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The current work presents a unique study on the seismic performance of innovative corrugated-plate steel bridge
piers. While several previous research was conducted on steel tubes with cross sections such as rounded or semi
triangular plates, the seismic performance of such structural members with straight ribbed corrugation geometry
under uniaxial cyclic loading remained a research gap. Thus, this research aims to present a new concept that could
add a promising design to steel tubes under seismic effect. The seismic performance of such piers was numerically
investigated in terms of the load-bearing capacity and local buckling. ABAQUS was employed to accomplish a series
of finite element analyses on corrugated-plate steel bridge piers under constant axial dead load and lateral cyclic
displacement. Three different geometries of corrugated-shaped steel tubes (i.e., C60, C80, and C146 mm deep)
along with four different thicknesses (i.e., 6, 8, 10, and 12 mm) were investigated and compared to the traditional cir-
cular-shaped steel tubes (i.e., Cir) having same thicknesses and outer diameter. The results revealed that the innova-
tive corrugated-plate steel bridge piers offered 20% greater load-bearing capacity and 66% more ductility compared
to their companions of circular-shaped steel tubes. It was interesting to notice that the peak value of the load-bearing
capacity of the C146 column was greater than those of the C80 and C60 columns by 7% and 10%, respectively.
Furthermore, the local buckling was generally seen less severe amongst corrugated-plate steel bridge piers. This
research raises the importance of corrugated-plate sections used in bridge piers over circular shapes owing to their

advantages in strength and aestheticism.
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INTRODUCTION

In the last few decades, thin-walled steel structures have
been widely applied in engineering structures owing to
their favorable seismic performance in regions which
are exposed to severe earthquakes [1-5]. Due to their
high strength, light-weight, ductility, and torsional rigidity,
thin-walled steel structures are used in numerous mod-
ern applications such as urban highway bridge systems
where the constructional space is limited [2—4,6-9]. In
the event of heavy earthquakes, thin-walled steel tubular
cantilever bridge piers are vulnerable to local and over-
all interaction buckling damage [1-4,9]. Consequently, a
significant degradation in the load-bearing capacity and
ductility takes place [1-4,10,11]. Such bridge piers are
affected by radius-to-thickness ratio parameter/width-
to-thickness ratio parameter, and slenderness ratio pa-
rameter [1—4,9]. Since the late 1950s, the introduction
of the corrugation to the structural members have been
attracted more attention in aerospace, nuclear reactors,
transportation, and civil engineering structures including
buildings and bridges [12,13]. Many studies have re-
vealed the efficiency of the corrugated structures over
circular and rectangular cross-sections in energy ab-
sorption, weight reduction and stiffness improvement
which are high demand in the event of severe earth-
quakes [1-4,12,14].Moreover, the manufacture or fab-
rication process of the corrugated structures becomes
more affordable with advanced manufacturing technol-
ogy such as 3D-printing technology [12]. Therefore, cor-
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rugated thin-walled steel tubular columns are believed
to have an improvement in the overall seismic perfor-
mance including the load-bearing capacity and the local
buckling under seismic loadings. Steel tubes with cor-
rugated shapes have been attractive topic for several
research due to the lack of relative studies in the past.
However, all available recent studies focused on the
performance of steel tubes with either rounded or semi
triangular plates [15-18]. More importantly, the axial be-
havior (static condition) prevailed the literature. Thus, the
seismic behavior of steel tubes with new cross-section
like straight ribbed corrugation (see Fig 1c¢) remained a
research gap that needs to be bridged. For this reason,
the current study aims to highlight the potential influence
of usage of innovative corrugated plate in steel bridge
piers. The authors herein believe that such cross-section
would advance the performance of bridge piers in seis-
mic zones in terms of load-bearing capacity, and buck-
ling mode. A number of steel bridge piers subjected to
constant axial dead load and lateral cyclic displacement
are numerically analyzed using ABAQUS 6.14/standard.
The parametric study centered around the configuration
of bridge piers (from circular to corrugated) and different
thicknesses of thin-walled steel tubes. The finite element
(FE) results suggested a greater load-bearing capacity
and ductility of bridge piers having corrugated-shaped
than those with circular sections. Moreover, the superi-
or performance in results was reported as the geometry
of corrugated-shaped was made deeper. The current
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findings emphasize the significance of corrugated-plate
sections used in bridge piers over circular shapes owing
to their advantages in strength and aestheticism.

FINITE ELEMENT (FE) MODELING
Geometry specification and mesh analysis

A total of 16 steel tubular piers were modelled and an-
alyzed by ABAQUS 6.14/standard. The FE program
involved 4 circular-shaped and 12 corrugated-shaped
steel tubes with constant height and outer diameter of
3403 mm and 900 mm, respectively. Both material and
non-linear geometry were addressed using the linear ki-
nematic hardening model, von Mises yield surface, and
associated plastic flow rule [1,4]. This approach is the
most convenient model to represent the inelastic behav-
ior of materials subjected to cyclic loading [19]. All FE
models were assumed to be made from the same carbon
steel ASTM A36 [20]. To achieve more efficient analysis
in terms of time and results, shell elements with reduced
integration four-node (SR4) were adopted for this pur-
pose. The geometry of all FE models was divided into
three segments along their heights with different mesh
number and size (see Fig 1b). That included 26 shell
elements for the lower segment (equal to the outer diam-
eter, D), 14 shell elements for the middle segment whilst
the upper part (i.e., h — 2D) was provided with a mesh
size of 90 mm. Fifty elements were adopted in the cir-
cumferential direction in all models. Applying such mesh
properties was previously asserted to be the most effec-
tive method at predicting the accuracy in the hysteretic
behavior and bucking mode [1,4]. The column slender-
ness ratio (\) was measured through the following equa-
tion:

2h1 |O
A= 1)
r 7\ E

where h is the column height (3403 mm), oy is the yield
stress taken as 289.6 MPa, and E is the Young’s modu-
lus (206 GPa).

Parametric study

The parametric study consisted of the geometries of steel
tubes along with the radius-to-thickness ratio parameter
(R)- Three different geometries of corrugated-shaped
steel tubes (i.e., C60, C80, and C146 mm deep) were
considered, whereas the average corrugated-shaped
width to depth (b/d) is 2.58, 1.7 and 0.67, respectively,
as b = (b1 + b2)/2. Full sketches with details are illus-
trated in Fig 1c. Such corrugated-shaped sections are
commercially produced by Kingspan company which
is based in UK [21]. Each of those corrugated-shaped
geometry was modelled with four different thicknesses
(i.e., 6, 8, 10, and 12 mm). The FE program aimed at
comparing the results obtained from non-conventional
geometries of steel tubes with the control case having
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Figure 1: FE Model: (a) Column, (b) Meshing,
(c) Corrugated section, and (d) Loading

traditional circular shape with the same thicknesses and
outer diameter. Meanwhile, the radius-to-thickness pa-
rameter (Rt) was determined from the following formula:

DO
=2 B(1-?) )
2t E

where D is the outer diameter (900 mm), t is the plate
thickness, and v is the Poisson’s ratio (0.3 for steel).

Bundary condition and load application

During the numerical analysis, the bottom end of all FE
steel tubes was restricted from moving and rotating in all
direction. At the top end, a unidirectional cyclic displace-
ment was quasi-statically applied along with a constant
axial dead load (P) by means of a hypothetical reference
point created in the middle and tied with the upper cir-
cumference using a multiple point control (MPC) beam
constraint method. The constant axial load was assumed
to be 12.4% of the yield load (Py), the latter parameter is
defined by o A, where A is the cross-sectional area [22].
The lateral displacement was applied through one-cycle
loading (N) and raised gradually as a multiple of the yield
displacement (8 ) calculated in equation 3 and the lateral
yield load in equation 4 as follows:

Hyh3
5, o=—2 3
Yo 3Er ®)
P\z
H o, —— |= (4)
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where Z is the section modulus of the column. Table 1
lists the relevant yield displacement and lateral yield load
for the FE analyzed steel tubes.

RESULTS AND DISCUSSION

FE analyses were conducted to investigate the superior
performance of corrugated-plate steel tubes with three
different geometries (i.e., C60, C80, and C146 mm deep)
along with four different thicknesses (i.e., 6, 8, 10, and
12 mm) over the traditional circular-shaped ones hav-
ing same thicknesses and outer diameter. Case studies
including hysteretic behavior, damage deformation and
energy absorption are discussed in details in forthcom-
ing sections.

Table 1: Ultimate Load-bearing and Ductility Capacities

-

ing capacity and 66% in ductile behavior is noticed as
compared to traditional circular-shaped steel columns.
In particular, the C146-t8 column shows 24% and 71%,
respectively, better overall behavior than its counterpart
Cir-t8 column which highlight the superiority of the newly
proposed corrugated-plate steel cross sections. More-
over, the C146 column with different thickness shows
more improvement than both C60 and C80 columns by
7% and 10%, respectively, at the same plate thickness
emphasizing the importance of the corrugation depth
parameter. Furthermore, the lateral load versus lateral
displacement positive envelope curves of the innovative
corrugated-plate and traditional circular-shaped steel
columns are illustrated in Fig 3. As seen, the post-buck-
ling behavior (i.e., buckling after the peak point) of the
innovative corrugated-plate steel columns was improved
compared to the traditional circular-shaped steel ones.

Hysteric behavior

To facilitate a meaningful comparison, the normalized
lateral load (H/H ) versus normalized lateral displace-
ment (5/5)) loops of all analyzed columns under the
one-cycle lateral displacement program (see Fig 1d),
and constant axial dead load and lateral cyclic displace-
ment are illustrated in Fig 2. In this figure, Hy and &y
designate, respectively, the lateral yield load and the
yield displacement. The long dash dot black, the solid
orange, and the square dot green lines denote C60, C80,
and C146 respectively, while the sloid dark red stands
for the Cir steel tube. The plotted hysteresis loops in
Fig 2 show a remarkable improvement in the ultimate
load-bearing capacity and the ductility of the innova-
tive corrugated-plate steel columns. In the case of the
innovative corrugated-plate steel columns, a significant
increase at an average of 20% in ultimate load-bear-
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Column | H (kN) [ & (mm) H/H, 0./0, . :

Cir-t6 278.91 10.56 1.331 1.92 :

Cir—t8 369.41 10.56 1.389 2.04

Cir—t10 | 458.68 10.56 1.439 2.34

Cir-t12 | 546.75 10.56 1.488 2.76

C60-t6 271.28 10.56 1.627 5.00

C60-t8 357.41 10.56 1.668 6.00

C60-t10 | 445.07 10.56 1.692 7.00

C60-t12 | 529.89 10.56 1.742 8.00

C80-t6 269.65 10.56 1.676 5.52

C80-t8 359.11 10.56 1.698 7.00

C80-t10 | 441.93 10.56 1.742 7.00 caiz
C80-t12 | 525.87 | 10.56 1.770 8.00 i A
C146-t6 | 259.80 10.56 1.776 5.00 Figure 2: Lateral Load (H/H y) vs. Lateral Displacement
C146-t8 | 343.06 10.56 1.825 7.00 (/5 ) Loops
C146-t10 | 424.67 10.56 1.874 8.00
C146-t12| 504.67 10.56 1.899 8.00 5;": 5":

16
14
12

1
0z
06
LES
02

o

16
14
12

1
0z
(2]
04
0z

o

L2 B
g'ls e (c) s 15
16 _,f.’.f--"’:‘_:'_':‘- - 15
14 14
12 12

1 1

08 0z
7] 05
04 04
02 02

0

Figure 3: Lateral Load vs. Displacement Positive
Envelope Curves
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For instance, conventional circular-shaped steel col-
umns show the ultimate load-bearing capacity when &/0y
is in a range of 1.92 to 2.76, and the strength drop hap-
pens at an average rate of 20% after the peak point. In
contrast, the innovative corrugated-plate steel columns
have the ultimate load-bearing capacity when &/dy is ap-
proximately 5 to 8, and the strength is decreasing after
the peak point at a rate of 0-4% (See Table 1).

Damage deformation

At the end of the FE analysis, the failure mode of all FE
models was observed. In case of circular-shaped steel
columns, local buckling with elephant-foot bulge de-
formation was seen in such tests adjacent to the fixed
end of columns (see Fig 4). This common failure mode
amongst steel tubes with circular cross-sections usual-
ly happens at early stage of loading due to the inability
of circular shapes to seize the damage tendency. As a
result, steel tubes encounter a significant degradation
in both load-bearing capacity and ductility [16,23,24].
Hysteretic loops besides envelope curves shown in Figs
2 and 3, respectively clearly reveal a steep decline in
the normalized lateral load (H/Hy) in steel tubes with
lower thicknesses during the ongoing test (i.e., 6 and 8
mm). Despite the slope tendency was mitigated among
steel tubes with higher thicknesses (i.e., 10 and 12 mm),
strength and ductility deterioration remained a drawback.
In contrast, the elephant-foot bulge failure was not cap-
tured in corrugated-shaped steel columns as presented
in Fig 4. The severity of damage was noticed less in the
corrugated-plate steel columns due to the corrugation
geometry which forms longitudinal stiffeners along the
column height. Using straight ribbed shapes were capa-
ble of not limiting the damage in particular zone, where
the deeper corrugated geometry used (i.e., C146), the
less damage formation appeared. Moreover, steel tubes
with corrugated geometry were more effective than cir-
cular sections at controlling the degradation in both nor-
malized lateral loads (H/Hy) and ductility for the same
cyclic loading history (see hysteretic loops in Fig 2 and
envelope curves in Fig 3). It can be concluded that us-
ing corrugated cross-sections would strengthen the steel
piers and limit the damage tendency in the events of
earthquakes leading towards saving lives and relevant
structures.

Energy absorption

The energy dissipation capacity of the structural ele-
ment is an important index of the structure's resistance
to the seismic loading (i.e., earthquakes) [25]. Moreover,
the ductility plays a significant role in the seismic design
which is related to the energy dissipation capacity of the
structural system induced by nonlinear behavior [26].
In the purpose of evaluating the seismic performance
of the whole structure in the seismic-prone areas, it is
very important to quantify the energy dissipation capacity
of each structural component [27]. The amount of the
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energy that can be dissipated by the structural element
depends on the number, amplitude, and the distribution
of the loading cycles throughout the loading history [25].
To investigate the inelastic cyclic performance of all cor-
rugated-shaped steel tubes (i.e., C60, C80, and C146
mm deep) along with four different thicknesses (i.e., 6,
8, 10, and 12 mm) which is compared to the traditional
circular-shaped steel tubes (i.e., Cir), the plastic damage
energy dissipation is calculated and illustrated in Fig 5.

© C80-16

[TEH T}
mEe

C60-t10 C146-t10

Cir-t10

Figure 4: Local Damage Deformation of the Columns

C80-t10

A normalized energy absorption capacity (E) is evaluat-
ed as follows [28]:

2 n
E=——-)>F (5)

H,6, 5
In Equation. (5), E, = energy absorption in the half-cy-
cle, n = number of half-cycles (one half-cycle is defined
from any zero-lateral load to the subsequent zero-later-
al load). By a different technique, the cumulative plastic
damage energy is evaluated as the enclosed area un-
der the normalized hysteretic curves of cyclic loading.
As seen in Fig 5, all corrugated-shaped steel tubes have
dissipated 54% more energy than those of traditional cir-
cular-shaped steel tubes. These interesting findings in-
dicate that the corrugated geometry makes the columns
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more ductile under the cyclic loading. Once again, steel
piers with non-traditional geometry are proved to offer
superior properties compared to the common cross-sec-
tions.
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Figure 5: Energy Absorption Capacity of the Columns
CONCLUSIONS

The present work provided a valuable insight into the be-
havior of steel bridge piers associated with non-tradition-
al cross-section under seismic effect. A total of 16 steel
bridge piers with height and outer diameter of 3403 mm
and 900 mm, respectively were numerically analyzed un-
der constant axial deal load and unidirectional cyclic dis-
placement. The FE program investigated three different
geometries of corrugated-shaped steel tubes (i.e., C60,
C80, and C146 mm deep) along with four different thick-
nesses (i.e., 6, 8, 10, and 12 mm) and compared to the
traditional circular-shaped steel tubes (i.e., Cir) with the
same thicknesses. Some remarkable results are listed
below:

* In general, the use of corrugated-shaped plates
over circular sections resulted in increase in both
load-bearing capacity and ductility by as much as
20% and 66%, respectively. For instance, steel tubes
with corrugated geometry of 146 mm deep and plate
thickness of 8 mm offered 24% and 71% greater
normalized lateral load (H/Hy) and ductility, respec-
tively than its counterpart having circular section. FE
results also indicated a favorable performance of
corrugated shapes over circulars in terms of energy
dissipation by 54%.

» Steel bridge piers with 146 mm deep corrugat-
ed plates revealed greater performance in both
load-bearing capacity and ductility than their coun-
terparts having 60 mm and 80 mm deep corrugated
plates. The improvement was reported at 7% and
10% regarding the normalized lateral loads (H/Hy)
and ductility, respectively.
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Steel bridge piers with circular plates (regardless the
amount of thickness) were susceptible to end up with
elephant-foot bulge failure. This failure mode was
jointed with a remarkable degradation in both load
bearing capacity and ductility. Contrarily, using any
corrugation geometry prevented such unfavorable
failure mode from occurring and limiting the damage
severity of steel tubes. As a result, steel tubes expe-
rienced a significant improvement in both load bear-
ing capacity and ductility as stated before.

FE results suggested that C146 mm deep corrugat-
ed plates was more capable than any other shape of
suppressing the damage patterns along the height of
bridge piers. This was attributed to the deep straight
ribs which formed longitudinal stiffeners along the
height of columns. On whole, the concept of using
corrugated-shaped plates in bridge piers will sub-
stantially serve the constructional field structurally
and aesthetically.
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