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Characterizing the bending
behavior of underground utility
tunnel roofs in a fabricated
composite shell system

Lei Dong?*, Aijun Yao!, Daxing Zhou?? and Pengfei Zhang??

Beijing University of Technology, Beijing, China, 2China Railway Construction Group Co., LTD., Beijing,
China, *CRCC Construction Industrialization Engineering Laboratory, Beijing, China

The traditional underground utility tunnel system is characterized by a lengthy
construction period, material waste, and poor engineering quality. This study
proposes the prefabricated composite shell system underground utility tunnel as a
new type of prefabricated underground utility tunnel system. This system uses
20 mm thick high-performance cement-based materials as permanent templates,
with steel reinforcement skeletons placed in the cavity between the two side
molds, and concrete can be poured after on-site hoisting and positioning to form
an integrated tunnel. This study first systematically introduces the system design
method of the prefabricated composite shell system underground utility tunnel
and clarifies its component and connection structures. Then, bending tests are
conducted on the composite shell tunnel top plate specimens, and a cast-in-
place top plate specimen is selected as a control group. A suitable bearing capacity
calculation formula for composite shell top plates is derived and proposed based
on test phenomena and results analysis. The results showed that the prefabricated
outer template and internal cast-in-place concrete of the composite shell top
plate specimen have good collaborative performance. Its bearing capacity,
stiffness, and failure phenomena are consistent with those of cast-in-place
components, as are its mechanical properties. In addition, the proposed
bearing capacity calculation formula for a composite shell top plates is highly
accurate and can guide the design of such components.

KEYWORDS

utility tunnels in composite shell system, high-performance cement-based material,
bending test, theoretical calculation, fabricated composite shell system

1 Introduction

Since 2015, China has witnessed explosive growth in the mileage of constructed utility
tunnels. Tunnels are the lifeline of cities (Valdenebro and Gimena, 2018; CANTO-PERELLO
and CURIEL-ESPARZA, 2001; O'ROURKE et al., 2001; DARLI et al., 2021), and the stress
on an underground structure is more complex than that on an above-ground structure (Bai
etal, 2019; Luo et al., 2020; Bai et al., 2021a), so its safety is essential. From the perspective of
the construction mode, the integral cast-in-place mode is applied to most of the tunnels. The
integral cast-in-place mode provides good waterproof performance but has a longer
construction duration, a greater environmental impact, and requires more field workers.
Thus, it is an inevitable trend to adopt the fabricated construction method.

The composite slab-type concrete structure has been extensively studied and applied in
constructing above-ground buildings (Gu et al., 2020; Bai et al., 2021b; Jiang et al., 2021;
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FIGURE 1

Structure of composite shell utility tunnel components. (A) Side wallboard/middle wallboard component, (B) Roof component.
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FIGURE 2
Schematic diagram for composite shell utility tunnels.

Zhou et al., 2021; Bai et al., 2023). As a structural member, it
consists of the precast concrete arranged on both sides as the
formwork connected through truss bars. In the construction
process, concrete is poured into the cavity to form the integral
structure.

have

Some  scholars studied

underground utility tunnels. Yanmin Yang (YANG et al,

composite  slab-type
2020) conducted static loading tests on a fabricated composite
tunnel and analyzed the phenomenon of its failure, bearing
capacity and load-strain curve, and load-displacement curve of
each measuring point on the axillary angle under the influence of
simulated overburden load. They indicated that the axillary angle
exhibits no obvious cracks under the normal service condition,
which suffers significant deformation and presents good
mechanical performance only under ultimate load. Weichen
Xue (XUE et al, 2018) et al. Investigated the seismic
performance outside the composite shear wall plane, and their
results showed that the ultimate bearing capacity outside the
composite shear wall plane is 10.7% lower than that of the cast-
in-place shear wall. However, there are still some limitations in
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applying this technology to underground engineering, which are
primarily illustrated by the following points:

(1) Itis not easy to detect the molding quality of post-cast concrete.
The prefabricated slab for existing underground fabricated
composite concrete utility tunnels is generally made of
ordinary concrete with a minimum thickness of 50 mm. In
addition, there are steel bars within the post-cast concrete,
making it difficult to detect the molding quality directly.

2

~

The joint connection is poor. The utility tunnel is an out-of-plane
stress component. The prefabricated component is thicker, the
connecting steel bars are located in the cavity inside the
prefabricated slab, and the ultimate bearing capacity outside the
plane is lower than that of the cast-in-place structure.

The application of high-performance cement-based materials
in construction engineering has become more mature (Roy et al.,
1972; Wang et al.,, 2012; Zheng et al., 2015; Chong et al., 2016; De
et al.,, 2016; Zheng et al., 2016). The prefabricated slab made of
ordinary concrete is replaced with formwork made of high-
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FIGURE 3

Geometric dimension and reinforcement of specimens. (A) Dimension and reinforcement of composite shell roof specimen CS-TF, (B) Dimension

and reinforcement of cast-in-place roof specimen CIS-TF.

TABLE 1 Mix proportion of materials.

Name Sulphoaluminate cement P-0 42.5

Quartz sand

Water

Steel fiber

Admixture Polypropylene fiber

Weight (kg) 500.00 500.00

125.00 10.48 35.00

TABLE 2 Size and quantity of test specimens.

Cube test specimen Prism test specimen

100 x 100 x 300

100 x 100 x 100

Slab-shaped test specimen

Cement mortar test specimen

20 x 60 x 320 40 x 40 x 160

performance material to reduce the thickness of the prefabricated
component, thereby assisting in settling the problems mentioned
above. Based on this concept, a new technical system of
fabricated  concrete tunnels  is
proposed—underground utility
composite shell system (after this referred to as composite shell

utility
of prefabricated

underground
tunnels

utility tunnels). High-strength materials can provide the following
advantages:

1) The out-of-plane mechanical performance is better. The loaded

and connecting steel bars are all located in the cavity between the
formwork shells, and the steel bars at the joints are connected by
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a lapping connection. The connection method is consistent with
the cast-in-place structure, and the distance between the two
rows of connecting steel bars is significant, resulting in improved
out-of-plane mechanical performance.

Transportation and installation costs are low. The weight of
composite shell utility tunnels is about 40% lower than that of
composite slab concrete pipe gallery, the transportation
efficiency is high, and the mechanical requirements for on-site
installation are less, with a broader application scenario.
Because the formwork shell is thin, thermal infrared technology
can be employed to determine the quality of post-pouring
concrete molding.
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Fabrication and Evaluating test specimens. (A) Evaluating slab-shaped test specimens, (B) Evaluating prism test specimens, (C) Evaluating cube test

specimens, (D) Evaluating cement mortar test specimen.

This study addresses the design structure of the system first,
determines the component structure, joint construction, the ratio of
formwork shell materials, and others of the composite shell utility
tunnels, and tests the fundamental mechanical properties of
formwork shell materials. Then, an experimental investigation is
conducted on the composite shell roof specimens to analyze the
primary performance indices and failure forms of cast-in-place and
composite shell specimens. On the other hand, the test phenomena
and results are utilized to derive the calculation formula for the
bearing capacity of the composite shell roof specimens, providing a
reference for the system’s application.

2 System introduction
2.1 Component structure introduction

Depending on the structure, the composite shell utility tunnel
components are divided into formwork shells, steel bar trusses,
connectors, and post-cast concrete. The formwork shell is made of
high-performance inorganic material, with a thickness of 20 mm,
the steel bar truss is placed on the outside of the prefabricated
formwork shell, and the connectors are attached to the steel
reinforcement cage and poured into the formwork shell to secure
the steel bar truss and the formwork shell, as depicted in Figure 1.

The composite shell
prefabricated at the factory before being installed on-site and

utility tunnel components were
pouring concrete. The transient operating condition involves
stripping, transporting, hoisting, concrete pouring, and others.
Comprehensively considering the load to be borne by the
formwork shell under various working conditions, the spacing
between the opposite-pull type’s connectors was 400 mm, the
thickness of the formwork shell was 20 mm, and its flexural

strength was no less than 12 MPa.
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2.2 Joint construction of composite shell
utility tunnels

The composite shell utility tunnels are divided into side
wallboard, middle wallboard, and roof components based on the
component types. Figure 2 depicts how the double-warehouse utility
tunnels are subdivided into their component parts. The joint
position between the side wallboard of the composite shell and
the lower cast-in-place part was set at 500 mm above the top surface
of the baseboard, and axillary angles were placed at the four corners
of the utility tunnels. During the field operation, concrete was first
poured into the bottom plate on-site, and once it reached a certain
strength, the concrete on the contact surface was chiseled to create a
rough surface. The composite shell’s side wallboards and interior
wallboards were placed and secured, followed by the installation of
the composite shell’s roof. After the composite shell components
were assembled in place, concrete was poured into the cavity to form
the integral structure.

Since the steel bars in the composite shell components were
located in the cavity between formwork shells, the composite shell
shell
components can be connected utilizing steel bar splicing, which

components, cast-in-place baseboard, and composite

was consistent with the steel bar connection mode of cast-in-place
structure.

3 Experimental study
3.1 Test overview
3.1.1 Specimen design
The geometric dimensions and reinforcement of two roof

specimens of composite shell utility tunnels are illustrated in
Figure 3. The length x width for both specimens CS-TF and
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CIS-TF were 3,600 x 1,500 mm?, and the thickness of the cast-in-
place specimen CIS-TF was 300 mm. The thickness of the formwork
shell at the bottom of the composite shell specimen CS-TF was
20 mm, while the thickness of the cast-in-place concrete part was
280 mm. The upper longitudinal steel bars in the two specimens
were C16@200, the lower longitudinal steel bars were C16@100, and
the upper and lower horizontal steel bars were C12@150. The
positioning of the middle and upper reinforcing and lower
reinforcing meshes of the composite shell specimen CS-TF was
achieved by the assembled four truss steel bars (Figure 3), whereas
that of CIS-TF was accomplished by reinforced pony stools.

3.1.2 Design of mixture proportion of formwork
shell materials and performance evaluation

Tests were conducted on the configuration and performance of
formwork shell material to ensure the required mechanical
properties of the above materials. Table 1 lists the mixture
proportion of formwork shell materials. A total of 29 test
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specimens were created, whereas Table 2 exhibits their sizes and
quantity. Cube specimens were employed to measure the cubic
compressive strength, while cement mortar test specimens were
conducted to compute the flexural strength. In addition, prism test
specimens were performed to determine the elastic modulus,
Poisson’s ratio, compressive strength, and peak strain of prisms,
whereas slab-shaped test specimens were utilized to calculate the
tensile strength and peak tensile strain. Figure 4 illustrates the
fabrication and test of various specimens. Before the test,
resistance strain gauges were placed on the surface of each test
specimen to obtain the elastic modulus, Poisson’s ratio, and the
equivalent values of peak tensile strain and compressive strain.

Figure 5 displays the loading curve obtained by the stroke of the
testing machine, and Table 3 shows the detailed data indices for
elastic modulus and Poisson’s ratio measured with a resistance strain
gauge. The peak tensile strain and the peak compressive strain
obtained utilizing the resistance strain gauge were 150-300 pe and
2,500-3,500 pe, respectively.
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TABLE 3 Strength, elastic modulus and Poisson’s ratio.

Tensile Compressive strength of Cube Flexural Elastic Poisson’s
strength (MPa) prism (MPa) strength (MPa) strength (MPa) modulus (MPa) ratio
Test 478 66.24 75.88 15.54 34,985 0.212
1
Test 7.43 70.39 79.39 19.57 34,549 0.177
2
Test 8.15 61.53 77.71 18.46 34,450 0.195
3
Test 7.34 66.24 81.07 13.96 - -
4
Test 533 67.94 80.37 1751 — —
5
Test 6.87 — 74.36 19.72 — —
6
Test 7.82 — — — — —
7
Test 6.97 — — — — —
8

Binding reinforcing Pouring concrete on Pouring concrete on
the composite shell roof  the

specimen

Pouring concrete on

bars the formwork shell cast-in-place  roof

specimen
FIGURE 6

Fabricating process of roof specimen. (A) Binding reinforcing bars, (B) Pouring concrete on the formwork shell, (C) Pouring concrete on the
composite shell roof specimen, (D) Pouring concrete on the cast-in-place roof specimen.

TABLE 4 Strength of concrete and mortar.

TABLE 5 Mechanical properties of reinforcement.

Test number Concrete strength Shell strength Rebar model fy fu Elongation after fracture
for (MPa) feo (MPa) (MPa)  (MPa) (%)
CS-TF 353 66.4 c12 452 604 18
CIS-TF 424 — Clé 424 598 19

3.1.3 Specimen fabrication

During the composite shell roof specimen CS-TF fabrication,
the reinforcing mesh sheets on both sides were bound first. The
reinforcing mesh sheets were then secured by truss bars to form a
steel skeleton, as shown in Figure 6A. The steel skeleton was
placed horizontally on the formwork table, supported on the
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bottom form by the truss bars, and 20 mm of inorganic high-
performance material was poured to successfully fabricate the
formwork shell, as illustrated in Figure 6B. When the formwork
shell reached a specific strength, it was demolded, transported to
a predetermined location, and concrete was poured, as revealed
in Figures 6C, D.
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3.1.4 Material strength

The design strength of the post-pour part of concrete on CS-TF
and CIS-TF was C40. Standard mortar test specimens were reserved
when the formwork shell was fabricated, and standard cube test
specimens were reserved when concrete was poured. The test and
wall specimens were cured under identical conditions. As shown in
Table 4, on the day of the test, the average compressive strength f;; of
concrete prism and the average compressive strength f., of
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! Hydraulic servo

formwork shell mortar were determined. Table 5 displays the
measured yield strength f,, ultimate strength f, and elongation
after fracture for steel bars.

3.1.5 Loading scheme and loading system

Midas software was employed to calculate the underground
utility tunnel model with a 2.5 m burial depth to obtain the pressure
of underground soil on each part of the utility tunnels under static
conditions. Based on the calculation results, the axial pressure on the
underground utility tunnel’s roof was 100 kN. During loading, the
specimen was placed horizontally on the supporting point, and the
hydraulic jacks arranged horizontally exerted axial force by the steel
distributive beam. Vertically arranged hydraulic jacks applied a
linear load to the specimens’ midspan by a steel distributive
beam. In addition, force sensors were attached to the hydraulic
jacks to obtain real-time load data.

Hierarchical monotone loading was used as the loading mode. First,
loading up to 100 kN was performed using 20 kN as a level, followed by
40 kN as a level. The load holding time should not be between 5 and
10 min after completing the loading at each level. When it was
determined that the load did not change greatly (the specimens
yielded), but the displacement varied significantly during loading,
the displacement was controlled, and loading was applied at a level
of 10 mm. When the specimen’s load-bearing capacity was reduced to
85% of its peak load, it was considered to have failed, and the loading
was stopped. Figure 7 depicts the loading device and loading system.

3.1.6 Measurement scheme

A displacement meter was placed at the specimen’s midspan to
measure its loading point’s displacement during loading, as
illustrated in Figure 8. Reinforcement strain gauges were installed
on the tension and compression sides of the specimen’s midspan to
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determine the variation laws on a strain of steel bars during loading,
as demonstrated in Figure 9. Concrete strain gauges were located
along the thickness direction of the roof specimen at the midspan of
it and 1,000 mm away from the midspan on both sides to measure
the variation laws on concrete strain at different heights during
loading, as shown in Figure 10.

3.2 Testing phenomena and failure modes

3.2.1 Specimen CS-TF

(1) Specimen cracking: When the load at the loading point reached
143.73 kN (A = 3.18 mm), the first crack appeared below the
loading point, and simultaneously the formwork shell and
concrete cracked. The crack width was approximately
0.05 mm, and the length was about 100 mm.

Frontiers in Materials 08

(2) Cracking of the formwork shell-concrete joint surface: as the load

rose, the width of the first crack gradually increased and extended
upward, generating several new cracks. The cracks also passed
through the joint surface, with the formwork and concrete cracking
simultaneously, and the specimens exhibited good integrity. When
the load reached 360.59 kN (A = 11.14 mm), cracks appeared within
300 mm of the loading point on the formwork shell-concrete joint
surface. In this case, the maximum width of the cracks was
0.25 mm, the maximum length was approximately 180 mm, and
the steel fibers at the cracking part on the formwork shell remained
connected.

With the load increasing, existing cracks continued to develop
and propagate, generating several new cracks. An obvious
inflection point was observed on the load-displacement curve
at the loading point, and then the loading was controlled by
displacement.
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FIGURE 11
Evaluating phenomena of specimen CS-TF. (A) Peak value, (B) Failure.
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FIGURE 12
Evaluating phenomena of specimen CIS-TF. (A) Peak value, (B) Failure.

(3) Reaching the peak load: When the displacement at the

loading point reached 142.79 mm, the specimen reached
peak load of 560.12 kN,
specimen damage characteristics are shown in Figure 11A.

its and the corresponding
In this case, the maximum crack width on the specimen was
8 mm, and the crack below the loading point extended to
250 mm in length. The formwork shell was disconnected
below the loading point, and the steel fiber was no longer
connected. Cracks appeared on the formwork shell-concrete
joint surface within 1,800 mm below the loading point, and
the concrete on the compression side was crushed.

(4) Completing loading: No new cracks were generated after reaching

the peak load. The load decreased slowly as the control
displacement increased, and the width of the existing crack
continued to grow. When the displacement at the loading point
achieved 248.00 mm, the load was reduced to 467.75 kN; cracks
formed on the formwork shell-concrete joint surface within

Frontiers in Materials
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Failure

2,000 mm below the loading point; and concrete crushing on
the compression side was aggravated, the specimen failed
severely, and the loading terminated. The corresponding
specimen failure characteristics are shown in Figure 11B.

3.2.2 Specimen CIS-TF
(1) Specimen cracking: When the load reached 141.3 kN (A = 3.01 mm),

~

the first crack appeared below the loading point, with a width of
about 0.05 mm and a length of approximately 50 mm.

As the load increased, several new cracks appeared, and the first
crack continued to extend. An obvious inflection point was
observed on the load-displacement curve of the loading point,
and the loading was subsequently controlled by displacement.
Reaching the peak load: When the displacement at the loading
point reached 107.05 mm, the specimen reached its peak load
of 554.01 kN, and the corresponding specimen damage
characteristics are shown in Figure 12A. In this case, the
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TABLE 6 Characteristics and ductility coefficients for each specimen’s yield,
peak, and failure points.
80
[\[o} Yield point Peak point Failure point u —+— CIS-TF
—— CS-TF
Ay/mm 604
(kN)  (mm)  (kN)  (mm) (kN)
CS-TE 488 264 560 123.0 245.2 9.29 & 40-
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20 4
maximum width of the cracks was approximately 10 mm, the
crack length below the loading point was 260 mm, and the
. . 0
concrete on the compression side was crushed. 0 25 50 75 100 125 150 175 200 225 250 275
(3) Completing loading: No additional cracks were produced A/mm
after reaching the peak load. With the increase in
FIGURE 14

displacement at the loading point, the load slowly
decreased, existing cracks continued to develop, and the
concrete in the compression zone was more severely
crushed. When the displacement at the loading point
achieved 147.41 mm, the load decreased to 427.08 kN, the
specimen suffered a more severe failure, and the loading was
terminated. ~The  corresponding

characteristics are shown in Figure 12B.

specimen  failure
3.3 Test results and analysis
3.3.1 Load-displacement skeleton curve

Figure 13 exhibits the load-midspan displacement (V-A) skeleton
curve for the loading point of each specimen. It indicates that:
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Secant stiffness degradation curve for roof component.

(1) The Load-displacement curve of the two specimens essentially
coincided and presented the same variation trend. The
formwork shell was located on the tensile side, not affecting
the specimens’ load-displacement characteristics.

(2) Both specimens were in an elastic state during the initial

loading, and the load increased significantly while the

displacement rose less. Cracks were then observed on the
specimens, and the slope of the skeleton curves gradually
decreased. As the loading progressed, an obvious inflection

point appeared in the curves, and the specimens yielded.
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Strain curves for concrete at different positions.

After that, the specimen’s load increased slowly, and its
displacement grew significantly. After reaching the peak load,
there were almost no new cracks on the tensile side at the
specimen’s midspan, the concrete on the compression side was
crushed, and the load decreased slowly as the displacement
improved. Finally, the load dropped to less than 85% of the peak
load, and the loading terminated.

3.3.2 Characteristic values of load and
displacement

Table 7 lists the characteristic values for the critical state points
of the two specimens, wherein the yield point was determined by the
energy method, and the limit point referred to the corresponding
state point when the load on the specimen’s skeleton curve decreased
to 85% of the peak load. The following can be observed from Table 6:
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(1)

Both specimens’ displacement ductility coefficients were greater
than 5, indicating that both specimens had good deformability.
The displacement ductility coefficient of composite shell
specimen CS-TF was larger than that of cast-in-place
specimen CIS-TF.

The characteristic values for the yield point and peak point of
the composite roof shell specimen CS-TF were comparable to
those of the cast-in-place specimen CIS-TF, and their peak load
differed by only 1%. The formwork shell was installed on the
tensile side, which did not affect the specimens’ bearing
capacity.

3.3.3 Stiffness degradation

Figure 14 reveals the stiffness degradation curve of each

specimen. It indicates that:

(1)

)

A3)

The stiffness degradation law of composite shell specimens differed
from that of cast-in-place specimens. When the cast-in-place
specimen CIS-TF reached the yield state, the stiffness decreased
relatively slowly, and a “small plateau” appeared in the stiffness
degradation curve, and the stiffness decreased more rapidly after
the yield point. During the loading process, the composite shell
specimen CS-TF stiffness decreased slowly with the increased
applied load/displacement, with no “plateau” appearing.

The initial stiffness of composite shell specimens CS-TF is slightly
larger than that of cast-in-place specimens CIS-TF, indicating
that the formwork shell and concrete are integral at the initial
loading stage, and the formwork shell made of high-performance
materials on the tension side can improve the specimens’
resistance to deformation during the normal use stage.

Multiple cracks appeared on the tensile side of the concrete
near the yield points of the two specimens at their midspan
loading points. The formwork shell in the composite shell
specimen CS-TF was ruptured in tension, and a slip
appeared on the formwork shell-concrete’s joint surface
in the concrete’s crack development area. The formwork
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Calculation diagram for bearing capacity at different state points. (A) Cracking point, (B) Yield point, (C) Peak point.

shell’s contribution to the specimen’s stiffness faded away. ~ 3.3.4 Reinforcement strain
After the yield point, the two specimens’ stiffness values Steel bar strain gauges were placed at the midspan of the
were identical. specimens with the strain-load curve indicated in Figure 15,
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TABLE 7 Comparison between specimens’ experimental and calculated
bearing capacity values at various state points.

Cracking point  Yield point  Peak point
Experimental value (kN) 144 488 560
Calculated value (kN) 134 430 ‘ 490
Error (%) 6.5% 11.9% ‘ 12.5%

where the strain trends of steel bars in both specimens were
identical. The initial loading state for the lower steel bars (S1-1'-
S1-3) was linear. Near the specimens’ crack points, the steel bars’
strain and load exhibited a nonlinear behavior; near the specimens’
yield points, the steel bars’ strain had reached yield strain, and with
the load continuously increasing, the strain value increased
significantly. In the initial loading state, the upper steel bars (S1-
1-S1-3) were in compression, but with the increase of the load, the
concrete on the tensile side cracked, cracks continued to develop and
extend, and the compression zone kept decreasing. After the
specimens yielded, the upper steel bars began changing from the
compression to the tension state.

3.3.5 Concrete strain

Concrete strain gauges were installed at the midspan of the
specimens along the thickness direction. Figure 16 depicts the
variation of strain values at various positions of specimens before
cracking. It demonstrates that the presence of the formwork shell
had no effect on the strain distribution and that the specimens
conformed to the plane-section assumption before cracking.

4 Formulas for calculating bearing
capacity

The test phenomena and results showed that the first crack on
the specimen occurred below the loading point, and the
formwork shell and concrete cracked simultaneously during
the normal section cracking mode, while the joint surface of
the formwork shell-concrete did not crack. Based on this
phenomenon, the formwork shell and concrete can be
investigated as a unit when the force analysis is performed on
the specimen’s cracking point. Since the concrete stress was small
in the compression zone, the compressive stress on the concrete
was regarded as the linear distribution mode.

For ordinary concrete, it is believed that cracking occurred
when the tensile strain on concrete reached two times the peak
axial tensile strain &,2!!. Based on the literature (22!, the concrete
used for specimen fabrication in this study has an elastic modulus
E; 0f 31,500 MPa, the tensile strength f; of 2.2 MPa, and the peak
tensile strain &g of 100 x 107°. According to the fundemental
properties of the formwork shell material measured by tests, the
elastic modulus E, was 34,500 MPa, the tensile strength f; was
6.7 MPa, and the peak tensile strain eowas 200 x 107, Based on
force equilibrium and bending moment equilibrium on the
section, the formula for calculating the bearing capacity of the
cracking point is as follows:
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4 2 24
ro ’ bac Xer h, — e
= Aso'c(h’ _ as) + M )

2

In calculating the yield point’s bearing capacity, the tensile
strength of the concrete and formwork shell was disregarded, and
the compressive stress of concrete in the compression zone was used
as the mode of linear distribution. The state point of the yield of
lower steel bars was determined to be the yield point of specimens,
and the yield strain ¢, for steel bars was taken as 2000 x 10~°. The
following formula can calculate the bearing capacity of the yield
point:

0.50,0bx, + A0, = N + A f, 3)
V,L h o '
% + N(E -h, - a$> = Asays(h' -a, - as)
+0.5ba 0, (W —a, -2
. yOxy as 3 (4)

In calculating the peak point’s bearing capacity, the tensile
strength of the concrete and formwork shell was ignored, and
the compressive stress on concrete in the compression zone was
considered the uniformly distributed load mode. Based on the
previous analysis, at the peak point, the upper steel bars
changed from the compressive state to the tensile state, and
the stress value was lower; therefore, the acting force on the
upper steel bars was not accounted for in the equilibrium
The
deformation and entered the reinforcing stage, so the stress

formula. lower steel bars experienced greater
at the peak point was assumed to be 1.1 times the yield stress f,.
The formula for calculating the bearing capacity of the peak

point is as follows:

fabx = L1A.f, + N

h
+N<5—h5 —a5> = fclbx(h’ —;—as)

where f; is tensile strength of concrete; f is the tensile strength

©)
VL

1 (6)

of the formwork shell; f; is the compressive strength of concrete;
h' is the result of subtracting the thickness h; of formwork shell
on the tensile side from the section thickness /; b is section width;
0 and 0, are maximum compressive stress of the concrete in the
compression zone of the cracking point and yield point; x.,, x,
and x are the height of the compression zone of the cracking
point, yield point, and peak point; A; and A! are sectional areas of
longitudinal steel bars in tension and compression zones; o.; and
0. are stress of longitudinal steel bars in the tension and
compression zones of the cracking point; a;,s is stress of
longitudinal steel bars in the compression zone of the yield
point; V,, V,, and V are concentrated force at the midspan of
the cracking point, yield point, and peak point; L is span; N is
axial compression; a,and a, are the distance from the acting
point of the resultant force on longitudinal steel bars in the
tension and compression zones to the edge of the tension and
compression zones of concrete; & is the peak axial tensile strain
of concrete.
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Figure 17 depicts the detailed calculation of various load points,
with the calculation results illustrated in Table 7. The calculated
bearing capacity of the cracking, yield, and peak points was 134, 430,
and 490 kN, respectively, with errors of 6.5%, 11.9%, and 12.5%,
respectively, compared with the test values. The calculated values
were all lower than the test values. The proposed formula can be
employed to accurately determine the bearing capacity of composite
shell roof specimens in different states. It has certain safety
redundancy, providing a reference for performance design in
different operating conditions.

5 Conclusion

Due to the use of high-performance cement-based materials in
the prefabricated parts, a new fabricated underground concrete
utility tunnel technology system is introduced—underground
utility tunnels in a fabricated composite shell system. In
addition, the system’s component structure and connection
structure are proposed, and the properties of high-performance
cement-based materials are tested. Based on the proposed
structure, two roof specimens for utility tunnels are designed
and fabricated, and an experimental study is conducted. The
key findings are as follows:

(1) The failure processes and modes of composite shell specimen
CS-TF and cast-in-place specimen CIS-TF were identical: lower
steel bars suffered tensile yield, upper steel bars gradually
transformed from compression to tension, and concrete on
the compression side was crushed.

(2) The bearing capacity and stiffness of composite shell specimen

CS-TF and cast-in-place specimen CIS-TF were the same, and

the ductility of composite shell specimen CS-TF was

significantly superior to that of cast-in-place specimen CIS-

TF. The composite shell roof specimen achieved the same

mechanical performance index as the cast-in-place structure.

The existence of the formwork shell had no adverse effect on the

mechanical properties of the integral structure.

Based on the testing phenomena and data analysis results,

formulas for calculating the bearing capacity of composite

shell roof at the cracking point, yield point, and peak point
were proposed, with an error of no more than 12.5%, which
was in good agreement with the experiments.
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