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Abstract: There are few studies on the dynamic-response mechanism of near-fault and far-field ground motions for large underground structures, especially for the branch joint of a utility tunnel (UT) and its internal pipeline. Based on the theory of a 3D viscous-spring artificial boundary, this paper deduced the equivalent nodal force when a P wave and an SV wave were vertically incident at the same time and transformed the ground motion into an equivalent nodal force using a self-developed MATLAB program, which was applied to an ABAQUS finite element model. Based on near-fault and far-field ground motions obtained from the NGA-WEST2 database, the dynamic responses of a utility tunnel and its internal pipeline in different input mechanisms of near-fault and far-field ground motions were compared according to bidirectional input and tridirectional input, respectively. Generally, the damage to the utility tunnel caused by the near-fault ground motion was stronger than that caused by the far-field ground motion, and the vertical ground motion of near-fault ground motion aggravated the damage to the utility tunnel. In addition, the joint dislocation of the upper and lower three-way joints of the pipeline in the branch system under the seismic action led to local stress concentrations. In general, the branch system of the utility tunnel had good seismic performance to resist the designed earthquake action and protect the internal pipeline from damage during the rare earthquake.
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1  Introduction

Currently, traffic jams and the lack of public space caused by the old urban form have greatly restricted the development of cities. Among the numerous reconstruction schemes, the urban underground space has been considered to play an effective role in urban renewal [1]. As an important infrastructure in the urban underground space, utility tunnels refer to the underground construction of a tunnel space that integrates electricity, communication, water-supply, and drainage, among other municipal pipelines. In addition, these tunnels are equipped with ventilation shafts and a pipeline branch system to realize unified construction and management [2]. However, there are many kinds of pipelines in a utility tunnel, which may lead to multi-hazard coupling disasters, causing severe economic losses and heavy casualties. Compared with the low-impact high-probability characteristics of the traditional buried-pipeline accident, a utility-tunnel accident has the characteristics of high-impact and low-probability [3]. Soil liquefaction occurred during the Niigata earthquake in Japan in 1964, which caused the whole tunnel to float up, and soil flowed into the tunnel [4]. The Miyagi earthquake in 1971 caused the interface to break and the tunnel to crack, and it damaged the water supply, drainage, and gas supply pipelines [5]. The 1994 Northridge earthquake in the United States caused the explosion of a gas pipeline and damaged the tunnel [6]. Unfortunately, earthquakes are one of the main reasons for the damage to underground structures. The current code for utility tunnels does not provide a clear seismic design method, which needs to be solved urgently.

Seismic analysis methods of underground structures can be divided into quasi-static analyses and time-history analyses [7]. The calculation process of the pseudo-static analysis method is relatively simple and is suitable for practical engineering structures with simple cross-section forms. Common quasi-static analysis methods such as the response-deformation method, which uses a soil spring to replace the soil around the structure, can achieve better calculation accuracy for simple-structure systems. Liu et al. [8] proposed an integral response-deformation method, which was in good agreement with the dynamic time-history analysis method when calculating the standard section of a two-dimensional subway station. The time-history analysis method can also achieve high accuracy for complex structural systems, but the calculation cost is high, and it has high requirements for the treatment of the soil-structure interface, the selection of an artificial boundary, and the input of ground motion. Sun et al. [9] established the structure-soil-spring coupling finite element model and used the contact pair to simulate the soil-structure interaction.

In recent years, research on the dynamic response of near-fault earthquakes and far-field earthquakes has mainly focused on the above-ground structure [10–12]. Only a few scholars have studied the underground tunnel. Mei et al. [13] proposed a new velocity-pulse equivalent model to explain the seismic response of a tunnel during near-fault pulse ground motion; Yu et al. [14] developed an analytical solution for a deep-buried circular tunnel covered by an isolation layer that was subjected to far-field shear stresses; Sun et al. [15] evaluated the seismic response and damage degree of a hydraulic-arch tunnel under a near-fault SV wave and compared the effects to a probabilistic seismic response with far-field ground motion; Yang et al. [16] studied the dynamic response of a tunnel in sand under near-fault ground motion by using a 1 g shaking-table test. However, the traditional tunnel is quite different from the utility tunnel in terms of buried depth, site conditions, and structural form. Therefore, it is necessary to study the seismic response of the utility tunnel to near-fault and far-field ground motions.

Based on the popularization of utility tunnels in the urban underground space and many damage cases of utility tunnels due to earthquakes, the seismic performance of utility tunnels has attracted the attention of scholars. The current seismic research on utility tunnels has mainly focused on the standard segment of the utility tunnel. Through time-history analysis, Jiang et al. [17] obtained the weak position of an urban underground pipe gallery when it was damaged. Chen et al. [18] carried out a shaking-table test on a model of a utility tunnel with construction joints and obtained the relationship between the dynamic response and the peak acceleration of the utility tunnel. Some scholars also focus on the seismic performance of the joints of the utility tunnel, but most of them do not consider the internal pipes. Pan et al. [19] studied the mechanical performance of an L-shaped joint under different loads using a shaking-table test and finite element analysis. A few scholars have considered the pipelines in the utility tunnel in the seismic analyses, but the section form of the utility tunnel was simple [20–22].

At present, the seismic research on utility tunnels is mostly concentrated on the standard section, and the related research on pipelines in the tunnels is less common. Additionally, the research form is relatively narrow, which is not enough to meet the development trend of the diversified structure of utility tunnels, the integrated construction of underground spaces, and the changing social needs [23–25]. However, as an important joint of a utility tunnel, the branch system is a weak link in the seismic design of the whole utility tunnel due to the sudden changes of the section form. Once the tunnel is damaged under an earthquake’s action, it will inevitably lead to a domino effect, resulting in damage to the internal pipeline, leading to the leakage of liquid or gas, which will lead to serious secondary disasters.

To study the seismic response of complex underground structures such as the branch system, an input model of the ground motion is explained in Section 2, which includes the viscous-spring artificial-boundary theory and the deduction of an equivalent nodal force when the P wave and SV wave are vertically incident. Section 3 presents a finite element model in ABAQUS software, including the model size, constitutive relation, implementation of the artificial boundary, and equivalent nodal force in the software. In Section 4, the selected near-fault and far-field ground motions are described. Section 5 presents the comparison of the dynamic response of the branch system of a utility tunnel subjected to different ground motions in different input mechanisms as well as a series of seismic analyses. Finally, the conclusion of this study is presented in Section 6.

2  Ground Motion Input Model

2.1 Three Dimensional Viscous-Spring Artificial Boundary Theory

To ensure the calculation accuracy of the soil-structure interaction, a viscous-spring artificial boundary was used to simulate the infinite field. This was achieved using a parallel system of spring-dampers on the intercepted soil boundary nodes, which were used to simulate the elastic-recovery capacity of a semi-infinite medium, consume the ground-motion energy, and overcome the low-frequency global drift [26]. The spring stiffness and damping coefficients of the artificial boundary were determined by the soil properties, and the calculation formula is as follows [27,28]:


KBN=αNGR,CBN=ρCp,
(1)


KBT=αTGR,CBT=ρCs,
(2)

where KBN and KBT are the normal and tangential spring-stiffness coefficients, respectively, CBN and CBT are the boundary normal and tangential damping coefficients, respectively, G is the shear modulus, ρ is the foundation density, and R is the distance from the wave source to the artificial-boundary node. Generally, the distance from the geometric center of the ground surface to the side boundary can be approximately taken for four side boundaries, and the distance from the geometric center to the bottom boundary is approximately taken for the bottom boundary. Cp and Cs are the velocities of the P wave and S wave, respectively, and αN and αT are the normal and tangential artificial-boundary coefficients, respectively, and their values need not be fixed. Good results can be obtained in a certain range [11], and in this paper, αN = 1.33 and αT = 0.67.

According to the elastic formula, the shear modulus G can be expressed by the elastic modulus E and Poisson’s ratio ν:


G=E2(1+ν).
(3)

The velocities of the P and S waves are defined as follows:


Cs=Gρ=E2ρ(1+ν),
(4)


CP=λ+2Gρ=E(1−ν)ρ(1+ν)(1−2ν).
(5)

For node b, shown in Fig. 1, the spring-stiffness coefficients and damping coefficients in Eqs. (1) and (2) needed to be multiplied by the influence area of node b to obtain the spring stiffness and damping values of node b. The influence area of a node is equal to the total area of the elements around the node divided by the number of elements around the node.
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Figure 1: The sketch of the viscous-spring boundary

2.2 Equivalent Nodal Force Theory

This paper refers to the method of Liu et al. [29]. Transforming a seismic-wave input into a wave-source input enables free-field motion of the boundary nodes, such that the ground motion can be input into the finite element model in the form of a concentrated force at the boundary nodes. For the boundary node b, the equivalent nodal force is:


Fb=(KbUbf+CbU˙bf+σbfn)Ab={FbxFbyFbz},
(6)

where Ubf=[u,v,w]T, U˙bf=[u˙,v˙,w˙]T, and σbf are the displacement vector, velocity vector, and stress tensor of the free field of boundary nodes, respectively, n is the normal cosine vector of the boundary surface where node b is located, and Ab is the influence area of the node.

Since the incident angle of the seismic wave is nearly perpendicular to the surface when it reaches the ground surface, according to the geometric and physical equations of elastic mechanics:


εxx=0,εyy=0,εzz=∂w∂z,εxy=0,εyz=∂v∂z,εzx=∂u∂z,
(7)


{σxxσyyσzzσyzσzxσxy}=[λ+2Gλλλλ+2Gλλλλ+2GGGG]{εxxεyyεzzεyzεzxεxy}={λ∂w∂zλ∂w∂z(λ+2G)∂w∂zG∂v∂zG∂u∂z0}.
(8)

The free-field stress tensor can be obtained as follows:


σbf=[λ∂w∂z0G∂u∂z0λ∂w∂zG∂v∂zG∂u∂zG∂v∂z(λ+2G)∂w∂z]=[λ∂w∂z0ρCs2∂u∂z0λ∂w∂zρCs2∂v∂zρCs2∂u∂zρCs2∂v∂zρCp2∂w∂z],
(9)

where λ is the lame constant.

In this paper, the P wave and SV wave are vertically incident at the same time; Ubf=[u(t),v(t),w(t)]T, and U˙bf=[u˙(t),v˙(t),w˙(t)]T. Therefore, according to one-dimensional wave theory:


∂u∂z=−1Cs∂u∂t,∂v∂z=−1Cs∂v∂t,∂w∂z=−1Cp∂w∂t.
(10)

We can obtain:


σbf=[−λCp∂w∂t0−ρCs∂u∂t0−λCp∂w∂t−ρCs∂v∂t−ρCs∂u∂t−ρCs∂v∂t−ρCp∂w∂t].
(11)

When node b is located on the artificial boundary of the bottom surface:


Ubf={u(t)v(t)w(t)}={u0(t)+u0(t−2HCs)v0(t)+v0(t−2HCs)w0(t)+w0(t−2HCp)}.
(12)

When node b is located on the artificial boundary of the side surface:


Ubf={u(t)v(t)w(t)}={u0(t−hCs)+u0(t−2H−hCs)v0(t−hCs)+v0(t−2H−hCs)w0(t−hCp)+w0(t−2H−hCp)},
(13)

where h is the distance from b to the artificial boundary, and H is the distance from the bottom artificial boundary to the ground surface.

3  Finite Element Model

The branch system is the part where the internal pipeline and external pipeline of a utility tunnel are connected. The tunnel section is partially expanded, and either the roof is partially raised or the floor is lowered locally. In this paper, the branch system of a utility tunnel in Nanjing was taken as the research object, and nonlinear dynamic-response analysis was carried out to study the seismic characteristics of the branch system in different ground-motion input mechanisms.

3.1 Geometric Parameters of the Model

Due to the large scale of the utility tunnel in the longitudinal direction, in order to save calculation costs, the 3D time-history analysis cannot be modeled completely according to the original longitudinal dimension. In fact, when the longitudinal dimension is larger than a certain length (75–100 m), the influence of the longitudinal boundary condition on the structural response is weakened [22,30]. In this paper, the longitudinal length was 100 m. The reinforcement drawings of the standard segment and branch joint of the utility tunnel are shown in Figs. 2–7. The unmarked steel bars in the drawing are 28 mm in diameter and 150 mm in spacing.

The pipeline route is shown in Fig. 8. The diameter of the internal pipeline of the utility tunnel is 800 mm, and the diameter of the buried pipeline of the outgoing line is 500 mm. The pipeline in the tunnel is provided with a pier every 6 m. The width in the Y-direction and the depth in the Z-direction are 42 and 20 m, respectively. The upper part of the branch system of the pipeline is covered with 0.5 m of soil, and the buried depth of the outlet pipeline is 1.75 m.
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Figure 2: Cross-section Ⅰ size and reinforcement drawing
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Figure 3: Cross-section ⅠⅠ size and reinforcement drawing
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Figure 4: Plane reinforcement drawing of the branch joint of a utility tunnel
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Figure 5: Elevational reinforcement drawing of the branch joint of a utility tunnel
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Figure 6: Master drawing of reinforcement
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Figure 7: Branch joint opening size and reinforcement
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Figure 8: Drawing of pipeline route

3.2 Material Properties

The plastic-damage model [31,32] was adopted in the utility tunnel to simulate concrete damage. It was assumed that the strain can be decomposed into:


ε=εe+εp,
(14)

where εis the total strain tensor, εe is the elastic part of the strain tensor, and εp is the plastic part of the strain tensor.

The stress-strain relations can be expressed by stiffness degradation and the elastic part of the strain tensor:


σ=(1−d)D0e:(ε−εp)=(1−d)σ¯,σ¯=D0e:(ε−εp),
(15)

where σ is the stress, and d is the scalar stiffness-degradation variable that has a value that varies from 0 to 1, and concrete cracking or crushing will lead to the change of d. D0e is the initial elastic stiffness (undamaged stiffness), and σ¯ is the effective stress.

For any section, (1 – d) represents the proportion of the effective area of load-carrying to the total cross-sectional area, that is, the undamaged effective section bears the load after the concrete cross-section is damaged, so as to establish a plastic formula for the effective stress.

The equivalent plastic strain ε˜p consists of two independent variables: the tension part ε˜tp and the compression part ε˜cp. The degradation response of concrete is also controlled by two independent uniaxial stiffness-degradation variables, dt and dc; the effective uniaxial cohesion stress can be expressed as follows:


{σ¯t=σt(1−dt)=E0(εt−εtp)σ¯c=σc(1−dc)=E0(εc−εcp),
(16)

where E0 is the initial elastic stiffness.

In this paper, C35 concrete was used for the main structure and piers of the utility tunnel, a concrete casing was set at the branch-joint opening, and C40 concrete was used for simulation. From the Chinese Code [33], the specific material properties are presented in Table 1, and the yield stress-cracking strain curve and the damage factor-cracking strain curve of concrete are shown in Fig. 9.

According to the report of the geotechnical investigation, the soil in this area is mainly silty clay. The Drucker–Prager failure criterion was used for the soil, Q235 steel was used for the pipe, and HRB400 steel was used for the steel bar. The specific properties are presented in Table 2.
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Figure 9: Mechanical behavior curve of concrete (a) Tensile yield stress-tensile cracking strain curve (b) Tensile damage variable-tensile cracking strain curve (c) Compressive yield stress-compressive cracking strain curve (d) Compressive damage variable-compressive cracking strain curve
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3.3 Details of the Model

In this paper, ABAQUS software was used for modeling. To ensure the accuracy of the ground-motion input, the size of the finite element mesh was limited to a certain extent. However, the finer the mesh is, the higher the cost of the calculation will be. Element mesh size is generally determined by the seismic wavelength, such that d/λmax≤1/20. In other words, the mesh size d is determined by the wavelength of the highest-frequency component of the ground motion [34].

The soil was simulated by a solid element (C3D8R), and the mesh size was 1 m × 1 m × 1 m, which was refined near the branch joint and the buried pipeline. For the utility tunnel, this paper mainly studied the branch joint. Therefore, the branch joint was divided by the solid element (C3D8R), and the standard segments on both sides of the branch joint were divided by the continuous shell element (SC8R). At the same time, the steel bars were embedded in the concrete without considering their bonding slip. The pipe was simulated by a shell element (S4R), and the piers were poured with plain concrete, which was divided by solid elements.

In practical engineering, the pipe is completely fixed on the piers by a steel hoop; so, in the simulation, the pipe was fixed by tie constraints on the contact surface. In the simulation of the soil-structure interaction, general contact was used to simulate the contact relationship between the soil-tunnel, soil-pipe, and pipe-tunnel. The tangential behavior was defined as a penalty contact, and the friction coefficient was 0.3 [35,36]. The normal behavior was defined as a hard contact, and water in the pipe was applied to the inner surface of the pipe in the form of a non-structural mass.

A self-developed MATLAB program was used to realize the batch implementation of the viscous-spring artificial boundary and equivalent node force on the boundary nodes. The flowchart is shown in Fig. 10.

The finite element model is shown in Fig. 11; there were 131889 elements in total and 10987 nodes on the boundary.

3.4 Numerical-simulation Analysis Steps

Step 1: The static model is established to balance the initial ground stress until the vertical displacement of the site is less than 10-4 m. At this time, four lateral boundaries and one bottom boundary are used as normal fixed constraints, and the support reaction on the boundary is extracted.

Step 2: Before dynamic analysis, the boundary constraints need to be removed to ensure the seismic input. At this time, the support reaction extracted from the static model should be applied to each boundary in the form of a concentrated force to ensure that the stress field remains unchanged.

Step 3: In the dynamic-analysis step, the boundary condition is changed to viscous-spring artificial boundary to ensure the equivalent nodal-force input.
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Figure 10: The flowchart of the implementation of viscous-spring artificial boundary and equivalent nodal force
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Figure 11: Finite element model (a) Soil model (b) Tunnel model (c) Pipe model (d) Viscous-spring boundary

4  Selection of Ground Motions

There have been 32 destructive earthquakes in Nanjing and its surrounding areas, recorded in history. These areas are likely to encounter near-fault earthquakes of magnitude over 6.0 and far-field earthquakes of magnitude 7.0–7.5 [37]. The fault distance of 20 km was taken as the limit in this paper [38], and three near-fault ground motions along with three far-field ground motions were selected from the PEER database [39] for numerical simulation and comparative analysis according to the site conditions and the requirements for the number of ground motions in the Chinese standard [40].

The Northridge earthquake in 1994, the Erzincan earthquake in 1992, and the Kocaeli earthquake in 1999 were selected as the excitations for near-fault ground motion. Similarly, the Taft earthquake in 1952, the Landers earthquake in 1992, and the Loma Prieta earthquake in 1989 were selected as the excitations for far-site ground motion, as shown in Table 3.
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The mean acceleration response-spectrum values in the three directions are shown in Figs. 12a, 12c, 12e. To compare the difference of the response spectra between near-fault ground motion and far-field ground motion, they were normalized by adjusting the peak acceleration in the three directions of each group of ground motion to 1 m/s2, and the average acceleration response spectrum was drawn, as shown in Figs. 12b, 12d, 12f. In Fig. 12, the light solid line represents the three selected near-fault ground motions, and the dashed line represents the three selected far-field ground motions. When compared with the far-field ground motion, it was found that the near-fault ground motion had a stronger response over a long period, which was consistent with previous research [41].

In this paper, the amplitude of the ground-motion acceleration was adjusted. The horizontal ground motion was input according to the peak accelerations of 0.2 and 0.4 g, considering an earthquake intensity of VIII in the Chinese Code [42], and the vertical ground motion was adjusted to be 0.7 times the horizontal peak acceleration [43]. The values of 0.2 and 0.4 g represented the design and rare earthquakes, respectively. Considering the better seismic performance of the underground structure, this paper did not consider the 0.1 g condition, which represented a frequent earthquake. The duration of each ground motion was 15 s.

[image: images]

Figure 12: Ground-motion mean acceleration response-spectrum values (a) Mean response spectrum in the X-direction (b) Normalized mean response spectrum in the X-direction (c) Mean response spectrum in the Y-direction (d) Normalized mean response spectrum in the Y-direction (e) Mean response spectrum in the Z-direction (f) Normalized mean response spectrum in the Z-direction

5  Dynamic Response of Branch System

5.1 Damage Assessment of Tunnel

The results showed that the damage to the tunnel under a seismic intensity of 0.2 g was relatively light; so, only the damage to the tunnel under a seismic intensity of 0.4 g was counted. The locations of serious damage in the tunnel are shown in Fig. 13, which were concentrated in the connections between the standard segment, the branch joint A, and the branch-joint opening B. In this paper, the tunnel was mainly subjected to tensile damage; so, the damage variable mentioned below is a tensile-damage variable. Under bidirectional (X, Y) input and tridirectional (X, Y, Z) input of the ground motion, the number of elements with a damage variable greater than 0.5 [44] is shown in Fig. 14. It was found that far-field ground motions had little difference under bidirectional and tridirectional input conditions, but the number of damaged elements under the tridirectional input of near-fault ground motions was obviously more than that under bidirectional input and about 1.2 times greater than that of the bidirectional input. Considering that the number of elements in the branch joint only accounts for 30% of the total number of tunnel elements and most of the concrete that was unable to bear any more loading was concentrated near the branch joint, in fact, 1.2 times was a big increase. For far-field ground motions, the damage caused by the vertical component to the tunnel was very small. The reason for the small difference is the P-delta effect caused by the vertical component [45].

[image: images]

Figure 13: Diagram of tunnel damage location
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Figure 14: Number of damage elements

Taking Erzincan as an example, it was assumed that the elements with a damage variable greater than 0.5 failed to bear any load, and the red region shown in Fig. 15 represents the failed elements. Compared with the bidirectional-input condition, the tridirectional input directly led to the failure of elements on the roof of the connection between the standard segment and the branch joint, which could easily cause the tensile fracture of the tunnel. The tridirectional input also led to more serious damage at the opening of the branch joint, where the damage mainly occurred in the concrete casing but had little effect on the main structure of the surrounding tunnel.

[image: images]

Figure 15: Tunnel damage under Erzincan 0.4 g seismic intensity (a) The connection of seismic bidirectional input (b) The connection of seismic tridirectional input (c) The opening of seismic bidirectional input (d) The opening of seismic tridirectional input

5.2 Stress Assessment of Pipe

Some representative sampling points were set on the pipe to extract the pipe stress, as shown in Fig. 16. Point A was the contact point between the pipe and the casing, point B was the buried pipe, point C was the overhead three-way pipe in the tunnel, point D was the fixed three-way pipe in the tunnel’s piers, point E was the curved pipe in the tunnel, and point F was the straight pipe in the tunnel.
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Figure 16: Pipe sampling points

The maximum stress of the pipeline sampling points under 0.4 and 0.2 g seismic intensities is shown in Figs. 17 and 18, respectively. There was only a slight difference between the pipe stress under bidirectional input and tridirectional input, which was different from the damage response of the tunnel; so, only the result of the tridirectional input is shown in Figs. 17 and 18.

Under 0.4 g seismic intensity, the near-fault seismic response (Fig. 17a) was significantly higher than the far-field seismic response (Fig. 17b), whereas under 0.2 g seismic intensity, the near-fault seismic response (Fig. 18a) was not significantly different from the far-field seismic response (Fig. 18b). A previous study [30] suggested that the pipe stress in the tunnel would be less than that of the general buried pipeline, but from this point of view, it was only true for the curved pipe E and straight pipe F in the tunnel. The stress level of the special joints such as contact point A, overhead three-way pipe C, and fixed three-way pipe D in the tunnel was significantly higher than that of other locations. In fact, for the pipes with a small elevation difference between the upper and lower three-way joints, the dislocation between the upper and lower pipes under the seismic action led to local joint stress concentrations easily.
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Figure 17: Maximum Mises stress of pipe under 0.4 g seismic intensity (a) Near-fault ground motions (b) Far-field ground motions
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Figure 18: Maximum Mises stress of pipe under 0.2 g seismic intensity (a) Near-fault ground motions (b) Far-field ground motions

6  Conclusion

In this paper, the dynamic responses of the branch joint and inner pipelines of the urban-underground utility tunnel of Nanjing under near-fault and far-field earthquakes were studied according to bidirectional and tridirectional input. A viscous-spring artificial boundary was used to solve the semi-infinite space problem and simulate the energy dissipation. The equivalent nodal-force input method was deduced when a P wave and SV wave were incident vertically at the same time and was realized by the finite element method in ABAQUS software.

According to the dynamic-response results, near-fault and far-field earthquakes had significant influence on the structural response under different input mechanisms. The following conclusions were obtained:

1.    The influence of the vertical component of near-fault ground motion on the damage to the utility tunnel cannot be ignored, causing 20% more damaged elements in the tridirectional input than in the bidirectional input.

2.    The connection between the branch joint of the utility tunnel and the standard segment is the most seriously damaged part under an earthquake, which can easily cause tensile fracture under strong ground motion. Due to the existence of the concrete casing, the damage to the concrete main structure around the opening of the branch joint is very small.

3.    With the increase of the ground motion intensity, the pipe stress under the near-fault ground motion is significantly higher than that under far-field ground motion. For rare earthquakes, the pipe stress under a near-fault earthquake is 20%–50% higher than that under a far-field earthquake.

4.    The stress level of the straight or curved pipeline in the tunnel under ground motion is smaller than that of the general buried pipeline. However, for the dislocation between the special joints such as the three-way pipeline and the contact point between the pipe and the casing in the tunnel under ground motion, the stress level will rise sharply, being 2–3 times higher than the stress of the general pipe in the tunnel.

5.    In general, the branch system of the utility tunnel has as good a seismic performance as the traditional underground structure. Owing to its good mechanical properties, it can resist design earthquakes. Only the roof at the connection between the branch joint of the utility tunnel and the standard segment is damaged under a rare earthquake action, and the internal pipe stress does not reach the yield limit of the material.
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Table 3: Ground motion records

Number Event Station Magnitude (Mw) Rupture distance (km)
1 Northridge Newhall-W Pico Canyon Rd. 6.69 5.48

2 Erzican Erzincan 6.69 4.38

3 Kocaeli Yarimca 7.51 4.83

4 Kern County Taft Lincoln School 7.36 38.89

5 Landers Desert Hot Springs 7.28 21.78

6 Loma Prieta Hollister City Hall 6.93 27.60
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Table 1: Material properties of concrete

Material

Dilation angle (°)
Eccentricity

Stress ratio

Ke

Viscosity parameter
Compressive yield stress (MPa)
Tensile yield stress (MPa)
Mass density (kg/m?)
Elastic modulus (GPa)
Poisson’s ratio

C35

31
0.1
1.16
2/3
1E-5
234
22
2390
315
0.2

C40
31

1.16
23
1E-5
26.8
2.39
2400
325
0.2
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Table 2: Material properties of soil, steel bar and pipe

Material

Elastic modulus (GPa)
Poisson’s ratio

Mass density (kg/m?)
Yield stress (MPa)
Dilation angle (°)
Cohesion (kPa)

Shear wave velocity (m/s)

Soil
0.025
0.3
1880
40
31.9
101.14

Steel bar

206
0.28
7800
400

Pipe
206
0.3
7850
235
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