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Abstract: To study the seismic performance of double-skin
steel-concrete composite box ( DSCB) piers, a total of 11
DSCB pier specimens were tested under bidirectional cyclic
loading. The effects of the loading pattern, the steel plate
thickness, the axial load ratio, the slenderness ratio and the
aspect ratio were taken into consideration. The damage
evolution process and failure modes of the tested specimens are
presented in detail. Test results are also discussed in terms of
the hysteretic curve, skeleton curve, ductility and energy
dissipation capacity of DSCB pier specimens.
concluded that the hysteretic performance of DSCB piers in
one direction is affected and weakened by the cyclic loading in
the other direction. DSCB piers under bidirectional cyclic
loading exhibit good performance in terms of load carrying
capacity, ductility, and energy dissipation capacity. Overall,
DSCB piers can meet the basic aseismic requirements. The
research results can be taken as a reference for using DSCB
piers as high piers in bridges in strong earthquake-prone areas.
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mong the bridges with high piers, the cross-sec-

tions of high piers can be divided into several
types, such as the concrete box section, concrete thin-
wall section, steel box section, and steel-concrete com-
posite section. Double-skin steel-concrete composite box
(DSCB) piers, which are regarded as an ideal alternative
for high piers of large-span bridges, have been applied to
bridge substructures in strong earthquake-prone areas'' ™.
Researchers have already conducted some experimental
studies on the seismic behavior of the steel-concrete com-
posite columns or piers. Ge et al. ¥ conducted unidirec-
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tional cyclic tests of partly concrete-filled steel box piers
to study the impacts on strength, ductility and energy dis-
sipation. Lii et al. ' studied 12 rectangle concrete-filled
steel columns in cyclic tests. Marson et al. "' studied uni-
directional cyclic tests of four circular concrete filled steel
tube piers. Yang et al. "® studied 21 concrete filled steel
tubes with an elliptical hollow to ascertain the influence
on confinement effect, elastic stiffness, ductility and ulti-
mate strength. Susantha et al. " studied six steel piers
with concrete-filled steel tubular anti-seismic compo-
nents. Roeder et al. """ conducted a pseudo-static test on
12 specimens with different connections between the con-
crete filled steel tubular piers and foundation. Naito et
al. " conducted an unidirectional cyclic test on four H-
shape steel-concrete composite piers and a reinforced con-
crete pier to make a comparison. Gajalakshmi et al. '
studied 16 concrete filled steel tubular columns in unidi-
rectional pseudo-static tests. Idris et al. "°™ investigated
five square and one circular concrete-filled FRP tube col-
umns tested under constant axial compression and re-
versed-cyclic lateral loading. Afterwards, they also stud-
ied nine double-skin tubular columns and one concrete-
filled FRP tube column under constant axial compression
and reversed-cyclic lateral loading'*'. Goto et al. "' ex-
amined the local buckling resistance behavior of thin-
walled circular concrete-filled tubular columns under seis-
mic loads by conducting bidirectional cyclic loading and
bidirectional shaking table tests.

Due to the conspicuous time history and spatial distri-
bution of earthquakes, the seismic performance of the
piers in one direction will be weakened by cracking and
rigidity degradation in other directions. The mutual cou-
pling of different directions can seriously weaken the seis-
mic capacity of the components and structures. There-
fore, it is necessary to study the multi-directional per-
formance of the structures or components under the earth-
quake action'"™' . At present, in addition to the shaking
table test, the multi-dimensional quasi-static test and the
multi-dimensional pseudo-dynamic test are the main de-
velopment directions of the structural seismic tests. For
the rectangular cross-section steel-concrete composite box
pier, the hysteretic behaviors in the X and Y directions are
different. Therefore, there is a strong motivation to study
the seismic behavior of steel-concrete composite box piers
by multi-directional quasi-static tests.

In this study, 11 specimens of the DSCB pier were
tested under bidirectional cyclic lateral loading, and some
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important parameters, such as the axial load ratio, the
slenderness ratio, the steel plate thickness, and the aspect
ratio, were considered. The seismic behavior of the
DSCB pier specimens, including the failure mode, the
hysteretic curve, the skeleton curve, the ductility and the
energy dissipation capacity, were analyzed and discussed.

1 Experimental Program
1.1 Design of test specimens

A laboratory test program was conducted to study the
seismic performance of the proposed composite pier. The
test specimens are the scaled models of the double-skin
steel-concrete pier with a 6. 25 m x4.5 m rectangle sec-
tion. The prototype pier was scaled down to the test spec-
imen with a scale ratio of 1: 14 based on experimental ca-
pability. At the top of the specimen, a 540 mm x 720
mm x 700 mm concrete head block was set for the axial
and lateral loading. The bottom of the test pier was fixed
on a 550 mm x 800 mm x 1 300 mm concrete base block,
which was bolted to the reaction floor. The filled concrete
between the steel plates was C50 strength grade, and the
steel plate of the standard specimen was Q235 strength
grade. In total, eleven DSCB pier specimens were de-
signed for the bidirectional quasi-static test. A schematic
illustration of the test specimen is shown in Fig. 1. Tab. 1
summarizes the characteristics of the test specimens. Three
specimens, U4a-Al-10-4, U4b-Al1-104, and B4-Al1-104,
were designed as bench-mark tests. The key parameters in-
vestigated in the study include the axial load ratio, the
slenderness ratio, the thickness of the steel plate, and the
aspect ratio of the section. The measured concrete and
steel plate properties are listed in Tab.2 and Tab. 3.
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Fig.1 Test specimens. (a) Front view of specimens (unit: cm);
(b) Side view of specimens(unit: cm); (c) Section of pier specimens

Tab.1 Dimensions and parameters of test specimens

Specimen He“‘?’ht of B,/mm D,/mm B,/mm D,/mm t,/mm t,/mm Axial load/kN Ax1al.
loading/m load ratio

Uda-Al-104 4.45 440 320 260 180 4 4 460 0.10
U4b-A1-104 4.45 440 320 260 180 4 4 460 0.10
B4-A1-084 4.45 440 320 260 180 4 4 370 0. 08
B4-Al-154 4.45 440 320 260 180 4 4 690 0.15
B3-Al-104 3.45 440 320 260 180 4 4 460 0. 10
B5-Al-104 5.45 440 320 260 180 4 4 460 0.10
B4-Al-104 4.45 440 320 260 180 4 4 460 0. 10
B4-A1-10-5 4.45 440 320 260 180 5 5 524 0. 10
B4-A1-10-6 4.45 440 320 260 180 6 6 586 0.10
B4-A2-104 4.45 320 320 140 180 4 4 282 0.10
B4-A3-104 4.45 640 320 460 180 4 4 610 0. 10

Note: U/B represent the unidirectional and bidirectional loading; 3/4/5 represent the height of piers; Al/A2/A3 represent three type of cross sec-

tions; 08/10/15 represent the axial load ratio.

Tab.2 Mechanic properties of concrete samples (in average)

Concrete  Cubic compressive  Splitting tensile  Elastic modulus/
grade strength/MPa strength/MPa MPa
C50 54.2 3.52 2.80 x 10*

Tab.3 Mechanic properties of steel plate samples (in average)

Thickness/ Yield Ultimate Elastic Poisson’s
mm strength/MPa  strength/MPa  modulus/GPa ratio
4 303. 41 392. 05 201.1 0.29
5 327.27 422.45 225.0 0.28
6 286. 36 386.97 209.0 0.27

1.2 Test setup

Figs.2(a) to (c) shows the schematic illustration of
the test setup. The specimen was anchored to the reaction
floor by high strength bolts. To simulate actual seismic
loading patterns, bidirectional lateral cyclic loads com-
bined with a vertical compressive axial load were applied
to the specimens. The horizontal lateral loads were applied
using MTS hydraulic actuators, and the vertical compres-
sive axial load was applied using a 1 000 kN hydraulic jack
to maintain a uniform axial load on the specimens. A pho-
tograph of the test setup is given in Fig.2(d).
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Fig.2 Test setup. (a) Plan view; (b) Side view in Y direction; (c) Side view in X direction; (d) Photograph of the test setup

1.3 Load sequence and measurements arrangement

Specimen U4a-A1-10-4 and U4b-Al1-104 were subjec-
ted to a unidirectional lateral cyclic loading. The other
specimens were subjected to a synchronously bidirectional
lateral cyclic loading as shown in Fig. 3 (a). The test
loading was determined using the displacement control at
the loading point. The ratio of the displacement in the X
direction to that in the Y direction is 1: 1. The loading se-
quence is shown in Fig. 3(b). The test specimen was
considered to have failed when the lateral load dropped to
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Fig.3 Bidirectional cyclic loading pattern. (a) Synchronously
bidirectional lateral cyclic loading pattern; (b) Loading sequence

2 VY &

85% of the historical maximum value, or the test would
be terminated when the maximum stroke of actuator had
been reached. In order to measure the curvature of the
yield zone, four displacement meters are mounted on
each side of the test specimen, as shown in Fig.4. Each
side of the interior steel plate was stuck on with three
strain gauges while each side of the exterior steel plate
was stuck on with nine strain gauges to measure the strain
of the steel plate. The locations of the strain gauges are
shown in Fig. 5.

Fig.4 Location of displacement meters
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Fig.5 Location of strain gauges

2 Experimental Results

2.1 Failure modes

For all the test specimens under the bidirectional cyclic
loading, crisp sound was first heard during the cycles be-
tween the second displacement level (i.e. the maximum
displacement 6 mm) and the fourth displacement level
(i. e. maximum displacement 12 mm), indicating that

separation between the steel plate and concrete occurred.
With the increase of the displacement, slight local plate
buckling deformation was observed in the region close to
the foot of the pier and then progressively grew during re-
versed loading. As the displacement continuously rose,

(e)

transverse cracking in the plate material of the common
edges (see Figs.6(c) and (d)) or vertical cracking in the
welding area began to be seen( see Fig. 6 (e)). These
phenomena indicated that the foot of the pier started to
produce a plastic hinge. Eventually, the specimen lost its
lateral load resistance after the cracking became consider-
able and the loading was then terminated, which also
demonstrated the formation of the plastic hinge. In those
test specimens, local buckling only took place in plates
near the base of the piers (see Figs. 6(a) and (b)). It
should be noted that specimen B3-A1-104 and B5-Al-
10-4 had a different slenderness ratio from the other speci-
mens, and the three buckling regions formed on the sides
(see Fig.6(f)). On the other hand, for specimen U4a-
Al1-104 and U4b-Al1-104 under a unidirectional cyclic
loading, crisp sound and local plate buckling appeared
only on the two sides along with the loading direction.
After testing, all the specimens were cut off at the height
of 500 mm. The bond condition between the concrete and
the steel plate was still good above the cut. At the height
of the buckling regions in the exterior steel plates, each
side of the interior plates had also buckled (see Fig. 6
(g)), and near the common edges of the compressed
sides, the concrete was heavily crushed (see Fig.6(h)).

(2) (h)

Fig.6 Typical failure appearances. (a) Local buckling on side A and side D (specimen B4-Al1-154); (b) Local buckling on side B and side
C (specimen B4-A1-154); (c) Cracks at common edge of side A and side D (specimen B5-A1-104); (d) Cracks at common edge of side B and
side C (specimen B5-A1-104); (e) Weld crack of U4b-Al1-10-4; (f) Three buckling regions of B3-A1-104; (g) Local buckling of inner steel

plates; (h) Crushed concrete after the test

2.2 Hysteretic curves and skeleton curves

Fig. 7 shows a part of the horizontal load versus dis-
placement hysteretic curves of the specimens obtained from
the tests. As seen in the figures, the absolute value of the
maximum and minimum load in the X direction is larger
than that in the Y direction at each loading level. The hys-
teretic loops of the piers transform from line to spindle, to
bow and finally to S-shape under lateral cyclic loading.
Furthermore, the hysteretic loops in the X direction were
pinched more obviously than the loops in the Y direction.

The envelope curves of the horizontal load-displace-
ment hysteretic curves are shown in Fig. 8. It sketches the
increasing path of the peak load value for each displace-
ment level, which can clearly indicate the variations in

the strength, stiffness, and ductility of pier specimens. In
general, it can be seen that the envelope curves in the X
direction clearly have larger loading strength than that in
the Y direction. Additionally, the following significant
facts can be observed from Fig. 8.

Comparisons among specimen U4a-Al-104, U4b-Al-
104, and B4-Al1-104 indicate that the lateral strength
and ductility capacity are clearly affected by a horizontal
load applied in another direction. As shown in Figs. 8(a)
and (b), the absolute values of both the maximum load
and displacement under unidirectional loading are larger
than those under bidirectional loading. Comparing speci-
men B4-Al-104 with specimen U4a-Al-104 and U4b-
Al1-104, the lateral strength decreases by approximately
25% and 46% in the X direction and Y direction, respec-
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tively. The ultimate displacement of specimen B4-A1-10-
4 in the X direction decreases by 15. 8% compared with
the specimen U4a-Al1-10-4, and the ultimate displace-
ment of specimen B4-A1-104 in the Y direction decreases
by 37.5% compared with the specimen U4b-Al-104.
This means that the seismic performance of DSCB pier
specimens under unidirectional cyclic loading cannot fully
reflect that under bidirectional cyclic loading.

Comparing specimen B4-Al-15-4, B4-A1-084, and
B4-A1-104 (see Figs.8(c) and (d))), the seismic be-
havior in the Y direction is almost the same before reac-
hing the peak load despite of the different axial load rati-
os. Nonetheless, with the axial load ratio increasing, the

Displacement/mm

(k)

Fig.7 Horizontal load-displacement hysteretic curves of test specimens. (a) Uda-Al1-104; (b) U4b-Al1-104; (c) B4-Al1-104 in X di-
rection; (d) B4-A1-10-4 in Y direction; (e) B4-Al-15+4 in X direction; (f) B4-Al1-15-4 in Y direction; (g) B3-A1-104 in X direction; (h) B3-Al-
104 in Y direction; (i) B4-Al1-10-5 in X direction; (j) B4-A1-10-5 in Y direction; (k) B4-A3-104 in X direction; (1) B4-A3-104 in Y direction

Displacement/mm

(D

ultimate displacement has a slight decrease. For the seis-
mic behavior in the X direction, the ultimate displacement
of specimen B4-A1-08-4 is approximately 13% smaller
than that of specimen B4-Al-104, while the maximum
load of the former increases by approximately 15% com-
pared with the latter. This phenomenon is due to the fact
that when the P-A effect becomes obvious, concrete is
crushed seriously and the slip between concrete and steel
grows in the specimens with a larger axial load ratio.

By comparison among specimens B3-A1-104, B5-Al-
104, and B4-A1-104, it can be seen from Figs. §(e)
and (f) that the slender pier specimen has smaller ulti-
mate loading capacity but a much larger and more stable
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direction

post-peak deformation. For example, the ultimate loading
capacity of specimen B3-A1-104 is almost 2 times that of
specimen B5-A1-10-4, but the ultimate displacement of
the former is merely 50% that of the latter.

As shown in Figs. 8(g) and (h), comparisons of spec-
imen B4-A1-10-5 and B4-A1-10-6 with specimen B4-Al-
104 indicate that the maximum loads were increased by
approximately 30% and 60% in the X direction when the
steel ratios were increased from 10.2% to 12.8% and
15.3%, respectively, while in the Y direction the increa-
ses were approximately 13% and 34% . This is because
only slight local buckling occurred in the base panels with

thicker steel in the failure stage. On the other hand, there
were slight increases in the ultimate displacement along
with the increase of steel ratio. Compared with specimen
B4-A1-104, the increases of ultimate displacement of
specimen B4-A1-10-5 and B4-A1-10-6 were only approx-
imately 4. 2% and 12. 5% in the X direction, while in the
Y direction they were approximately 11% and 13.3%,
respectively.

Figs. 8(i) and (j) show that a smaller size of the sec-
tion in the X direction has a negative effect on the maxi-
mum loading capacity while offering larger ultimate dis-
placement. For example, compared with specimen B4-
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Al1-104 (aspect ratio 1. 375) in the X direction, the max-
imum loading capacity of specimen B4-A2-104 (aspect
ratio 1) decreased by approximately 40% , while its ulti-
mate displacement was increased by approximately 13% .
This can be attributed to the smaller inertia moment and
stiffness of the pier with a smaller section.

2.3 Ductility behavior

Ductility is an important consideration in aseismic de-
sign. There are several ways to assess the ductility capac-
ity of a structure. One method is to define the ductility
factor as

A, ’

m= A, (1)
where A, is the ultimate displacement, which is defined as
the displacement that occurs when the lateral load-carry-
ing capacity degrades to 85% of the maximum load P_,
or the maximum displacement in the envelope curve when
the previous condition cannot be satisfied; A, is the yield
displacement corresponding to the yield point of the test
specimen. The bi-linear energy equivalent method is em-
ployed to determine the yield point Y as presented in Fig.

9, in which the intersection point B of line OA and DC
can make the sum of area S, and S, be equal to area S,,
and assure that S, is the smallest.

P
P, -
P, AR v
Bs7C S
Py AV S, E
A |
/ |
Js,
A, An A A

Fig.9 Definition of yield point

Tab. 4 and Tab. 5 summarize the ductility factor y of
all specimens using the envelope curves of horizontal
load-displacement hysteretic loops in Fig.7. The mini-
mum ductility factors of the test specimens are all larger
than 2.9, which indicates that the DSCB piers have good
ductility capacity.

Compared with U4a-A1-10-4 and U4b-A1-10-4 under

Tab.4 Characteristic point of skeleton curve and ductility factor (in X direction)

Specimen Yield point Y Peak point D Ultimate point U u
A,/mm P,/kN A,,/mm P,/kN A,/mm P,/kN
U4a-Al-104 27. 80 115.75 84.02 129.37 114.03 121.72 4.101
B4-A1-104 23.45 75.17 72.02 96. 65 89. 00 91.00 3.795
B4-A1-10-5 26.32 113.97 87.03 126. 66 100. 02 98. 49 3. 800
B4-A1-10-6 28.40 123.09 90. 03 155. 18 108. 02 128. 10 3. 804
B3-A1-104 19.30 119. 66 54. 00 141. 00 60. 00 141. 00 3.109
B5-Al1-104 30. 30 63. 67 102. 00 78.00 120. 00 74.00 3.960
B4-A1-084 20. 15 87.77 66. 02 111.41 77. 00 107. 00 3. 821
B4-Al1-154 26. 05 67.79 72. 04 101. 47 89. 00 96. 00 3.417
B4-A2-104 30. 35 48.59 72.02 57.76 108. 04 49.99 3.560
B4-A3-104 21.50 165. 68 90. 02 201. 57 108. 03 200. 05 5. 025
Tab.5 Characteristic point of skeleton curve and ductility factor (in Y direction)
Specimen Yield point Y Peak point D Ultimate point U “
A,/mm P,/kN A, /mm P./kN A,/mm P,/kN
U4b-A1-104 36. 10 86.51 144. 03 103. 94 144. 03 103. 94 3.990
B4-A1-104 23.95 51.36 84.03 56. 14 90. 02 60. 00 3.759
B4-Al1-10-5 19. 00 53.02 69. 03 63.76 89. 00 65. 00 4.684
B4-A1-10-6 14.25 54.16 60. 03 75.13 96. 00 69. 00 6.737
B3-A1-104 12.00 68. 25 48. 00 101. 00 60. 00 87.00 5.000
B5-A1-104 41. 30 39.74 120. 00 43. 00 120. 00 43. 00 2.906
B4-A1-084 23.50 56. 12 54.02 58.43 84.02 52.00 3.575
B4-A1-154 22.00 50.92 84.00 61.00 84.00 61.00 3. 818
B4-A2-104 29.20 51.03 72.03 56.52 108. 03 54. 60 3.700
B4-A3-104 6.25 68. 95 60. 04 87.77 108. 03 79. 00 17.285

unidirectional loading, the ductility factor of B4-A1-104
shows a little decrease in the X direction and Y direction,
respectively. The width to thickness ratio of the steel
plate has little effect on the ductility factor of the speci-
men in the X direction, while the ductility factors in the Y
direction increase significantly with the decrease in the
width to thickness ratio of the steel plate. The ductility
factor of the specimen in the X direction is increased

slightly with the height increasing from 3. 45 to 5.45 m,
but in the Y direction, the ductility factor has a noticeable
decrease from 5.0 to 2. 9. When the axial load ratio be-
comes larger, the ductility factor of the specimen is re-
duced in the X direction, but it is increased in the Y direc-
tion. With the increase in the aspect ratio, the ductility fac-
tor of the specimen increases in both directions. As the
foundation of specimen B4-A3-10-4 cracked, the test results
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of specimen B4-A3-10-4 were only taken as a reference.
2.4 Energy dissipation capacity

Energy dissipation capacity is also one of the most im-
portant considerations in aseismic design. The cumulative
dissipated energy of the test specimen can be calculated

by adding up the enclosed area in each hysteretic loop.
Fig. 10 illustrates the relationship between the dissipated
energy and lateral displacement. Each point in the graph
is the cumulative dissipated energy up to the second load-
ing cycle of the current displacement level.
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Fig. 10 Influence of different design parameters on the cumulative dissipated energy. (a) Different loading patterns; (b) Width to thick-

ness ratio of the steel plate; (c) Slenderness ratio; (d) Axial load ratio; (e) Aspect ratio

Fig. 10(a) shows that specimen B4-A1-10-4 under bi-
directional loading can dissipate more energy than U4a-
A1-104 and U4b-A1-10-4 under unidirectional loading at
the same displacement level. Furthermore, the cumula-
tive dissipated energy of B4-A1-104 is a little larger than
the sum of the dissipated energy of U4a-Al-104 and
U4b-A1-104.

It is apparent from Figs. 10(b) to (d) that the cumula-
tive dissipated energy decreases with the increase of the
width to thickness ratio of the steel plate, the slenderness
ratio, and the axial load ratio, while Fig. 10(e) demon-
strates that the energy dissipation capacity is improved as
the aspect ratio of the section increases.

3 Conclusions

1) The hysteretic behavior of the DSCB pier specimen
in one direction is significantly affected by the lateral load
applied in another direction. The hysteretic behavior un-
der unidirectional loading cannot fully reveal the seismic
performance of DSCB piers under the multi-directional
loading pattern.

2) The influences of the slenderness ratio, the thick-
ness of steel plate, and the aspect ratio on the skeleton
curve are more obvious than the axial load ratio ( Axial
load ratio is less than 0. 15). The slender pier specimen
has a smaller ultimate loading capacity, but much better
ductility capacity. The increase in the thickness of steel

plate can enhance the strength of the specimen, while the
ultimate displacement varies little. The ultimate loading
capacity of the specimen increases with the increase in the
aspect ratio, while the ultimate displacement decreases.

3) The DSCB pier specimen under bidirectional loading
can dissipate more energy than those under unidirectional
loading at the same displacement level. The cumulative
dissipated energy decreases with the increase in the width
to thickness ratio of the steel plate, the slenderness ratio,
and the axial load ratio, while it increases as the aspect
ratio of the section increases.

4) DSCB piers under bidirectional cyclic loading have
good performance in terms of load carrying capacity,
ductility, and energy dissipation capacity, and they can
meet the basic aseismic requirements.
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