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Abstract: Considering the traveling wave effect, the radiation damping of the foundation and the 
reflection of the seismic wave in the foundation, the equivalent input mode of the vertical incident load 
applied to the infinite element is obtained, and the three-dimensional infinite element finite element 
coupling analysis model of the structure foundation interaction is established. Three groups of 
impulsive earthquakes are selected and the corresponding non impulsive earthquakes are synthesized 
according to their response spectra. The dynamic responses of structures under impulsive and non 
impulsive earthquakes are compared. The results show that under the same peak acceleration, the 
dynamic response of the structure under the impulse earthquake is greater than that under the non 
impulse earthquake, and the impulse effect will amplify the dynamic response of the earthquake to the 
structure; and from the results of the stress and damage factors of the pipe gallery, the plastic buckling 
is easy to occur on the top of the pipe gallery, which is the weak link of seismic resistance. Therefore, 
the influence of pulse effect should be considered in the design of pipe gallery structure, and the top 
position of the gallery should be focused on. 

Introduction 

The influence of different earthquake types on the seismic response of structures is very important. 
From the previous observation of seismic records, even for moderate intensity earthquakes, 
earthquakes with pulse effect will still cause great damage to the structure[1]. Compared with the non 
pulse type earthquake, the pulse type earthquake contains obvious velocity pulse and the resulting 
large displacement, resulting in the release of seismic energy in a short time, which is more likely to 
cause damage to the structure. 

Based on ABAQUS finite element analysis software and python programming language, a 
three-dimensional infinite element model of urban underground comprehensive pipe gallery under the 
action of impulse earthquake is established in this paper. The seismic wave is loaded by equivalent load 
form, and the far-field seismic wave is fitted by the selected near-field impulse seismic response 
spectrum, and the motion of pipe gallery under the action of far-field / near-field earthquake is 
calculated Force response. The influence of impulse effect on seismic response of structures is 
analyzed. The results have reference significance for seismic design of pipe gallery. 

Calculation Method and Principle 

Infinite Element Boundary. Infinite elements play the role of absorbing boundary in dynamic 
analysis. Infinite elements in ABAQUS refer to the work of viscous boundary [2], and combines infinite 
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element static artificial boundary. In the dynamic analysis involving the infinite boundary, the biggest 
problem of the artificially truncated boundary lies in the reflection of wave on the boundary interface 
and re-transmission of part of the energy to the grid. However, in reality, the wave continues to 
propagate to infinity. Therefore, it is necessary to absorb the waves that enter the finite element region. 

For infinite elements, the damping coefficients of the three-dimensional lower longitudinal and 
transverse waves derived by Lysmer and Kuhlemeyertu are as follows: 
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Where, G is the shear modulus, cpand csare the velocity of P-wave and S-wave. 
As long as the damping constant of the infinite element conforms to the above equation, the 

artificial boundary can completely absorb the reflected wave at the boundary, thus playing the role of 
simulating the radiation damping in the infinite domain [3]. 

Seismic P-wave Incidence. In this paper, the equivalent load for the boundary of infinite element is 
derived on the basis of literature in this paper[4]. Because of the special construction of infinite 
elements, it is not necessary to consider elastic force, so the expression of equivalent load is as follows: 
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Where, in out out
p p svf f f  is the equivalent stresses produced by the free-field vibration on the artificial 

boundary. in
pf , out

pf , out
svf are the stresses generated by the incident P-wave, reflected P-wave and 

reflected SV-wave at the artificial boundary. CVis the stress generated by the infinite element after 
completely absorbing the reflected waves outside the boundary. Cstands for the infinite element 
boundary damping. It can be known from equation (2) that if the equivalent force is required, the 
velocity Vand interaction forces in

pf , out
pf and out

svf at the boundary nodes need to be determined. 
Taking incident P-wave as an example, the expression of equivalent stress of seismic wave 

generated in the vertical direction (z-direction) on the bottom surface is derived. The displacement 
expression of the node caused by the incident P-wave is: 
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Where, g(t)is the time history of the vibration displacement of the incident P-wave; in
P is the time 

history of the calculation point caused by incident P-wave; in
Pd  is the distance from calculation point to 

incident point; in
Pt  is the time required for propagating incident P-wave to the calculation point. 

During the incidence of P-wave, θ1and θ2are the angles between the incident P-wave and reflected 
SV-wave and the z axis, as shown in Figure 1. αis the angle between the plane defined by the incident 
and reflected waves and the x axis. 

 

Figure 1.  Schematic Diagram of P-wave incidence 

Selection of Seismic Wave. This paper is based on the PEER seismic ground motion database of 
Pacific Earthquake Engineering Research Center, University of California Berkeley, three velocity 
pulse records are obtained according to the design response spectrum, and their peak accelerations are 
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adjusted to 0.2g. Then the non-linear fitting method of the artificial ground motion response spectrum 
is used to fit the non-pulse earthquakes with the same peak acceleration according to the pulse seismic 
response spectrum [5], and the earthquakes are divided into three groups and compared separately, so 
as to comprehensively analyze the impact of spectrum characteristics and pulse effect on structural 
seismic response. Taking the second group as an example, the velocity time history of the original 
seismic wave and the fitted seismic wave, the parameters of pulse earthquakes and fitted earthquakes 
are shown in Table 1. 

Table 1. Parameters of Pulse Earthquakes and Fitting Earthquakes 

Group I Group II Group III 

Earthquake 
Record 

Original 
Earthquake 
Landers-LC
N260 

Fitted 
Earthquakes 
LCN260_fit 

Original 
Earthquake 
Northridge-
PUL194 

Fitted 
Earthquakes 
PUL194_fit 

Original 
Earthquake 
Imperial-EC
C092 

Fitted 
Earthquakes 
ECC092_fit 

PGA/g 0.2 0.2 0.2 0.2 0.2 0.2 
PGV/(cm·s-1) 41.095 36.519 15.816 12.415 61.873 50.412 
Duration of 
Earthquake/s 23 23 15 15 16 16 

Information of Calculated Example 

In this paper, the underground comprehensive pipe rack takes a certain actual project as the 
research object. This pipe rack is a double-hole reinforced concrete structure with a section size of 
4.5m × 3.0m and a length of 20m. The thickness of the soil covering on the top of the pipe rack is 3m. 
The left rack has a net width of 2.5, a net height of 2.5m and a drainage pipe with a diameter of 0.4m. 
The center of the pipe is 0.7m from the right wall. The reinforcement is embedded in the concrete. 
According to the theory of finite element analysis of underground structures, the width of the soil on 
both sides of the finite element model is 4 times the width of the pipe rack structure, and the soil is 
taken down to 6 times the height of the pipe rack. 

The seismic fortification intensity of this area is 8 degree. The design earthquake is the first group 
with the peak value of basic earthquake acceleration is 0.2g. 

The CDP damage constitutive is adopted for concrete. The specific material parameters are shown 
in Table 2. Considering the interaction between the pipe rack structure and the soil, the 
three-dimensional finite element model established is shown in Figure 2. In order to facilitate the 
observation of the dynamic response of the pipe rack structure under earthquake, several points are 
selected as the observation points on the section of the pipe rack. The specific dimensions of the pipe 
rack and the selected measuring points are shown in Figure 3(a). 

 

Figure 2. Calculation Model of Three-dimensional Finite Element Boundary 

Calculation Results and Analysis 
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Dynamic Response Analysis of Longitudinal Displacement of Comprehensive Pipe Rack. 
Take seven points from the left and right pipe rack tops and floors respectively along the length 
direction of the structure, as shown in Figure 3(b), and then use Point A and D for vertical 
displacement on the left and point B and C for vertical displacement on the right, observe the changes 
in their vertical relative displacement on the left and right along the length direction, as shown in Figure 
4. 

As can be seen from Figure 4: firstly, at the same position, the vertical relative displacement of the 
structure under near-field pulse earthquake is larger than that under far-field earthquake, which shows 
that under the same peak acceleration, the velocity pulse earthquake has an effect of magnification to 
the response of earthquakes; secondly, the lateral displacement of the earthquake ground motion in the 
length direction develops in two stages and shows a stepwise growth, which is related to the fixed 
setting of the outer boundary of the model; thirdly, the displacement response appears symmetrical at 
the front and back, and as the vertical incidence is adopted in this paper, the phase difference of each 
point in the vibration is very small. For the pipeline structure, if the seismic incidence is non-uniform 
excitation, the phase difference caused by long distance will have different impacts on different parts. 

Table 2. Parameters of Materials 
Type of 
material ρ/(kg·m-3) E/(N·m-2) v Dilatancy 

angle 
Yield 
strength fc0/MPa fck/MPa ftk/MPa 

Soil mass 1900 1.80×108 0.30 — — — — — 
C35 
concrete 2420 3.25×1010 0.20 38 — 11.38 23.4 2.2 

Rebar 7800 1.90×1011 0.30 — 2.1×108 — — — 
Round 
steel pipe 7800 2.70×1011 0.24 — — — — — 

 

(a) Schematic diagram of measuring points on 
the structure and section 

(b) Schematic diagram of longitudinal 
measuring points 

Figure 3. Model Size and Schematic Diagram of Measuring Points 

 

(a) Relative displacement 
ofleft pipe rack in the first 

group 

(c) Relative displacement of 
left pipe rack in the second  

group 

(e) Relative displacement of 
left pipe rack in the third 

group 
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(b) Relative displacement of 
right pipe rack in the first 

group 

(d) Relative displacement of 
right pipe rack in the second 

group 

(f) Relative displacement of 
right pipe rack in the third group 

Figure 4. Vertical Relative Displacements of Both Sides of the Structure 

Distribution of Structural Stress. For concrete structures, tensile stress is often used to measure 
its damage. In this paper, the middle section of the structure is selected to study the dynamic response 
of the structure under earthquake, and the distribution of maximum tensile stress is observed by 
selecting 13 points on different parts of the structural section. The position of the measuring points is 
shown in figure 3(a). 

The results of the maximum tensile stress are shown in Figure 5. It can be seen that: firstly, the 
tensile stress of the structure under pulse earthquake is greater than that under non-pulse earthquake, 
indicating that the pulse earthquake will amplify the dynamic response of the structure, which is the 
same as the conclusion obtained in the previous section; secondly, it can be seen from the stress of 
different parts that the maximum principal stress value gradually increases from bottom to top with the 
location of the monitoring points, and the stress on the top of the structure (Point A, B, C, D, E) is 
slightly larger than that on the left and right side walls and middle walls (Point F, H, G) while the stress 
on the bottom of the structure is the smallest (Point I, J, L, L, M), so the top of the double-hole pipe 
rack is an earthquake-resistant weak point, which is prone to damage; thirdly, it can be known by 
comparing the stress results and the peak seismic velocity of the three groups that under the same peak 
acceleration, the larger the peak velocity, the larger the structural response. 

 

 (a) Results of maximum 
principle stress in the first 

group 

(b) Results of maximum 
principle stress in the second 

group 

(c) Results of maximum 
principle stress in the third 

group 

Figure 5. Peak Value of Maximum Principle Stress on Different Parts of the Section 

According to figure 5 (b) in Section 3.3, the maximum tensile stress of pul194 seismic wave on the 
top of the left gallery is 2.15mpa, while the design value of the axial tensile strength of C35 concrete is 
2.20mpa. Considering the combination of static and seismic loads, the tensile stress will exceed the 
design strength. This is consistent with the tensile failure at the top of the left Gallery analyzed above. 

In terms of time, this seismic wave suddenly produces velocity pulse effect in about 3.7s, and 
releases a lot of energy in a short time. And the structure is also damaged from this time. Once again, 
the impulse effect increases the dynamic response of the structure, which should be paid attention to in 
the design. 
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Conclusion 

In this paper, the dynamic response of underground pipe gallery structure under the action of 
impulse and non impulse earthquakes is analyzed, and the following conclusions are obtained: 

(1) Records with velocity pulse effect will release a lot of seismic energy in a short time, which will 
cause large deformation of the foundation. It leads to the failure of the structure under the constraint of 
the foundation. In the seismic analysis of underground pipe gallery, the impact of impulse earthquake 
should be considered, otherwise, the seismic performance of the pipe gallery will be enlarged, which is 
unfavorable to the seismic performance of the pipe gallery under the near-field impulse earthquake. 

(2) Under the same seismic peak acceleration, different peak velocities have different effects on the 
dynamic response of the structure. The larger the velocity pulse is, the greater the response of the 
structure is. This is because the large velocity will cause the large displacement of the soil mass and the 
large deformation of the structure. 

(3) According to the analysis of this paper, under the vertical earthquake, the weak part of the 
project is at the top of the pipe gallery. In fact, the underground structure is often damaged by the roof 
cracking and collapse under the earthquake. The calculation results are in accordance with the facts. 
Therefore, in the structural design of the pipe gallery, the roof of the pipe gallery should be considered. 
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