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Abstract: In this paper, the mechanical properties of hollow precast utility tunnels are studied by
experimental and numerical methods. Through full-scale experiments, the failure modes of ordinary
and hollow utility tunnels are studied, and the failure stages of the structures are classified based
on the bearing capacity and damage to the structures. The nonlinear finite element model is used
to simulate the behavior of the structure, and the optimal design of the structure under load type
and the hollow ratio are discussed based on the finite element method. The theoretical calculation
method of the bearing capacity for hollow structures in each stage is proposed, and its application
scope is discussed. The finite element analysis can effectively predict the mechanical properties
of the structure, and the failure of the utility tunnel structure is dependent on the shear bearing
capacity. Although hollow design advances the structural damage under point load, the hollow
structure has significant advantages under uniform loads or reasonable hollow ratios. It is reasonable
to calculate the cracking load considering moment distribution at section centroid and the failure
load considering the combined action of flexural and shear stress, but the hollow ratio should be less
than 16%. Under reasonable hollow ratio or load conditions, the hollow design has little effect on the
bearing capacity of the structure and can reduce the weight, which has practical value for architecture
and construction.

Keywords: hollow structure; precast utility tunnels; finite element analysis; failure mode; hollow ratios

1. Introduction

Precast concrete technology can shorten construction time, reduce costs, improve
quality, and reduce environmental pollution. The construction method of precast utility
tunnels has become the main development method of underground space [1,2]. At present,
the reinforcement of utility tunnels depends on the crack width equation. Yi [3] and Garg [4]
found that the utility tunnels have much redundancy in flexural bearing capacity, but the
shear bearing capacity is relatively insufficient. The utility tunnels have an ultimate bearing
capacity that far exceeds the design load. However, as the load increases, the shear failure
occurs in the corner area [5]. In order to optimize the design of the utility tunnel structure,
researchers proposed the design of an enhanced corner area.

Pan [6] and Wang [7,8] studied the corner area of utility tunnels. They considered
that strengthening the corner region could increase the stiffness of the structure and help
improve the overall bearing capacity. However, Wu [9] and Yi [3] found that this design does
not affect the bearing capacity of the structure when considering the haunch. The above
studies also showed that the actual flexural capacity of the structure is much larger than
the calculation results. Currently, the design of the utility tunnel is conservative, leading to
a large overall weight of the structure. Using integral precast components for construction
also faces difficulties in transportation and hoisting and potential safety hazards [10]. The
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compromise scheme is to use the composite post-pouring method for construction, but this
method cannot shorten the construction period of the precast structure [11,12].

For the utility tunnel with a single warehouse structure, the design of a lightweight
hollow structure can be used as a reference [13]. The structure designed with this idea is
widely used in public constructions such as office buildings [14], roads, and bridges [13,15].
Based on experimental and finite element analysis of hollow beams, Abbass [16] and Al-
Maliki [17] found that reasonable design could provide reliable mechanical properties for
the perforated structure. However, no research has investigated the lightweight hollow
structures for utility tunnels.

This study aims to explore the feasibility of hollow precast lightweight structures
for utility tunnels. Based on the theory of concrete structure, the structure of the utility
tunnel is designed, and the full-scale model is established for the experiment. The failure
mode and mechanical properties of the structure are studied. The experiment was re-
conducted using the finite element method to investigate the influence of load type and
hollow ratio on the structural and mechanical properties. Based on the finite element
calculation results, the calculation methods of cracking load, yield load (failure load), and
ultimate load (structural ultimate bearing capacity) of the lightweight hollow structure
are derived from the theoretical equations. The equation is extended and discussed by
including the conventional structure without hollows as a special case. The rationality
of the theoretical calculation method is verified by the experiment results and the finite
element calculation.

2. Structural Design

The Nanjing Power Main Line Utility Tunnel Project is selected as the study object.
The structural importance coefficient is 1.1. The length, width, and height of the component
are 2.9 m, 1.1 m, and 2.45 m [18], respectively. The thickness of the roof and side wall is
250 mm, and the thickness of the bottom plate is 300 mm. The total excavation height is
4.5 m, the thickness of the upper layer is 1.9 m, and without underground water in the
deep burial.

The load effect on the structure is calculated according to the Shanghai Technical Code
for Municipal Tunnel Engineering [19]. The load combination results considering live loads
such as vehicle loads [20] are shown in Table 1.

Table 1. Load combination of the utility tunnel.

Dead Load Standard Standard Load Load Desien
Area Length (m) Width (m) Area (m?) Standard Live Load Combination Value (kl\%)
Value (kN) Value (kN) Value (kN)
Roof 2.9 1.1 3.19 107.31 39.08 146.39 198.12
Side wall 2.45 1.1 2.70 78.78 0 78.78 102.41

According to the design load in the table and the Code for Design of Concrete Struc-
tures [21], the reinforcement of the structure is designed in this study. The strength of
structural concrete is C40, and the reinforcement is HRB400. The thickness of the protective
layer of the contact surface between the structure and the soil is 50 mm, the layer without
the contact surface is 20 mm, and the maximum allowable width of the crack is 0.2 mm.

The reinforcement of the member should meet the requirements of the following
equation:

M < fbx(hg —x/2) + fg,A; (ho — af) 1)

where M is the design bending moment; f. is the axial compressive strength of the concrete,
which is 19.1 MPa; b denotes the section width, which is 1100 mm; x is the height of
the cross-sectional pressure zone, which is 114 mm in this equation; hy represents the
effective cross-sectional height, which in this case is 230 mm; fg, is the design value of the
compressive strength of the reinforcement, which is 360 MPa; A{ is the cross-sectional
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area of the compressive rebar; a/ is the distance from the combined force point of the
compressive reinforcement to the edge of the cross-section, which is 57 mm.

It is also necessary to limit the maximum crack width of the structure. The reinforce-
ment results obtained according to Equation (1) can hardly meet the crack width calculated
by Equation (2). Therefore, the actual reinforcement of the structure is determined by
Equation (2):

Wmax = op ¢ (1.9¢ 4 0.089)

f,
Y =11-0657% (2)

_ M
0 = 087hoA,

where o is the characteristic coefficient of the component force, which is 1.9; 1 represents
the strain inhomogeneity coefficient of longitudinal tension reinforcement between cracks,
taken as 0.2 when less than 0.2 and 1.0 when greater than 1.0; o is the equivalent stress of
reinforcement; E is the elastic modulus of reinforcement, which is 200 GPa, c is the distance
from the outer edge of the longitudinal tensile reinforcement to the edge of the concrete,
which is 50 mm or 20 mm, d denotes the equivalent diameter of tensile reinforcement;
p is the effective reinforcement rate of longitudinal reinforcement, which is taken as 0.01
when less than 0.01; fy is the standard value of axial tensile strength of concrete, which is
2.39 MPa, A; is the cross-sectional area of the longitudinal tensile reinforcement.

Transverse distribution of reinforcement and stirrup reinforcement following struc-
tural requirements are shown in Figure 1. The reinforcement of the ordinary specimen
based on the calculation is shown in Figure 1a. The circular holes of the hollow structure
are evenly arranged with a through-hole diameter of 120 mm and a spacing of 200 mm.
The reinforcement of hollow structures is identical to that of ordinary structures, and the
arrangement is shown in Figure 1b.
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Figure 1. Reinforcement of utility tunnel specimens. (a) Reinforcement of ordinary specimens.

(b) Reinforcement of hollow specimens.

3. Research Methods
3.1. Experiment Process

The bending moment is the most important factor in the deformation of utility tunnels
under actual working conditions. Therefore, it is necessary to ensure that the bending
moment of the control section is as close to the actual situation as possible in the test loading.
For this reason, the principle of bending moment equivalence should be ensured when the
point load is used in the test instead of uniform load. Through trial calculation, the ratio
of the maximum positive and negative bending moment under point load is equal to that
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under uniform load. As a result, the two dangerous sections can simultaneously achieve
the required bending moment load in the loading process [22].

The trial calculation of the roof shows that when the loading point is 1050 mm away
from the side wall, the ratio of positive and negative bending moments under the point
load is consistent with the uniform load. Since the side wall load is less important under
the actual load [23,24], the point load is directly substituted at the position of its resultant
load point. The loading position and device are finally determined, as shown in Figure 2.
In Figure 2, the bending moments of the roof under different loads are shown.
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Figure 2. Support and loading position. (a) Front view of support and loading position. (b) Schematic
diagram of support and loading device.

The roof is loaded at two points, with the jack resting on the distribution beam. The
distribution beam is connected to the distribution steel plate through articulated support
to ensure the load is perpendicular to the plane. The distribution steel plate ensures the
uniform distribution of the load in the longitudinal direction. It is padded with fine sand
underneath to avoid friction between the steel plate and the top plate, which affects the
test results. The side wall loading reaction beam is placed horizontally and loading steel
plates are set on both sides of the structure, achieving uniform load distribution in the
longitudinal direction. The jack is placed between the reaction beam and the loading steel
plate on the same side. The loading steel plate is connected to the horizontal reaction
beam by a steel bar, which is bolted to the reaction beam and the loading steel plate on the
opposite side.

The reinforcement and concrete are monitored by placing strain gauges at large strain
locations. A total of 20 strain measuring points are set up. For example, the positions
and numbers of the strain gauges passed on the hollow specimen are shown in Figure 3.
A linear displacement transducer with a range of £25 mm was used to measure the
displacement. It was arranged in the middle of the roof, below the loading point, and at
the midpoint of the side wall. In Figure 3, the concrete strain gauges are numbered with C,
the reinforcement strain gauges are numbered with S, and the displacement transducers
are numbered with D.
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Figure 3. Support and loading position. (a) Concrete strain gauges and displacement transducer
placement. (b) Reinforced strain gauges placement.

Before the experiment, the surface of the component is painted white, and a square
grid with a side length of 100 mm is drawn. When the crack appears, the position and
direction are recorded by marking along the crack, and the width of the crack is measured
with a scale microscope.

The loading is divided into three stages: preloading, formal loading, and failure
loading. In the preloading stage, 20% of the standard load was applied at each position.
Formal loading applies the load to the standard load of the structure through five loading
steps. Each load level is held for 15 min during the loading process, and the load is held
for 30 min after reaching the standard load. In the failure loading stage, the load on the
side wall does not change. Only the roof load increase, and the loading rate slows until the
specimen is destroyed.

3.2. Finite Element Numerical Simulation Method

Based on the experiment, the finite element model is established in ABAQUS software.
In order to simulate the failure process of the specimen, the concrete constitutive model
adopts the concrete plastic damage model, providing different stress—strain relationships
for the nonlinear behavior of concrete in tension and compression [25,26]. The uniaxial
elastoplastic reinforcement behavior (tension, compression, and stirrups) is modeled using
the Von Mises yield criterion. The specific values of the concrete and reinforcement con-
stitutive model were based on the Code for Design of Concrete Structures [21]. The material
behavior is shown as follows: Figure 4a is the concrete compression behavior; Figure 4b is
the concrete tension behavior; Figure 4c is the reinforcement.
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Figure 4. Constitutive Relations. (a) Concrete compression behavior. (b) Concrete tensile behavior.
(c) Reinforcement behavior.

The finite element model consistent with the actual size is established. Concrete
is modeled with C3D8R elements, and T3D2 truss elements are embedded in concrete
elements to simulate the reinforcement behavior [27]. The boundary conditions are realized
by constraining the displacement on the four sides of the bottom surface in the X, Y, and
Z directions, and the boundary conditions can meet the practical engineering needs. The
boundary conditions and meshing of the model are shown in Figure 5.

The number of finite elements in the mesh of ordinary utility tunnel is 33,516, and
the number of nodes is 38,425. Differently, the number of elements in the hollow utility
tunnel case is 39,882, and the number of nodes is 50,105. The mesh size was determined by
sensitivity analysis. The results of the roof displacements within the elastic phase of the
hollow structure were compared with the theoretical calculations of structural mechanics,
as shown in Figure 5d. It can be seen that when the element size exceeds 100 mm, the finite
element calculation results have a large error from the theoretical results. Therefore, an
element size less than 100 mm is feasible. In addition, it is reasonable to use 50 mm as the
mesh size considering the void size in this study ranges from 100-140 mm.
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Figure 5. Mesh and Boundary Condition. (a) Hollow specimen mesh. (b) Reinforcement mesh.
(c) Boundary condition of point load. (d) Sensitivity of mesh size.

4. Results Analysis and Discussion
4.1. Failure Mode
4.1.1. Crack Distribution

Since the crack mainly develops on the roof during the loading process, the total roof
load is used as the parameter to measure the crack development.

When the load was increased from 120 kN to 150 kN, three cracks appeared in the
area of maximum bending moment in the roof, and a longitudinal crack appeared in the
side wall. At this time, the crack width was 0.01 mm. When the load increased to 200 kN,
the roof cracks increased to five, and cracks also began to appear in the tension zone of the
roof support. When the load reached 400 kN, the cracks were almost all over the roof, the
maximum crack width reached 0.6 mm, and the structural deflection reached 10.9 mm. The
deformation limit was exceeded, and oblique cracks appeared near the support. When the
load increased to 450 kN, the structure reached its ultimate load, and the roof support was
sheared. The distribution of structural cracks is shown in Figure 6.
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Figure 6. Crack distribution of ordinary specimen.

The cracking load of the hollow specimen was 120 kN, and cracks appeared under
the four circular holes between the two loading points and the side walls. When the load
increased to 200 kN, new cracks appeared on the side wall and at the bottom of the roof,
with a crack width of 0.2 mm. When the load reached 290 kN, inclined cracks appeared on
the circular hole between the roof loading point and the roof support, and the crack at the
bottom of the roof had a width of 0.4 mm. When the load increased from 290 kN to 300 kN,
the roof deflection increased rapidly and exceeded the limit. When the roof load increased
to 314 kN, the roof was subjected to shear failure by inclined cracks. The distribution of
structural cracks is shown in Figure 7.

00000000
00000000
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Figure 7. Crack distribution of hollow specimen.

4.1.2. Strain and Deformation Analysis

The concrete strain of the ordinary specimen is shown in Figure 8a. It can be seen that
under the cracking load, the tensile strain at the cracking position of the concrete is about
100 pe, and the measured value is close to the engineering experience, which proves that
the strain measurement is relatively accurate. In addition, there is no significant difference
between the positions of the two measuring points of the roof (c1\c2). With the loading
method used in the test, the bending moments between the loading points are equal, and
the cracking of concrete is mainly affected by the bending moments. Compared with the
actual load condition, the test loading causes more structural cracks, and the experimental
loading method is prone to cause structural damage than the uniform load situation.
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Figure 8. Load-strain curve. (a) Concrete of ordinary specimen. (b) Concrete of the hollow specimen.
(c) Reinforcement of the ordinary specimen. (d) Reinforcement of the hollow specimen.

The reinforcement strain of ordinary specimens is shown in Figure 8c. It can be seen
that the reinforcement strain changes significantly after the cracking load. When the load is
less than 360 kN, there is a linear relationship between the reinforcement strain and the
load change. When the strain exceeds 2000 pe, the reinforcement begins to yield, and the
slope of the linear relationship between strain and load increases significantly. This change
indicates that the moment-controlled section begins to yield at 400 kN of load, resulting in
the failure of the structure.

Figure 8b is the concrete strain of the hollow structure. Compared with the ordinary
structure, the concrete strain of the hollow structure is greater with more severe changes
after cracking. In the experiment, more cracks were observed in the hollow structure, which
is consistent with the measurement results. Figure 8d shows the reinforcement strain of
the hollow structure, which is consistent with the yielding process of ordinary structural
reinforcement. The reinforcement strain increases linearly after cracking, and the slope
abruptly changes before shear failure.

The displacement results of the two structures are shown in Figure 9. The mechanical
properties before cracking are not significantly different with relatively close cracking
loads, but the stiffness of the hollow structure is smaller than that of the ordinary structure
after cracking. Based on the strain changes and crack development, the roof part of the
ordinary structure first reaches the limit of the flexural bearing capacity and then yields.
At this time, the reinforcement in the tension zone has yielded, but the cracks cannot
reach the compression area due to the reinforcement in the compression zone [28]. The
roof load is transmitted to the corner through the concrete and the reinforcement in the
compression zone. With the gradual increase of the load, the concrete between the loading
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point and the corner zone is sheared and damaged, and the structure experiences shear-
compression failure. The failure mode of the hollow is similar to that of the ordinary
structure. Since the hollow structure has less shear bearing capacity reserve than the
ordinary structure, the damage of the structure can be divided into three sign stages:
@ cracking—® yielding (damage load, with the reinforcement reaching the yield strain as a
sign)—® failure (ultimate load). Each stage load is shown in Table 2. The bending moment
results in the table are obtained according to the method of structural mechanics.

450
400 A

350 A
300 . S— > ———
250 -
200 [

Load/kN

100 |—>— lightweight test]

50

150 [—— ordinary test |
>
>
>

0 -5 -10 -15 20 -25 -30 -35
Deflection/mm

Figure 9. Load-displacement curve of the test.

Table 2. Test load results.

Specimen Cr"‘fll:;‘fn L)"ad Yield Load (kN-m)  Failure Load (kN)
Ordinary 40.50 92.59 450
Hollow 27.78 67.13 314

4.2. Validation of the Finite Element Model

The comparison between the structural damage obtained from the simulation results
and the experimental cracking is shown in Figure 10.

Figure 10. Cont.
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Figure 10. Crack distribution. (a) Middle of the roof (ordinary). (b) Side of the roof (ordinary). (c) FEM
result (ordinary). (d) Middle of the roof (hollow). (e) Side of the roof (hollow). (f) FEM result (hollow).



Buildings 2022, 12, 1483

12 of 21

It can be seen from Figure 10 that the concrete damage position obtained by the finite
element simulation is highly consistent with the crack position in the test, indicating that
the finite element model can effectively reflect the actual damage and cracking of the
structure [29]. The displacement curve of the structure is shown in Figure 11.

PN I 450
——————————————————————————————— o : R 400
350
E 300 jg PP P B -
?j 250 f’
""""""""""""""""""""" —a— ordinary test 150 —*— lightweight test
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| | | | 50 L
: : : : : : 0(; 5 10 -15 -20 -25 -30 -35
-10 -15 -20 -25 -30 35 )
Deflection/mm Deflection/mm
(a) (b)

Figure 11. Load—deflection curve of FEM. (a) Ordinary specimen. (b) Hollow specimen.

The displacement results show that the finite element simulation is accurate for or-
dinary structures, with the ultimate load error of 0.44% and the ultimate displacement
error of 3.36%. For the hollow structure, the finite element calculation makes some errors
when approaching the cracking load, and the ultimate bearing capacity error is 1.91%. The
error of the limit displacement is 4.42%. This result shows that the finite element model
accurately and effectively simulates the actual structure.

4.3. Structural Optimization Design Based on FEM

The experiment result shows that the limit of the bearing capacity of utility tunnels
depends on the shear bearing capacity of their roofs [30]. If the shear bearing capacity
of the hollow structure roof is optimized, its ultimate bearing capacity can be effectively
improved.

In this paper, two methods are proposed using finite element modeling to improve
the ultimate bearing capacity of hollow structures.

4.3.1. Effect of Load Type

The load type of the structure has a significant impact on the ultimate shear bearing
capacity [31]. For the utility tunnel structure, the ultimate shear bearing capacity of the roof
is significantly different with different types of loads. The ultimate bearing capacity of the
structure under different loads was investigated using the finite element model, and the
results are shown in Figure 12. The ordinate in the figure is the resultant force of the load
on the roof. The point load acts the same way as in Figure 5c. The uniform load is a load
where the resultant force equals the point load uniformly over the entire top and side areas.
According to material mechanics, the maximum shear force on the roof is equal to the same
resultant force of the two loads.
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The finite element model results show that under the uniform load, the cracking
and yield loads of the structure are greater than those under the point load. The shear
force under point load has a constant distribution, with a significantly wider maximum
distribution than the shear force under uniform load. As a result, there is a decrease in
cracking and yield loads of the structure.

Among different structures, the cracking load and the yield load of the hollow structure
under the uniform load are increased by 15.71% and 60.08%, respectively. For the ordinary
structure, the cracking load and the yield load are also increased by 16.06% and 53.05%,
respectively.

The yield load of the hollow structure is more significantly affected by the shear force.
When the structural load is transformed into a uniform load, the shear force decreases,
resulting in a greater increase in the yield load of the structure than that of the ordinary
structure. Notably, the increase in the ultimate bearing capacity of the two structures is
quite different [32,33]. For ordinary structures, the ultimate bearing capacity under uniform
load is 1.83 times higher than that under point load. For hollow structures, the ultimate
bearing capacity is increased by 2.39 times.

Under the uniform load, the hollow structure with a hollow ratio of 16% has 89.75% of
the ultimate load capacity of the ordinary structure. When the point load is applied under
the same hollow ratio, the ultimate bearing capacity of the hollow structure is only 68% of
the ordinary structure, suggesting that the hollow lightweight structure has great potential
under the uniform load.

4.3.2. Effect of Hollow Ratio

For concrete subjected to the shearing force, the net cross-sectional area also signifi-
cantly affects the shear capacity [34]. Under different hollow ratios, the net shear concrete
area of the structure is different, resulting in different ultimate shear-bearing capacities.

The finite element method is used to study the mechanical properties of structures
under different hollow ratios. The hollow ratio is the ratio of the opening area to the total
section area, and it only changes the diameter of the holes, keeping the center point position
of the holes unchanged. The displacement curves of the structure under different load
types are obtained from the analysis, as shown in Figure 13.
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Figure 13. Effect of hollow ratio. (a) Distribution load. (b) Point load.

It can be seen that under the same load type, the mechanical properties of the structure
slightly vary when the hollow ratio is small. However, with the increasing opening area of
the structure, the mechanical properties are weakened significantly. The specific effects of
the hollow ratio are shown in Table 3.

Table 3. Test load results.

H . Cracking Load Yield Load Ultlma.te Loac.l
ollow Ratio Weakening Weakening Weakening (Point
Load/Uniform Load)
11% 10.80% 3.84% 1.11%/4.68%
16% 19.29% 24.62% 33.63%/10.52%
22% 35.67% 43.84% 50.44% /36.78%

The results in Table 3 suggest that the ultimate bearing capacity of the structure is
hardly affected when the hollow ratio is less than 11%. Hollow inevitably decreases the
cracking load and yield load of the structure. Therefore, the reliability of the hollow
structure needs to be demonstrated in areas with independent requirements for cracking
characteristics. In addition, when the hollow ratio exceeds 22% under the uniform load,
the bearing capacity of the structure decreases significantly, and the hazards caused by
hollow far outweigh its advantages. When the hollow rate approaches 16%, the ultimate
bearing capacity of the structure is only reduced by 10.52%. Therefore, a 16% hollow rate is
economical and reasonable under a uniform load.

4.4. Theoretical Calculation of Structural Bearing Capacity

The above results show that the hollow structure has advantages under proper load
conditions and hollow ratio. However, there is no theoretical calculation method for the
concrete hollow structure, hindering its design and promotion. For the cracking load of the
hollow structure, the theoretical equation for the opening structure is derived based on the
Vierendeel truss theory. The failure load (yield load) is obtained by modifying the height
of the compression zone. The ultimate bearing capacity of the structure is calculated by
referring to the ultimate shear bearing capacity of the concrete structure.

4.4.1. Basic Assumptions and Derivations

The inflection point of the structural moment is assumed to be located on the vertical
centerline of the hole. The total shear force of the empty section is distributed to the top
and bottom T-sections according to the stiffness, and the equal area of the reinforcement is
replaced by the flanges of the T-section [35]. After the section is stressed, the assumption
of the plane section is maintained. At this time, the stress of the structure can mainly be
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expressed in bending and shear, and two cases of bending and shear can be separately
considered.
In the case of bending, the internal force of the structural section is shown in Figure 14.

VI Nm

10

Nm_

>

)2

Figure 14. Bend model.
The stress at any point can be solved by Equation (3):
Ome = Nme/Ag — MmBY/Ie (3)

where Nppg = (M- cos0)/y,, Ag = tob + Coty, in which tg = t/cos6 and Cg =
(y9/2 — Reosb — y;) / cos 0, Mme = M(Scosb —y;)/y,, inwhich S = (t4Co(Co/2+tg) +
bt} /2)/Ag, Tg = bt} /12 + (S — tg /2)*bte + twC3 /12 + (S — Co /2 — tg ) *twCo.

M: The bending moment at the hole under external load

¥o: The distance between centroids of top and bottom sections

Ag: The area of a section with an included angle 6

b: Equivalent width of reinforcement layer, which is obtained by homogenizing
reinforcement into concrete, according to the principle of area, etc., to ensure As” = As-Es/Ec.
The equivalent thickness is used as the radius of reinforcement.

tw: Concrete layer width

Io: The moment of inertia of a section with an included angle 0

S: The distance from the centroid to the upper edge of a section with an included angle 6

y: The distance from the calculation point of the section with the included angle 6 to
the centroid of the section. The downward direction is positive

y1: The distance from the centroid of the top section to the top edge

y,: The distance from the centroid of the bottom section to the bottom edge

The rest of the symbols are shown in Figure 14. To consider the effect of hole spacing,
the calculation model boundary is taken as the midline of the two holes. When an angular
section exceeds the midline, the section area and moment of inertia are calculated only to
the midline position.

In the case of shear, the shear force is distributed according to the hollow section area
concerning Vierendeel truss theory. The half-section area Aop and Ay, of the cross-section
can be obtained by calculation, and the shear force is distributed according to Equation (4):

Vi = (Atop/ (Atop + Apot)) - V 4

Shear forces create shear stresses and moments in the calculated section, as shown in
Figure 15. The stress can be calculated according to Equation (5):

Oy = NVS/AG + MVBY/IQ (5)
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where Nyg = Vicos 60; Myg = (tg + Cg +1 — S)V,sin 6.

A\, ] J [ Ve

lrb

In summary, after obtaining the moment stress and shear stress of any point, the plane
stress state can be obtained, allowing the stress of the point to be examined.

Figure 15. Shear model.

4.4.2. Stress Distribution and Crack Load

In this section, the above method is verified in terms of cracking load and circumferential
stress distribution, and reasonable simplification is made in solving cracking load.

First, the circumferential stress distribution of the central circular hole in the roof of
the experimental hollow structure is verified by comparing the finite element results with
theoretical solutions.

The theoretical results and finite element analysis results are shown in Figure 16.

— FEM
0 15 |— Theoretical Value
30

15
1.0
0.5
0.0
] 75

-0.5
-1.0 2
,05 -
] 105
0.0
0.5 1 120
1.0 -

1.5
180 165

Figure 16. Circumferential stress distribution.

The black line in the figure indicates the position of the coordinate axis with zero
stress. The compressive stress is inside the coordinate axis, and the tensile stress is outside
the coordinate axis. The maximum compressive and tensile stresses obtained by theoret-
ical calculation are —1.26 MPa and 0.54 MPa, respectively; the finite element results are
—1.23 MPa and 0.56 MPa, respectively. The difference between the theoretical method and
the finite element method is less than 5%, demonstrating the accuracy of the theoretical
method in calculating the concrete stress.
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When the concrete is not cracked, it bears shear force together with the reinforcement.
Due to the large concrete area, the shear stress distributed per unit area is small. In this
study, the shear stress does not exceed 8% of the normal stress, which can be ignored in the
calculation of the cracking load, and only the bending moment needs to be considered. The
cracking moment is calculated using the bending model above, and the cracking load can
be calculated by Equation (7):

M = fApy (6)

where f. is the design value of concrete tensile strength; Ag is the cross-sectional area of the
bottom side of the hollow structure, through which the structures with different hollow
ratios can be calculated. The calculation results are shown in Table 4.

Table 4. Crack load of the hollow structure.

Experimental Value Theoretical Value
Load (KN -m) (KN -m) FEM Value (kN-m)
Cracking Load 27.78 23.82 31.25
Error - —14.25% 12.49%

4.4.3. Yield Load

The experimental results show that the ultimate flexural capacity of the hollow struc-
ture is significantly different from that of the ordinary structure. This difference is due to
the height difference in the compression zone of the concrete in hollow structures. Accord-
ing to the static equilibrium conditions, the height of the pressure zone of the two-sided
reinforced structure can be calculated by the following Equation (7).

x = (fy — o.) As/fb @)

where x is the height of the compression zone, fy is the yield stress of the reinforcement
in the tensile zone, o}, is the stress of the reinforcement in the compression zone, Ag is
the area of the reinforcement, f. is the ultimate compressive strength of concrete, and b
is the width of the section. When the height of the compressive zone is less than twice
the thickness of the protective layer, the reinforcement in the tensile zone yields and in
the compressive zone has not yet reached the yield stress. In this case, the reinforcement
stress in the compression zone can be obtained from the finite element calculation results.
With the opening diameter as the independent variable and the reinforcement stress in the
compressive zone at yield as the dependent variable, the calculation of the stress in the
compressive zone can be obtained as follows:

o, = 0.089f, x tan(2.85 x (2R/H)) 8)
Furthermore, the ultimate bending moment of the hollow structure can be obtained:
M = fbx(hg — x/2) + 04 As(hg — al) )

where R is the radius of opening; H is the total height of section; hy is the distance from the
tensile reinforcement to the edge of the compressive concrete; ag’ is the distance between
the steel bar and the edge of the section. According to Equation (9), the yield bending
moment of the hollow structure can be obtained, and the calculation results are shown in
Table 5.
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Table 5. Yield load of the hollow structure.

Experimental Value Theoretical Value
Load (KN-m) (KN-m) FEM Value (kN-m)
Yield Load 67.13 67.38 68.05
Error - 0.37% 1.37%

The above results show that the error of the cracking and yield loads is less than 15%
compared to the experimentally obtained results. The main reason for the error is that the
design value of the material is used in the calculation, enabling the mechanical properties of
the material to retain the safety margin. The finite element results are based on the standard
values of materials. Compared with the experiment results, the finite element results are
less safe, making it necessary to use the design value of materials to calculate the load [36].

4.4.4. Ultimate Load

The ultimate load of the structure is determined by the shear bearing capacity, which
can be divided into the concrete bearing capacity and the shear steel bearing capacity [37].
The shear bearing capacity is calculated according to the following equation:

Ve = aeyfibywd
Ve = frAvd/s 10)
where V. represents the shear bearing capacity provided by the concrete; &y is the adjust-
ment coefficient related to the load type, which is 1.75/ (A + 1) under point load actions; A
is the shear-span ratio estimated according to a/hg, which is taken as 3 when A is greater
than 3, and the final .y is 0.437; f; is the design value of concrete tensile strength; by, is the
width of the section; d is the effective height of the section.

Vs represents the shear bearing capacity provided by the stirrups, where fy; is the
design value of the shear strength of the stirrups, Ay is the cross-sectional area of the
stirrups, and s is the spacing between the stirrups.

The obtained shear bearing capacity is shown in Table 6.

Table 6. Ultimate load of the hollow structure.

Experimental Value Theoretical Value
Load (4N) (kN) FEM Value (kN)
Ultimate Load 314 254 308
Error - —19.11% —1.91%

The shear capacity of the structure is directly calculated by the standard method, and
the calculated results are safe because all the material properties in the theoretical equation
are the design values [38].

4.4.5. Application of Theoretical Equations

The first two subsections introduce and summarize the calculation methods of the
bearing capacity of the hollow structure at each stage. The applicable scope of these
calculation methods is discussed in this section.

For the structures with different hollow ratios, the numerical simulation results ob-
tained by the finite element method are compared with the proposed theoretical calculation
methods of cracking, yield, and ultimate load. For the structure without a hollow, the
equation derived based on the opening structure can be regarded as a special case with
zero hollow sizes. The calculation results are shown in Table 7.
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Table 7. Comparison of results.
Cracking Load (kN-m) Yield Load (kN-m) Ultimate Load (kN)
Hollow
. Theoretical FEM Theoretical FEM Theoretical FEM
Ratios
! Value Value Error Value Value Error Value Value Error
0% 31.02 38.72 —19.89% 73.80 90.27 —18.28% 451 452 —0.22%
11% 26.32 34.54 —23.8% 71.04 86.80 —18.16% 287 447 —35.79%
13% 25.33 31.39 —19.31% 69.88 81.73 —14.5% 270 369 —26.83%
16% 24.25 31.25 —22.4% 67.38 68.05 —0.98% 254 300 —15.33%
19% 23.08 28.47 —18.93% 57.46 57.87 —0.71% 237 259 —8.49%
22% 21.80 2491 —12.48 - 50.70 - 221 224 —1.34%

The results obtained from the calculation method based on the hollow structure are
almost safe, and the error is small compared with the FEM results. The calculation method
can be used for the mechanical property estimation of the ordinary structure.

For the cracking load, the calculation method in this paper considers the action of
reinforcement by adopting section equivalence. In addition, the bending moment distribu-
tion is also considered by adopting section centroid distance, improving the accuracy of
the results.

For yield load, when the opening rate is less than 16%, the structural yielding is
determined by the yielding of the reinforcement in the tensile zone, but the reinforcement
in the compressive zone cannot yield at the same time. Therefore, the yield load of the
structure is large. As the diameter of the opening increases, the more load is applied to
the reinforcement in the compression zone of the structure. The finite element calculation
results showed that the steel bars in the compressive zone also reached the yield stress when
the structure yielded at the opening rate of 19%. At this condition the bending moment
at yielding of the structure is provided entirely by the reinforcement and the concrete has
no role. As the opening ratio increases to 22%, the flexural load capacity at yield of the
structure is even less than the bending moment provided by the reinforcement alone. This
indicates a compression deformation of the structure at yield that is not consistent with the
flat section assumption. Therefore, when steel and concrete act together as a reasonable
condition for opening, the opening rate should not exceed 16%.

For the ultimate load, only the bearing capacity of the concrete in the most unfavorable
section is considered for the hollow structure. When the hollow size is small, the error
is relatively large, while the error decreases rapidly when the hollow size increases. The
results indicate that the shear failure of the hollow structure is not the most unfavorable
shear of the vertical section. It is the inclined shear consistent with the ordinary structure.

5. Conclusions
The conclusions of this study are as follows:

1.  The experiment reveals that the failure mode of the utility tunnels structure is the roof
shear failure. The failure of the structure can be divided into three stages: cracking,
yield, shear failure. The cracking load is controlled by the bending moment, the yield
is regulated by the combination of bending moment and shear force, and the failure is
guided by the shear bearing capacity.

2. The finite element model built from the concrete damage model can effectively simu-
late the mechanical performance, cracking, and failure of the structure.

3. The type of load on the structure has a significant impact on its bearing capacity.
The finite element simulation shows that the ultimate bearing capacity of ordinary
structures is increased by 183% under the action of uniformly distributed loads, and
the ultimate bearing capacity of hollow structures is increased by 239%. These results
indicate that the hollow structure is more advantageous under a uniform load.

4. The hollow ratio of the structure has a significant influence on the mechanical prop-
erties of the structure. When the hollow ratio of the structure is 11%, the difference
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between yield load and ultimate load of the hollow structure and ordinary structure
is less than 6%, while the cracking load difference is greater than 10%. Therefore, it is
safe, economical, and reasonable to apply a hollow ratio below 11% when no special
cracking requirements exist.

5.  Under the uniform load, the ultimate load of the hollow structure with a hollow ratio
of 16% can achieve 89.48% of that of a non-hollow structure, indicating that a structure
with up to 16% hollow ratio is economically reasonable.

6.  The proposed calculation equation can be extended to the ordinary structure. It can
be applied to a structure with similar hollow patterns and sizes and a hollow ratio of
up to 19%. If these conditions are not satisfied, the result may be unsafe.
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