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Abstract: Four full-scale specimens were constructed, including two hybrid precast specimens with
a haunch (height: 150 mm, PUT-H) and without a haunch (PUT). Additionally, two cast-in-place
(CIP) comparative specimens (referred to as RUT-H and RUT) were included, all of which underwent
reversed cyclic loading. The results showed that the four specimens suffered flexural damage at
the ends of the sidewall and displayed similar hysteresis loops shapes. The bearing capacity of
the PUT specimen was 2.7% higher than that of the RUT, while the bearing capacity of the PUT-H
specimen was 8.5% lower than that of the RUT-H. Additionally, the displacement ductility values of
the precast specimens PUT and PUT-H were 2.98 and 2.46, respectively, which are 11.3% and 3.53%
lower than those of the corresponding CIP specimens. The haunch increases the local stiffness of the
component, exerting a notable influence on the bearing capacity and displacement ductility of the
specimens, increasing the bearing capacity by 20% and decreasing the ductility by 21%. Moreover, an
assessment conducted using the criteria outlined in ACI 374.1-05 indicated that the four specimens
exhibit excellent seismic performance.

Keywords: precast utility tunnel; cyclic loading; bearing capacity; displacement ductility; seismic
performance

1. Introduction

A utility tunnel (UT) is a critical urban infrastructure that provides access to multiple
utilities, including electrical power, telecommunications, gas, and water supply, and occa-
sionally serves as an underground pedestrian pathway [1,2]. It is held in high regard by
numerous countries for its benefits, including streamlined pipeline inspection and mainte-
nance processes, minimized pipeline damage, and its role as a pivotal element in urban
infrastructure, particularly in China [3,4].

Two primary approaches are employed for the fabrication of utility tunnels: cast-in-
place (CIP) concrete and precast concrete methods [5,6]. Precast structures provide several
benefits over CIP structures, including a standardized design, factory production for better
quality control, mechanized installation, reduced energy consumption during construction,
and improved rates of component recycling [7–9]. These advantages have found extensive
applications in recent urbanization projects and have led to the development of three
common prefabricated assembly schemes for UTs: integrated precast UTs, groove-shaped
precast UTs, and hybrid precast UTs (HPUTs) [10]. The main feature of an integrated precast
UT is its overall prefabrication in the cross-sectional direction. The central part of a groove-
shaped precast UT is divided into two upper and lower groove-shaped precast blocks in the
cross-sectional direction, which are connected at the construction site by prestressed ribs,
bolts, etc. The construction of an HPUT involves the assembly of double-skin sidewalls and
bottom and top slabs, all interconnected using CIP concrete. This construction approach
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ensures excellent structural integrity and superior water resistance, making it a preferred
choice in contemporary urban construction projects [11].

To model the shear deformation [12] of an HPUT, several pseudo-static tests were
conducted. Yang et al. (2019) introduced an HPUT consisting of double-skin sidewalls,
a double-skin bottom slab, and a laminated top slab. The influence of oil layer thickness
and haunch height on mechanical behavior was examined via pseudo-static tests. The
findings indicated that, within a certain range, augmenting the covering soil thickness
increased the energy consumption capacity of the HPUT in later loading stages, and the
specimens demonstrated significant structural deformability [13]. After that, we introduced
another variant of the HPUT, which consists of three parts: double-skin sidewalls, a CIP
bottom slab, and a laminated top slab. Anti-seismic tests were then conducted on full-scale
joints and full-scale global specimens to explore the seismic performance of this type of
UT. The experimental findings for both joint specimens and global specimens consistently
demonstrated a bearing capacity, deformation capacity, and other hysteresis performance
indicators equivalent to those of the CIP specimens [10,11].

Additionally, there are few structural design specifications for precast UTs. For in-
stance, ACI 318-19 [14], the PCI Design Handbook (8th Edition) [15], Eurocode2 [16], NZS
3101 (2006) [17], and other specifications do not specify the design method and construction
requirements of precast UTs. Japan’s “Common Ditch Design Guidelines” (1991) [18]
provide more detailed regulations and descriptions of the static and seismic design of CIP
UTs but do not include sufficient information on the creation of a precast UT.

Based on the literature review presented herein, our main conclusions can be summa-
rized as follows:

(a) Hybrid precast utility tunnels possess excellent structural integrity and waterproofing
performance, making them convenient for construction with relatively low technical
requirements. This tunnel is a type of prefabricated concrete utility tunnel suitable for
large-scale promotion.

(b) Currently, the primary method of connecting the components of hybrid precast utility
tunnels is through casting concrete in the core areas, which presents challenges in
terms of on-site construction convenience.

(c) The existing codes still fail to account for the seismic design provisions of hybrid
precast UTs.

Considering the above, a new hybrid precast utility tunnel system created by transfer-
ring reserved rebars from the double-skin concrete sidewalls to the bottom slab is proposed
herein. The aim is to increase on-site assembly efficiency and make said assembly more
suitable for industrialized production by reducing on-site formwork installation, mini-
mizing the risk of reinforcement collisions during component assembly, and streamlining
various construction processes. To investigate the seismic behavior of the prefabricated UT
mentioned above, low-cyclic-loading tests were conducted on the bottom joints, for which
special emphasis was placed on analyzing the impact of the haunch on the mechanical
properties of the specimens.

2. Experimental Section
2.1. Specimen

A precast utility tunnel composed of composite slabs located in China’s middle-
intensity (0.1 g) earthquake-resistant area was used as an engineering prototype. An
assembly diagram of the precast specimen is shown in Figure 1.

A total of 4 full-scale model specimens of the bottom exterior joints of the UT were
designed in this experiment, including a precast specimen, PUT; a precast specimen with a
haunch (PUT-H), a CIP specimen, RUT; and a CIP specimen with a haunch (RUT-H). In
specimen number, P stands for prefabrication, and R stands for CIP. The height, width, and
longitudinal length of the four specimens are 2400 mm, 2000 mm, and 600 mm.
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haunch is 150 mm. The joint surface between the bottom slab and sidewall is positioned 
at a distance equal to one times the sidewall thickness (350 mm) above the bottom slab. 
Reinforcement proportions and component dimensions are shown in Figure 2. Specifi-
cally, the sidewalls of test pieces PUT and PUT-H are double-skin slabs with locally vary-
ing cross-sections on the outer blades, while the bottom slabs are CIP slabs. It is important 
to note that the lap length of the precast specimen’s insert bars is 1.2 times the seismic 
anchorage length [19], and the truss bars of the precast specimen are arranged longitudi-
nally in the middle. 
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Figure 2. Reinforcement proportions and component dimensions of specimens. (a) RUT; (b) PUT; 
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Figure 1. Assembly diagram of hybrid precast MU.

The thickness of both the sidewall and the bottom slab is 350 mm. The height of the
haunch is 150 mm. The joint surface between the bottom slab and sidewall is positioned
at a distance equal to one times the sidewall thickness (350 mm) above the bottom slab.
Reinforcement proportions and component dimensions are shown in Figure 2. Specifically,
the sidewalls of test pieces PUT and PUT-H are double-skin slabs with locally varying cross-
sections on the outer blades, while the bottom slabs are CIP slabs. It is important to note
that the lap length of the precast specimen’s insert bars is 1.2 times the seismic anchorage
length [19], and the truss bars of the precast specimen are arranged longitudinally in
the middle.
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(c) RUT-H; (d) PUT-H.

2.2. Construction Method

The main production process of the test piece is as follows (Figure 3):
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(a) Bind the reinforcing bar cage of the double-skin sidewalls, insert the reinforcing bar
into the mold, pour the outside slab of the sidewall, and reduce the concrete in the
overlapping area of the additional reinforcing bar from 80 mm to 60 mm. Reserve
space for the additional reinforcing bar, and then send it to the curing kiln for curing,
as shown in Figure 3a.

(b) When the strength of the concrete reaches the hoisting requirements, turn over the
composite sidewalls and pour the inside slab of the sidewall, as shown in Figure 3b.

(c) Hoist the composite sidewall, insert the additional reinforcement bars reserved for
the CIP bottom slab into the cavity of the double-skin sidewall, and ensure that the
inserted reinforcement adheres closely to the inner surface of the precast sidewall
to limit the height of the section. When assembling, pay attention to leveling using
a spirit level to ensure that the upper sidewall and the lower CIP bottom slab are
aligned, as shown in Figure 3c.

(d) After positioning, assembling, and fixing the composite sidewall and the CIP bottom
slab, support the side formwork of the composite sidewall, use concrete to pour
the middle mixed layer of the sidewall, and use vibrating rods for vibration and
compaction, as shown in Figure 3d.
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2.3. Material Properties

Four specimens were constructed using grade C40 concrete with a nominal cubic
compressive strength of 40 MPa, and the reinforcements were fabricated with HRB400 steel
bars (with a yielding strength of 400 MPa). The mechanical properties of concrete and steel
reinforcements were tested in the Structural Laboratory of Tongji University according to
GB/T 228.1-2010 [20]. The measured values are listed in Tables 1 and 2.
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Table 1. Mechanical properties of concrete.

Specimen Cube Strength
fcu (MPa)

Prism Strength
fc (MPa)

Elastic Modulus
E (GPa)

Split Strength
ft (MPa)

RUT and RUT-H 48.43 31.81 2.59 3.35

PUT and PUT-H
Precast part 49.30 32.47 2.61 3.41

Post-cast part 53.29 35.50 2.72 3.47

Table 2. Mechanical properties of reinforcements.

Type Diameter
(mm)

Yield Strength
fy (MPa)

Ultimate Strength
fu (MPa)

Elastic Modulus
E (GPa)

Elongation at
Fracture (%)

HRB400

20 450.4 617.6 2.11 18.8
18 423.5 556.7 2.01 18.5
16 421.6 565.4 2.05 17.8
14 437.1 580.7 2.13 17.0
10 462.3 605.2 2.07 17.5
8 487.2 610.7 2.06 17.8
6 394.5 487.4 2.05 12.1

2.4. Test Setup

This test was conducted in the laboratory of Tongji University using a 200 kN steel
structure reaction frame. A 500 kN electro-hydraulic servo actuator was employed to apply
horizontal repeated loads on the top of the wall. During seismic events, an underground
utility tunnel is subjected to strain from the surrounding soil, leading to shear deformation.
Therefore, for all four specimens, a loading method of applying horizontal reversed cyclic
loading to the upper end of the sidewall was adopted to simulate the relative lateral
displacement between the roof and floor of the utility tunnel during seismic activity, as
depicted in Figure 4. One end of the bottom slab of the node was hinge-supported, while
the other end was sliding-supported.
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The loading protocol was divided into two phases: (1) before cracking, wherein the
specimen was load-controlled to determine the positive and negative cracking loads, and
(2) after cracking, wherein the specimen was displacement-controlled, which consisted of
three cycles of incremental reversed lateral displacement of ±1∆, ±2∆, ±3∆, ±4∆, ±5∆,
±6∆, ±7∆, ±8∆, and ±9∆, as shown in Figure 5. In this study, the base displacement
equaled 10.125 mm, as given by the equation 0.005 H, where H is the height from the
bottom support to the loading point (2025 mm).
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2.5. Instrumentation

The test process involved monitoring applied loads (measured by a load pressure
sensor) and lateral displacements, sliding displacement, and the relative rotation angle
(measured via LVDT). The steel bars requiring strain measurement were lightly polished,
and strain gauges were adhered to the polished areas, which were protected with epoxy
resin. At each level, phenomena were observed, and crack development was noted. Si-
multaneously, a combination of an automatic crack recognition instrument and a manually
operated crack magnification device was used to measure crack width.

3. Result Analysis and Comparison
3.1. Overall Response and Failure Pattern

Figures 6 and 7 depict the failure modes of the components at different stages of the
experiment. As illustrated in the figures, the following results were obtained:

(1) Cracking stage. When the load reached the peak load of 0.37~0.57 times, the specimens
cracked. The cracking loads of the PUT and RUT specimens without haunches were
30 kN and 25 kN, respectively, and the cracks were located on the lower surface of
the sidewall joint and the junction between the lower end of the sidewall and the
bottom slab, respectively. The cracking loads of the PUT-H and RUT-H specimens
with haunches were 15 kN and 40 kN, respectively, and the cracks were located on
the sidewall joint’s lower surface and the sidewall’s tip haunch, respectively. All the
initial cracks were flexural cracks.

(2) Yield stage. When the load reached 0.80~0.87 times the peak load, the steel bar began
to yield gradually. The precast specimens PUT and PUT-H began to yield to tension
(the steel bar strain was about 2350 µε), and the CIP specimens RUT and RUT-H
were at the lower end of the sidewall near the tip of the haunch and the sidewall,
respectively. The vertical steel bar at the junction of the lower end and the bottom slab
began to yield to tension (the steel bar strain was about 2300 µε). With the increase in
the load, the cracks of the PUT specimen were mainly concentrated in the joint sizing
layer and the junction of the lower end of the sidewall and the bottom slab, all of
which constituted horizontal bending cracks, and vertical bending cracks appeared at
the junction of the bottom slab and the sidewall. The cracks of the RUT specimen were
mainly distributed at the junction of the lower end of the sidewall and the bottom slab
and gradually developed from the bottom to the top, and only a few vertical bending
cracks appeared at the junction of the bottom slab and the sidewall. The cracks of
PUT-H were mainly concentrated in the grouting layer of the joint, and only a few
cracks appeared in other parts of the lower end of the sidewall, while no cracks were
found in the bottom slab. The cracks of the RUT-H specimen were mainly distributed
in the sidewall near the haunch variable cross-section area and gradually developed
from the bottom to the top, and no cracks were found in the bottom slab.



Buildings 2024, 14, 341 7 of 15

(3) Peak stage. Regarding the haunch-free specimens, PUT reached peak loads of
146.50 kN and 60.89 kN at forward and reverse displacement angles of 2.91% and
2.00%, while RUT reached peak loads of 148.35 kN and 60.89 kN at forward and
reverse displacement angles of 3.52% and 1.99%. Regarding the specimens with
haunches, PUT-H reached peak loads of 146.50 kN and 97.67 kN at forward and
reverse displacement angles of 3.52% and 2.92%; RUT-H reached peak loads of
174.84 kN at forward and reverse displacement angles of 2.94% and 2.99%, and
90.11 kN was also reached. At this stage, the cracks in the specimen are basically
uniform, and the horizontal bending cracks on both sides of the sidewall are sym-
metrically distributed; additionally, the cracks gradually widen and extend, and the
concrete protective layer on both sides of the sidewall begins to be crushed and spalled.
There were no obvious cracks between the outer blade of the sidewalls of the two
precast specimens and the post-cast composite layer, indicating that the new and old
concretes of the double-sided superimposed sidewalls of the precast specimens had
good bonding performance.

(4) Damage stage. After reaching the peak load, the specimen entered the failure stage.
As shown in Figure 6, the final failure modes of the four specimens are all flexural
failures. The failure positions of PUT and RUT were located at the end of the bottom
slab, and the failure positions of PUT-H and RUT-H were located at the tip of the
haunch at the end of the bottom slab. The type of flexion was exposed or compression
flexion that bulged outward, and part of the longitudinal reinforcement was pulled
off. Among the types of damage observed, the damage on the outer side of the lower
end of the sidewall of RUT-H is also obvious. No obvious cracks were seen in the
joint core area of all the specimens during the loading period, and the specimens
remained intact until failure, meeting the design requirements of strong joints and
weak members.
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3.2. Hysteresis Response

The hysteresis responses of the four specimens are presented in the load–displacement
(drift ratio) curves shown in Figure 8, reflecting the seismic performance of utility tunnels,
including the strength, deformation, and energy dissipation. The following can be gleaned
from Figure 8:

(1) Before the specimens crack, the horizontal load and displacement are approximately
linear, and their structures are basically in the elastic stage, and their residual de-
formation and damage are slight. With the increase in displacement, the structures
undergo plastic deformation, residual deformation increases gradually, and the en-
closing area of the hysteresis curve also increases. In the later loading stage, the
hysteresis curve appears to reflect a pinch effect due to the steel bar’s yielding and
the concrete’s spalling.

(2) At the same level of displacement, the load peak value of the first cycle is often higher
than the latter two times, mainly due to the structure’s damage accumulation and
strength degradation. After the horizontal load reaches the peak value, the bearing
capacity of the specimen decreases slowly with increasing horizontal displacement,
showing good ductility.

(3) The shapes and number of hysteresis loops of the CIP specimen and the precast speci-
men are similar, indicating that the energy dissipation performance and deformation
capacity of the HPUT are similar to those of the comparative specimen. Throughout
the loading process, the hysteresis loop shape transitioned gradually from a plum
shape to an inverse S shape, and the energy dissipation capacity gradually decreased.
This was mainly due to a large amount of spalling of the outer concrete and slippage
between the outer longitudinal reinforcement and the concrete at the corner of the
joint in the later loading stage.

(4) Comparing the specimens with and without haunches, the shapes of the hysteresis
loops are similar. The area enclosed by the hysteresis loop for the specimen with the
haunch is more significant than that for the specimen without the haunch, and the
energy dissipation performance is relatively good. The confinement of the concrete in
the haunches reduced the damage to the sidewalls and slabs.
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3.3. Response Envelopes

The curve obtained by connecting the peak points of each loading in the same direction
on a hysteresis curve is known as the skeleton curve, the outer envelope of the hysteresis
curve. The skeleton curve can more clearly reflect a structure’s strength, deformation, and
other properties. The skeleton curves of the four specimens are shown in Figure 9.
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As can be seen in Figure 9, the following results were obtained:

(1) The skeleton curves of the four specimens have four characteristic points: cracking,
yielding, reaching the peak value, and failure. The stress process of the structure
can be divided into four stages: before cracking, when the load and displacement
exhibit linear relationships; after cracking to before yielding, when the stiffness of
the specimen decreases rapidly; after yielding to before reaching the peak point,
when the skeleton curve becomes gentle; and after reaching the peak point, when the
tangential stiffness of the specimen is negative, and its bearing capacity decreases
slowly, showing good ductility.

(2) The positive bearing capacity of each specimen was more significant than that in the
negative direction. This can be attributed to the additional reinforcement installed at
the corner on the positive side of the specimens, enhancing the positive load-bearing
capacity of the joint. The positive bearing capacity of PUT is 1.35% lower than that of
RUT, and the negative bearing capacity is 11.2% higher than that of PUT. The average
bearing capacity of the PUT specimen is 2.7% higher than that of RUT. The positive
bearing capacity of the precast specimen PUT-H is 16.2% lower than that of the CIP
comparative specimen RUT-H, and the negative bearing capacity is 9.3% higher than
that of the CIP comparative specimen. The average bearing capacity of the PUT-H
specimen is 8.5% lower than that of RUT-H. It can be seen that the bearing capacities
of the HPUT and the CIP specimen are similar.



Buildings 2024, 14, 341 11 of 15

(3) The positive bearing capacity of the specimens PUT and RUT without haunches are
15.15%–1.35% lower than those with haunches (PUT-H and RUT-H). However, the
negative bearing capacities of the specimens PUT and RUT without haunches are
29.80–32.4% lower than those with haunches. It can be seen that the reinforcement
and concrete at the haunches have a stronger restraint effect when the exterior joints
are subjected to a negative force.

(4) The positive bearing capacity of the precast specimen PUT-H is 16.2% lower than that
of the CIP comparative specimen. This difference may be attributed to the distinct
failure sections of the precast and CIP specimens, with the CIP specimen failing at
the upper part of the haunch, while the precast specimen failed at the lower part of
the haunch.

3.4. Displacement Ductility and Deformability

Ductility reflects the deformation ability of a structure and is expressed by the ratio of
the ultimate displacement to the yield displacement [21]. Yield displacement is determined
using the energy method (Figure 10). The principle here is that the area A0F is equal to the
area ACD and that point E is determined [22]. The ultimate displacement is taken as the
corresponding displacement value when the bearing capacity of the specimen drops to 85%
of the peak load. The displacement ductility coefficients and load characteristic values of
the four specimens are shown in Table 3. The following can be gleaned from Table 3:

(1) The average ductility values of RUT, PUT, RUT-H, and PUT-H are 3.36, 2.98, 2.55,
and 2.46, respectively. The ductility coefficients of both precast specimens are lower
than this value for the CIP structure by −11.3% and −3.53%, respectively. The main
reason for this could be the overlap of reinforcement in the core area of the precast
elements, which, to some extent, increases the structural reinforcement ratio, enhances
structural stiffness, and, consequently, affects the ductility coefficient of the structure.

(2) The ductility of the precast specimen without a haunch is 11.3% lower than that of the
CIP control specimen, while the ductility of the precast specimens with a haunch is
3.53% lower than that of the CIP comparative specimens. The main reason for this
is that the haunch increases structural stiffness, thereby reducing the impact of the
overlap zone reinforcement ratio of the precast element on the stiffness.

(3) The impact of the haunch on the ductility coefficient is quite evident, causing a
reduction of 17.40% in the ductility of the precast specimen and a reduction of 24.10%
in the ductility of the CIP specimen.

(4) The negative ductility of all the specimens is more pronounced than the positive
ductility. This can be attributed to the significant peeling of material on the outer
concrete at the corners of the joints during the later loading stages, resulting in bond
slip between the external longitudinal reinforcement and the concrete, leading to a
rapid decrease in bearing capacity.
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Table 3. Characteristic values and ductility of specimens.

Specimen Crack Stage Yield Stage Peak Stage Ultimate Stage
∆u/∆y AvePcr/kN ∆cr/mm Py/kN ∆y/mm Pmax/kN ∆max/mm Pu/kN ∆u/mm

RUT
P 25.00 3.02 135.27 40.06 148.35 71.26 126.10 86.05 2.15

3.36N 15.00 1.80 53.06 19.53 60.89 40.26 51.76 84.36 4.31

PUT
P 30.00 4.83 130.02 42.44 146.50 58.84 124.53 83.56 1.97

2.98N 25.00 3.25 59.34 19.65 68.56 40.50 58.28 76.08 3.87

RUT-H
P 40.00 6.97 156.04 46.46 174.84 59.54 148.61 86.18 1.85

2.55N 40.00 5.90 73.83 32.72 90.11 60.46 76.59 106.51 3.26

PUT-H
P 15.00 4.13 126.87 57.94 148.50 71.37 124.53 113.56 1.96

2.46N 30.00 4.22 86.73 28.64 97.67 59.18 83.02 84.65 2.96

Note: P denotes positive direction. N denotes negative direction.

3.5. Deformability Stiffness Degradation

The secant stiffness degradation curves of the specimens are depicted in Figure 11.
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Figure 11 reveals the following:

(1) The stiffness degradation laws of the four specimens are consistent, and the stiffness
decreases rapidly in the early loading stage; with the increase in lateral movement,
the decreasing stiffness trend slows. This indicates that the specimens’ stiffness
degradation is mainly concentrated in the early loading stage.

(2) At all levels of displacement, the stiffnesses of the precast joint and the CIP comparison
specimen are the same, indicating that the precast joint and the CIP comparison
specimen show similar stiffness degradation characteristics.

(3) In the early loading stage, the stiffness of the specimens with and without a haunch
is basically the same; in the later loading stage, the specimen without a haunch
degrades faster.

3.6. Energy Dissipation Capacity

The energy dissipation capacity is calculated from the area enclosed in the hysteretic
loops by taking the average of three cycles at the same drift level. Thus, the cumulative
energy dissipation is the accumulated sum of the energy consumed at each drift level.
Figure 12. shows the cumulative energy dissipation of the two specimens.
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Figure 12 reveals the following:

(1) When the load is small, the specimen is in the elastic stage and consumes less energy.
With the increase in loading, the specimen enters the elastic-plastic stage, the steel bar
gradually yields, concrete damage accumulates, and the energy dissipation capacity
of each specimen increases continuously.

(2) Compared with the CIP specimens, the energy dissipation capacities of PUT and RUT
are comparable. The energy dissipation performance of PUT-H is higher than that of
RUT-H. This indicates that the HPUT has an optimized local variable cross-section
with an L-shaped reinforced connection, giving full play to its energy dissipation effect.

(3) Regarding both the precast and CIP specimens, the energy dissipation capacity of the
specimens with a haunch is higher than that of the corresponding specimen without a
haunch. This shows that the haunch significantly influenced the energy consumption
of the specimens. The main reason for this is that the load of the specimen with a
haunch is higher than that of the specimen without a haunch under the same level
of lateral movement. At the same time, the steel bars at the haunches yield, which
contributes significantly to the energy consumption of the specimen.

4. Seismic Performance Evaluation

The research shows that the underground structure analyzed herein is more vulnerable
to earthquake damage [23]. During the 1995 Kobe Earthquake, transverse and longitudinal
cracks and concrete spalling appeared in underground tunnels [24]. Therefore, the seismic
performance of utility tunnels during subjection to strong earthquakes still requires proper
evaluation methods. American code ACI 374.1-05 [25] provides a seismic performance
evaluation method for frame structures under the effects of strong earthquakes. It is mainly
implemented using quantitative indexes such as the bearing capacity, stiffness degradation,
and energy dissipation capacity of specimens in the late loading period of the low-cycle
load test. The mechanical behavior of underground utility tunnels in the direction of the
cross-section is similar to that of frames. Furthermore, the internal force calculation model
of a utility tunnel constitutes a closed frame model in the technical code for urban utility
tunnel engineering (GB 50838-2015) [26]. Therefore, the hysteresis performance of the
specimens could be evaluated in accordance with the guidelines of ACI 374.1-05.

The test results for comparison with the acceptance criteria in ACI 374.1-05 are listed
in Table 4. The four specimens all satisfied the bearing capacity, stiffness degradation, and
energy dissipation indexes, while the reverse bearing capacity index and forward and
reverse stiffness degradation indexes of CIP RUT without a haunch were not satisfied,
which is related to the appearance of a hysteresis loop in the later stage of loading. The
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phenomenon of obvious pinching was consistent, and the main reason for its occurrence
is that the protective layer of the lower end of the sidewall peeled off to a considerable
degree; additionally, the reverse part of the steel bar peeled off. Compared with the haunch
specimens, the evaluation index of the precast specimen PUT was significantly lower than
that of PUT-H, and the evaluation index of the CIP specimen RUT was slightly lower than
that of RUT-H. Therefore, the haunch had a more significant impact on the structure, a
finding consistent with the analysis results in Section 3.

Table 4. Inspection of the tests in accordance with the acceptance criteria specified in ACI 374.1-05.

Indicator RUT PUT RUT-H PUT-H Acceptance
Criteria

P1im/Pmax
Positive 0.85 0.85 0.88 0.92 ≥0.75Negative 0.84 0.75 0.89 0.89

K/Kini
Positive 0.21 0.12 0.18 0.29 ≥0.05Negative 0.05 0.08 0.07 0.17

Relative energy dissipation ratio β 0.21 0.14 0.14 0.23 ≥0.125
Note: Plim/Pmax, β, and K represent the load of the cycle at the drift ratio of 3.5% to the peak load, the area of
the hysteresis loop at a drift ratio of 3.5% divided by the idealized elastoplastic energy, and the secant stiffness
between −0.35% and +0.35% drift in the third cycle of a 3.5% drift, respectively.

5. Conclusions

Based on an experimental investigation of the bottom exterior joints of the HPUT com-
posed of a double-skin sidewall and a precast bottom slab subjected to low cyclic loading,
the failure pattern, bearing capacity, stiffness, ductility, and energy dissipation capacity of
the specimens were analyzed and discussed. The following conclusions were drawn:

(1) All the specimens suffered bending failure. The failure mode was as follows: the
vertical steel bar at the lower end of the sidewall yielded to tension. The specific
failure phenomenon was that the concrete on the outside of the wall or bottom slab
spalled a lot, and the concrete on the inside was slightly crushed. The failure position
of the four specimens was concentrated at the end of the sidewall or bottom slab.

(2) The optimized reinforced connection with local variable cross-section can effectively
transmit the steel stress. The difference between the load-bearing capacities of the
precast specimen and the CIP comparison specimen was within 8.5%. The hysteresis
curve shape, ductility, and stiffness degradation laws of the precast specimen are all
close to those of the corresponding CIP specimens. In terms of energy consumption,
the precast specimens had higher values than the CIP comparison specimens, and
the specimens with haunches had significantly higher values than the corresponding
specimens without haunches.

(3) Haunches had obvious effects on bearing capacity, ductility, stiffness, and energy dis-
sipation. They also had a significant impact on the bearing capacity and displacement
ductility of the specimens, increasing the bearing capacity by 20% and decreasing the
ductility by 21%.

(4) A seismic performance evaluation was carried out according to ACI 374.1-05, and
the precast specimens’ bearing capacity, stiffness degradation, and energy dissipa-
tion indexes met the requirements, indicating that an HPUT composed of double-
skin sidewalls and a precast bottom slab with reserved rebars exhibits excellent
seismic performance.
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