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1. Introduction
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properly cited.

Hydraulic fracturing is a key technology in the development of unconventional oil and gas reservoirs. With the continuous
industrialization and large-scale development of shale gas production in China, the workload of hydraulic fracturing is also
increasing rapidly, and the induced seismic events are also increasing gradually, resulting in different degrees of damage to
the surrounding ancillary buildings. In order to study the impact of hydraulic fracturing on ancillary buildings, the finite
element software ABAQUS was used to establish a three-dimensional model of middle and high-rise isolated structures to
simulate the earthquake triggered by hydraulic fracturing. Then, considering the SSI (soil-structure interaction) effect of
soil-based structure, the nonlinear dynamic response of the structure under the action of ground motion was analyzed.
Through the adoption of different types of soil and the foundation depth, the influence of various parameters is discussed.
The study found that in the case of not considering SSI, basal shear force, and displacement between floors of the seismic-
isolation structure significantly greater than considering SSI, using hard soil layer, base shear displacement is greater than
the soft soil layer and interlayer, shows that due to the effect of hydraulic fracturing, making fluid diffusion in soil, the
seismic energy dissipation effect. It is also found that the period, base shear, peak displacement, and interlayer
displacement of deep foundation pit are increased compared with shallow foundation pit considering SSI effect.

of new or existing cracks get reactivated and will induce a
large number of microseismic activity in the process of frac-

Hydraulic fracturing is a technology to improve productivity
by increasing the number and degree of fractures in the fluid
channel between the formation and the well. The principle is
to inject fluid to low permeability rock under high-pressure
state, usually water, so that rock ruptures or stimulates the
existing fault or crack slip. In addition to fluid, the proppant
is also injected, for example, sandstone sand, stone ceramics,
to maintain the newly formed crack open, and finally
releases oil and gas. The purpose of hydraulic fracturing is
to make fractures without fractures, change small fractures
into large ones, from less fractures to more fractures, and
connect multiple fractures into mesh fractures. The cracks

turing. And small disturbances affecting fault stability can
activate the slip of nearby faults and induce higher intensity
of natural seismic activity when these microseismic activities
occur within tectonic areas such as plate boundaries or dis-
tributed deformation zones. The principle of hydraulic frac-
turing and seismic relationship is shown in Figure 1.

In recent years, with the wide application of horizontal
well multistage fracturing technology in shale gas develop-
ment, the increase in pore fluid pressure caused by hydraulic
fracturing causes reactivation of existing tomography or
cracks and induces higher strength earthquake activity has
also increased significantly [1, 2]. Since 2008, Sichuan Basin
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FIGURE 1: Schematic diagram of the relationship between hydraulic fracturing principle and seismic.

FiGUurg 2: The three-dimensional numerical model of midstory
isolated structure.

TABLE 1: Parameters of different foundation soil.

Young's Poisson’s Cohesive Friction Density

Number modulus ratio forces angle () (kg/m’)

(Pa) (Pa) & &
1 4.8E7 0.4 22552 13.5 1835
2 2.73E8 0.35 15345 22.2 2040

TaBLE 2: Boundary viscous element.
Damping Density Young’s Poisson’s
ratio (kg/m3) modulus (Pa) ratio
a=0.076

1E-009 0.0674 0.3

B=0.053

in Southwest China has exploited shale gas. Two shale gas
highly enriched areas, Changning and Fuling, have been
found on the eastern edge of the southern edge of the basin.
On the basis of these two blocks, demonstration area con-
struction and expansion of mining scope have been carried
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FIGURE 3: Seismic response spectrum diagram.

TaBLE 3: The first six order modal periods of the structure with
different soil properties.

Considering SSI Considering SSI

Mode Regardless of
effect (hard soil) (s) effect (soft soil) (s) the SSI effect (s)
1 1.643 1.704 1.302
2 1.524 1.649 1.101
3 1.355 1.564 0.713
4 1.311 1.422 0.609
5 1.265 1.349 0.611
6 1.182 1.286 0.588
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FIGURE 4: Comparison of base shear with different soil properties under the effect of ground motion.

out. At the same time, the seismic frequency in this area has
also increased sharply [3-5]. For example [6-9], the Junlian
earthquake with magnitude 4.9, Xingwen Earthquake with
magnitude 5.7, Weiyuan earthquake with magnitude 5.4
occurring in Sichuan Basin, and Red Dee earthquake with
magnitude 4.2 occurring in Western Canada Basin have
been proved to have a time and space correlation with the
fracturing operation in the nearby horizontal well. Based
on the above, it is particularly important to take necessary
seismic isolation measures for industrial ancillary buildings.
Since hydraulic fracturing causes vibration in the depth of
the formation to cause seismic, the energy of the earthquake
is transmitted to the building through the soil, so the seismic
structure system considering the soil-structural interaction is
more in line with the actual situation. ATC-40 [10]estab-

lished a soil spring model and defined the damping model
to consider the SSI effect. Bi et al. [11] studied the compre-
hensive effects of spatial variation of ground motion, local
site amplification, and SSI on bridge response and estimated
the required separation distance that modular expansion
joints must provide to avoid seismic impact. The minimum
total clearance between two adjacent decks or between deck
and adjacent abutment to prevent seismic shock was esti-
mated by using the standard random vibration method to
estimate the peak structural response. Numerical results
show that SSI had significant influence on structural
response and cannot be ignored. In [12], considering soil-
structure interaction, pushover method, natural frequency,
vertex limit displacement, and plastic hinge expansion were
used to analyze the frame structure of a 6-story office
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FIGURE 5: Comparison of story displacement with different soil properties under the effect of ground motion.

building under the assumption of rigid foundation. The
results show that considering soil-structure interaction, the
natural vibration period of RC frame structure became lon-
ger, and more hinges appeared at the bottom of column with
the increase of vertex displacement. In [13, 14], a simple
three-dimensional model was presented for the linear inter-
action analysis of fully coupled soil-pile-structure system
under harmonic shear seismic waves. By comparing the
amplification of coupling system with the amplitude ampli-
fication of free site surface response to bedrock vibration, it
was proved that the dynamic interaction of coupling system
cannot be neglected in the dynamic analysis and design of
stacking structure. This was the basis for detailed numerical
analysis and experimental study of soil-pile-structure
dynamic interaction. Grange et al. [15] proposed a numeri-
cal strategy to simulate a three-hole viaduct made of pre-
stressed concrete, showing the influence of soil-structure
interaction (SSI). The research results show that SSI was a
complex phenomenon and caused the structure of the dis-
placement and internal force, and it was difficult to predict
the displacement and internal force and linear method. At
the same time, the influence of near-fault vertical ground
motion on building seismic response had also become an
important consideration [16]. Liu et al. [17] used isolators
with quasizero stiffness and vertical dampers to control ver-
tical earthquakes near faults. The results show that increas-
ing the vertical period and damping ratio could make the
vertical isolated structure perform well in reducing the sway-
ing response of the structure.

The above research focuses on the seismic and isolation
system of the damage effect of hydraulic fracturing on
underground rock strata and the structural seismic effect,

while the research on the soil structure seismic effect caused
by hydraulic fracturing is very limited. Therefore, a seismic
isolation structure model considering the SSI effect is estab-
lished in this paper to reveal the seismic response of the iso-
lated structure in the case of earthquakes caused by
hydraulic fracturing.

2. The Finite Element Model

2.1. Project Overview. An 8-story seismic isolation frame
structure model is established. The site fortification intensity
is 8 degrees, the site category is second class, and the design
earthquake group is second group. In the frame structure
system, the seismic isolation layer is on top of the second
story. The column concrete strength model is C40, the beam
concrete strength model is C30, the longitudinal reinforce-
ment model is HRB400 with a design value of tensile
strength and compressive strength is 360 N/mm? and the
stirrup model is HRB335 with a design value of
270 N/mm? for tensile and compressive strength. The raft
foundation was adopted, the upper structure damping ratio
is 0.05, the soil damping ratio of the foundation is 0.1 [18],
and Rayleigh damping is adopted. Because even the shear
waves are assumed to propagate vertically in the soil, kine-
matic interactions will occur in structures with embedded
foundations, and this paper used two different soil layers of
the raft foundation to simulate the seismic response of the
structure encountering the earthquake. Figure 2 shows the
three-dimensional finite element model of the structure.
Table 1 shows the parameters of soil below the foundation,
number 1 represents the soft soil layer, and number 2 repre-
sents the hard soil layer. Considering the unconfined
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FIGURE 6: Stress of soil with different soil properties under ground motion.

condition of soil, Young’s modulus was adopted. Table 2
lists the cohesive boundary parameters.

During the simulation, the beams and columns of the
model adopt beam units, the floor slab adopts shell units,
the foundation adopts solid units, they are bound by the
tie, and coacting nodes adopt a coupling connection. The
simulated soil is filled in a rectangle about 16 times the
square plan, 400 m in length, 300 m in width, and 30m in
depth. The viscoelastic boundary was used to absorb the

seismic wave at the boundary of the soil [19]. Seismic waves
are applied at the bottom of the bedrock to produce seismic
effects on the structure and soil. Nonlinear springs were used
to simulate seismic isolation bearings [20].

2.2. Ground Motion Data Sets. The maximum fortification
acceleration of the site is 0.2g, and the impact coefficient
of fortification is 0.45. The acoustic emission recorder could
collect the acoustic emission parameters in the process of
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FIGURE 7: Strain of soil with different soil properties under the effect of ground motion.

TABLE 4: The first six order modal periods of the structure with
different soil properties with different foundation buried depths.

Mode Shallow-buried Deep-buried ~ Regardless of the
foundation (s) foundation (s) SSI effect (s)
1 3.631 3.503 3.225
2 3.013 2.822 2.737
3 2.571 2.419 2.333
4 2.402 2.404 2.171
5 1.833 1.835 1.524
6 1.721 1.721 1.325

reservoir rock fracture. By simplifying the waveform of
parameters such as energy, amplitude, duration, and rise
time, it could simulate the amplitude, frequency, phase,
and other parameters of seismic wave generated by different
lithology, summarize the characteristics of fracture signal,
and establish the template of seismic signal generated by dif-

ferent types of rock sample fracture. For example, Zhou et al.
[21] measured the full-field deformation data of granite
samples under different loading amplitudes, obtained the
threshold value of rock breakage under ultrasonic vibration,
and reproduced the process of crack initiation and propaga-
tion through numerical simulation. In the process of
hydraulic fracturing, the small fracture of soil and rock will
gradually become larger fracture [22]. Compared with the
natural seismic wave, the vibration wave generated by
hydraulic fracturing would migrate to the low-frequency
part with the aggregation of microfracture and the expan-
sion of crack, and the larger the crack, the lower the fre-
quency. Therefore, the frequency of source signal decreased
exponentially with the increase of radius [23]. In this study,
according to the hydraulic fracturing sites monitored by
acoustic emission recorder, three relatively stable vibration
energy waves were selected to simulate the energy release
of seismic waves, which were denoted as seismic waves i,
seismic wave ii, and seismic wave iii, respectively. At the
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FIGURE 8: Comparison of base shear with the different buried depth of foundation under the effect of ground motion.

same time, soil liquefaction had been recognized as one of
the factors causing natural disasters and engineering damage
in earthquake disasters [24-27], so the seepage effect of rock
bottom fluid on hydraulic fracturing fractures was also con-
sidered. Figure 3 shows the response spectra of the three
seismic waves.

3. Seismic Response of the Isolated Structure

3.1. Seismic Response of the Isolated Structure with Different
Soils. The modal periods of the isolated structure when the
basement adopted different properties of soil are shown in
Table 3.

It can be seen from Table 3 that for the soft soil base-
ment, the natural period of the isolated building was greater

than that of the hard soil basement. The period of the overall
system was the smallest without considering the SSI effect.
When considering the SSI effect, the harder the soil is, and
the larger the shear wave speed of the soil is. By setting dif-
ferent soil shear wave speeds, the soil with different hard
degrees was simulated, and the corresponding different
periods were obtained. It was found that the effect of softness
on the period value became more and more obvious, indicat-
ing that the soil has the effect of seismic isolation. The elas-
toplastic time history analysis of the structure under three
kinds of rare earthquakes was carried out, and the corre-
sponding base shear force of the structure with different
properties of soil is shown in Figure 4.

It can be seen that without considering the SSI effect,
the base shear force was significantly greater than that



Geofluids

Story

0 T T T T T T T T T T

30 40 50 60 70 80 90 100 110 120 130 140 150

Displacement (mm)

(a) Seismic wave i

N
|

o
|

Story

0
T T T T T T T T T T T
30 40 50 60 70 80 90 100 110 120 130 140 150

Displacement (mm)

(b) Seismic wave ii

Ficure 9: Continued.



10

Story

Geofluids

0 T T T T

30 40 50 60 70 80

T T T T T T 1
90 100 110 120 130 140 150

Displacement (mm)

—a— Shallow-buried foundation

—e— Deep-buried foudation

—a— Regardless of the SSI effect

(c) Seismic wave iii

FIGURE 9: Comparison of story displacement with the different buried depth of foundation under the effect of ground motion.

S, mises

multiple selection points
(avg: 75%)

—— 22.475

— 19.752
I— 18.563
— 16.431

- 15.000
- 15221

— 14.753
I— 13.645
- 12.753

L 11325
— 10.250
_ 9321
_ 7.502
_ 00

(a) Shallow-buried foundation

S, mises
multiple selection points
(avg: 75%)
B 22.477
- 19.752
- 18.563
BS- 16.431
- 15.221
- 15.000
- 14.753
- 13.645
- 12.753
- 11.325
- 10.250
- 9.321
- 7.502
0.000

(b) Deep-buried foundation

F1GURE 10: Stress of soil with the different buried depth of foundation under the effect of ground motion.

considering SSI, and when the base was made of hard soil,
the shear force was greater than that of soft soil. The story
displacement under the condition of three kinds of seismic
waves is shown in Figure 5.

As shown in Figure 5, under conditions of three kinds of
seismic waves, the seismic response analysis of the midstory
isolated structure considering the SSI effect was conducted;
the results showed that the displacement of the layer 3
increased dramatically under different ground motion
effects, which is because the isolation layer in the structural

model is located at the third story, and the seismic isolation
bearing used to simulate the seismic isolation layer deformed
greatly. Without considering the SSI effect, the story dis-
placement was obviously greater than considering the SSI,
indicating that the isolation structure considering the SSI
effect has a better shock absorption effect. However, under
the seismic wave, the different softness of the foundation soil
made the filtering effect of the midstory isolated structure
considering the SSI effect obviously different. When hard
soil was used as the base, the interlayer displacement of the
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structure was larger than that of soft soil, which indicates
that the filtering effect of soft soil is obviously better than
that of hard soil. Under the effect of ground motion, the
stress and strain of soils with different properties are shown
in Figures 6 and 7.

As shown in Figures 6 and 7, when soils with different
properties were used as the basement, the stress and strain
of the soil were different. As the stiffness of the soil
increased, the stress and strain of the soil layer in the base-
ment became greater.

3.2. Seismic Response of the Isolated Structure with Different
Foundation Burial Depths. Considering the SSI effect, the
modal period of the isolated structure with different founda-
tion buried depths is shown in Table 4, in which the buried
depth of the top surface of the shallow buried foundation is
50 cm, and that of the deep buried foundation is 150 cm.

According to Table 4, considering the SSI effect, the
period of the first two order modes of the deep-buried foun-
dation was smaller than that of the shallow-buried founda-
tion, and the period value of the higher-order structure
was similar. The seismic responses of foundations with dif-
ferent buried depths under three seismic waves are shown
in Figure 8.

Figures 6 and 7 show that without considering the SSI
effect, the seismic response was significantly greater than
that considering the SSI effect, and the base shear value of
the structure with the shallow buried foundation was lower
than that of the deeply buried foundation, this is because
that the deep-buried foundation provided more constraints
around the foundation on the structure, strengthening the
constraint effect on the structure, reducing the rotation of
the foundation and increasing the acceleration transmitted.
Under three seismic waves, displacement responses of struc-
tures with different foundation burial depths are shown in
Figure 9.

Figures 8 and 9 show that without considering SSI, the
structural displacement response was significantly larger

than that considering SSI, and for the deeply buried founda-
tion, the displacement of each layer of the structure was
larger than that shallow buried foundation. For the different
buried depths of the foundation, the stress of the structure
and stress and strain of soil under the effect of ground
motion are shown in Figures 10 and 11.

As Figures 10 and 11 show, under the action of raft foun-
dation, there was little difference in stress between the struc-
ture of deeply buried and shallow buried foundations, while
compared with the shallow buried foundation, the soil stress
and strain of deep-buried foundation were greater, and the
action range was wider, which means that the stress field
and strain field were different for different foundation.

4. Conclusion

In this paper, the vibration generated by hydraulic fracturing
is used to simulate the earthquake, the isolation structure
model considering SSI effect is established, the nonlinear
response and seismic response law of the lower isolation
structure are studied and analyzed, and the following con-
clusions are drawn:

(1) The fluid in the hydraulic fracturing effect spread to
the soil, and make the role of soft soil has absorption
dissipation of earthquake energy

(2) Considering the SSI effect, when hard soil was used
as the basement, the structural base shear force and
story displacements were larger than that of soft soil

(3) Under different seismic waves, the seismic response
considering the SSI effect is smaller than that with-
out considering the SSI

(4) Considering the SSI effect, for the deeply buried
foundation, the structural base shear force and story
displacements were larger than the shallow buried
foundation
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