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Abstract: Integral abutment bridges (IABs) have been widely applied in bridge engineering because
of their excellent seismic performance, long service life, and low maintenance cost. The superstructure
and substructure of an IAB are integrally connected to reduce the possibility of collapse or girders
falling during an earthquake. The soil behind the abutment can provide a damping effect to reduce
the deformation of the structure under a seismic load. Girders have not been considered in some of the
existing published experimental tests on integral abutment-reinforced-concrete (RC) pile (IAP)-soil
systems, which may not accurately represent real conditions. A pseudo-static low-cycle test on
a girder—integral abutment-RC pile (GIAP)-soil system was conducted for an IAB in China. The
experiment’s results for the GIAP specimen were compared with those of the IAP specimen, including
the failure mode, hysteretic curve, energy dissipation capacity, skeleton curve, stiffness degradation,
and displacement ductility. The test results indicate that the failure modes of both specimens were
different. For the IAP specimen, the pile cracked at a displacement of +2 mm, while the abutment
did not crack during the test. For the GIAP specimen, the pile cracked at a displacement of —8 mm,
and the abutment cracked at a displacement of 50 mm. The failure mode of the specimen changed
from severe damage to the pile top under a small displacement to damage to both the abutment and
pile top under a large displacement. Compared with the IAP specimen, the initial stiffness under
positive horizontal displacement (39.2%), residual force accumulation (22.6%), residual deformation
(12.6%), range of the elastoplastic stage in the skeleton curve, and stiffness degradation of the GIAP
specimen were smaller; however, the initial stiffness under negative horizontal displacement (112.6%),
displacement ductility coefficient (67.2%), average equivalent viscous damping ratio (30.8%), yield
load (20.4%), ultimate load (7.8%), and range of the elastic stage in the skeleton curve of the GIAP
specimen were larger. In summary, the seismic performance of the GIAP—soil system was better than
that of the IAP-soil system. Therefore, to accurately reflect the seismic performance of GIAP-soil
systems in IABs, it is suggested to consider the influence of the girder.

Keywords: bridge engineering; integral abutment bridge; pseudo-static test; seismic performance;
equivalent viscous damping ratio; displacement ductility

1. Introduction

Girders and abutments are integrally connected in integral abutment bridges (IABs)
to eliminate expansion joints and bearings at the abutments [1-4]. IABs have been widely
applied in bridge engineering because of their advantages of a smooth and comfortable
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driving experience, reduced noise, excellent overall integrity and durability, and minimal
maintenance requirements [5-7]. Bridges can be damaged during earthquakes, leading to
significant economic losses and risks to human safety. The seismic response of IABs can
be reduced significantly because the superstructures of IABs are effectively constrained
by the abutments, backfill, piles, and surrounding soil [8-11]. Under seismic loads, the
substantial horizontal cyclic displacements of the girders in IABs can be transmitted to
the abutments and the piles beneath them to create complex girder—abutment-pile-soil
interactions [12-14]. The greater the stiffness of the abutments and piles, the greater their
constraint on the horizontal cyclic displacement of the girders, and the larger the internal
forces of the structure [15]. When the abutments and piles cannot sufficiently absorb the
horizontal deformation, the abutments and piles may crack under small horizontal cyclic
displacements [11,16,17].

Field monitoring measurements [18-20], finite element analyses [8,19-28], theoretical
research [29-32], and experimental tests [33-36] have been used to study the seismic perfor-
mance of IABs. In References [8,19-32], the seismic performance of IABs was investigated
by considering the whole bridge with the soil-structure interactions. It has been found
that under seismic loading the nonlinear effects and stress from the soil increase. In this
case, the lateral constraint caused by the soil on the girder-abutment—pile system of an
IAB increases because the abutment is constrained by the girder. As a result, the structural
stiffness of an IAB increases, which could limit the horizontal deformation of the abutments
and piles [8,20-22,28]. The stress at the girder—abutment connections and in the piles, as
well as the pile displacement, significantly increase [23]. With an increase in the span length,
the soil-structure interaction, horizontal deformation of abutments and piles, and seismic
vulnerability of IABs increase under seismic loads [24]. The seismic performance of an IAB
is significantly influenced by the relative stiffness between the girder and abutment [30].
With a decrease in the stiffness of the girder or an increase in the flexibility of the abutment,
the restraint effect of the girder on the abutment and the stiffness of the IAB decrease, and
the internal forces in the abutment increase [8,25]. The large displacement produced by the
girder during an earthquake can easily be transferred to the substructure due to the rigid
connection between the girder and abutment in an IAB. The seismic response of the piles is
the largest among the different bridge components [19,31]. The maximum displacement
and bending moment of the piles under seismic loads can be found at the abutment—pile
connection [21,26], producing shear failure [22,32] and plastic rotation [27].

In summary, the bending moment (M,) at the top of the abutment in IABs cannot be
zero because of the constraint of the girder, as observed in analyses of whole IABs [21,23],
and the seismic performance of an IAB is significantly influenced by the girder. The seismic
performance of IAP-soil systems [33-36] have been experimentally analyzed using pseudo-
static low-cycle tests without considering the girder. In these cases, the M, is zero, which is
different than the findings in the literature [21,23]. To address this gap in the literature, the
influence of girders on IAP-soil systems, so-called GIAP—soil systems, should be considered
to accurately reflect the actual boundary conditions of girder-abutment connections in
IABs. Therefore, the seismic performance of a GIAP-soil system was analyzed.

The paper is organized as follows: Section 2 presents the design of the pseudo-static
low-cycle test on the GIAP specimen—soil system based on an IAB; Section 3 discusses the
main results of the GIAP specimen by comparing with the results of the IAP specimen
without considering the girder; Section 4 summarizes the main conclusions obtained
from this study. This paper aims to investigate the impact of the girder on the seismic
performance of the girder-integral abutment—-RC pile-soil system. The actual mechanical
behavior of the system under seismic loading is obtained, and the failure modes, hysteretic
characteristics, energy dissipation capacity, skeleton curve, displacement ductility, and
stiffness degradation of the system are examined.
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2. Methodology

The seismic performance of IAP-soil systems have been experimentally investigated
in the literature [36], as illustrated in Figure 1a. The IAP specimen consisted of an abutment
and an RC pile. The test setup consisted of a rigid steel container, sand, IAP specimen, and
250 kN MTS hydraulic actuator. The MTS hydraulic actuator was horizontally connected
to the front surface of the abutment by a steel plate. Medium-density sand with a relative
density of 53% was used. The sand arrangement behind and in front of the abutment was
designed to replicate a real scenario, and sand was placed behind the abutment to simulate
backfill, and there was no sand in front of the abutment. It can be observed that the top
of the abutment of the IAP specimen, as shown in Figure 1a, was free, with an M, of zero,
which differs from the boundary condition at the abutment top in the analyses of the whole
IABs, with an M, of non-zero [21,23]. Therefore, a comparative experiment on the seismic
performance of the GIAP-soil system was designed to consider the influence of the girder,
as illustrated in Figure 1b. The GIAP specimen consisted of a girder, abutment, and RC
pile. The test setup consisted of a rigid steel container, sand, a GIAP specimen, and 250
kN MTS hydraulic actuator. The MTS hydraulic actuator was horizontally connected to
the front surface of the girder by a steel plate. The other experimental conditions of the
IAP-soil system and GIAP-soil system were identical.

Rigid steel container
o g

Sand

RC pi

Abutment—"| : Abutment-—"]

MTS loading ) : MTS loading

Girder

Sand

le - RC pile

el ok o gl Block

(a) (b)

Figure 1. Experiment diagram: (a) IAP [36]; (b) GIAP.

3. Experimental Tests
3.1. Case Study

A 3 x 30 m IAB in Shenzhen (China), shown in Figure 2 [37], was selected as the
case study. The girder—integral abutment-RC pile represents the reference structure of this
investigation. The main features of the bridge are given in Table 1. The concrete grade
for the girder and abutments is C50 with a 50 MPa cube strength (f.,) and 3.45 x 10* MPa
Young’s modulus (E.). The concrete grade for the piers is C40 with a 40 MPa f, and
3.25 x 10* MPa E.. The concrete grade for the pile caps and piles is C30 with a 30 MPa f,
and 3.0 x 10* MPa E..



Appl. Sci. 2024, 14, 10166 40f19
3
—
o
i
Sand
o
&
20, | 270 |- 20
™ T

Ko A

8 I
&

d=150

"INRC pile
(a) (b)

Figure 2. Engineering background: (a) overall view of the IAB; (b) details on the girder, integral
abutment, and pile (unit: cm).

Table 1. Main features of the bridge.

Components Dimension Values (m)

. . . . Width 17
Girder (prestressed concrete, single-box girder with three cells) Height 16
Height 5.5

Abutments (rectangular wall) Thickness 1.0

Width 17

Piles beneath each abutment (4 piles with a circular cross-section) Length 25
Diameter 1.5
Height 6.06

Piers (rectangular twin-column piers) Thickness 1.2

Width 1.8

. . . . . . Length 32
Piles beneath each pier (2 piles with a circular cross-section ) Diameter 18

Because of the spatial limitations of the laboratory, a specimen with a 1/10 scale ratio
was designed and fabricated. Based on the law of similitude [38], the scale ratios of the
gravity acceleration (Sg), elastic modulus (Sg), stress (S¢), strain (S¢), and density (Sy)
were 1/1; the length (S1) and displacement (Sq) were 1/10; and the moment of inertia (I)
was (1/10)*.

3.2. Specimen Design
3.2.1. Girder Specimen Design

Four piles were horizontally arranged in a single row beneath the abutment in the IAB.
Because of the spatial limitations, one-quarter of the width of the girder-abutment—pile cap
connection (4.25 m) for one pile was considered for the design of the test specimen. Based
on the scale ratio (1/10) and flexural strength similarity relationship, a girder specimen with
a length (L) x width (B) x height (H) of 0.7 m x 0.425 m x 0.151 m was obtained, as shown
in Figure 3. The XTRACT v3.0.5 software [39] was used to design the longitudinal rebars
and stirrups for the girder specimen. Twenty-two round rebars with a 6 mm diameter
were arranged in a single row in the rectangular cross-section of the girder, with nine
rebars along each of the top and bottom sides, considering a 10 mm cover thickness. Seven
stirrups with a 6 mm diameter and 75 mm pitch were arranged along the girder’s length,
as shown in Figure 3.
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Figure 3. Information on the GIAP specimen (unit: mm).

3.2.2. Integral Abutment and Pile Specimen Design

Based on the scale ratio (1/10) and the flexural strength similarity relationship, an abut-
ment specimen with a height (k) x thickness (t) x width (b) of 0.55 m x 0.2 m x 0.425 m
was obtained, as shown in Figure 3. The XTRACT v3.0.5 software [39] was used to design
the longitudinal rebars and stirrups for the abutment specimen. Twenty-two round rebars
with a 6 mm diameter were arranged in a single row in the rectangular cross-section of the
abutment, with nine rebars along each of the back and front sides and two rebars along
each of the left and right sides, considering a 10 mm cover thickness. Twelve stirrups with a
6 mm diameter and 45 mm pitch were arranged along the height of the abutment, as shown
in Figure 3. A pile cap with a height x thickness x width of 0.2 m x 0.27 m x 0.425 m was
designed to connect the abutment to the pile.

Based on the scale ratio (1/10) and the flexural strength similarity relationship, an RC
pile specimen with a 2.5 m length (I) and a 150 mm diameter (D) were obtained, as shown
in Figure 3. The XTRACT v3.0.5 software [39] was used to design the longitudinal rebars
and hoops in the pile specimen. Twelve round rebars with a 6 mm diameter were arranged
in the cross-section of the pile considering a 10 mm cover thickness. Thirty single-leg hoops
with a 6 mm diameter and an 83 mm pitch were arranged along the pile’s length, as shown
in Figure 3. The rebar ratio was 1.7%, which is larger than the minimum rebar ratio of 1.6%
for the RC pile in IABs [36].

3.3. Specimen Fabrication

The fabrication processes for the GIAP specimen were as follows:
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(d)

The rebar cages for the girder-integral abutment—pile cap connection and pile were
fabricated, as shown in Figure 4a,b;

The rebar cages for the girder-integral abutment—pile cap connection were placed in
the timber formwork, and two high-strength threaded rods with a 30 mm diameter
were embedded to connect the girder to the MTS hydraulic actuator, as shown in
Figure 4c;

The pile was cast using C30 concrete and cured at normal atmospheric temperature
for 28 days, as shown in Figure 4d;

The rebars that extended from the top surface of the pile were welded to the rebar
cages of the pile cap to form the girder-integral abutment—pile cap connection, as
shown in Figure 4e;

The girder—integral abutment-pile cap connection was cast using C50 concrete and cured
at normal atmospheric temperature for 28 days. The girder—integral abutment—pile
specimen can be obtained, as shown in Figure 4f.

%
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o
=
=
A=
el
£
b{) o
=1
=}
—

Longitudinal rebars
in the abutment

W ongitudinal rebars in the pile

(e) ()

Figure 4. GIAP specimen fabrication: (a) rebar cages for the girder—integral abutment-pile cap

connection; (b) rebar cages for the pile; (c) pre-embedded high-strength threaded rods in the girder;
(d) pile specimen; (e) welded connection of rebars between the pile and pile cap; (f) girder—integral
abutment—pile specimen.

3.4. Soil Container and Filling Materials

Rigid containers with an absorbing boundary (10 cm thick foam sheets pasted on

the inner surface of the container) have previously been used for studying soil-structure
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interactions under pseudo-static low-cycle loads [37]. When the horizontal cross-sectional
dimensions of the rigid container is two times larger than that of the abutment height [40],
and the horizontal cross-sectional dimensions of the rigid container is five times larger than
that of the pile diameter [41,42], the influence of the boundary condition on the specimen’s
response can be neglected. In this test, the ratio between the horizontal cross-sectional
dimensions of the soil container and the abutment height and pile diameter were 3.5 and
6.2, respectively, with the dimensions of the rigid steel container being2 m X 3m x 4 m,
as shown in Figure 5. The bottom plate of the rigid steel container was fixed to the floor
by screw rods. A single layer of sand was used, characterized by a 1773 kg/m?3 density,
27° friction angle, 53% relative compactness, and 0.65% water content. The boundary
conditions of the abutment were designed to replicate the real scenario, in which the sand
was placed behind the abutment to simulate the backfill, and there was no sand in front of
the abutment. A steel plate was installed as a partition to prevent the sand from moving
from the back of the abutment to the front.

Crossbeam * © ol . Longitudinal beam

- e ||

, A - Vertical displacement
Reaction wall -

v

2|
3
|

g
~

MTS hyraul

1c actu
Ik 4

- M Reaction floor:
Z, L\ G T

salll e Screw rod

e

Rigid steel container

Figure 5. Rigid steel container and test setup.
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3.5. Test Setup

The test setup consisted of a rigid steel container, sand, the GIAP specimen, a vertical
displacement constraint device connected to the end of the girder, and a 250 kN MTS
hydraulic actuator, as shown in Figures 5 and 6.

Locking steel plate

Screw rod
Crossbeam Upper connecting plate
1 I Longitudinal beam
o
o
<
i eaction frame
High-strength
threaded rod L-shaped
= steel plate
1-beam
High-strength Lower
Rigid steel container threaded rod connecting plate
T o
700
750 ' FMTS loading
140 140 140
650 - — ) Gird
2127 212 550 I irder
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Figure 6. Vertical displacement restraint device at the girder end.

3.5.1. Loading Devices

The vertical displacement restraint device for the girder was designed and fabricated
to simulate the boundary conditions at cut-off sections of girders in IABs, for which the
vertical displacement (dy) is limited and rotation (¢g) is allowed [43-47]. The restraint
device consisted of, from top to bottom, a locking steel plate, an upper connecting plate,
L-shaped steel plates, high-strength threaded rods, an I-beam, and a lower connecting plate,
as shown in Figure 6. The locking steel plate and the upper connecting plate arranged on
the top and bottom of the crossbeam of the reaction frame, respectively, were locked by
screw rods. Two L-shaped steel plates were welded to the bottom surface of the upper
connecting plate. Two lower connecting plates were vertically welded on the upper surface
of the loading plate, which was connected to the end of the girder using high-strength
threaded rods. The gap between two L-shaped steel plates or two lower connection plates
was set as the thickness of the web of the I-beam. Holes were drilled in two L-shaped steel
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plates, two lower connecting plates, and the web plates at both ends of the I-beam. The
holes in the L-shaped steel plates and the web plates at the upper end of the I-beam and
the holes in the lower connecting plates and the web plates at the lower end of the I-beam,
were inserted using two high-strength threaded rods. During the cyclic loading process,
the lower connecting plates and the lower end of the I-beam could horizontally move
together with the loading plate along the direction of the cyclic loading produced by the
MTS hydraulic actuator and rotate around the longitudinal axis of the lower high-strength
threaded rod. The upper end of the I-beam could rotate around the longitudinal axis of the
upper high-strength threaded rod. Considering the maximum 4 (130 mm) and the length
of the I-beam (4135 mm), the maximum dy of the girder end was 2.1 mm based on the
principle of similar triangles, which can be neglected. In summary, the boundary condition
of the girder ends with a certain @, and a negligible dy can be obtained.

3.5.2. Loading Protocol

When the abutment moves toward the backfill, the horizontal displacement (d) is
defined as the positive d; when the abutment moves away from the backfill, the d is defined
as the negative d [36]. The d was applied to the center point of the cross-section of the
girder by an MTS hydraulic actuator using a displacement-control method [36,48], with
peak values (three cycles for each peak value) of +2 to 10 mm (intervals of 2 mm), +10
to £40 mm (intervals of 5 mm), and £+50 to £130 mm (intervals of 10 mm), as shown in
Figure 7. The load rate was 1 mm/s [34]. When the loading direction changed, the holding
time was 30 s.

140
1201
1001 H

ot

401 \ u Mm\u
e QMM__ _

{7 ““”*wuwww\u Ll mHMHMH 7
—20 - T VUHHWMMH \\“

101 it “WH

d (mm)

—60 -
i
~100 -
—120 |
-+
0 200 40 60 80 100 120 140
Load step

Figure 7. Horizontal displacement history.

3.6. Instrument Setup

The embedded depth of the specimen (dg) at the pile top was set as 0 m, with the
embedded depth of the abutment (dg()) measured from the top of the pile to the top of the
abutment, and the embedded depth of the pile (dgp)) measured from the top of the pile to
the bottom. Forty-two concrete strain gauges (51~542) were vertically arranged along the
height of the specimen, as shown in Figure 6. Ten concrete strain gauges were vertically
arranged in two columns on the back surface of the abutment at dg(5) values of 200 mm,
400 mm, 550 mm, 650 mm, and 750 mm (S1~S5 and S6~510). Eight concrete strain gauges
were vertically arranged in two columns on the front surface of the abutment at dg () values
of 200 mm, 400 mm, 550 mm, and 650 mm (511~514 and S15~518). Twenty-four concrete
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strain gauges were vertically arranged on two opposite sides of the specimen in the plane
of the load direction at dgp) values of 0 mm, —150 mm to —1050 mm (interval of —150 mm),
and —1050 mm to —2250 mm (intervals of —300 mm) (S31~542 and S19~S30). The concrete
strain gauges are shown in Figure 8.

Figure 8. Concrete strain gauges.

4. Experimental Results

The experimental results for the GIAP specimen obtained in this study were compared
with those of the IAP specimen from References [36,49] to analyze the influence of the
girder on the girder-integral abutment-RC pile-soil system.

4.1. Failure Mode

The concrete strains (¢) along the dgp) of both sides of the pile for the IAP and GIAP
specimens under various d values were compared in Figure 9. The tensile and compressive
¢ are indicated as the positive and negative ¢, respectively. The ¢ values of the back and
front sides of the pile (¢pp) and &pp)) under various d values are defined as ¢pp)s and &pp)4,
respectively. For instance, ¢pp).omm represents the ¢ on the back side of the pile at a d of
—2 mm.

Under a negative d, the ¢pp) and ¢pp) for the IAP and GIAP specimens initially
increased and then gradually decreased along the dgp), as shown in Figure 9a,b. The
increment in gpp) for the GIAP specimen was significantly smaller than that for the IAP
specimen. When d was —6 mm, the maximum tensile ¢ for the GIAP specimen (83.42 .¢)
was 61.3% smaller than that for the IAP specimen (215.71 pe). It should be pointed out that
the maximum tensile ¢ for the IAP specimen exceeded 200 pe [50], which means cracks
could be found at a dgp) of —0.35 m. When d was —8 mm, the maximum tensile ¢ on the
back side of the GIAP specimen (203.1 pe) exceeded 200 e, which means cracks could be
found at a dg(py of —0.15 m. The location of the maximum tensile ¢ of the pile for the GIAP
specimen at a dgp) of —0.15 m was shallower than that for the IAP specimen at a dgp) of
—0.35 m.

Under a positive d, the gpp) and gpg) for the GIAP specimen initially increased and
then gradually decreased along the dgp), while those for the IAP specimen decreased
along the dgp), as shown in Figure 9¢,d. The increment in ¢(p) for the GIAP specimen was
significantly smaller than that for the IAP specimen. When d was +2 mm, the maximum
tensile ¢ for the GIAP specimen (17.58 pe) was 92.9% smaller than that for the IAP specimen
(248.86 pe). It should be pointed out that the maximum tensile € for the IAP specimen
exceeded 200 e, which means cracks could be found at dgp) = 0 m. When d was +10 mm,
the maximum tensile € on the front side of the GIAP specimen (208.38 jie) exceeded 200 e,
which means cracks could be found at a dgpy of —0.15 m. The location of the maximum
tensile ¢ of the pile for the GIAP specimen at a dgp) of —0.15 m was deeper than that for
the IAP specimen at a dgp) of 0 m.
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Figure 9. Concrete strain of the pile: (a) IAP under a negative d; (b) GIAP under a negative d; (c) IAP
under a positive d; (d) GIAP under a positive d. The points with a tensile strain larger than 200 ue
were emphasized by red dash circle.

It can be concluded that without considering the girder, the d corresponding to the
pile cracks in the GIAP specimen is underestimated, and the locations of the maximum
tensile ¢ of the pile are different.

The ¢ of the abutment was not provided for the IAP specimen [36]. The € values along
the dE( A) ON both sides of the abutment for the GIAP specimen under d values of 10, 30,
and 50 mm were analyzed, as shown in Figure 10. The & values for the back and front sides
of the abutment (¢(ap) and ¢(a)) under different d values are defined as ¢ap)s and ¢ary,
respectively. For instance, £(ap).1omm represents the ¢ on the back side of the abutment at a
d value of —10 mm. There were no cracks in the abutment of the IAP specimen at a d value
of 40 mm (which is the maximum d value in the literature [36]), as shown in Figure 11a.

For the GIAP specimen, under a negative d, g ap) changed from tensile to compressive,
and ga) changed from compressive to tensile, respectively, from top to bottom, along the
dg(a), as shown in Figure 10a. The tensile ¢ ap)s was observed to be within the range of
the dga), from 0.47 m to 0.75 m, with a peak value at a dg(a) of 0.65 m. The compressive
€(AB)d Was observed to be within the range of the dg(a), from 0.2 m to 0.47 m, with a peak
value at a dg(a) of 0.4 m. The compressive )y was observed to be within the range of the
dg(a), from 0.44 m to 0.65 m, with a peak value at a dg(a) of 0.65 m. The tensile e zp); was
observed to be within the range of the dga), from 0.2 m to 0.44 m, with a peak value at a
dg(a) of 0.4 m. With an increase in d, the peak tensile ¢ap)s increased progressively. When
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d was —50 mm, the peak tensile gap)s (219.73 pe) exceeded 200 pe, while the peak tensile
€ard was 139.37 pe. Cracking on the back side of the abutment for the GIAP specimen
could not be observed during the test because of the filled sand.

1.0 1.0
200p£\
0.8+ 0.8+
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Figure 10. Concrete strain of the abutment in the GIAP specimen: (a) negative d; (b) positive d. The
points with a tensile strain larger than 200 we were emphasized by red dash circle.

3 20

butment créickg
( dE(A)=O.65m )

.

Figure 11. Damage to the abutment: (a) IAP [36]; (b) GIAP.

For the GIAP specimen, under a positive d, the ¢ o) changed from tensile to compres-
sive, and the gop) changed from compressive to tensile, from top to bottom, along the dE( A)s
as shown in Figure 10b. The tensile ¢ )y was observed to be within the range of the dga),
from 0.46 m to 0.65 m, with a peak value at a dg(a) of 0.65 m. The compressive gar); was
observed to be within the range of dg(4), from 0.2 m and 0.46 m, with a peak value at a dg(a)
of 0.4 m. The compressive gap); was observed to be within the range of the dg,), from
0.43 m to 0.75 m, with a peak value at a dg(4) of 0.55 m. The tensile £zp)y was observed to
be within the range of the dg4), from 0.2 m to 0.43 m, with a peak value at a dg(a) of 0.4 m.
With an increase in the d, the peak tensile g sp); increased progressively. When the d was
+50 mm, the peak tensile g zp)g (202.09 ne) exceeded 200 e, while the peak tensile e ap)g
was 64.24 pe. Cracks on the front side of the abutment for the GIAP specimen were found
at a dga) of 0.65 m (Figure 11b).



Appl. Sci. 2024, 14, 10166

13 of 19

The failure modes of the piles and abutments in the IAP and GIAP specimens were
analyzed based on &pg)4, €pr)d, €AB)d, and € apy in Figures 9 and 10. For the IAP specimen,
the tensile damage was first observed at the front side of the pile top; with an increase
in d, the damage to the pile top became more severe; however, there was no damage to
the abutment, because there was no constraint from the girder on the abutment, and the
rotation of the abutment was large. For the GIAP specimen, tensile damage was first
observed on the back side of the pile when d was —8 mm; then, tensile damage on the front
side of the pile was found when d was +10 mm. When the value of d reached +50 mm
and —50 mm, cracks occurred on both the front and back sides (dga) = 0.65 m) of the
abutment because of the constraint from the girder on the abutment, which limited the
horizontal deformation and rotation of the abutment top and increased the internal forces at
the girder—abutment connection [8,20-22,28]. In summary, compared to the IAP specimen,
the damage to the pile for the GIAP specimen was less severe; however, damage was found
to the abutment. Without considering the girder, the failure mode of the GIAP specimen is
not accurately reflected.

4.2. Hysteresis Curve

Under a positive or negative d, the force generated by the MTS hydraulic actuator (F)
is defined as push or pull, respectively. The deformation corresponding to an F of 0 kN is
defined as residual deformation (diy.r), while the deviation of the horizontal displacement
of the specimen from its central axis at a d of 0 mm is defined as cumulative deformation [1].

The hysteresis curves of the IAP and GIAP specimens are compared in Figure 12. It
was observed that the hysteresis curve for each specimen is distributed asymmetrically
along the coordinate axes, with a symmetric d and an asymmetric F because the soil was
filled behind the abutment and there was no soil in front of the abutment. In the first
quadrant, a typical spindle shape for the F-d curve can be observed, with a large area
enclosed by the hysteresis loop due to the soil-structure interaction. In the third quadrant,
the F values are significantly smaller than those in the first quadrant for the same value of
d, and the curves appear more pinched, without a distinct spindle shape. When the value
of d returns to 0 in the hysteresis curve, F is not 0, indicating residual force accumulation.
The residual force accumulation increases with an increase in d and the number of cycles.
When F was 0 during the change in d from —35 mm to +40 mm, the dy.g for the GIAP
specimen (30.6 mm) was 12.6% smaller than that for the IAP specimen (35 mm). When d
was 0 during change in d from —35 mm to +40 mm, the residual force accumulation for
the GIAP specimen (20.9 kN) was 22.6% smaller than that for the IAP specimen (27 kN).
Therefore, d.r and the residual force accumulation in the GIAP specimen caused by the
soil’s nonlinearity are overestimated if the girder is not considered.

70
60

~150 /A0 ——s0——106 150

Quadrant 3 —20L d(mm) Quadrant 4

(a) (b)

Figure 12. Hysteresis curves: (a) IAP (d = —40~ + 40 mm) [36]; (b) GIAP (d = —130~ + 130 mm).
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4.3. Equivalent Viscous Damping Ratio

The equivalent viscous damping ratio (¢;) can be used to evaluate the energy dissipa-
tion capacity of a structure, which is the ratio between the dissipated energy due to viscous
damping and the elastic strain energy corresponding to a load cycle [34]. Under a positive d,
soil-structure interactions, including both soil-abutment interactions and soil-pile interac-
tions, should be considered. Whereas under a negative d, only soil-pile interactions should
be considered. As a result, the energy dissipation capacity of the GIAP specimen-soil system
under a positive 4 is significantly larger than that under a negative d. Therefore, only the
energy dissipation capacity under a positive d was analyzed. The ¢; was calculated using
Equation (1), where Spcp (area filled with black inclined lines) represents the dissipated
hysteretic energy and Sogp + Sogg (triangles formed by red dash lines) is the elastic strain
energy obtained from the hysteresis curves, as illustrated in Figure 13a. The larger ¢;, the
larger the dissipated energy and the better the seismic performance of the structure.

1 SABcD
. — _— __ 2ABCD 1
Ci 27 SoGp + SoBE M

Each 4 has three cycles. Therefore, the average ¢; between three cycles of each d was
calculated. The experimental ¢;-d curves for IAP and GIAP specimens are illustrated in
Figure 13b. It can be found that the ¢; for IAP specimen changes from 0.18 to 0.28 with an
approximate average ¢; of 0.26, and the ¢; for GIAP specimen changes from 0.27 to 0.36
with an approximate average ¢; of 0.34. Therefore, the energy dissipation capacity in the
GIAP specimen is underestimated when the girder is not considered.

0.5 -

B —e—GIAP
0.4-

M e e ==

G 6] 0.1
L Samosm=s | C ]
D
0.0 T T T T 1
0 10 20 30 40 50

d (mm)
(a) (b)

Figure 13. ¢; of specimen: (a) calculation diagram of ¢;; (b) §;-d curves.

4.4. Skeleton Curve

The skeleton curves for the IAP and GIAP specimens can be obtained from the hystere-
sis curves, as shown in Figure 14a. The skeleton curves decrease when d exceeds +25 mm
for the IAP specimen and when d exceeds +90 mm for the GIAP specimen, which indicates
the failure of the specimen. It is demonstrated that the load-bearing capacity of the GIAP
specimen-soil system may be underestimated if the girder is not considered. The deter-
mination process of the Park method [51] is, as shown in Figure 14b, the following: (1) A
horizontal line is drawn at 75% of the maximum load-bearing capacity (Fmax), intersecting
the skeleton curve at Point A. The horizontal coordinate of Point A is defined as the elastic
displacement (d4). (2) A line is extended from the origin through Point A to intersect the
horizontal line at the peak of the skeleton curve at Point B. (3) A vertical line is drawn
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through Point B to intersect the skeleton curve at Point C. The vertical coordinate of Point
C is taken as the yield load (F;) and the horizontal coordinate as the yield displacement
(dy). The ultimate load (F,) is defined as 0.85 Fimax, with the corresponding horizontal coor-
dinate as the ultimate displacement (d,,). As mentioned in Section 3.3, the soil-abutment
interaction and soil-pile interaction should be considered under a positive d, and only the
soil-pile interaction should be considered under a negative d. As a result, the F, and F, of
the GIAP specimen-soil system under a positive d are significantly larger than those under
anegative d. Therefore, only the parameters for the skeleton curves under a positive d were
analyzed. The Fy, F,, elastic displacement range (0~d,), and elastoplastic displacement
range (ds~dy) for the GIAP specimen, as determined using the Park method [51] with the
same parameters for the skeleton curve for the IAP specimen [36], under a positive d are
listed in Table 2. It can be observed that the F,, F,, and d,, for the GIAP specimen are
larger than those of the IAP specimen. The elastic stage of the skeleton curve for the GIAP
specimen (0~37.7 mm) is larger than that for the IAP specimen (0~12 mm). Therefore, the
load-bearing capacity and elastic range of the skeleton curve for the GIAP specimen are
underestimated if the girder is not considered.

Table 2. Comparison of the skeleton curve parameters.

Specimen

Fy (kN)

F,, (kN) Elastic Range (0~d4) (mm) Elastoplastic Range (d4~d,) (mm) d, (mm)

IAP [36]

46.6

52.5 0~12 12~19.4 24.8

GIAP

56.1

56.6 0~37.7 37.7~50.5 108.1

—o— AP
—e—GIAP

F (kN)

0.75F, 7

—-150

-100 -5

10+
0 T T 1
-S( 50 100 150

(a) (b)

Figure 14. Skeleton curve and parameters: (a) skeleton curve; (b) parameters of the skeleton curve

determined using the Park method.

4.5. Displacement Ductility

The structural ductility can describe the relative deformation capacity under seismic
loads. The displacement ductility factor (i) is the ratio of the ultimate displacement to the
yield displacement, which can be calculated using Equation (2) [52,53].

Hn= du/dy ()

By substituting the values of d, and dy for the IAP and GIAP specimens listed in
Table 2 into Equation (2), the u for the GIAP specimen (2.14) is 1.67 times larger than that
for the IAP specimen (1.28). The IAP specimen is classified as having moderate ductility
with an average deformation capacity during earthquakes [54]. The GIAP specimen has
a greater deformation capacity and better seismic performance than the IAP specimen.



Appl. Sci. 2024, 14, 10166

16 of 19

Therefore, the relative deformation capacity of the GIAP specimen is underestimated if the
girder is not considered.

4.6. Stiffness Degradation

The secant stiffness (Kg), as in the “Specification for seismic test of buildings (JGJ/T
101-2015)" [52], reflects the stiffness degradation of the structure caused by an increasing
horizontal displacement. Ky is calculated using Equation (3), where the +F; is the positive
or negative peak load and £X; is the corresponding positive or negative peak displacement
during the i-th cycle.

|+Fi| + | —Fi
— 3
¢ R+ X o
Kg [52], as modified in the literature [36], can be calculated using Equation (4).
Ks = +F;/+X; 4)

The stiffness degradation (Ks-d) curves of the IAP and GIAP specimens are compared
in Figure 15. Under a positive d, the initial K for the IAP and GIAP specimens are 3009
and 1830 kN-m !, respectively. When d is +40 mm, the positive K for the IAP and GIAP
specimens are 1098 and 1327 kN-m~1, with reductions of 63.5% and 27.5%, respectively.
Under a negative 4, the initial K, for the IAP and GIAP specimens are 261 and 555 kN-m~1,
respectively. When d is —40 mm, the negative K; for the IAP and GIAP specimens are 69
and 199 kN-m~!, with reductions of 73.6% and 64.1%, respectively. It was found that the K
for the GIAP specimen is smaller than that for the IAP specimen under a positive d, while
the K; for the GIAP specimen is larger than that for the IAP specimen under a negative d.
The reduction in K; for the GIAP specimen is smaller than that for the IAP specimen under
any d. Therefore, the initial K5 under a positive d and the reduction in K5 under any 4 in
the GIAP specimen are overestimated, while the initial Ks under a negative d in the GIAP
specimen is underestimated if the girder is not considered.

-40 -30 -20 -10 O 10 20 30 40
d (mm)

Figure 15. Improved secant stiffness degradation curve.

5. Conclusions

Experimental pseudo-static low-cycle tests on the girder—integral abutment-RC
pile-soil system revealed the following aspects within the limitations of this paper,
as follows:

e The failure modes of the girder-integral abutment—pile system with or without
the girder were different. For the integral abutment-pile system, only the piles
were severely damaged, and no damage could be found to the abutments. For the
girder—integral abutment—pile system, the piles were damaged at the beginning and
then the abutments were also damaged under a large horizontal displacement. Com-
pared to the system without the girder, the horizontal displacement corresponding to
the first crack on the pile of the girder-integral abutment-pile system was larger, and
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the damage to the pile was less severe, which is beneficial to the piles. The damage to
the abutments in the girder-integral abutment-pile system should attract attention;

e  Compared to the system without a girder, reductions of 39.2%, 22.6%, and 12.6% in the
initial stiffness under positive horizontal displacement, residual force accumulation,
and residual deformation were observed in the girder—integral abutment—pile system,
respectively. Increments of 112.6%, 67.2%, 30.8%, 20.4%, and 7.8% in the initial stiff-
ness under negative horizontal displacement, displacement ductility ratio, average
equivalent viscous damping ratio, yield load, and ultimate load were observed in the
girder—integral abutment—pile system, respectively;

e  Compared to the system without the girder, a smaller elastoplastic stage range and a
larger elastic stage range of the skeleton curve, as well as less reduction in the stiffness,
were observed in the girder—integral abutment-pile system;

e To accurately reflect the seismic performance of a girder-integral abutment-RC
pile-soil system, it is suggested to consider the girder. When the girder was con-
sidered, the resistance of the girder—integral abutment-RC pile-soil system against
earthquakes increased because of the increased energy dissipation capacity and dis-
placement ductility, as well as the decreased stiffness degradation. Moreover, the
failure mode of the specimen changed from severe damage to the pile top under
a small displacement to damage to both the abutment and pile top under a large
displacement. From a practical point of view, the repair of abutments is easier than
that of piles.

This research serves as a basis for more in-depth investigations into the performance
of girder-integral abutment-pile—soil systems in IABs. In future research, the influence of
different parameters on the seismic performance of the girder—integral abutment-pile-soil
system will be investigated in detail through experimental tests.
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