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Abstract: Foam as a soil conditioner can transform the mechanical properties of the excavated natural
muck and lubricate the interface between the cutting tools and muck, thus reducing the tools’ wear
and promoting the efficiency of earth pressure balance (EPB) shield tunneling. This paper aims to
explore the meso-mechanism of foam in improving the workability of sand by combining discrete
element modeling (DEM) with experimental investigations of slump tests. A “sand-foam” mixture
DEM model was generated by simplifying the sand grains and foam as individual particles with
different properties. The particle-scale simulated parameters were calibrated based on a series of
experimental observations. The effects of foam on the inter-particle contact distribution and the
evolution of contact forces during the slumping process were investigated in detail through numerical
modeling. It was found that injecting foam into sand specimens could increase the coordination
number and the contact number around sand grains. Although the force transmission pattern changes
from “sand-sand” into the coexistence of “sand-foam”, “sand-sand” and “foam-foam” contacts, the
magnitude of contact forces transferred by foam particles is significantly lower than that by sand
particles. The presence of foam reduces contact-scale frictional strength and thus reduces the stability
of the microstructures of sand. In addition, the normal direction of inter-particle contact force deflects
from the vertical to the horizontal and the magnitude of contact force decreases significantly with the
influence of foam.

Keywords: earth pressure balance shield; soil conditioning; slump tests; sand; foam; discrete ele-
ment modeling

1. Introduction

Earth pressure balance (EPB) shield machines mainly cut the stratum by cutterhead to
realize the full section excavation of tunnels, but the cutting tools are prone to wear when
the shield tunneling through the hard stratum, leading to a decrease in cutting efficiency
and even the severe damage of the cutterhead. The cutting tools need to be replaced
when the wear of cutterhead is too serious. The replacing cutting tools is necessary to be
carried out under the condition of hyperbaric intervention in order to ensure the stability
of the excavation face and avoid the large deformation of ground, but the operation has
a huge safety risk and a high cost. In addition, replacing cutting tools takes a lot of
time, easily resulting in a delay of construction. The cutterhead wear and the EPB shield
tunneling process are significantly influenced by the workability of soil, which refers to the
overall state, in which the muck has suitable fluidity and plastic properties and is helpful
for smooth EPB shield tunneling. The muck with poor fluidity is likely to cause extra
mechanical wear and inefficient muck discharging [1,2], while the excessive fluidity muck
may lead to muck spewing and instability of the excavation face [3,4]. The “low plastic
flow” state of muck is required to ensure the effective generation of chamber pressure
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and smooth discharging of muck [5–7]. In addition, it makes the muck easier to be cut,
reduces the strength of the interface between cutting tools and the muck, and achieves the
purpose of reducing the cutting tools wear. To transform the muck into a “low plastic flow”
state, foam is one of the most common conditioning agents to promote the workability
of muck before cutterhead, in the pressure chamber and screw conveyor, resulting in an
enhancement of the muck plasticity and fluidity [8,9]. During tunneling process, the foam
generated by the foam-generator of the shield is injected to the stratum through foam
nozzles set in front of the cutterhead and on the bulkhead and screw conveyor. Then, the
foam is mixed with the muck as the cutterhead rotates, and the workability of the muck
becomes a kind of plastic flow state.

Foam is one type of metastable material [10] with smaller stiffness and particles size
compared to soil particles. However, it can largely influence the mechanical properties
of muck by improving the workability of muck and therefore benefiting the tunneling
process of the EPB shield [11]. Houlsby et al. [12] analysed field data and proposed that
the foam-conditioned muck could be helpful to build stable pressure in the chamber and
to stabilise the excavation face. Through model tests, Peila et al. [13] found that muck
with suitable workability could reduce the torque of the screw conveyor significantly.
Xu et al. [14] pointed out that a suitably conditioned muck is beneficial to reduce the torque
of cutterhead. Wang et al. [15,16] proposed that foam can be used to improve the muck
workability and decrease muck permeability.

The slump test is the most convenient method to estimate the workability state of muck
and the soil conditioning effect [17,18]. The slump value of conditioned muck would have
an obvious promotion with an increase in foam injection ratio (FIR) [19,20]. In particular,
foam plays an important role in improving the workability of sandy soil [21,22]. Peron
et al. [23] pointed out that the slump of muck would increase from 0 to 2 cm or even to 15 cm
with the FIR rising to about 80% for EBP shield tunneling in sand strata. Jancsecz et al. [24]
found that the slump of muck increased from 15 cm to 25 cm by injecting the foam to muck.
Raffaele et al. [25] proposed that the foam promoted the slump of muck from 14.6 cm to
23.1 cm when FIR increased from 20% to 60% with a water content of 10% in the sand strata.

The mechanism of foam in improving the workability of foam-conditioned muck has
also received much attention. According to Bezuijen et al. [26], the soil workability can be
improved under a decreased effective stress, which can be achieved by the soil skeleton
lifted by the foam. On the other hand, Amir [27] concluded the foam mainly improved
the workability of sand by decreasing the yield strength. Huang et al. [20] proposed that
the foam can decrease the shear strength by reducing the friction angle, which can also
effectively improve the soil workability. However, their research mainly explained the
improvement of muck workability from macroscopic perspectives, such as internal friction
angle, effective stress and yield strength.

At present, although much effort has been applied in studying sand conditioning with
foam, the existing research is mainly restricted to macroscopic analysis on the effect of
foam on the workability of muck [28–30] which is unable to explain the sand conditioning
mechanism by foam. Unlike the existing perspectives, this research attempts to explore the
particle-scale foam-conditioned mechanism on sand via DEM. The influences of foam on
the number of inter-particle contacts, the magnitude of normal contact force, the directional
distribution of normal contact force, and the evolution of force chains in foam-conditioned
sand are investigated in detail. The research may offer alternative insights in revealing the
mechanical mechanism that foam can effectively improve the workability of sand.

2. Slump Test
2.1. Testing Material

The coarse sand from the Xiangjiang River, China, was selected as the testing material.
This type of sand is very common in many cities in China and around the world [31,32].
According to the test method provided by ASTM [33], the grain size distribution curve of
the sand was shown in Figure 1. The average particle size (d50), the coefficient of uniformity
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(Cu) and the coefficient of curvature (Cc) of the tested sand are 2.18 mm, 7.16 and 1.10,
respectively. Foam is a commonly used conditioning agent for improving sand behavior for
EPB shield tunneling. The mechanical properties of foam-conditioned sand are significantly
affected by the properties of foam, which depend on some factors, including the type of
foam agent, the concentration of the foam solution(Cf), the foaming method, the foam
expansion ratio (FER), the half-life time, and so on [9,34]. The foam expansion ratio is
defined as the volumetric ratio between foam and liquid used to generate it, and the
half-life time is defined as the time required for the mass loss of a given quality foam to
reach 50%. The general foam agent was chosen as the modifier, which mainly consists
of cationic surfactants dodecyl timothy ammonium chloride, anionic surfactants dodecyl
sulfate sodium, and non-ionic surfactants chlorinated dodecane. The foam agent belongs
to the compound type of anion and cationic foam agent.
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Figure 1. The grain size distribution curve of the sand.

To generate high-quality foam, the foaming system (as shown in Figure 2a) was used
and the foaming procedures were as follow: the foam agent was diluted to the foam
solution with a concentration (Cf) of 3% to satisfy the conditioning requirements [15]. Then,
the solution was poured into the liquid reservoir and the solution was conveyed to the
foam generator from the liquid reservoir. After that, the air from the air compressor was
also conveyed to the foam generator under a pressure of 3 bar. The foam solution was
pumped with air to generate foam (shown in Figure 2b) by the foam generator. According
to the test, when the Cf of foam solution is 3%, the half-life and foam expansion ratio of the
foam used in the test was 9.6 min and 10, respectively.
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2.2. Testing Equipment

In the study of geotechnical engineering, a scale test is often used to overcome the
problem that available test conditions cannot meet the requirements of the original scale test.
There are many scaled tests including mini-slump and scaled shield machine test performed
on soil [35,36]. Although the dimension of the standard slump barrel is 10 cm × 20 cm ×
30 cm [37], a scaled slump barrel with a ratio of 1:2 was used to evaluate the workability of
foam-conditioned sand in this study in order to create a physical entity for which DEM
can be used for simulation. It is very time consuming to simulate a model involving
millions of particles by DEM. The standard slump tests were also performed to obtain
the testing conditions of sand specimens with different workability, and the scaled slump
tests were carried out according to the testing conditions to ensure the consistency of muck
workability. Since the workability is a physical property of the conditioned sand and cannot
be affected by the test equipment [27]. The scaled slump barrel is shown in Figure 3 with
the actual dimension of 5 cm (top diameter) × 10 cm (bottom diameter) × 15 cm (height).
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2.3. Testing Procedures and Conditions

(1) Testing procedure (refer to [37])
The scaled slump barrel was used to evaluate the workability of foam-conditioned

sand and the detailed testing procedures are as follows:
(a) The non-conditioned sand sample was prepared by weighing a certain mass of

dried sand and mixed with water according to a specific water content.
(b) The target volume of foam was added to the non-conditioned sand in the mixer

according to a specific FIR. Then, the mixer was stirred clockwise and counterclockwise for
45 s respectively to make the foam-conditioned sand.

(c) The foam-conditioned sand was poured into the scaled slump barrel in three layers.
Then a tamping rod was used to tamp the foam-conditioned sand after each layer was
filled. Then, the slump barrel was vertically lifted at a constant speed within 3~5 s and
the foam-conditioned sand slumped freely. In addition, the entire experimental time (from
adding foam to sand to the end of the test) should be controlled within 180 s.

(d) After the slump was completed, the slump value and extension value of the slump
were measured and recorded quickly, and photos were taken to record the final slump state.

The water content of the sand has a considerable influence on the capability of foam
to improve the workability of the sand. The dry sand particles can attract the free water
in the sand, and so the liquid of foam film is easy to go away, leading to the thinning of
the liquid film which will cause the foam to collapse in the end. The pores of the sand
are filled with water when the sand with a high water content. Because the density of the
foam (FER = 10) is much smaller than water, the foam will float up spontaneously after
being injected into the sand, resulting in foam bleeding. Therefore, as a basic test condition,
a suitable water content that foam can exist stably in the sand is required to be selected.
Then, the FIR was changed to obtain the foam-conditioned sand with various workability.
A series of tests were preliminarily carried out by injecting 0% to 30% foam into the sand
with 0 to 20% water content. The results show that a water content of 10% could make the
foam work well in the sand. Thus, the water content (Wt) of 10% is chosen as the constant
testing condition. The FIR was changed in the range of 0 to 25%. Table 1 summarizes the
testing conditions for the slump tests.
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Table 1. Testing conditions of the scaled slump tests.

No. Wt (%) FIR (%) Slump Value (cm) Extension Value (cm)

1 10 0 5.7 19.7
2 10 5 5.5 17.8
3 10 15 4.9 13.7
4 10 25 10.8 18.7

2.4. Test Results

Figure 4 shows the variation of slump and extension values of the foam-conditioned
sand with FIR. It was found that the slump value of foam-conditioned sand decreased from
5.7 cm to 4.9 cm and then increased to 10.8 cm with increasing FIR, and the turning point
appeared at the FIR of 15%. In addition, a similar tendency in the variation of extension
value of the foam-conditioned sand was observed. The extension value dropped from
19.7 cm to 13.7 cm and rose to 18.7 cm with an increasing FIR. Figure 5 shows the photos
of the specimens after slumping for the non-conditioning state, insufficient conditioning
state, suitable conditioning state, and excessive conditioning state. The sand specimens
in the non-conditioning and insufficient conditioning state were loose and their plasticity
were also poor as shown in Figure 5a,b. With an increase in FIR until reaching 15%, the
conditioned sand had perfect plasticity and fluidity, as shown in Figure 5c, and it was in an
ideal state for muck discharging and shield tunneling. However, when FIR reached 25%,
the fluidity of conditioned sand became too strong, as shown in Figure 5d.
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3. Numerical Simulation

DEM is a widely accepted tool to analyse the deformation and failure process of
granular materials [38–40]. To explore the effect of foam on the workability of foam-
conditioned sand, it is necessary to analyse the influence of foam on the mesoscopic
parameters such as the direction and magnitude of the contact force between particles
and the evolution of force chains in foam-conditioned sands. In this study, both foam
bubbles and soil grains are simplified as spherical particles in DEM and coexist in a foam-
conditioned sand model. Their microscopic parameters are carefully calibrated based on
experimental results via a gradient-based automatic calibration method proposed in [41].

3.1. Numerical Modeling

The discrete element software PFC3D is used in this research to analyse micro-
mechanics [42,43] and the simulated object is the scaled slump test of foam-conditioned
sand. The model is composed of a scaled slump barrel, sand particles and foam bubbles.

3.1.1. Slump Barrel

The slump barrel model was generated according to the scaled slump barrel. The
dimension of the slump barrel model is 5 cm (top diameter) × 10 cm (bottom diameter) ×
15 (height). A truncated cone-shaped slump hollow barrel model was established, and the
bottom surface was open. A plane was generated at the bottom of the barrel to support the
slump barrel and particles.

3.1.2. Sand Particles

It is expected that the particle sizes of the sand would be determined according to
the grain size distribution in Figure 1. However, considering that the fine particles with
particles size smaller than 0.5 mm only accounts for less than 10%, if this part of the soil
was generated in the model, the model would include a large number of particles and the
computational cost will be unaffordable. Therefore, similarly to the method proposed by
Maeda and Kushiyama [44] and Chen [45], by ignoring the fine particles, the distribution
curve of grain size of the sand used in the numerical model is shown in Figure 6. The grain
size distribution of the simulated sand is shown in Table 2.
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Table 2. Model particle size proportion.

Particle size (mm) 0.25–0.5 0.5–1.0 1–2.5 2.5–5.0

Proportion (%) 16.7% 23.6% 44.4% 15.3%

3.1.3. Foam Particles

The electron microscope was used to observe the micro-image of foam (see Figure 7)
and the actual size of foam particles (see Figure 8) could be obtained from the image
through the image processing of the micro-image of foam. Given that the foam particle
size distribution range is small, modeling the real size distribution of foam would cause
the model calculation too large, resulting in a low calculation efficiency. Thus, the foam
particles were characterized by spherical particles with the average diameter (d50) of the
actual foam particles and thus a diameter of 0.15 mm was used in the model.
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3.1.4. Numerical Modeling Procedures

The numerical modeling of the scaled slump test was carried out by reproducing the
process of experimental models with the testing conditions listed in Table 1. The specific
modeling procedures are as follows:
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(1) The slump barrel model was established according to the scaled slump barrel. A
plane was generated at the bottom of the barrel to support the slump barrel and particles,
and a temporary sealing surface was generated at the top plane of the barrel to avoid
particles spilling out the barrel range during the equilibrium process.

(2) The foam-conditioned sand with a specific FIR was generated according to the
required soil conditioning states. In the model, a specific volume of foam with bubbles of
0.15 mm in diameter and a series of sand particles with the distribution curve shown in
Figure 6 were generated and mixed randomly according to the predetermined FIR.

(3) When the model was computed to a maximum unbalance force ratio of less than
1 × 10−4, the model was assumed to reach an acceptable equilibrium state.

(4) The slump barrel was lifted vertically at a velocity of 0.03 m/s to make the soil
slump freely.

(5) The simulated physical time of the model was 10 s after the slump barrel was lifted
with a vertical speed in consistent with the physical scale slump test. A series of parameters
including the slump value, extension value, the number of contacts, the direction and
magnitude of the contact forces between particles and the images of force chains were
recorded during the slumping process.

3.2. Parameter Calibration

The contact types change from single “sand-sand” to the coexistence state of “sand-
sand”, “foam-sand” and “foam-foam” when adding the foam to the sand. Linear contact
model was used to simulate the “sand-sand” contact [46]. In contrast, the contact be-
haviours of “foam-sand” and “foam-foam” particles are complex, and there is a significant
bonding effect between particles in tension. As suggested in Mak et al. [47], the parallel
bond model is chosen as the contact model for “foam-sand” and “foam-foam” contacts in
the foam-conditioned sand. The main parameters of the model include normal stiffness
(kn), shear stiffness (ks), friction coefficient (µ) and normal bond strength (σc).

Wang et al. [48] thought that the model parameter ks has little influence on the soil
characteristics, so the ks could be taken as the same value with kn to simplify the parameter
calibration process. The sand is a kind of loose material, thus the bond strength (σc) of “sand-
sand” particle is not considered [49]. In addition, the foam film can only transmit the normal
force rather than the tangential force, so the tangential shear strength of foam particles is
not considered [50]. To calibrate the particle-scale parameters efficiently, an automated
parameter calibration method proposed in Qu et al. [41] was applied in this study. In this
method, by transforming the parameter calibration problem into an optimization process,
the meso-parameters are updated by obtaining the targeted macro-parameter through an
improved gradient descent algorithm. Then, the updated meso-parameters are used to
run DEM models again until gaining a meso-parameter combination whose error between
experiments and numerical models is within an allowable range. The contact parameters
of each conditioning state are shown in Table 3.

Table 3. The used particle-scaled parameters.

No. Conditioning State Contact kn (N/m) ks (N/m) fric σc (kN/m2)

1 Non sand-sand 3.67 × 105 3.67 × 105 0.86 0

2 Insufficient
sand-sand 3.67 × 105 3.67 × 105 0.73 0
foam-foam 3.21 × 10−2 3.21 × 10−2 0.01 35.4
foam-sand 3.21 × 10−2 3.21 × 10−2 0.31 21.6

3 Suitable
sand-sand 3.67 × 105 3.67 × 105 0.53 0
foam-foam 3.21 × 10−2 3.21 × 10−2 0.01 35.4
foam-sand 3.21 × 10−2 3.21 × 10−2 0.28 21.6

4 Excessive
sand-sand 3.67 × 105 3.67 × 105 0.32 0
foam-foam 3.21 × 10−2 3.21 × 10−2 0.01 35.4
foam-sand 3.21 × 10−2 3.21 × 10−2 0.23 21.6



Minerals 2022, 12, 186 10 of 20

3.3. Verification of the DEM Model

The macroscopic deformation of the sand in experimental slump tests was compared
with numerical modeling to verify whether the foam-conditioned sand model could accu-
rately reflect the workability of sand specimens with different FIRs. The slump value and
extension value are the key parameters to evaluate the workability of the foam-conditioned
sand. Thus the reliability of the numerical model was evaluated quantitatively by com-
paring the differences between numerical modeling and physical testing as shown in
Table 4. For the slump value, the maximum simulation error is 7.2% and occurs in the
insufficient conditioned state, and the errors of other conditioning states are less than 6%.
For the extension value, the maximum simulation error is only 5.6% and occurs in the
non-conditioned state.

Table 4. Results of the scaled slump tests in numerical and experimental models.

No. Conditioning State Physical Slump
Value (cm)

Numerical Slump
Value (cm) Error (%) Physical Extension

Value (cm)
Numerical Extension

Value (cm) Error (%)

1 Non 5.7 5.5 3.5 19.7 18.6 5.6
2 Insufficient 5.5 5.1 7.2 17.8 17.4 2.2
3 Suitable 4.9 4.7 4.1 13.7 14.1 2.9
4 Excessive 10.8 10.3 4.6 18.7 19.6 4.8

In addition, the specimen shapes are compared between numerical modeling and
physical testing in Figure 9. The slump states in numerical models with different FIRs are
highly similar to those of the corresponding physical tests. The numerical model with the
calibrated parameters can satisfactorily simulate the slump tests with different workability
and reflect the plastic flow characteristics of foam-conditioned sand with different FIRs.
It also demonstrates that the proposed discrete element modeling scheme is suitable to
analyse the meso-mechanical mechanism of sand conditioning with foam.
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4. Numerical Modeling Results and Analysis
4.1. Effect of Foam on Particle Contacts
4.1.1. Effect of Foam on the Coordination Number

Figure 10 shows the variation of the coordination number against slumping time for
different conditioning states. The coordination number refers to the average number of
contacts around particles, and it is generally used to describe the contact characteristics
of granular materials. It can be seen that the coordination number of conditioned sand
has an apparent increasing trend with slumping time as a whole for each conditioning
state. The number rises significantly in the initial phase after which the increasing speed
of the coordination number slows down gradually. Meanwhile, the coordination number
of the conditioned sand specimen enhances with the increasing FIR. The coordination
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number for the unconditioned sand specimen is about 2.1–3.0, and that for the conditioned
specimen with a FIR of 15% reaches 2.8–3.9, which is significantly higher than that of the
unconditioned specimen. With the FIR increasing to 25%, the coordination number reaches
3.5–4.6. Thus, the foam can make the particle arrangement of the conditioned sand denser,
and the pore volume of conditioned sand decreases significantly due to the filling of foam
particles. This phenomenon is because the pores in the sand specimen can be filled with
smaller foam particles.
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Figure 10. Variation of coordination number of foam-conditioned sand with different conditioning
states during the slumping process.

4.1.2. Effect of Foam on the Number of Particle Contacts

Figure 11 show the variations of the numbers of different contact against the slumping
time for different conditioning states in the numerical slump tests. As shown in Figure 11a,
a slight increase in the number of total contact of sand was observed for all the models. The
number of total contacts rises in the initial stage, and then the rate of increase slows down
gradually with slumping time in each conditioning state. Similar changes in the number of
the inter-particle contacts of “sand-sand”, “foam-sand”, and “foam-foam” are observed
in the conditioned sands with different FIRs as shown in Figure 11b–d. The phenomenon
happens mainly because the unbalanced force appears after losing the lateral constraints of
the slump barrel. According to the second law of thermodynamics, the system tends to
keep the least ordered energy. Thus, the system can exist stably in the state with the lowest
energy [51]. Two particles in contact with each other are regarded as an independent system
in the sand. If the inter-particle contact force was smaller, the potential energy of the system
is smaller and the system state is more stable. Therefore, there is a tendency that the contact
force between particles decreases spontaneously during the equilibrium process of the
slump test. However, the dead weight of the sand specimen is similar, so the inter-particle
contact forces are mainly reduced by increasing the number of particle contacts.

Figure 11b shows the variation of the number of “sand-sand” contacts with different
FIRs. The number of “sand-sand” contact decreases firstly and then increases with FIR, and
the increase in the number of “sand-sand” contacts appears at the FIR of 15%. The initial
decrease is mainly induced by the lifting effect of foam bubbles on sand particles with
the increasing FIR [25]. More and more sand particles are separated by the foam particles,
and the number of “sand-sand” contacts decreases with the increasing FIR of less than
that for a suitable conditioning state. However, the number of “sand-sand” contacts at
the FIR of 25% is close to that at the FIR of 15% in the initial phase of specimen slumping.
The phenomenon suggests that the lifting effect of foam achieves the peak when the FIR
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is 15%, and the increasing FIR has little influence on the number of “sand-sand” contact.
However, after slumping more than 2 s, the number of “sand-sand” contacts at the FIR of
25% is more than that at the FIR of 15%. Since the FIR of more than 15% tends to build more
“foam-sand” and “foam-foam” contacts (see Figure 11c,d), which transfer smaller forces
than other contacts, the foam bubbles easily flow out. This was why the foam bleeding
happened for the excessive conditioning state in the physical tests. As a result, the number
of “sand-sand” contacts increases with time after slumping more than 2 s when the FIR is
more than 15% and makes the sand conditioned excessively.
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Figure 11. Variation of the number of contacts with the slump time for different contact types: (a) all,
(b) sand-sand, (c) foam-sand, (d) foam-foam.

4.1.3. Effect of Foam on the Evolution of Force Chains

Figure 12 shows the evolution of force chains during the slumping process of the
sand specimens with different conditioning states. The width of a force chain is positively
proportional to the magnitude of the contact force. The force chains in the central bottom
of specimens are thicker than those in the boundaries of specimens under the self-weight
of particles.

In addition, the distribution and evolution of force chains during the slumping process
are greatly affected by the workability of soil specimens. Figure 12a shows that a large
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number of thick force chains are in the interior of the unconditioned specimen. With a
FIR of 5%, the force chains in insufficient conditioned sand (see Figure 12b) is slightly
thinner than those of the unconditioned sand specimen (see Figure 12a). When the FIR
rises to 15%, only a few thick force chains are found inside the specimen in the initial stage
and these thick force chains become thinner during the slumping process, as shown in
Figure 12c. When the FIR reaches 25%, almost no thick force chains are observed in the
excessive conditioned sand specimen, especially in the slumping time of 2 s, as shown in
Figure 12d. This phenomenon is mainly caused by the lifting effect of foam bubbles, which
can result in the decrease of contact force for the excessive conditioned specimen.
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The injected foam particles fill the pores of the sand specimen, thus significantly
increasing the number of inter-particle contacts and reducing the number of strong force
chains in the specimen. The pattern of force transfer changes from simply “sand-sand” into
the “sand-foam” type, but the magnitude of contact force transferred by foam particles is
less than that by sand particles significantly. The foam is able to weaken the internal force
chain structure in the conditioned sand, reducing the shear strength of sand. Thus, the
fluidity of foam-conditioned sand can be significantly improved.

4.2. Effect of Foam on Contact Force Distribution

The deformation of soil is the macroscopic expression of the movement of the basic
constituent particles, and the movement of the particles is mainly controlled by the direction
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and magnitude of the contact forces. The tangential contact force of foam-conditioned
sand is limited due to relatively low shear strength of foam film. Therefore, only the
evolution laws of direction and magnitude of normal contact force are compared with
different conditioning states and analyzed to explore the influence mechanism of foam on
the workability of sand.

4.2.1. Effect of Foam on the Directional Distribution of Contact Forces

Figure 13 shows the direction distribution of normal contact force between particles in
the conditioned sand with different FIRs. The normal contact force drives the movement
of particles, whose direction directly depends on the direction of the normal contact force.
When the direction of the normal contact force varies from 0 to 45◦ from the horizontal
line, the particle has the trend of horizontal movement. The angle range between normal
contact force and the horizontal line is shown in Figure 14. The direction of the most normal
contacts are distributed in the range of 0–45◦ (including the clockwise and anticlockwise)
to the vertical direction in the non-conditioning sand (see Figure 13a). With an increase
in FIR, the number of contacts whose direction of normal force distributes in the range
of 0–45◦ to the vertical direction decreases obviously, as shown in Figure 13a–d, there are
a growing number of particle contacts whose direction of normal force distributes in the
range of 0–45◦ to the horizontal direction. Figure 15 shows the variation of the proportion
(Ra) of the inter-particle contacts whose direction angles are less than a certain one against
the direction angle. The direction angle is defined as the angle of the direction of normal
force of inter-particle contact to the right horizontal direction. The proportion is about 51%
for the direction angle in the range of 45–135◦ in the non-conditioning sand, indicating that
there are about 51% inter-particle contacts whose normal direction is in the range of 0–45◦

to the vertical direction (including the clockwise and anticlockwise). With a FIR of 5%,
the proportion is about 42% in the range of 0–45◦ to the vertical direction, which is lower
than that of non-conditioning sand. With continuous increases in FIR, fewer inter-particle
contacts whose normal direction is in the range of 0–45◦ to the vertical direction are found.

This phenomenon means that the normal direction of the contact force is deflected
from the vertical to the horizontal when adding foam to the sand. The sand particles need
to overcome the friction resistance to move. It is known that when the angle between the
direction of the resultant contact force of one particle and the vertical direction is smaller
than the angle of friction between the sand particles, the soil would be in a self-locking
state and unable to move [52]. The resultant contact force can be disintegrated into a
horizontal component (Fh) and a vertical component (Fv). When Fh is smaller than the
friction resistance force, which is the friction coefficient times the sum of Fv and particle
gravity, the sand particles cannot move horizontally. The foam would make the normal
direction of inter-particle contacts transfer from the vertical to the horizontal, and so the
magnitude of Fh would increase and the magnitude of Fv decrease, resulting in that the
driving force rises and the friction resistance drops, and sand particles are easier to move
under the influence of external forces. This is one of the reasons why the workability of sand
is improved with an increase in FIR. Thus, foam can effectively deflect the contact force
between particles horizontally, indicating that foam can increase the value of the coefficient
of lateral earth pressure of soil to a certain extent. The ability of the foam-conditioned sand
to transmit a stabilization pressure to the excavation front-face is improved compared with
the unconditioned soil.
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Figure 13. Statistical diagram of contact number distribution of the conditioned sand with different
conditioning states: (a) non, (b) insufficient, (c) suitable, (d) excessive.
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4.2.2. Effect of Foam on the Magnitude of Inter-Particle Contact Forces

Figure 16 shows the variation of the proportion (Rf) of the number of inter-particle
contacts whose magnitudes are less than a certain magnitude of contact force against the
magnitude of contact force. The distribution curves of contact force move to the left with
an increase in FIR, indicating that the normal contact force decreases gradually with an
increasing FIR. The average normal contact force (F50) drops from 1.2 × 10−3 N (non-
conditioning state) to 5.5 × 10−4 N (excessive conditioning state) with an increasing FIR.
The minimum average normal contact force is 0.46 times the maximum value, meaning that
the average normal contact force can be reduced by more than 50% when adding sufficient
foam. The reason is that the foam particles filling in the pores of the sand specimen can
support the sand particle and bear the force transferring between particles. However,
the force transferring ability of foam particles is inferior to the sand particles, thus the
maximum normal contact force decreases with an increasing FIR.
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In addition, the sand particles need to overcome the frictional resistance, and the
frictional force is affected by the normal contact between particles and the frictional coeffi-
cient. The foam can lubricate the sand particles to decrease the frictional coefficient and
reduce the normal contact forces between particles. Therefore, the external force required
for driving the sand to move decreases by the influence of foam.

5. Conclusions

This study performs a series of laboratory experiments and discrete element models
of scaled slump tests on foam-conditioned sand. Two-phase particles, i.e., sand grains and
foam bubbles, are simulated to represent foam-conditioned sand specimens. The numerical
parameters are calibrated and the simulations are also verified with laboratory experiments.
The results of the numerical modeling revealed the meso-mechanical mechanism of sand
conditioned by foam. The main conclusions are as follows:

(1) The foam bubbles fill the pores of sand, resulting in an increase in the coordination
number of foam-conditioned sand. The number of particle contacts increases greatly with
the addition of foam because some “foam-sand” and “foam-foam” contacts would appear
in the pores of sand.

(2) Since the introduction of foam bubbles significantly increases the number of particle
contacts, the force transmission paths are increased in the sand specimen. The force
transmission pattern changes from simply “sand-sand” into the coexistence of “sand-
foam”, “sand-sand” and “foam-foam” contacts. However, the magnitude of contact force
transferred by foam bubbles is much less than the forces transferred by sand particles. The
foam bubbles can weaken the internal force chain structure in the conditioned sand.

(3) The main direction of normal contact force transfers to the horizontal direction
more significantly when adding foam into the sand, and the sand particles tend to move
horizontally. The presence of the “foam-sand” contact provides additional cohesive force
to restrict the movement of sand grains but the influence would reduce when “foam-foam”
contact increases. Therefore, the horizontal movement of conditioned sand first weakens
and then increases with an increase in FIR.

(4) The average normal contact force drops from 1.2 × 10−3 N (non-conditioning
state) to 5.5 × 10−4 N (excessive conditioning state) with an increasing FIR. The minimum
average normal contact force is 0.46 times of the maximum value, which means the average
normal contact force can be reduced by more than 50% when adding sufficient foam.

(5) The sand particles need to overcome the frictional strength to move, and the
frictional force is affected by the normal contact force between particles and the frictional
coefficient. The foam can lubricate the sand particles to decrease the frictional coefficient,
and then reduce the normal contact force between particles, resulting in a decrease in
friction resistance.
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