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Abstract: Determining the deformation trend of silt subsoil under long-term aircraft loading by
conventional numerical methods based on finite elements is challenging and poses several limitations.
In this study, a boundary surface model for remolded saturated silt considering the influence of
the soil dry density was developed, and an explicit integral algorithm with error control was used
to incorporate the model into a user-defined material subroutine that the finite element software
(ABAQUS 6.14) could call. In this way, the consolidated undrained dynamic triaxial test of a soil
unit was established for simulation and model validation, which corroborated that the model could
describe the dynamic properties of the saturated silt. Then, a numerical model of the runway with
layered compaction and different compaction degrees was also developed to numerically analyze
the deformation of the subsoil under cyclic aircraft loading. The results showed that the subsoil
deformation increased continuously with the increase of cycle number. However, the deformation rate
decreased gradually, and the silt subsoil deformation remained stable after 50 loading cycles. After
the same number of loading cycles, the cumulative plastic deformation of the subsoil model with the
overall compaction degree of 94% was smaller than that of the model with layered compaction. It was
also shown that different aircraft speeds have minimal effect on the cumulative plastic deformation
of the subsoil. Nevertheless, the ultimate cumulative plastic deformation is larger, as the loading
duration is longer at low aircraft speeds. It indicates that strictly controlling of the compaction
degree within a certain range of load influence is imperative in practical engineering, as it reduces
the associated costs.

Keywords: silt subsoil; aircraft loading; cyclic loading; compaction; boundary surface model;
numerical study

1. Introduction

Being an efficient and essential infrastructure, airports are indispensable to the in-
tegrated transportation system. According to local conditions, silt with poor mechanical
properties is typically used as subsoil filling material during the construction of airport
runways in various regions and countries [1,2]. Therefore, studying the deformation char-
acteristics of silt subsoil under cyclic aircraft loading is critical for determining whether the
airport runway meets long-term serviceability requirements [3,4].

In order to characterize the long-term deformation characteristics of the subsoil under
dynamic aircraft loading, the empirical model for cumulative plastic strain model and
dynamic constitutive numerical model are generally used. The empirical model presents the
relationship between cyclic loading times and cumulative axial strain by a mathematical
model, which is mainly based on the experimental results. Researchers from various
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regions and countries proposed empirical models. The most commonly used model was the
exponential model proposed by Monismith et al. [5]. Later, Li [6] proposed a strain model
considering the stress state. Anand et al. [7] conducted dynamic triaxial tests on roadbed
soil and improved the exponential model by introducing factors such as confining pressure
and static deviatoric stress based on dynamic triaxial test results. Salour and Erlingsson [8],
and Tang et al. [9] used multi-stage cyclic triaxial tests to study the effects of moisture
content, dynamic stress amplitude, and confining pressure on the cumulative deformation
of roadbed soil, and proposed a permanent deformation prediction model considering
stress history. Ren et al. [10] proposed a calculation model for the long-term cumulative
plastic strain of saturated soft clay under cyclic loading, and only three parameters of the
model needed to be determined, and the physical meaning of parameter was clear and easy
to be determined. However, the empirical model is mainly obtained by fitting test data and
field conditions, and the mathematical form is relatively simple, which makes it challenging
to reflect the essential relationship between the stress and strain of soil under cyclic loading.
Therefore, many researchers have investigated constitutive models to explore the essence
of soil deformation.

The typical dynamic constitutive models mainly included the nested yield surface
model (polyhedral model) and boundary surface model. The nested yield surface model,
which was also known as the multiple yield surface model, was an elastoplasticity model
based on the plasticity hardening modulus field theory. The plastic hardening modulus
field theory was first applied to metals by Mroz [11]. Later, Koiter [12] and Iwan [13] applied
it to study the elastoplasticity of soils. It was shown that the multiple yield surface model
of the soil had the innermost and outermost yield surfaces. Also, the soil only generated
elastic deformation when the stress state was in the innermost yield surface. The outermost
yield surface was a plastic yield surface, and the plastic modulus of the soil varied linearly
with the distance between the two yield surfaces. Provest [14] and Morz et al. [15] further
improved their correlation. Later, Wan et al. [16] and Huang et al. [17] applied the theory
of multiple yield surfaces to assess the cyclic characteristics of sands and clays. The nested
yield surface model needed to memorize the embedded yield surfaces separately, which
required higher computer memory and involved complex calculations when it was applied
to numerical simulations.

The nested yield surface model was later simplified to avoid the difficulty of calcula-
tion caused by excessive yield surfaces. Morz et al. [18] proposed a boundary surface model
(double-sided model). Srinil et al. [19] proposed a critical state model, which could predict
the compression and shearing behaviors of saturated and unsaturated soil. Jockovic [20]
proposed a critical state bounding surface model, which could describe the mechanical
behavior of over-consolidated clay. Based on the rotational hardening rule, Masin [21] also
established a boundary surface model, which considered the anisotropy of clay. In order to
predict soil deformation caused by long-term cyclic loading, Huang et al. [22] proposed an
elastic-plastic boundary surface model suitable for saturated soft clay based on the bound-
ary surface model. Cun and Liu [23] proposed a simple boundary surface plastic model for
the cyclic characteristics of saturated clays and simulated the behavior of saturated clays in
the triaxial tests with monotonic and cyclic stress control and strain control.

Many researchers substituted the user-defined material model through secondary
development with ABAQUS during the period of studying the soil behavior. Manzari
and Yonten [24] presented the numerical implementation of an anisotropic constitutive
model for clays, and the simulation effect was verified by field measurements. Using the
state parameter and the steady state concept, Heidarzadeh and Kamgar [25] proposed an
elastoplasticity constitutive model based on the Duncan–Chang constitutive model, which
have been calibrated by experimental results of soil. Qin [26] elucidated the rationality and
accuracy of the model by writing a user-defined unsaturated loess constitutive subprogram
and performing numerical simulations to compare the static and dynamic triaxial test
results. However, it is still a challenging problem to correlate the tests with the dynamic
response theory for the silt and apply them to the engineering practice. Therefore, based
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on the dynamic constitutive model of saturated remolded silt, dry density was taken as
the parameter for pre-treatment of ABAQUS in this study, and the secondary development
platform of ABAQUS was used to accurately simulate the dynamic response of the airport
runway under aircraft loading in the finite element software (ABAQUS 6.14).

Although several constitutive studies which were conducted earlier on soil deforma-
tion under dynamic loading with the boundary surface model mainly focused on clay, sand,
and other fields, the studies about the dynamic constitutive modeling of saturated silt based
on the dry density of soil are sparse. Therefore, in this study, the secondary development
of the boundary surface model was embedded in ABAQUS, and the long-term deforma-
tion trend of runways controlled by different compaction degrees was studied, which
considered the influence of dry density (compaction degree) on the shape of the boundary
surface. In summary, based on tests and theoretical derivation, numerical simulation was
conducted on the deformation of silt subsoil under different influencing factors, and the
deformation evolution of silt subsoil under different working conditions was studied to
provide references for predicting the deformation of airport silt subsoil and controlling its
serviceability performance.

2. Properties of Remolded Saturated Silt

The soil samples in the study were taken from the filling soil within 5 m below the
ground surface of the airport foundation, which was located in Qiaoershiying, Hohhot.
The surface layer is artificially filled soil. The lower layer is the Neogene sedimentary layer
and general Quaternary sedimentary layer, and the lithology is mainly silt and silty clay.
The site is mainly farmland, villages, and woodlands, with higher groundwater levels, and
all the soil is silt within a range of 10 m below the surface. During the period of subsoil
compaction and filling, the compaction degree of soil varies with the increase in depth.
In order to obtain the basic mechanical property index of soil and study the influence
of compaction degrees of soil on soil properties, various basic physical tests of soil and
static triaxial tests on remolded saturated silt under different dry densities were carried out
according to the standard for geotechnical testing method [27].

2.1. Basic Physical Properties of Silt

The specific gravity of airport silt was determined as 2.72. The maximum dry density
of silt samples is 1.9 g/cm3, and the optimum water content is 10.5%. The soil gradation
was measured by a laser particle size analyzer. It was found that soil particle size is greater
than 0.075 mm, and the soil content is about 30% of the total soil. Additionally, the soil
content is about 65% as the particle size is from 0.005 mm to 0.075 mm, while the soil
content is about 5% as the particle size is smaller than 0.005 mm. The calculated liquid
limit, plastic limit, and plasticity index of the soil are 21.08%, 12.39%, and 8.69, respectively.

2.2. Static Triaxial Tests under Different Dry Densities
2.2.1. Setting of Compaction Degree

According to the technical specifications for construction of airfield earthwork and
pavement base [28], the elevation of the airport site is 1028.60 m, which belongs to exca-
vation or zero fill area, and the compaction degree is greater than 94% within a range of
1 m below the surface. During subsoil compaction, the soil surface is severely compressed
under the impact of gravity, and the compaction degree of soil gradually decreases with
the increase in depth. Considering the requirements at different depths, soil compaction
degrees of 97%, 94%, and 91% were selected to represent the compaction conditions of
0–1 m, 1–4 m, and 4–10 m below the surface, respectively.

2.2.2. Sample Preparation

The preparation of static triaxial sample includes the compaction and saturation
process. The diameter and the height of the sample are 39.1 mm and 80 mm, respectively.
The dry soil was passed through a sieve with the diameter of 2 mm, then the optimal water
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content of silt was achieved by mixing with planned water. The silt was placed in a closed
container for 24 h. The mass of the layered compaction silt was calculated based on the
required dry density. After each layer of the silt sample is compacted, the roughness of
the silt surface was increased by scraping treatment. After silt sample preparation, the silt
sample was placed into a saturator for air saturation. A confining pressure of 20 kPa was
preloaded during the test. The degree of saturation of the silt sample was tested, and if it
was below 95%, back pressure saturation was performed until it meets the requirements.

2.2.3. Scheme of Static Triaxial Tests

After the silt sample was saturated, the consolidation undrained test (CU) was carried
out according to the standard for the geotechnical testing method [27], where the shear
strain rate was taken as 0.2%/min. The test was terminated when the axial strain of samples
reached 20%. The tests were performed on soil with the overall compaction degrees of 97%,
94%, and 91%.

The value of confining pressure in static triaxial tests did not influence the shear
strength parameters obtained from tests, so the commonly used confining pressures of
100 kPa, 200 kPa, and 300 kPa in static triaxial tests [29] were selected in each test condition.
The static triaxial test systems are composed of test instruments, data acquisition system
and sample preparation system, which are shown in Figure 1 .
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Figure 1. The static triaxial test system. (a) Test instruments; (b) Data acquisition and sample prepara-
tion system.

2.2.4. Stress–Strain Relationship

The failure mode of silt sample after static triaxial test is shown in Figure 2. It can be
seen that no continuous shear failure surface is formed during the triaxial shear process of
silt sample with different compaction degrees. The silt mainly undergoes volume expansion.
The middle part of the silt sample bulges outward, and it shows a clear failure mode of
shear expansion.

Figure 3 shows the stress–strain relationships of soil samples under different com-
paction degrees (K). The dry density is represented by ρ. As is shown in Figure 3, under
different experimental conditions, when axial strain (ε1) is small, the deviatoric stress
(σ1–σ3) increases rapidly, and with the increase in strain, the increase rate of deviator stress
(σ1–σ3) gradually decreases and eventually becomes stable. No peak value occurs during
the increase of deviatoric stress, and all soil samples present strain-hardening behavior.
Under the same compaction degree, the deformation resistance of the sample increased
with the increase in confining pressure, whereas under different confining pressures, the
soil generally presents the same deformation trend. Compaction degree has an evident
influence on soil strength, and under the same confining pressure, compactness of soil
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increases, the interaction between particles increases, and the axial loading capacity of the
sample increases accordingly.
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2.2.5. Effective Stress Path

According to the standard for geotechnical testing method [27], the peak value of
deviatoric stress (σ1–σ3) is usually taken as the failure point. When the deviatoric stress
has no obvious peak value, the dense point of the effective stress path or the stress point
corresponding to a certain axial strain (generally taken as ε1 = 15%) should be selected as
the failure point. The parameters of the failure point are selected based on the denseness
of stress state points near the terminal point of the effective stress path. Table 1 enlists the
failure points of the samples under different compaction degrees.
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Table 1. Failure points of the samples under different compaction degrees.

Compaction
Degree (%) Density/g·cm−3 Confining

Pressure/kPa
Deviatoric

Stress p/kPa
Deviatoric

Stress q/kPa
Gradient of Failure

Line M/Dimensionless

91% 1.729
100 365.615 516.226

1.401200 375.919 525.465
300 450.832 629.578

94% 1.786
100 648.019 921.356

1.436200 660.629 940.698
300 680.982 966.539

97% 1.843
100 640.030 929.639

1.443200 786.851 1136.976
300 793.653 1138.780

In static triaxial test, p and q are the deviatoric stress. p = (σ1 + σ2 + σ3)/3, σ2 = σ3,
q = σ1–σ3, and q = Mp. σ1, σ2, and σ3 can be tested by static triaxial test. As seen in
Table 1, the compaction degree has minimal influence on the soil damage line, and it can be
considered that the compaction degree does not influence the gradient of the soil damage
line (M). The value of M is unified taken as 1.4.

2.2.6. Analysis of Shear Strength Parameters

In the study, the Mohr–Coulomb strength theory is used to investigate the differences
in the shear strength of soil caused by different compaction degrees.

S = c + σ tan ϕ (1)

where, S represents shear strength (kPa); c represents cohesion force (kPa), σ represents the
normal stress (kPa), and φ represents the internal friction angle (◦).

Figure 4 shows the correlation relationship between the shear strength parameters
and dry density. The dry density of the samples significantly affects the shear strength
parameters of the soil. The strength index of the soil increases with the increase of dry
density, and the strength index of the soil exhibits a linear relationship with the dry density
of the samples. The reason is that the increase in dry density of the samples leads to the
decreased soil porosity, the increased contact area of particles, the increased bonding, and
the increased cohesive force. It also leads to the enhanced interaction between soil particles,
the enhanced deformation resistance ability, and the increased internal friction angle.
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Friction angle, cohesion force, and dry density present a linear relationship, and the
expression of their fitting relationship are as follows:

ϕ = −171.4000 + 118.4210ρd, R2 = 0.8897 (2)

c = −58.8333 + 48.2456ρd, R2 = 0.9056 (3)

3. Boundary Surface Model and Numerical Implementation
3.1. Boundary Surface Model
3.1.1. Boundary Surface Equation

In the manuscript, the Z-P criterion yield curve proposed by Zienkiewicz–Pande [30]
was adopted. The yield curve is smooth on the p-q meridian plane and π plane. The
relationship between the yield curve and hydrostatic pressure, as well as the influence of
the intermediate principal stress (σ2) on the yield curve was considered, which facilitated
numerical calculations. The equation is given as Equation (4).[

p − 1
2 (pc − d)

1
2 (pc + d)

]2

+

[
q

1
2 M(θσ)(pc + d)

]2

= 1 (4)

where, p = σ1+2σ3
3 ; q = σ1 − σ3; σ1 and σ3 are the effective stress in the respective direction;

p represents virtual average stress; q represents virtual deviatoric stress; M(θσ) is the curve
shape function of the boundary surface in π plane; θσ is the Lode angle. d = c cot ϕ; c is
the cohesive force, and φ is the internal friction angle. pc is the pre-consolidation pressure.
Figure 3 shows the shape of the boundary surface in p-q plane. The shape of the boundary
surface is shown in Figure 5.
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According to Equations (2) and (3), d can be expressed by Equation (5).

d = (−58.8333 + 48.2456ρd) cot(−171.4000 + 118.4210ρd) (5)

3.1.2. Reflection Principles

In the study, the interpolation function proposed by Huang and Song [17], and
Huang et al. [22] was used as the interpolation function of plastic modulus. The equa-
tion is given as follows:

Kp = Kp + Paξ

[(
∂F
∂p

)2
+

(
∂F
∂q

)2
][(

δ0

δ0 − δ

)u
− 1

]
(6)

u = u0 exp
(
−ςε

p
s

)
(7)
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where, Kp is the actual plastic modulus. Kp is the plastic modulus of mapping points on
the boundary surface. Pa represents atmospheric pressure. The parameter u denotes the
influence of strain history on plastic modulus. u0 and ς are model parameters. ε

p
s is the

cumulative plastic shear strain in the cycle process. δ0 is the distance from the virtual
stress point to the mapping center. δ is the distance from the true stress point to the virtual
stress point.

3.1.3. Flow Rule

According to the associated flow rule, the plastic flow direction is considered equal to
the plastic loading direction. So, the plastic volume strain dε

p
v and the plastic shear strain

dε
p
s are presented in Equation (8).

dε
p
v = L

∂F
∂p

, dε
p
s = L

∂F
∂q

(8)

where, ε
p
v is the plastic volume strain. ε

p
s is the plastic shear strain, and L is the plastic

scalar factor.

3.1.4. Hardening Rule

The isotropic hardening rule was used. The size of yield surface was changed rather
than the shape, and the change in size of yield surface was only related to the plastic
volume strain ε

p
v. The equation is given as follows:

dpc = pc
1 + e0

λ − k
dε

p
v (9)

where, Pc is the pre-consolidation pressure; e0 is the initial void ratio; λ and κ are the
gradients of the normal compression and rebound curves of e-lnp.

3.1.5. Plastic Modulus

By applying the consistency condition (dF = 0) to Equations (8) and (9), Equation (10)
can be obtained.

Kp = − ∂F
∂pc

∂pc

∂ε
p
v

∂G
∂p

(10)

According to the equation of the yield surface and the associated flow rule, the
following equation can be obtained as follows:

Kp = (p + d)pc p
1 + e0

λ − k
(2p − pc + d) (11)

3.1.6. Loading Criteria

The following modes were taken for the loading criteria in the study.
∂F
∂σij

dεij > 0, the loading state.

∂F
∂σij

dεij = 0, the neutral state.

∂F
∂σij

dεij < 0, the unloading state.

3.2. Numerical Implementation

In the study, the improved Euler integral algorithm [30] was used. The strain increment
(∆εn+1) was divided into a series of substrain increments according to time so that the
substrain increment (∆εss) can be given as ∆εss = ∆T∆εn+1. The time increment of the
substep length (∆T, 0 < ∆T < 1) was controlled by astringency and error criteria. The
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UMAT subprogram was programmed in ABAQUS by Fortran language to realize the
boundary surface model of remolded saturated silt mentioned above.

By comparing the dynamic triaxial test results of silt with different compaction degrees
in the literature [31], the consolidated undrained dynamic triaxial test was conducted for
simulation and verification. In the dynamic triaxial test, the diameter and the height of
the cylindrical samples are 39.1 mm and 80 mm, respectively. At the beginning of the
test, isotropic stress was applied to the samples, and isotropic consolidation was carried
out. After the samples were consolidated and stabilized, vertical load (σd) was applied.
A half-sine waveform with a frequency of 1 Hz was used for the dynamic load. Table 2
presents the simulation scheme for the dynamic triaxial test, while Table 3 enlists the
material parameters of saturated silt samples with different dry densities. In the study,
the number of cyclic vibrations in the test reached 105, and the development trend of the
cumulative strain of the samples stabilized after 1000 cycles. In the study, only the first
1000 loading cycles were simulated.

Table 2. Dynamic triaxial simulation scheme.

Samples Dynamic Stress Ratio Frequency/Hz Dry Density/g·cm−3 Void Ratio

A 0.30
1

1.80 1.14
B 0.45 1.86 0.97
C 0.50 1.79 1.16

Table 3. Material parameters of saturated silt samples with different dry densities.

Samples Cohesive
Force/kPa

Internal
Friction
Angle/◦

Compression
Gradient λ

Rebound
Gradient κ

Poisson’s
Ratio ν

Gradient
of Failure

Line M

Model
Constant ξ

Atmospheric
Constant

/kPa

Model
Constant ς

A 28.0 41.75
0.25 0.15 0.2 1.4 10 101.325 3.225B 30.9 48.86

C 27.5 40.57

Figure 6 compares the experimental results of the dynamic triaxial test and simulation
results with the confining pressure of 80 kPa. The development trend of the simulated
cumulative axial strain is consistent with that of the experimental results, with minor
deviations, and the maximum error is near 10%. The error of sample B is relatively large
because there is a certain deviation in the simulation of small deformation. In the actual
dynamic triaxial test, as the cumulative strain reaches 10%, the standard for stopping the
test is achieved, and it is easy to achieve better simulation effects in the simulation of
large deformation. Therefore, the constitutive model established in the study can better
reflect the dynamic characteristics of saturated silt and describe the development trend of
cumulative axial strain in saturated silt accurately.
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4. Numerical Simulation of Subsoil Deformation
4.1. Simulation of Aircraft Loading

In the study concerning aircraft loading, only the moving load during aircraft sliding
was studied. B-737-800, a typical aircraft type, was selected for numerical simulation of silt
subsoil deformation under aircraft loading. Moving constant loading and moving vibration
loading were used to simulate the aircraft loading. The type of vibration loading was
regarded as stable sine waves. Considering aircraft weight and the impact of aircraft lift,
the mathematical relationship model of dynamic load coefficient, aircraft sliding speed,
and international roughness index (IRI) for airport pavement was used [32]. The maximum
dynamic load coefficient of 1.1576 in the most unfavorable condition is taken, i.e., at the
speed of 15 m/s, and the diameter of the outer tire is 1.105 m [33].

In the existing pavement design methods, a rectangle and two semicircles are generally
used to represent wheel marks. The load was simplified into a rectangle distributed loading
through equivalent analysis, which was convenient for grid division and loading arrange-
ment in finite element analysis [34]. The thickness of the tires and the moving direction
of the aircraft have no influence on the distribution characteristics of the aircraft loading.
Figure 7 shows the wheel marks of the main landing gear for B-737-800.
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Figure 7. Wheel marks of the main landing gear for B-737-800.

With the sliding speed of 15 m/s for B-737-800, the relationship between pressure and
time was obtained as follows:

P737 = 1212.70 + 191.12 sin(27.14t)(kPa) (12)

When the aircraft first slid, the maximum and minimum values of the aircraft loading
appeared at the time points of 0.3 s and 1.1 s, respectively. In addition, the speeds of 10 m/s
and 20 m/s were taken as the control group for follow-up analysis, and the dynamic load
coefficients under the speed of 10 m/s and 20 m/s were taken as 1.1470.

The editable UMAT subroutine provided by numerical analysis software (ABAQUS
6.14) was applied to write the code of the moving load at a certain speed in the load-
moving zone, and then the written subroutine was applied in numerical analysis software
(ABAQUS 6.14). The numerical calculation model is established in finite element numerical
analysis software (ABAQUS 6.14). The subprogram was written in Fortran language.

4.2. Simulation Scheme

According to the literature [35], the pavement surface, base layer, and cushion layer of
the airport runway were all simulated by the elastic model. Table 4 presents the material
parameters of each runway layer. The materials of the silt subsoil were given to different
runway layers according to different compaction degrees. In combination with the above-
mentioned triaxial test results, material parameters of the silt at different depth of the
subsoil are shown in Table 5. The total thickness of the airport runway is 10.96 m.

In the numerical model established by the finite element analysis software (ABAQUS
6.14), X represents the transverse direction of the airport runway. Y was the heading direction
of the aircraft, and Z was the depth direction of the runway. The deformation at the bottom
of the model was restricted, and the transverse deformation at the side of the model was
restricted. Figure 8 shows the grid division of the runway model. ‘C3D8P’ represents the pore
pressure element, and ‘C3D8R’ represents the plane stress element in software (ABAQUS
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6.14). ‘C3D8R’ unit was used as the grid type of the pavement surface, base layer, and
cushion layer. Considering the effect of pores and seepage, ‘C3D8P’ unit was used as the
grid type of the silt subsoil, and grid refinement was performed only on the main scope
affected by aircraft loading in grid division.

Table 4. Material parameters of each pavement layer.

Layers Material
Types

Thickness
/cm

Density
/kg·m−3

Elastic Modulus
/MPa

Poisson’s
Ratio Damping

Pavement surface Cement concrete 36 2400 32,900 0.167 0.8
Base layer Cement stabilized macadam 30 2300 3000 0.30 0.8

Cushion layer Natural grit 30 2300 1200 0.35 0.8

Table 5. Material parameters of the silt at different depth of the subsoil.

Depth/m Cohesive
Force/kPa

Internal
Friction
Angle/◦

Compression
Gradient λ

Rebound
Gradient κ

Poisson’s
Ratio ν

Gradient
of Failure

Line M

Model
Constant

ξ

Atmospheric
Constant

/kPa

Model
Constant ς

0–1 29.7 45.2
0.016 0.005 0.3 1.4 10 101.325 1.2251–4 28.1 43.4

4–10 24.2 38.4
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A case study was conducted on B-737-800 aircraft to investigate the subsoil deforma-
tion under cyclic loading. In total, 50 cycles were studied initially to evaluate the preliminary
development trend of cyclic loading. The aircraft speed was 15 m/s, and the length, width,
and height of the numerical model were 30 m, 20 m, and 10.96 m, respectively. The com-
paction degrees of the subsoil in the ranges of 0–1 m, 1–4 m, and 4–10 m were 97%, 94%,
and 91%, respectively, and the subsoil model with the overall compaction degree of 94%
was set as the control group.

4.3. Analysis of Subsoil Deformation Results
4.3.1. Impact Analysis of Cyclic Loading
Deformation Analysis of Single Point

Analysis of subsoil deformation under cyclic loading was carried out with the aircraft
type of B-737-800. Figure 9 shows the reference points under the cyclic loading during the
process of aircraft sliding.

Figure 10 shows the vertical deformation diagram of the reference point under the
moving cyclic loading. When the aircraft loading was loaded for the first time, the elastic
deformation of 5 mm was quickly generated on the surface of the silt subsoil. As the aircraft
passed, the elastic deformation recovered, and the plastic deformation accumulated at
this point. The development trend of the elastic deformation was different from the stable
development state of deformation in results of dynamic triaxial tests, because the model is
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larger, and the time increment step is too large to converge during the calculation process of
ABAQUS. ABAQUS automatically reduces the step size and continues the analysis, which
results in slight differences in results of elastic deformation.
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In dynamic triaxial tests, the limit standard for the plastic stable state of soil fillers is
obtained when the development rate of the plastic strain reaching 10−5 [36,37]. As is shown
in Figure 10, as the number of loading cycles increases, the volume of silt porosity decreases
rapidly. The deformation of silt caused by the decrease of porosity volume gradually
decreases, so the rate of development of deformation decreases. when the number of
cycles is 50, the vertical deformation on the surface of the silt subsoil reaches 3.65 mm. The
cumulative plastic deformation is from 3.43 mm to 3.65 mm, as the cyclic times varies from
30 to 50. According to the relationship between small strain and deformation, as the depth
of the silt subsoil is 10 m, the surface strain of silt subsoil is about 8 × 10−6 when the cyclic
times varies from 30 to 50. After 50 cycles of dynamic loading, the porosity volume of the
silt is very small, and the compressibility of the silt is low. Therefore, when the number of
cycles reaches 50, it is considered that the silt subsoil initially reached a stable state.

By comparing the deformation of the subsoil with layered compaction and that with
the overall compaction degree of 94% under moving cyclic loading, the deformation of
single point on subsoil with different compaction conditions under cyclic loading is shown
in Figure 11. Table 6 shows the vertical deformation on the surface of the silt subsoil with
different compaction conditions at different time during the single sliding of aircraft.

Seen from Figure 11, the two conditions present the same deformation development
trend as the number of cycle increases. However, due to the lower compaction degree (91%)
of soil at the bottom of the subsoil with layered compaction, the load transferred to the
bottom of the subsoil leads to greater deformation. Therefore, in the analysis process of
cyclic loading, the vertical deformation generated by layered compaction is greater than
that of the subsoil with an overall compaction degree of 94%. The ratio of the cumulative
plastic deformation of the subsoil under layered and overall compaction after each loading
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cycle is shown in Figure 11. The ratio is larger in the initial loading process, because the
initial plastic deformation of the subsoil with the overall compaction degree of 94% is
minimal. As the number of cycles increase, the ratio of the cumulative plastic deformation
decreases first and then stays stable. The maximum deformation under two conditions
in the initial loading process are similar. However, with the increase of loading cycles,
the cumulative plastic deformation of the subsoil with the overall compaction degree of
94% reaches about 1.25 mm, and the ratio of the cumulative plastic deformation of the
subsoil finally reaches 2. It indicates that the long-term deformation of silt subsoil under
actual compaction conditions may exceed the limit. Therefore, in actual engineering, the
compaction degree of the subsoil with the depth from 4 m to 10 m should be attached more
importance, when the subsoil is compacted by layers.

Table 6. Vertical deformation on the surface of the silt subsoil.

Compaction Degree Maximum Vertical Deformation/mm (t = 0.3 s) Maximum Vertical Deformation/mm (t = 1.1 s)

94% 2.15 1.50
97%, 94%, 91% 2.20 1.52
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Analysis of Overall Deformation

On the top of the silt subsoil (Z = 10 m), the path in the middle of the subsoil (Y = 10 m)
was selected to analyze the overall deformation of the silt subsoil under cyclic loading.
Figure 12 shows the vertical deformation of the runway under different loading cycles. The
vertical deformation under the concentration area of aircraft loading gradually increased
with the increase of cycles. The maximum instantaneous deformation at the top of the silt
subsoil under initial loading was about 2 mm. When the number of cycles increased from 1
to 10, the increase extent of vertical deformation is about 77.07%. As the number of cycles
increased to 50, the increase of deformation decreased gradually. The vertical deformation
stayed stable with 30 to 50 cycles, and the increase extent of vertical deformation is about
1.66%. When the concrete panel was regarded as a whole, the subsoil was subjected to
instantaneous loading locally, which caused the subsoil hollow under the action area of
aircraft loading. It also led to the slight upwarp of the surrounding pavement slabs. As the
loading cycle increases from 1 to 10, the upward deformation on the edge of pavement slabs
increased significantly. As the loading cycles increase, the increase of vertical deformation
gradually decreased and then stayed stable.
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4.3.2. Impact Analysis of Load Frequency

When B-737-800 aircraft moved at the speed of 10 m/s and 20 m/s, the relationship
between airport loading and time were given as follows:

P10 = 1212.70 + 178.26 sin(18.10t)(kPa) (13)

P20 = 1212.70 + 178.26 sin(36.20t)(kPa) (14)

The cumulative deformation of the silt subsoil was analyzed when the aircraft moved
at the speed of 10 m/s and 20 m/s, respectively. The influence of loading frequency on the
deformation of layered compaction subsoil was studied. Figure 13 showed the develop-
ment trend of vertical deformation on the surface of the subsoil under different loading
cycles. When the moving speed of the aircraft changed, the simulation result of subsoil
deformation changed. The development trend of deformation stayed unchanged under
different moving speed of aircraft. Obvious phenomena of elastic deformation and plastic
residual deformation were observed. At the initial loading stage, when aircraft moved
at a speed of 20 m/s, the plastic deformation on the surface of the silt subsoil increased
rapidly. The plastic deformation gradually stabilized as load cycles increased, and the
increase rate decreased. The strain developed rapidly when the aircraft moved at the speed
of 10 m/s. The reason was that the plastic deformation could not be formed completely
when the speed increased. When the aircraft moved at the speed of 10 m/s, with the
sufficient retention time of aircraft loading, the plastic deformation developed adequately.
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Compared with Figure 10, the main influencing factor of the subsoil deformation was
the value of aircraft loading under different loading frequencies. Therefore, appropriate
parameters of compaction degree in layered compacted subsoil are important to control the
subsoil deformation under the maximum aircraft loading, so as to meet the requirements
of the specification.

5. Conclusions

Based on the dynamic and static parameters of remolded silt, a dynamic constitutive
model for remolded saturated silt that could consider the effect of dry density was estab-
lished. The UMAT material subprogram was developed and written. The validity and
accuracy of the numerical model developed in the study were verified by the simulation
results of dynamic triaxial tests. The main conclusions are as follows:

• Based on the layered filling of the silt subsoil of Hohhot new airport, the numerical
model of airport runway is established. Based on the established dynamic constitutive
model for remolded saturated silt, through the UMAT subprogram, the moving cyclic
loading of aircraft on the pavement was achieved. Through numerical simulation, the
influence of compaction degree on the deformation of silt subsoil under moving cyclic
loading of aircraft was revealed.

• As the number of cycles increase, the development rate of deformation gradually
decreases, and the deformation of silt subsoil stays stable after 50 loading cycles.
The cumulative plastic deformation of the saturated subsoil compacted by layers
under 50 cycles of dynamic aircraft loading reaches 3.65 mm. After the same loading
cycles, the cumulative plastic deformation of the subsoil with layered compaction is
twice than that with overall compaction. This indicates that the selection of combined
parameters of compaction degree is crucial for the subsoil compacted in layers.

• A control group with different speeds of 10 m/s and 20 m/s was set to explore the
influence of loading frequency on subsoil deformation. The development trends of
cumulative plastic deformation stays unchanged as the aircraft speed is 15 m/s. At
the aircraft speed of 10 m/s, the long residence time of loading makes it easier to form
accumulative plastic deformation. Therefore, in practical engineering, to ensure that
the compaction degree of subsoil meets the requirements of long-term deformation
control, the compaction degrees of subsoil with the depth from 4 m to 10 m should be
controlled and paid more importance.
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