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In current anti-flotation designs for underground structures, buoyancy is 
typically calculated based on Archimedes’ principle and the contribution of side 
friction is often neglected, potentially resulting in unnecessary construction 
costs. In this study, a silo model with a vertically movable base was designed 
to conduct buoyancy tests under various water levels in both sand and silty 
clay. The attenuation pattern of groundwater buoyancy was analyzed, and the 
contribution of side friction to anti-flotation performance was also evaluated. 
The results indicate that: (1) Under the same water level, pore water pressure 
in sand was generally higher than that in silty clay, and with faster transmission 
and stabilization. (2) Buoyancy in sand was typically larger than that in silty clay 
at identical water level. Corresponding to the water levels of 65 cm, 70 cm, and 
75 cm, the reduction coefficients of buoyancy were 0.87, 0.93, and 0.98 in sand, 
and 0.82, 0.89, and 0.94 in silty clay respectively. (3) The side friction acting on 
the silo model in sand was consistently lower than that in silty clay. The ratios 
of side friction to theoretical buoyancy in sand were 0.35, 0.32, and 0.25 at the 
water levels of 65 cm, 70 cm, and 75 cm, respectively; while in silty clay, the 
corresponding values were 0.47, 0.41, and 0.34. In practical engineering, it might 
be more rational to consider the reduction of buoyancy and the contribution 
of side friction, especially in weakly permeable soils such as silty clay, in the 
anti-flotation design of underground structures.
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 1 Introduction

Grain storage facilities are essential infrastructure for ensuring food security 
and people’s livelihood (Jiang and Guo, 2017). At present, grain is primarily 
stored in aboveground facilities such as flat warehouses, squat silos, and vertical 
silos (Wang et al., 2013). The disadvantages of these aboveground grain storage 
facilities, such as high internal temperatures, large land occupation, excessive energy 
consumption, and poor grain quality, are increasingly in conflict with the emerging 
development ideas of green, low-carbon, energy-efficient, and environmentally 
friendly practices (Yuan et al., 2025a). Thus, it is of significant advantages over 
traditional aboveground grain storage methods to utilize naturally low-temperature 
and enclosed conditions of the underground environment to construct subsurface
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FIGURE 1
Particle size distribution curves of the soils: (A) Sand, (B) Silty clay.

TABLE 1  Physical and mechanical properties of the soil samples.

Soil parameters Sand Silty clay Testing method

Internal friction angle (°) 37.90 17.40
Direct shear test

Cohesion (kPa) — 38.83

Water content (%) 15 18.4 Drying method

Specific gravity 2.65 2.72 Pycnometer method

Maximum dry density (g/cm3) 1.73 1.78 Sand: Vibration hammering method
Silty clay: Compaction test

Minimum dry density (g/cm3) 1.28 — Measuring cylinder method

Optimal moisture content (%) — 23.35 Compaction test

Liquid limit (%) — 36.01

Limit water content testPlastic limit (%) — 23.86

Plasticity index — 12.15

Friction coefficients between soil and cement 
mortar

0.38 0.49 Inclined plane sliding test method Cui et al. 
(1999)

storage facilities (Hu et al., 2013). Based on the unique advantages 
of underground grain storage, large-scale underground circular 
silos made of reinforced concrete for bulk grain storage have been 
developed and constructed over the past 20 years in China.

Underground silos, as special large-scale underground 
structures, are subjected to groundwater buoyancy during both 
construction and operation stages, and its anti-floating safety need 
to be paid attention to. Extensive research has been conducted 
by relevant scholars on the calculation of buoyancy acting on 
underground structures. Mu et al. (2019) conducted laboratory 
model tests to investigate the variation of pore water pressure in 
homogeneous soil layers under different hydraulic gradients, as well 

as in weakly permeable layers subjected to confined water flow. 
Liang et al. (2024) carried out model tests to analyze the variation 
of uplift force on underground structures in weak permeability 
soils, and found that the buoyancy reduction coefficient ranged 
from approximately 0.9–0.94 in remolded loess and from 0.82 to 
0.88 in silty clay. Based on experimental studies on sand and clay, 
Zhang (2007) pointed out that the buoyancy acting on underground 
structures should be calculated using the full hydraulic head, and 
the reduction coefficient should not be set lower than 0.9. With 
laboratory-scale model tests, Gao et al. (2025) discovered that the 
reduction slope of the fitted line between the static water head in the 
silty clay and the buoyancy water head was 0.87. Ren et al. (2022) 
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FIGURE 2
Schematic cross-section of the model test setup: 1. Model pool, 2. Crushed stone, 3. Coarse sand, 4. Backfilling soil, 5. Underground silo model, 6. 
Height adjustment device, 7. Angle steel, 8. Constrained crossbar, 9. Catch pool, 10. Water outlet pipe, 11. Water supply pool, 12. Water supply pipe.

FIGURE 3
Layout of sensors sectional drawing (unit: mm).

performed laboratory experiments to measure the time-dependent 
variation of the buoyancy reduction coefficient and found that the 
initial coefficient ranged from approximately 0.55–0.66, gradually 
increasing to 0.82 over time and eventually stabilizing. Zhang et al. 
(2019) utilized model tests to evaluate buoyancy of underground 
silos in sand and clay and the results showed that the buoyancy 
reduction coefficient of was 0.95 in saturated coarse sand and 0.79 
in low-permeability clay. Existing studies show differing opinions 

on whether buoyancy should be reduced and to what extent in soils, 
particularly in weakly permeable soils such as clay.

In complex geological conditions, vertical seepage of 
groundwater is prone to alter the effective stress within the soil, 
thereby affecting the accurate estimation of lateral earth pressure 
(Song et al., 2018). Regarding the friction coefficient at the 
interface between the outer walls of underground structures and 
the surrounding soil, researchers have determined this parameter 
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TABLE 2  Sensor parameters.

Sensor category Measuring range Accuracy

Displacement meter ±25 mm 0.001 mm

Pore water pressure 
transducer

−10∼50 kPa 0.01 kPa

Miniature earth pressure cell 0∼50 kPa 0.01 kPa

TABLE 3  Test conditions.

Test condition Soil type Groundwater 
level/(cm)

S75

Sand

75

S70 70

S65 65

C75

Silty clay

75

C70 70

C65 65

through laboratory inclined plane tests (Cui et al., 1999) and large-
scale direct shear tests (Han et al., 2009). The results indicated 
that the friction coefficient is closely related to factors such as 
soil type, density, moisture content, and the surface roughness of 
the structural walls (Zhou, 2015; Guo et al., 2021; Wang et al., 
2022; Zhao et al., 2022). According to the results of static cone 
penetration tests, the ultimate side resistance of enclosure structure 
of the subway station was calculated and the relationship between 
side friction resistance in anti-floating design and ultimate side 
resistance proposed (Ye and Liu, 2010). Li et al. (2020) employed 
centrifuge model tests and numerical simulation to analyze the 
role of side friction resistance in counteracting buoyancy forces 
on large-scale underground liquefied natural gas storage tanks in 
standard sand. Tang et al. (2013) conducted model tests to derive 
calculation formulas for side friction in various soil layers and their 
effects on buoyancy forces acting on structure models. Liu et al. 
(2021) performed water injection tests to investigate the effect of 
silo diameter and backfill soil type on the variation of groundwater 
buoyancy and sidewall friction during both the stationary and uplift 
stages of the model.

In summary, current anti-floating designs for underground 
structures typically calculate buoyancy based on Archimedes’ 
principle and neglect the contribution of sidewall friction, which 
often leads to overly conservative designs, resulting in higher 
construction costs and unnecessary resource consumption. In this 
study, a cylindrical model with a vertically movable truncated 
conical base was designed and buoyancy model tests were conducted 
in sand and silty clay under different water level conditions 
to analyze the reduction pattern of groundwater buoyancy and 
to evaluate the contribution of side friction to anti-floating 

performance. The results are expected to provide theoretical support 
and technical guidance for the optimization of anti-uplift design in 
underground structures. 

2 Materials and methods

2.1 Soils

The sand and silty clay required for this study were sampled from 
a foundation pit in Zhengzhou, Henan Province, China. The physical 
and mechanical properties of the sand and silty clay were tested in 
accordance with the Standard for Soil Test Methods (GB/T 50123-
2019). The particle size distribution curves of the 2 soils are shown 
in Figure 1, and their basic physical and mechanical properties 
are listed in Table 1.

In addition, to investigate the influence of side friction, the 
friction coefficients between the 2 types of soil and cement mortar 
were measured using the inclined plane sliding test method, as 
proposed by Cui et al. (1999). The specific procedure is as follows: 
Place the cutting ring holding the soil sample upside down on a 
flat plate coated with mortar identical to that used on the outer 
walls of the silo model, ensuring the soil sample slightly protrudes 
beyond edge of the cutting ring. Gradually lift one end of the plate 
until the soil begins to slide. At this moment, the soil sample is in 
a state of critical sliding. Thus, the sliding force is the downward 
component of gravity along the plate and is equal to the frictional 
resistance. Record the lift height of the end at this moment and 
calculate the angle between the flat plate and the horizontal plane. 
The friction coefficient between soil and cement mortar could be 
obtained by averaging the tangent values of the angles from several 
trials according to the basic principle of statics. The test results are 
also listed in Table 1. 

2.2 Test equipment

The model tests setup (Figure 2) is mainly consisted of a model 
pool, an underground silo model, and a data acquisition system.

The model pool, with a side length of 1000 mm and height of 
800 mm, are fabricated with 5 mm thick tempered glass. 2 holes are 
respectively bored at the heights of 55 cm and 10 cm to the bottom 
to serve as water outlet and inlet. A circumferential water pipe is 
laid at the bottom, with holes drilled every 10 cm along the pipe to 
facilitate the vertical seepage of water. A 10 cm gravel layer is placed 
at the very bottom, covered with a 200mesh filter mesh to prevent 
soil particles from clogging the outlet holes. Above the filter mesh, a 
5 cm layer of coarse sand is arranged to simulate a permeable layer in 
actual geological conditions. The backfilling soil layer (either sand or 
silty clay) with a thickness of 40 cm is placed above the coarse sand.

A silo model was fabricated from polypropylene (PP) at a scale 
of 1:80 based on the actual dimensions of an underground silo 
(Zhang et al., 2024). The silo model was consisted of a cylindrical 
wall section with a mass of 3 kg and a truncated conical bottom 
section with a mass of 1.2 kg. The silo bottom was connected 
to the wall using waterproof rubber combined with metal press 
strips, forming a vertically movable bottom structure within a 
certain range. Thus, the influence of sidewall friction (Liu and 
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FIGURE 4
Schematic diagram of forces acting on the underground structure: (A) Before floating; (B) Floating moment.

Wan, 2020) and bottom adsorption could be eliminated and the 
buoyancy force could be measured accurately during the uplift of 
the bottom (Zhang et al., 2019). In addition, the outer wall of the 
silo model was uniformly coated with cement mortar to simulate 
the contact conditions between the actual underground silo and the 
surrounding soil.

The data acquisition system was consisted of displacement 
meter, pore water pressure transducers, miniature earth pressure 
cells, and a static strain acquisition instrument. 2 displacement 
meters, numbered as A and B, were symmetrically installed on the 
model baseplate to monitor the displacement of the model bottom. 
Seven pore water pressure transducers, with a vertical spacing of 
5 cm, were buried in the backfilling soil to monitor pore water 
pressure at different depths. Eight miniature earth pressure cells were 
equally divided into 2 groups and symmetrically attached to the 
outer surface of the model wall with a vertical spacing of 5 cm also. 
The detailed arrangement of the displacement meters, miniature 
earth pressure cells, and pore water pressure transducers is shown 
in Figure 3, and the specifications are listed in Table 2. 

2.3 Procedure of test

Six test conditions were designed based on soil type and 
groundwater level and summarized in Table 3.

Note: The water level is measured from the bottom of the 
backfilling soil.

The operational procedures of the 6 test conditions were slightly 
different. Here, the buoyancy test of the underground structure in 
sand is taken as an example for illustration. 

1. Before the test, crushed stone, filter mesh and coarse sand 
were successively laid on the bottom of the model pool as 
mentioned above.

2. The soil was backfilled and compacted by layer above the coarse 
sand. The thickness of the layer was 5 cm. After reaching a 
backfilling height of 10 cm, the silo model was placed and its 
cylindrical wall was fixed to the overhead beam of the model 
pool using angle steel. Backfilling was then continued until a 
total height of 40 cm.

3. Balancing weight was placed at the center of the silo base, 
with a weight equal to the difference between the theoretical 
buoyancy force acting on the silo model and the self-weight of 
the model base.

4. Water was added to the tank, and the groundwater level was 
simulated by adjusting the tank height. Open the water tank 
valve and use a syringe to remove the air from the rubber hose. 
Begin recording when water seeps out from the soil surface and 
flows out of the outlet.

5. Maintain a constant water level in the tank. Every 30 s, slowly 
remove the weights from the model chamber to achieve “slow 
weight reducing floating” until the displacement meter reading 
changes abruptly. At this moment, it was considered the model 
bottom floats. Then closed the valve, and terminated the test.

6. The remaining weight of the counterweights inside the silo, 
together with the self-weight of the silo bottom, was used 
to calculate the buoyancy force acting on the model. This 
calculated value was then compared with the theoretical 
buoyancy for analysis.

To ensure the accuracy of experimental data, the pore 
water pressure transducers, miniature earth pressure cells, and 
displacement meters were calibrated prior to each test. 

2.4 Stress analysis of underground silo

According to Archimedes principle, an object fully or partly 
immersed in water is subjected to a buoyancy force equal to 
the weight of the water displaced by the object, which can be 
calculated using Equation 1 as follows:

FC = ρgV (1)

where Fc is the theoretical buoyancy force acting on the 
underground silo, ρ is the density of the water, g is the gravitational 
acceleration, and V is the volume of liquid displaced by the 
underground silo.

In the model test, the foundation model is partially embedded in 
the soil, and the force equilibrium before and after flotation can be 
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FIGURE 5
Variation of pore water pressure with time at each measurement point under different water level conditions: (A) S65, (B) S70, (C) S75, (D) C65, (E) C70, (F)
C75.

established, as shown in Figure 4. Under static conditions, the forces 
acting on the model bottom can be calculated with Equation 2:

G = Ft +R (2)

where G is the sum of the weight of the bottom of the underground 
silo and the balancing weight, Ft  is the measured buoyancy force 
acting on the underground silo, and R is the supporting force of the 
bottom backfilling soil.

As previously mentioned, in this study, only the silo base 
uplift under the effect of water, and side friction resistance of the 
wall of the silo model could be neglected. When the silo model 
reaches the critical equilibrium state of “about to float but not yet 
floating,” the supporting force acting on the silo base can also be 
considered negligible. Under these conditions, the force state of the 
underground silo could be expressed with Equation 3 as follows:

Ft = Gr (3)

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2025.1698922
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yang et al. 10.3389/feart.2025.1698922

FIGURE 6
Variation patterns of pore water pressure in different soil types under the same water level: (A) 65 cm, (B) 70 cm, (C) 75 cm.

where Ft  is the measured buoyancy force acting on 
the underground silo Gr  is the sum of the weight of 
the underground silo base and the remaining balancing
weight.

Based on the theoretically calculated buoyancy force, 
the buoyancy reduction coefficient of the silo model 
in different soil could be calculated using Equation 4
as follows:

Rs = Ft/Fc (4)

where Rs is the buoyancy reduction coefficient of the underground 
silo in different soil.

The side friction resistance acting on the silo wall depends on the 
horizontal effective stress exerted perpendicularly on the wall and 
the friction coefficient between the silo wall and the surrounding 
soil. The side friction resistance f  can be calculated using
Equation 5:

f = lμ∫
h

0
σ′zdz (5)

where l is the perimeter of the silo wall, μ is the friction 
coefficient between the silo wall and the surrounding soil, h is 
the embedded depth of the silo wall in the soil, and σ′z is the 
horizontal effective stress at the depth of z with a starting point 
at the surface of the backfilling soil and could be calculated
using Equation 6:

σ′h = σh − u (6)

where σz  is the horizontal total pressure and u is the pore water 
pressure at the depth of z. Since the soil used in this study is 
homogeneous, both σz  and u could be considered as varying 
linearly with depth. These values might be obtained through linear 
fitting based on the measured earth pressure and pore water
pressure. 

3 Results and discussion

3.1 Distribution law of pore water pressure 
under different water levels

The variation of pore water pressure at each measurement point 
over time under different water level conditions in sand and silty clay 
are shown in Figure 5.

As shown in Figure 5, at the same water level, the time required 
for pore water pressure to stabilize in silty clay is significantly longer 
than that in sand. Moreover, at different burial depths, the pore 
water pressure at deeper measurement points tends to stabilize more 
quickly compared to those at shallower depths.

Under the same water level conditions, the stabilized pore water 
pressures in sand and silty clay were shown in Figure 6. Taking 
Figure 6A as an example, when the water level is 65 cm, the pore 
water pressure in sand is generally higher than that in silty clay. This 
is mainly attributed to the following 2 factors. On the one hand, the 
relative high permeability and pore connectivity of sand generally 
lead to fast transmission of the pore water pressure and approach to 
the theoretical hydrostatic water pressure (Ni et al., 2018; Yuan et al., 
2025b). On the other hand, it was easy to form a micro electric field 
and adsorb the water molecules due to the relatively large specific 
surface area and the carrying of electric charges of the clay particles 
in the silty clay, finally building a stable diffusion double layer. In 
this process, both the fluidity of water molecules and the effective 
size of the original seepage channels were reduced, which result in 
lag and reduction effects in pore pressure transmission (Mitchell and 
Soga, 2005). Similar trends could be observed at the water levels of 
both 70 cm and 75 cm. On the whole, the pore water pressure at 
the water level of 70 cm was larger than that at the water level of 
65 cm and smaller than that at the water level of 75 cm at the same 
depth of the same soil. Therefore, obvious influences of both the soil 
type and the groundwater level could be found on the transmission 
rate and the stabilized value of pore water pressure. Liang et al. 
(2024) reported that under the same water level, the pore water 
pressure and transmission rate in silty clay with high plasticity is 
lower than that in remolded loess with low plasticity. In addition, 
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FIGURE 7
Variation of model silo displacement with time: (A) S65, (B) S70, (C) S7575, (D) C65, (E) C70, (F) C75.

obvious difference could be found in the pore water pressure in the 
same soil under various water levels, which is in consistent with the 
results in this study. 

3.2 Buoyancy reduction characteristics 
under different water level conditions

Variations of both the displacement of the bottom of 
the silo model and the mass of the removed balancing 
weight with time of the 6 test conditions were shown in
Figure 7.

During the test, as the balancing weight were gradually removed, 
the displacement of the model silo was observed to increase 
continuously. When a certain mass of balancing weight was 
removed, the readings of the both displacement gauges on the 
bottom of the silo model increased sharply at the same time. 
This moment was identified as the moment of model silo uplift. 
During the test, the mass of the removed balancing weight was 
recorded, and the total mass was calculated. The actual buoyancy 
force of the silo was calculated using Equation 3, and the results are 
presented in Figure 8.

The tests results indicate that, in both types of soil, the buoyancy 
force acting on the bottom increased significantly with the water 
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FIGURE 8
Comparison of buoyancy variation between sand and silty clay under 
different water levels.

level, exhibiting a well-defined linear relationship. This trend is 
consistent with Archimedes’ principle and the mechanism of total 
buoyancy force increase induced by the rise of the groundwater 
level. Under identical water level, the buoyancy force in sand is 
consistently larger than that in silty clay, indicating that the soil type 
is of a significant influence on the transmission characteristics of 
buoyancy force acting on the structure. The primary reason for this 
difference is that sand has a relatively high porosity and permeability, 
and the water distribution was more homogeneous. As a result, the 
effective area of the structure subjected to buoyancy is relatively 
large, and the buoyancy effect more significant. In contrast, silty 
clay is characterized by small pore sizes and poor connectivity, 
which would result in insufficient permeability (Zhou et al., 2019). 
Consequently, the infiltration of the water into the pores beneath 
and around the structure is relatively slow within a given period 
of time, leading to a relatively weaker buoyancy effect. Therefore, 
in high water level conditions, the risk of floating for underground 
structures in sand is expected to large and should be given full 
consideration in anti-floating design.

The distribution pattern of buoyancy reduction coefficients in 
highly permeable soils such as sand, as presented in this study and 
existing literature, is shown in Figure 9A. The results indicate that in 
highly permeable soils represented by sand, the buoyancy reduction 
coefficients are generally large, with average values concentrated in 
the range of 0.87–0.93. The maximum values are typically close to the 
theoretical buoyancy (Guo et al., 2024), and the difference between 
the maximum and minimum values is relatively small. This indicates 
that the buoyancy acting on structures in such soils exhibits good 
stability, with the actual buoyancy closely matching the theoretical 
value predicted by Archimedes’ principle (Mei et al., 2009; Fan et al., 
2025). Therefore, the buoyancy reduction effect in sand can be 
considered negligible.

As shown in Figure 9B, in weakly permeability soils such as 
silty clay and clay, the buoyancy reduction coefficients are generally 

lower, with most average values ranging from 0.75 to 0.86, and 
some minimum values as low as 0.65. This indicates that the actual 
buoyancy is significantly reduced in comparison to the theoretical 
value. Meanwhile, the difference between the maximum and 
minimum values is significant, indicating considerable variability 
in buoyancy. This is attributed to the poor permeability and closed 
pore structure of silty clay, which hinder water transmission and 
result in actual buoyancy acting on the structure being substantially 
lower than the theoretical estimation. Related studies have also 
shown that buoyancy reduction is a common phenomenon in 
weakly permeability soils, and the extent of reduction is closely 
related to soil type, degree of compaction, and the efficiency of 
pore pressure transmission (Liu et al., 2024). The clay in Mei et al. 
(2009) and Ni et al. (2018) has a higher plasticity index, indicating 
a higher proportion of cohesive particles in the soil, which results 
in a lower reduction coefficient. In contrast, the silt clay in 
this study and Liang et al. (2024) has a lower plasticity index, 
leading to a significant difference in the reduction coefficients. The 
variation of the reduction coefficient should be attributed to the 
interaction between the buoyancy acting on the structure and the 
resistance provided by the soil. In anti-floating design, appropriate 
buoyancy reduction coefficients should be selected respectively 
for foundations with different soil types. In particular, for weakly 
permeability soils, it is recommended that a correction factor based 
on measured data be introduced, or that a safety factor applied, 
to improve the applicability and safety of anti-floating design for 
underground structures. 

3.3 Lateral earth pressure and side friction 
resistance at different water levels

The total lateral pressures acting on the both sides of the 
silo model under different water levels and soil conditions are 
shown in Figure 10. Taking Figure 10A as an example, at the 
same burial depth conditions, the lateral earth pressure on the 
A and B sides of the silo are basically identical, and relatively 
good linear relationship between lateral earth pressure and depth 
could be observed. Under the all 6 test conditions, the lateral 
pressure acting on the silo wall basically increases linearly with 
depth, exhibiting a clear linear trend. This variation pattern is 
consistent with the classical earth and water pressure theory
(Yuan B. X. et al., 2025).

Figure 11 show the average lateral pressures on the silo wall 
under different conditions, along with the corresponding Rankine 
active and passive earth pressures. The measured lateral pressure on 
the silo wall was between the active and passive earth pressures and 
close to the active earth pressure. The test results using embedded 
earth pressure cells on a half-scale model silo reported by Xiong et al. 
(2016) also confirmed that the measured lateral pressure on the 
silo wall at shallow depths is less than or approximately equal to 
the active earth pressure, which is consistent with the findings of 
this study.

The side friction resistance was calculated with Equation 5, and 
the results are shown in Figure 12. For the water levels of 65 cm, 
70 cm, 75 cm, the side friction resistance acting on the underground 
structure were respectively 66.85 N, 61.2 N, 47.9 N in sand, and 89.7 
N, 79.2 N, 64.5 N in silty clay. The side friction resistance at high 
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FIGURE 9
Comparison of buoyancy reduction coefficients from different studies:(A) Sand, (B) Weakly permeable soils such as silty clay and clay.

water level was obviously lower than that at low water level, both in 
sand and silty clay.

At high water level conditions, the pore water pressure is 
relatively high and the effective stress low, inducing the soil to 
approach a “buoyant” state. The contact between the structure 
and the surrounding soil was not tight, and the contribution 
of frictional resistance limited. At low water level conditions, 
the effective stress was relatively high, and the soil surrounding 
the structure tended to become more compacted. This enhances 
the friction at the soil–structure interface, leading to the more 
fully mobilization of the side friction resistance. Therefore, an 
increase in effective stress significantly enhances the normal 
contact force between the structure and the surrounding soil, 
thereby increasing the side friction resistance along the silo
wall surface.

At the same water level conditions, the side friction resistance 
generated in silty clay is consistently larger than that in sand. 
This difference should be attributed to the higher cohesiveness and 
stronger structural adhesion of silty clay. The cohesive components 
significantly enhance the frictional bonding at the soil–structure 
interface, resulting in a more pronounced increase in side friction 
resistance with increasing effective stress. In contrast, sand primarily 
relies on internal friction. Although also affected by variations 
in water level, the increase in side friction resistance is relatively 
limited. This indicates that, due to its relatively high cohesion 
and fine-grained effects, silty clay is capable of providing a larger 
side friction resistance under practical conditions in comparison
to sand.

For the water levels of 65 cm, 70 cm, 75 cm, the ratio of 
side friction resistance to the total buoyancy were 0.35, 0.32, 
and 0.25, with an average of 0.31 in sand and 0.34, 0.41, and 
0.47, with an average of 0.41 in silty clay. Tang et al. (2013) 
found that in medium sand layers, the side friction resistance 
accounts for approximately 26% of the total buoyancy force. 

Li et al. (2020) found that the side friction resistance on a semi-
underground storage tank in standard sand is approximately 22% 
of the theoretical buoyancy, which is similar to the results obtained 
from test conditions of sand in this study. Liu et al. (2021) analyzed 
the variation of frictional resistance on underground silos under 
backfilling conditions influenced by groundwater. The results show 
that with increasing burial depth and backfilling compaction, the 
side wall friction resistance increased accordingly, reaching up to 
40% of the theoretical buoyancy at its maximum. The magnitude 
of side wall friction resistance is closely related to the soil type. 
Therefore, in practical engineering, the influence of soil type on 
the side friction resistance acting on underground structures should 
be properly considered in anti-floating design of underground
structure. 

4 Conclusion

In this study, an underground silo model was designed, and 
buoyancy model tests were conducted under different water level 
conditions in both sand and silty clay. The reduction behavior of 
groundwater induced buoyancy and the anti-floating contribution 
of side wall friction resistance were analyzed. The following 
conclusions were drawn: 

1. At the same water level, the overall level of pore water 
pressure in sand is generally higher than that in silty 
clay, and with faster transmission and stabilization. For the 
same soil, the stabilization time generally decreases with
the depth.

2. For the same soil, the buoyancy on the silo bottom at high 
water level was typically larger than that at the low water level. 
At identical water level, the buoyancy in sand is consistently 
larger than that in silty clay. At water levels of 65 cm, 70 cm, and 
75 cm, the buoyancy reduction coefficients in sand are 0.87, 
0.93, and 0.98, respectively, with an average of 0.93, indicating 
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FIGURE 10
Lateral earth pressure on silo wall versus depth under different water levels: (A) S65, (B) S70, (C) S75, (D) C65, (E) C70, (F) C75.

that the buoyancy acting on the structure can be approximately 
considered unreduced. While in silty clay, the corresponding 
coefficients are 0.82, 0.89, and 0.94, with an average of 0.88, 
suggesting that the buoyancy reduction effect could not be 
neglected and should be corrected using measured data and 
empirical coefficients to ensure the reliability of the anti-
floating design.

3. For the water levels of 65 cm, 70 cm, 75 cm, the side 
friction resistance acting on the underground structure were 
respectively 66.85 N, 61.2 N, 47.9 N in sand, and 89.7 N, 79.2 
N, 64.5 N in silty clay. The range of the ratio of the side friction 
resistance to the theoretical buoyancy force was from 0.25 to 
0.47, while it is often neglected or treated as a safety reserve. 
Thus, it is recommended that the contribution of side friction 
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FIGURE 11
The variation of lateral pressure with depth at each point of the silo wall: (A) Sand, (B) Silty clay.

FIGURE 12
The schematic diagram of side resistance changing with water level.

resistance be properly considered in the anti-floating design in 
engineering practice.
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