paper thus attempts to study the behaviour of circular CFST K-joints under the
combined effects of long-term loading and corrosion. A finite element analysis (FEA)
model is presented and verified against existing test results. The model is then utilized to
perform mechanism analysis of CFST K-joints under various loading and corrosion
situations. Failure modes, detailed propagation of yield and stress distribution between
materials are investigated. Finally, a full range analysis of the load-deformation
characteristics is carried out for various corrosion situations, with the corresponding joint

strength and ductility predicted.
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1. Introduction

Concrete filled steel tubes (CFST) are
becoming more and more predominant in
various fields of structural engineering from the
latter part of the 20" century, due to the
advantages offered by such composite elements.
As effective confinement between the inner
core concrete and the outer steel tube can
exploit structural advantages of both materials,
CFST structures can achieve improved
behaviour compared to hollow tubular sections,
including greater cross-sectional strength, better
fire and seismic resistance, and enhanced
ductility [1-4]. In addition, the ability to cover
longer spans in bridges and create larger
column-free area in buildings has made
composite materials a popular choice in modern
construction. Among these, the application of
CFST truss structures has been found practical

in offshore environment where harsh marine
condition and chloride corrosion often limits
the service life of structures, as shown in the
offshore tower application displayed in Fig. 1.
Design of the CFST tubular connections in
corrosive environment thus becomes one of the

(a) CFST tower in construction

(b) Tower in use

Fig. 1. Use of CFST members in an offshore electric
transmission tower [2]

2018, Universitat Politécnica de Valéncia |iec) Sl
557


mailto:chao.hou@sydney.edu.au

Saleh, S., Hou, C., Han, L.H. and Hua, Y.X.

most critical issues in such practice. Research
gap in this area indicates the need for rational
investigation.

Many researchers have conducted studies on
the performance of single composite members
subjected to long-term loading and chloride
corrosion [5-8]. Previous studies generally
revealed that CFST members exhibited much
better performance compared to hollow steel
tubular sections as inward buckling can be
avoided due to the presence of core concrete in
the former. CFST specimens were found to
yield excellent structural performance as local
buckling can be delayed and load redistribution
can be reduced by corrosion along the
composite  cross-section. Meanwhile, the
confinement of outer steel on the core concrete
was found to be severely affected by corrosion,
leading to the deterioration of both strength and
ductility in circular CFST columns. Besides
these, scientific research regarding the
behaviour of composite joints in corrosive
environment is still limited, which requires
special attention since several dominating
parameters, such as f, y and 7, are usually
affected during the corrosion process [9, 10].

The current work thus presents the
behaviour of circular CFST K-joints under
combined loading and chloride corrosion. A
finite element analysis (FEA) model is
established and verified against previous
experimental data. The model is then used to
analyse the joint strength and mechanism under
different loading and corrosion conditions.
Finally, full range load versus deformation
behaviour and stress distribution under various
corrosion conditions have been investigated.

2. Finite element analysis modelling

A FEA model of CFST K-joint was built
based on the finite element package ABAQUS,
which takes into consideration both the
sustained loading and the effects of chloride
corrosion. Dimensions of the joint samples are
adopted from previous experimental studies
[11].The influence of sustained loading and
corrosion has been simulated by modifying the
material properties and adopting the ‘Model
change, remove’ interaction in ABAQUS.

2.1. Material properties

Two different types of material properties
were chosen for the tube steel and the endplate
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CFST chord section

steel. An elastic-plastic stress-strain model
containing five stages [12] was implemented to
define the constitutive behaviour of the tube
steel. Reasonable values for the modulus of
elasticity and the Poisson’s ratio (2x10° N/mm?
and 0.3 respectively) were adopted. The
endplates were assumed to be rigid with
Young’s Modulus of 10'* N/mm? and Poisson’s
ratio of 107,

Cubic compressive strength of concrete was
chosen as 45 N/mm?. As proposed in [13], two
different types of material properties were
considered for core concrete under short-term
and long-term sustained loading, with damage
plasticity models implemented to reflect the
confinement behaviour. Effects of time
dependent factors such as shrinkage and creep
were taken into consideration based on the
research reported in [6] and [13].

2.2. Configuration of the CFST K-joint

Real size K-joints used in bridges and arch
trusses were considered in this research. CFST-
6 in [11] with a brace thickness of 6 mm was
chosen, where the chord was infilled with
concrete while the braces were hollow.

2.3. Meshing

The steel tube is modelled using 8-node 3-D
solid elements with reduced integration
(C3D8R) to account for its effective thickness
loss due to corrosion. Other components of the
K-joint such as the core concrete and rigid
endplates are also modelled using this type of

Mesh of the core congzete  [rregular meshin

tructured meshing

Corrosion layer to be removed

Steel tube

I

1

|

CFST chord section
(before corrosion) (after corrosion)

Fig. 2. Schematic view of the FEA modelling

element. As CFST K-joint is relatively complex
in geometry, suitable meshing technique is

Concrete
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essential for the convergence and accuracy of
the simulation. In order to achieve proper
element shape, structured meshing technique is
adopted where possible. However, sweeping
meshing technique was applied along the
connection zone where two inclined brace tubes
intersect with the chord tube, as it was too
complex to assign structured meshing due to the
irregularity of the plane (Fig. 2). Appropriate
mesh density was identified by means of a
mesh convergence study, which yield reliable
outcome within reasonable computation time.

2.4. Boundary conditions and interfaces

Composite K-joint models were developed
based on the boundary conditions adopted in
previous research such as [11, 14, 15]. The K-
joints investigated in this paper were subjected
to axial static loading. Three different boundary
conditions commonly seen in practice were
evaluated, i.e., (1) loading at the chord, (2)
loading at the compressive brace and (3)
loading at the tensile brace. The boundary
conditions are clearly depicted in Fig. 3.

Hinge

LN
Tension

brace — > ¥\ Compression

Displacement brace
load

b
CFST chord

Boundary condition-1

‘/i)isplacement
load

Hinge /

¥

Free chord
end

CFST chord

Boundary condition-2

Displacement .
load \ H_mge\\
\
Hinge
3 A
CFST chord Free chord
end

Boundary condition-3

Fig. 3. The considered typical boundary conditions

The interface properties between the steel tube
and the core concrete were created by two
matching surfaces, which can be separated from
each other without any penetration [12], i.e.,
‘Hard contact’ in the normal direction and
‘Coulomb friction” model in the tangential
direction. Tie constraints were created between
the joint material and the loading plates.

2.5. Simulation of combined corrosion

As corrosion is a complex and uncertain
natural phenomenon, numerical models can
seldom be able to replicate the corrosion effects
accurately [16]. Therefore, for the sake of
simplicity, it is suggested to consider corrosion
as a time dependent process which occurs at a
constant rate and poses a long-term uniform
effect on the outer steel [6-8]. The whole
corrosion process is applied to the FE model in
four steps. Firstly, partitioning the corrosion
affected member and defining the corrosion
region; secondly, meshing of the steel tube
according to the corrosion thickness; thirdly,
applying a separate ‘corrosion step’ in which
the corrosion region will be deactivated; and
fourthly, adoption of the modified stress-strain
relation to reflect the change of confinement
between the steel and concrete due to corrosion.
Updated stress-strain relation was implemented
by using reduced thickness and diameter of the
chord.

3. Verification of the FEA model

Two approaches were used for the
verification of the model: 1) comparison of the
load-displacement relations, and 2) comparison
of the failure modes.

The axial load (N) versus axial displacement
(4) of CFST chord between the experimental
results in [11] and the simulated FEA model
was compared in Fig. 4, where reasonable
agreement is achieved. It should be noted that,
though the chord stiffness values are very
similar, the FEA model was found to have
about 10% larger ultimate strength compared to
the test results. This mainly attributes to the fact
that the effects of welding in brace-chord
intersection area was not accounted for in the
FEA modelling. Comparison of the predicted
and observed failure modes for CFST K-joint
specimen is shown in Fig. 5. As can be seen,
simulation of FEA model showed outward local
buckling in the compression brace, and a bulge
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was formed near the connection area, similar to
that obtained from test results.

<)
=

—— Predicted

Measured

0
4 2 0 2 4 6
Compression brace Tension brace
A (mm)

failure modes

Based on the above comparisons, it can be
concluded that the FEA modelling is well
capable of capturing reasonable predictions for
the structural behaviour of CFST K-joints. The
verified FEA model is then utilized to perform
the analytical behaviour of CFST K-joints
under sustained loading and chloride corrosion.

4. Analytical behaviour

4.1. Typical failure modes

As the infilled concrete improves the
resistance of the chords in CFST K-joints, the
composite chord is no longer the weaker part.
Different modes of failure were detected
depending on various boundary conditions.
Typically, three failure modes have been
observed in this study, as depicted in Fig. 6.

(a) Mode A: Chord plastification

This mode is observed when moderate load
is applied at the chord. A noticeable region of
the chord reaches plastic stage at the chor-brace
intersection area, where the corresponding
Mises stress is found to be around 431 MPa
(Fig. 6a). Mises stress at the braces remains in a
range of 280-340 MPa, with no considerable
local failure. The outer surface of the infilled
concrete develops a maximum compressive
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stress of 58 MPa at the area of chord
plastification. The well-known chord inward
buckling is avoided due to the inner support of
core concrete, which leads to improved joint
behaviour compared to CHS joints.

5, Mises S, Min. Principal

(Avg: 75%) (Avg: 75%)
+4.310e+02 +3.285e-01
+3.994e+02
+3.597e+02
+3.240e+02
+2.884e+02
+2.527e+02
+2.170e+02
+1.814e+02 -

-4.516e+00
-9.361e+00
-l421e+01
-1.905e+01
-2.390e+01
-2.874e+01
-3.358e+01
-3.843e+01
-4.327e+01
-4.812e+01
-5.296e+01
-5.781le+01

+1.457e+02
+1.100e+02
+7.436e+01
+3.86%+01
+3.026e+00

(al) overall view of the joint (a2) inner concrete
(a) Mode A: Chord plastification
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(b) Mode B: Chord plastification combined with
local buckling of the brace
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Fig.6. Typical failure modes of CFST K-joints and
the corresponding stress distribution
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(b) Mode B: Chord plastification combined with
local buckling of the brace

This combined failure mode was obtained
when significant load is applied at the chord
end. The chord tube at the connection area
reaches plastic state at first, prominent local
buckling is then noticed at the compression
brace near the intersection (Fig. 6b). Obvious
stress concentration at the local buckling region
is found, with the hollow brace failing at Mises
stress of 497 MPa. At the time of compression
brace failure, critical zones of the chord tube
and the tension brace remain at moderate stress
level (310-350 MPa). Stresses at the outer
region of core concrete is relatively lower than
Mode A (around 40 MPa), whilst the inner
region is unaffected.

(C) Mode C: Immature local buckiling of the
brace

Under this mode, a small region at the
tension brace near the connection area enters
plasticity at the early stage of loading. With the
loading process continues, localized stresses at
the compression brace starts to accumulate and
yield begins around the connection area. Unlike
the first two modes, the entire compression
brace fails due to local buckling with huge
plastic deformation whilst most of the chord
region remains elastic (Fig 6c). Maximum
Mises stress at the critical brace location is
found to be around 493 MPa. Stress along the
intersection remains elastic (maximum 310
MPa). Outer region of the concrete gains a
compressive stress of about 55 MPa near the
critical compression brace region. The stress
level at the outer concrete surface is very
similar to Mode A and about 38% larger
compared to Mode B.

Overall, the failure Mode C and Mode B is
similar except for the chord plastification
phenomenon. Compared with CHS joints, the
composite chords are strong enough so that the
compression braces tend to buckle first.

4.2. Yield propagation behaviour

The spread of yield region was obtained in
terms of the stress development from the
detailed FE analysis. It was obtained that in the
connection area, stress in the core concrete and
the steel tube increases significantly over time
while that in the failure region remains almost
constant. Maximum Mises stress in the steel
tube escalates gradually from 128 to 421 MPa

over the period of loading (Fig. 7a). Similarly,
concrete along the intersection gains 24 MPa
stress at the beginning and gradually peaks to
around 80 MPa, reaching its ultimate strength
during the loading.

Step time 0.29 Step time 1.00

S, Mises S, Mises

(Avg: 75%) (Awg: 75%)
+1.287e+02 +4.208e+02
+1.183e+02 +3.896e+02
+1.079e+02 +3.584e+02
+9.7442+01 +3.272e+02
+8.701e+01 +2.960e+02
+7.6592+01 +2.648e+02
+6.617e+01 +2.337e+02
+5.575e+01 +2.025e+02
+4.533e+01 +1713e+02
+3.491e+01 +1.401e+02
+2.449e+01 +1.089e+02
+1.406e+01 +7.773e+01
+3.643e+00 +4.6552+01

(a) Steel tube at connection

5, Min. Principal 5, Min. Principal
(Avg: 75%) (Avg: 75%)
+1.54Ze+00 +3.065e+00
-6.1868-01 -4.236e+00
-2.77%e+00 -1.154e+01
-4,940e+00 -1.5884e+01
Z7100s+00 -Z.61de+01
“a'Z61a+00 -3.344e+01
1147e+01 -4.07de+01
1caet0l -4,8048+01
'Eaer0l -5.5348+01
17308401 -6.26de+01
Tz 00ee+01 -6.004e+01
Shazerol -7.724e+01
SATaer0l -@.454e+01

(b) Concrete at connection

S, Mises 5, Mises

(Awg: 79%) (&vg: 75%)
+3.259e+02 +3.571a+02
+3.020e+02 +3.381e+02
+2.781e+02 +3.1918+02
+2.5428+02 +3.001e+02
+2.303e+02 +2.810e+02
+2.064e+02 +2.6208+02
+1.824e+02 +2.430e+02
+1.585e+02
+1.348a+02 12 53at0z
+1.107e+02
+5E708401 T1esains
+6.287e+01 1.480e+02
+3.896e+01 il‘ZQUSiDZ

(c) Brace tubes

Fig.7. Stress development along the components

Although the stress rises significantly over
time, yield area at the connection remains
almost the same. It can be understood that the
existence of core concrete helps release the
stress and delays the failure of the steel chord
tube. For the inner concrete, only the outer
surface crushes due to excessive stress, whereas
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the inner layers stay almost unaffected (Fig.
7b). This proves that the concrete does not
actively contribute directly for the load-
carrying, however, it significantly retards the
yield propagation throughout the joint through
effective stress redistribution. In contrast, the
yield region in the hollow brace tubes expands
significantly while the maximum stress does
not rise over time, as shown in Fig. 7c. The
brace region adjacent to the connection area
yields first, gradually propagating to outer parts
of the braces. The corresponding stress does not
increase massively (325 to 357 MPa). Failure
spreads gradually yet quickly along the hollow
brace tubes with no infilled concrete.

4.3. Full-range analysis
4.3.1. Typical full-range N-A relation

Full-range investigation on the behaviour of
CFST K-joints under corrosion has been carried
out using the FEA model. Fig. 8 shows the load
(N) versus displacement (A) relations of CFST
K-joints under two different conditions, i.e., 1)
short-term loading and 2) long-term loading
combined with corrosion. Two distinct curves
were obtained to describe the N-A relations for
these two cases.

1. Curve O-A-B-C in Fig. 8 displays the N-4
relation under short-term loading before any
corrosion occurred. The well-developed
curve indicates that CFST K-joints has
excellent ductility behaviour and the joint
fails long after its ultimate capacity (N,) is
reached.

2. Curve O-A-A;-Bi-C; describes the N-4
relation of CFST K-joint exposed to long-
term loading and corrosion. The curve can be
broadly divided into four characteristic
stages.

A Long-term loading
Nup--o-ooo-o _ B, with corrosion
Nu1

é Ci
= C

Ni -7A Al Short-term loading

v

A (mm)

Fig.8. Typical N—4 relation of CFST K-joints under
corrosion
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Stage [ (O-A): service load N is applied on
the K-joint before corrosion occurs. As the load
in this stage is much less than the ultimate joint
capacity, the load-displacement relation shows
a linear response. Stage II (A-A;): initial load
N, is kept constant while uniform corrosion
takes place, resembling the combined effects of
sustained loading and corrosion in practice. A
flat zone is obtained from the curve and the
deformation grows up to point A;, which
defines the time dependent effects of core
concrete such as shrinkage and creep. Corrosion
leads to stress redistribution between the
concrete and steel, and also adversely affects
the confinement of steel tube on the infilled
concrete. Stage III (Ai-Bi): represents the
continued loading stage up to the ultimate joint
capacity (Mu). The CFST joint demonstrates
elasto-plastic response and the drop of ultimate
strength and stiffness compared to the curve O-
A-B-C is quite prominent. Stage IV (B;-C)):
after the peak is reached at point B, the
deformation keeps growing while the axial load
decreases. This plummet zone is dependent on
the extent of corrosion and the composite action
in the CFST chord. Effect of corrosion on this
decreasing stage has been found to be moderate,
whereas the influence of composite action has
been obtained to be substantial. Overall, CFST
K-joints exhibit excellent ductility when
subjected to combined loading and corrosion
compared with the reference CHS joints.

4.3.2. Effects of different corrosion patterns

Load-displacement relations have been
obtained through full-range analysis of CFST
K-joints subjected to different corrosion
situations, i.e., corrosion applied to chord or
brace member individually as well as
throughout corrosion along the joint (Fig. 9). It
is evident from the graphs that chord corrosion
has very moderate influence on the joint
ultimate strength. A corrosion which reduces
the chord thickness by 30% decreases the joint
capacity by only 4% whilst the ductility of the
joint remains excellent. This again proves that it
is the hollow brace members that dominate the
joint behaviour. The infilled concrete avoids
local buckling and strengthens the chord,
achieving a brace failure mode and leading to
more ductile joint behaviour.

However, when the brace members are
corroded, strength of the joints reduces
dramatically. For a brace thickness loss of 30%
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due to corrosion exposure, a joint capacity
reduction of around 30% is noticed. A
significant deterioration of ductility is also
perceived, the joint reaches maximum strength
at around 18 mm chord displacement, compared
to 35 mm when only chord is corroded. The
throughout corrosion is found to be almost
similar to the brace only corrosion. This
indicates that regardless of the boundary
conditions, hollow tubular brace is generally the
most critical component of a CFST K-joint.
When braces are exposed to corrosion, joint is
vulnerable at much lower load and exhibits
poor ductile behaviour.

600 -Short-term loading

\ Chord corrosion
500
400
\Aza/ 300 Throughout ¢orrosion
=
200

Brace corrosion

0 20 40 60
A (mm)

Fig.9. The N-4 relations for different corrosion cases
5. Conclusion

Based on the limited research work in this
paper, following conclusions can be obtained,

1) A FEA model considering the combined
effect of loading and corrosion on CFST K-
joints was established and verified againest
previous experimental results, good agreements
were achieved.

2) Three typical modes were obtained for
CFST K-joints under corrosion. Hollow braces
were identified as the critical components of the
joints, regardless of boundary conditions.

3) Propagation of stress development was
thoroughly investigated. The confined concrete
was found to be capable of preventing the
spread of yield across the joint, which also
enhanced the joint capacity and ductility.

4) Full-range analysis of CFST K-joints under
combined loading and corrosion was
performed. Corrosion in chord was found to
have only moderate influence, whereas the joint
behaviour was tremendously affected if brace
was corroded.
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