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Fig. 1 Design scheme and process of site construction
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Tab.1 Main design control indexes of backfill layer
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Tab.2 Proportion of particle size of test materials

WA HifE/mm T %
HLR [20.000,40.000) 20.27
[10.000,20.000) . 1547,
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Ak [2.000,5.000) 8.76
I [1.000,2.000) 371,
i [0.500, 1.000) 5.93
ik [0.250,0.500) 8.62
Yk [0.075,0.250) 9.87
E2ii A <0.750 17.26
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Fig. 2 Test apparatus
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Fig.3 Triaxial compression test and simulation results of
lime-mixed gravel soil
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Fig. 4 Calibration model and simulation results of GCL
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Fig.5 Comparison between cumulative settlement curve
of simulation model and on-site measurement
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Tab.3 Mesoscopic parameters of lime-mixed gravel soil and GCL
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Tab.4 Working parameters of model roller
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Fig. 6 Model particle gradation curve
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Fig. 8 Porosity and cumulative settlement under different
compaction passes
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Fig. 9 Contact change of typical gravels and GCL during rolling process
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Fig. 10 Local elongation diagram of GCL
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Fig. 14 Changes of coordination number and average coordination number of bentonite at different observation points
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Influence of Irregular Gravels on Geosynthetic Clay Liner Under Vibration Rolling
HUANG Hu, QIU Qingming, CAO Kelei', GUO Lixia, SONG Yuanxiang, LIU Zhaohan

(College of Water Resources, North China University of Water Conservancy and Hydroelectric Power, Zhengzhou 450046, China)
Abstract:

Objective Geosynthetic clay liner (GCL), as a typical anti-seepage material, is extensively employed in hydraulic engineering. In river regu-
lation and water storage projects, laying the GCL on the riverbed cushion significantly enhances the anti-seepage performance of river
courses. For rivers deficient in fine-grained materials, adopting pebble soil as the upper and lower cushion layers of the GCL serves as an ef-
fective measure to reduce project investment. However, during the construction compaction process, pebbles induce jacking, puncturing,
and extrusion damage to the GCL, which can even lead to the loss of anti-seepage functionality in severe cases. In practical engineering,
monitoring the motion behavior of pebbles during compaction remains challenging, resulting in the inability to quantitatively evaluate the
impact of pebbles on the GCL. Therefore, this study adopts numerical analysis methods to investigate the migration law of pebble soil and
its effects on the GCL. Based on the numerical results, a set of safety evaluation indices for the GCL is proposed, providing a theoretical ba-
sis for guiding field construction.

Methods Firstly, undisturbed soil samples collected from the construction site were remolded in the laboratory. Particle size analysis and
compaction tests were conducted to determine the particle gradation and compaction curve of the remolded pebble soil. Triaxial compres-
sion tests were further performed to obtain the macroscopic mechanical parameters, such as peak strength and strain, of the pebble soil,
which provided an experimental basis for calibrating the meso-scale parameters of the numerical model. Secondly, based on the discrete ele-
ment method (DEM), the geometric morphology of irregular pebbles, the operational process of vibrating rollers, and the structural charac-
teristics of the GCL were accurately simulated. Using the laboratory test results and the maximum elongation rate index of the GCL speci-
fied in relevant standards, the numerical model was employed to replicate the laboratory testing procedures to calibrate the meso-scale pa-
rameters of the pebble soil and the GCL and to verify their effectiveness. Then, an integrated DEM model consisting of a vibrating roller, a
pebble soil protective layer, a GCL, and a lime-mixed pebble soil support layer was established to simulate the dynamic construction com-
paction process. The effects of key factors, including pebble distribution position, morphology, pebble content, and compaction thickness,
on the compaction characteristics and the overall particle distribution pattern of the backfill soil layer were systematically investigated.
Based on the spatial distribution characteristics of pebbles, such as motion frequency, trajectory, and morphology, the migration mechanism
of pebbles under vibrating compaction loads was revealed. Finally, the effects of different compaction passes, pebble content, and soil layer
thickness on the extrusion, jacking, and embedding behaviors of the GCL were analyzed. The deformation behavior of the GCL during con-
struction compaction was clarified, and deformation-based evaluation indices were proposed to assess the safety performance of the GCL
throughout the compaction process.

Results and Discussions After the soil was spread, leveled, and stabilized under its self-weight, the initial porosity of the backfill soil was
13.5%. With an increase in the number of compaction passes, the porosity of the backfill soil exhibited a pattern of rapid reduction, slight
fluctuation, and eventual stabilization. At the completion of 15 compaction passes, the porosity decreased to 12.6%, while the minimum po-
rosity of 12.58% was recorded at the 9th pass. Based on the observed porosity variation pattern, the porosity essentially reached a stable
condition after 7 compaction passes. Although additional compaction can further reduce porosity, a rebound phenomenon was observed af-
ter the 9th pass. The cumulative settlement of the backfill soil demonstrated a trend of gradual increase, minor fluctuation, and final stabili-
zation. Regarding the growth rate of cumulative settlement, negative growth occurred after the 7th compaction pass, followed by a slight in-
crease and subsequent stabilization with minor fluctuations. A combined evaluation of porosity and cumulative settlement indicates the exis-
tence of an optimal number of compaction passes during construction. Under the extrusion action of vibrating rollers, irregular pebbles ex-
perience rotational and translational movements during compaction. The interaction between pebbles and GCL is strongly influenced by
pebble morphology, and different contact modes result in extrusion, jacking, and embedding effects on the GCL. Two primary contact
modes occur between triangular-like pebbles and GCL: 1) point contact between pebble corners and the GCL, which generates significant
jacking forces and presents a high risk of GCL puncture; and 2) surface contact, which provides a larger contact area and lower puncture
risk, but can induce overall pebble embedding into the GCL during compaction, leading to lateral migration of adjacent bentonite particles
and attenuation of anti-seepage performance at contact locations. Elliptical-like pebbles exhibit two contact states with the GCL, including
contact through the long axis, which corresponds to surface contact behavior similar to that of triangular-like pebbles, and contact through
the short axis, which resembles point contact behavior. Circular-like pebbles predominantly form surface contact with the GCL, resulting in

relatively uniform extrusion. When elliptical-like and triangular-like pebbles are distributed on both the upper and lower sides of the GCL,
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point contact occurs, causing staggered extrusion effects. Point contact tends to raise jacking and embedding of the GCL by pebbles, lead-
ing to a high puncture risk, particularly when pebbles are present on both sides of the GCL. Three safety evaluation indices for GCL were
proposed, namely the local elongation rate, pebble embedding depth, and bentonite coordination number. The local elongation rate of the
GCL increases with the number of compaction passes, and the maximum local elongation rate observed at representative positions during
the entire compaction process was 3.79%, which is significantly lower than the standard limit of 14.00%. The pebble embedding depth is
closely related to pebble motion frequency, with a maximum recorded value of 2.1 mm. The distribution characteristics of the bentonite co-
ordination number are influenced by both the contact mode between pebbles and the GCL and the number of compaction passes. Under
point contact conditions, bentonite particles exhibit high motion frequency and low coordination numbers, indicating a reduction in the lo-
cal thickness of the GCL, whereas under surface contact conditions, bentonite particles display lower motion frequency and a more uniform
distribution. The coordination number remained above the theoretical limit during the first 7 compaction passes; however, localized coordi-
nation numbers fell below the theoretical limit as the number of compaction passes increased.

Conclusions Based on a comprehensive evaluation of the three indices, effective control of compaction passes during construction is identi-
fied as a critical measure for ensuring the structural integrity and anti-seepage performance of the GCL.

Key words: lime-mixed gravel soil; vibration rolling discrete element model; geosynthetic clay liner elongation; gravel embedding value; benton-

ite coordination number
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