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Numerical simulation analysis of seismically triggered load and ball-and-pillow structures in the

lacustrine sediment

Abstract: [Objective] Seismically triggered soft-sediment deformation structures (SSDSs) in the lacustrine sediments
serve as reliable stratigraphic records for studying paleoearthquake events in tectonically active regions. Load and ball-and-
pillow structures, as common types of SSDSs, are generally attributed to gravitational instability caused by an inverse
density gradient between adjacent sedimentary layers. However, their formation mechanisms and the quantitative
relationship between their development and seismic intensity remain poorly constrained. [Methods] This study employs
the multiphase-flow numerical simulation approach implemented in ANSYS Fluent to simulate the formation of load and
ball-and-pillow structures in saturated sand—clay layers under different peak ground accelerations (PGAs; 0.125g, 0.25g,
0.5¢g, and 0.8g) and varying physical properties, including density, dynamic viscosity and layer thicknesses). The effects of
sediment physical properties on the development of these deformation structures and their relationship with seismic
intensity were investigated. [Results] The results show that as the PGA increases, load and flame structures develop earlier
at the sand—clay interface and progressively evolve from small load structures into larger-scale load and ball-and-pillow
structures. Under the same PGA, a larger density contrast, a smaller dynamic viscosity contrast, and a thicker overlying
sand layer result in greater deformation and larger-scale development of load and ball-and-pillow structures.
[Conclusions] The morphologies of the load and ball-and-pillow structures produced by the numerical simulations are
highly consistent with those observed in lacustrine sediments in the Tashkorgan area. This agreement supports the proposed
mechanical mechanism of their formation and provides a quantitative basis for understanding the development of SSDSs
under different seismic and sedimentary conditions. [Significance] This finding verifies the seismic trigger of SSDSs in
this region and provides a new technological insight into the study of SSDSs and paleoearthquakes.
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Table 1 Depositional models and numerical simulation schemes
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Fig. 1 Acceleration time history of the El Centro earthquake
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Fig.2 Deformation characteristics of the sand—clay layer at 2, 3, 5, and 6 s under different peak ground accelerations
(a) Peak ground acceleration (PGA) of 0.125g; (b) PGA of 0.25¢g; (c) PGA of 0.5g; (d) PGA of 0.8¢

g—gravitational acceleration, 9.81 m/s*; p—density of the fluid mixture; z—dynamic viscosity of the fluid mixture. The arrows at the bottom of

subfigures indicate the directions of seismic-wave input.

Pp=1950 kg/m?
1p=0.01Pa-s

pu+=1750 kg/m? ) Pt Pu+=1650 kg/m?
‘u,‘““*IOI’a's 20cm Hg+=10Pa-s U .=10Pa‘s

BB (D)

g I, 9.81 m/s*s p— it (AR G W0 18 85 L 5 VR MR S 0 4 Bl 0 s TR 9 Sk D 3t 7R A T 1)

a—Ap A 100 kg/m’; b—Ap 4 200 kg/m’; c—Ap H 300 kg/m’

F3 FEBEZ (Ap) B—F+EAE2s. 3s. 5sA6s i %l % BHAE

Fig. 3 Deformation characteristics of the sand—clay layer at 2, 3, 5, and 6 s under different density contrasts (Ap)

(a) Ap of 100 kg/m’; (b) Ap of 200 kg/m’; (¢) Ap of 300 kg/m’

g-gravitational acceleration, 9.81 m/s’; p—density of the fluid mixture; x—dynamic viscosity of the fluid mixture. The arrows at the bottom of

subfigures indicate the directions of seismic-wave input.

JERE AR I, b2 S B )2 R W £ & A S TR AR T &K (HPJZEFE K 0.5 m) (UL AR AL v, 3 s I T 4R
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P =1700 kg/m? =1700 kg/m* pu1=1700 kg/m?
iz =30 Pa-s 20cm § pug =10 Pa-s Um+=1Pa‘s

TRBM B (D)

g—HE JIINH L, 9.81 m/s’s p— I PRI & W) Y 2 BE 5 U VR 5 W ) B 0 B BE 5 PRI A7 Sk O bR e i A 1)

a—tp N 0.005 Pa * s, gz N 30 Pa » 83 b—pup i 0.01 Pa - s, g A 10Pa - s; c—up N 0.1 Pa s, ug N 1Pa-s

Ha4 AESGHBEEZHND-FLEAE2s, 3s. Ssf6s bty T WA

Fig. 4 Deformation characteristics of the sand—clay layer at 2, 3, 5, and 6 s under different dynamic viscosity contrasts

(a) Us0a=0.005 Pa * s, f101,=30 Pa * s;5 (b) ttsana =0.01 Pa * s, pte1, =10 Pa * 5 (C) fhoana =0.1 Pa * s, pr1y =1 Pa + s

g-gravitational acceleration, 9.81 m/s’; p—density of the fluid mixture; y—dynamic viscosity of the fluid mixture. The arrows at the bottom of

subfigures indicate the directions of seismic-wave input.

.—1900 kg/m?

g =10 Pa

1
HBEAE

R KGR
& : [Q TS g T g e v

i i .

RS (1)

KIEHE 1

Rj“k,/ﬂJ"—ﬁ\j?;

g—E I, 9.81 m/s*; p— U IR 5 W 1 5 B T IR 5 W 1 Bl 0 R 5 TR RS A Sk A b R D A )
a—HP 2R R 0.5 m; b—W R EE N 04 m; R ZEEH 03 m

HS5 TRHELEEEAZHLEBDEREERX AL, -FLEA2s, 3s. 5sM6s B R DAFAE

Fig. 5 Deformation characteristics of the sand—clay layer at 2, 3, 5, and 6 s with a constant thickness of the underlying clay layer and varying

thicknesses of the overlying sand layer

(a) Sand-layer thickness of 0.5 m; (b) Sand-layer thickness of 0.4 m; (c) Sand-layer thickness of 0.3 m

g-gravitational acceleration, 9.81 m/s’; p—density of the fluid mixture; x—dynamic viscosity of the fluid mixture. The arrows at the bottom of

subfigures indicate the directions of seismic-wave input.
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Fig. 6 Load and ball-and-pillow structures in lacustrine deposits of
Lake Tashkurgan and the results of numerical simulations

(a) Field photograph of load and ball-and-pillow structures; (b)
Simulated deformation at 5 s; (c) Simulated deformation at 6 s
p—density of the fluid mixture; p—dynamic viscosity of the fluid

mixture
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Table 2 Comparison of key parameters between field observations

and numerical simulation
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