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Abstract Through a self-developed model test system the
mechanical properties of silt and the deformation
characteristics of airport runways were investigated during the
period of subgrade wetting. Based on the test results the
reliability of the numerical simulation results was verified.
Numerical models with different sizes were established. Under
the same cushion parameter and loading width ranges the
effects of the cushion parameters and loading conditions on the
mechanical responses of the cushion before and after subgrade
wetting were analyzed. The results show that the internal
friction angles of silt with different wetting degrees are
approximately 34°. The cohesion is from 8 to 44 kPa and the
elastic modulus is from 15 to 34 MPa. Before and after
subgrade wetting the variation rates of the cushion horizontal
tensile stresses with the same cushion parameters and loading
width ranges are different under the influence of boundary
effects. After subgrade wetting the difference in the variation
rates of the cushion horizontal tensile stresses under the same
cushion parameter range decreases compared with that before
subgrade wetting however this difference increases under the
same loading width range. Before and after subgrade wetting 
the influence of the boundary effect on the mechanical
response evaluation of the cushion is not beneficial for
optimizing the pavement design parameters. When the cushion
thickness is more than 0. 25 m the influence of the boundary
effect can be disregarded.
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T he pavement cushion which is a critical layer of
pavement structure significantly influences the serv-

ice performance of the subgrade under aircraft load-

ing 1 3 . The mechanical properties of the filling silt of the
airport runway are considerably affected by water con-
tent 4 6 . During airport loading the localized wetting
problem often occurs in the shallow silt subgrade 7 8 . The
stress state of the cushion is largely affected by the une-
ven deformation of the silt subgrade because of subgrade
wetting which ultimately leads to pavement dam-
age 3 9 10 . Thus the analysis of the stress behavior of the
cushion with different cushion parameters under the influ-
ence of subgrade wetting is relevant.
　 Field 11 12 and laboratory 13 16 tests were adopted to as-
sess the stress behavior of the pavement structure caused
by traffic loads. The influence of different composite ma-
terials temperatures loading amplitudes and loading
frequencies on the bottom strain of asphalt pavement lay-
ers was examined through field investigation 17 . Mean-
while a prediction model for calculating the accumulated
strain was proposed. Zhang 18 analyzed the influence of
the pavement parameters loading conditions and contact
states between pavement layers on the pavement strain
and determined the evolution characteristics of pavement
strain. In summary the field test is costly and many
complicated factors are uncontrollable. However the
boundary effect of the model needs to be considered for
the laboratory test.
　 Previous studies have shown that the influence of the
boundary effect on laboratory experiments cannot be dis-
regarded. For the upper hard and lower soft subgrade lay-
ers Cao et al.  19 provided a formula for calculating the
dynamic stress attenuation of the subgrade with different
model sizes and the reliability of the calculation formula
was verified in engineering practice. Kuo et al.  20 inves-
tigated the mechanical response of the pavement caused
by a falling hammer in roadbed compaction tests with dif-
ferent model sizes and identified the appropriate model
size. The aforementioned studies indicate that the model
size is the main evaluation factor of the boundary effect 
but their findings regarding the boundary effect over-
looked the influence of water. Meanwhile under the in-
fluence of the water the applicability of their conclusions
regarding the boundary effect still needs to be further
proven.
　 In actual airport engineering the wetting problem of



the subgrade occurs frequently 21 22 . Under the influence
of the boundary effect of a model test quantitative analy-
sis of the stress behavior of the cushion induced by air-
craft loading and subgrade wetting is still lacking. Thus 
this study conducted a mechanical response test for wet-
ting silt subgrade and the deformation development
trends of the cushion caused by subgrade wetting were de-
termined. A validated numerical model was also estab-
lished to analyze the influence of the boundary effect on
the stress behavior of the cushion with subgrade wetting.
The results can provide recommendations for avoiding the
boundary effects and selecting size in similar subgrade
model tests.

1　 Experimental Procedures
1. 1　 Model test design

　 Based on the specifications of the airport runway de-
sign 23  the actual size of a single slab and the wheel dis-
tribution of an A380 aircraft were selected in the design of
the model test. Under wetting conditions of the silt sub-
grade to assess the impact of the boundary effect on the
mechanical behavior of the cushion induced by aircraft
loading a loading test device was manufactured and re-
ported in Ref.  24 . The sizes of the physical model box
are 2. 0 2. 0 and 1. 8 m. The sensors embedded in the
physical model include the settlement and volumetric wa-
ter content sensors.

1. 2　 Materials

　 The runway in the model test was composed of the
cushion and the subgrade. The particle grading curve of
the cushion and the silt material have been reported in
Ref.  24  . The optimized water content and maximum
dry density of the silt sample are 16% and 1 890 kg / m3  
respectively. From the code for airport runway design 24  
a compaction degree of 95% was selected and the thick-
nesses of the cushion and subgrade were 0. 15 and 1. 45
m respectively. The materials used in the model test
were fully consistent with the actual engineering materi-
als and the thickness of the cushion was the same as that
in the real case. The physical model test results were used
to verify the behavior of the cushion and subgrade under
loading in the numerical model thus the similarity prin-
ciple is not considered. To avoid the uneven compaction
problem during sample preparation and moisture change
in the soil mixing process the compaction degree of the
silt material in layers was checked.

1. 3　 Experimental scheme

　 Given the interaction between the adjacent pavement
slabs and the largest uneven loading condition the stress
distributions of Slab No. 2 and No. 6  with high stiff-
ness in Ref.  24  were selected as the loading condi-
tions. From the specifications 25  the breadth of the con-

crete slab exceeds four times the thickness of the base
course. Thus the stress diffusion effect during stress
transmission in the pavement layers is not considered.
The stresses of Slab No. 2 and No. 6 transferred to the
cushion surface are 99. 03 and 29. 62 kPa respectively.
Six wetting processes were conducted in the model
test 24  and the injection volume of the water remained
unchanged during every single wetting process.

2　 Verification of the Numerical Model
2. 1 　 Direct shear and consolidation tests of the wet-

ting silt sample

　 To establish a numerical model corresponding to the
model test the basic parameters of the wetting silt sample
need to be determined. This section mainly introduces the
direct shear and consolidation tests of the silt samples
with various wetting degrees. The relationship between
the compressive modulus  Es  and the elastic modulus
 E is expressed as follows 

E = Es 1 - 2μ2

1 - μ( )  1 

where μ is the Poisson􀆳s ratio. The silt sample has been
presented in Ref.  24 .
　 The evolution characteristics of the deformation and
strength parameters are listed in Tables 1 and 2 respec-
tively. The elastic modulus and cohesion of silt have a
quadratic function relationship with the degree of satura-
tion. The cohesion is from 8 to 44 kPa and the elastic
modulus is from 15 to 34 MPa. The wetting degree of the
silt material has limited influence on the internal friction
angle and it remains at approximately 34°.

Table 1　 Deformation parameters of silt with different degrees
of saturation
Degree of saturation / % 42 54 70 86 97
Elastic modulus / MPa 28 34 32 19 15

Table 2 　 Strength parameters of silt with different degrees of
saturation
Degree of saturation / % 43 55 65 76 87 98
Cohesive / kPa 24 44 38 15 8 5
Friction angle /  ° 33 36 30 29 36 35

2. 2 　 Introduction and verification of the numerical
model

2.2. 1　 Distribution of the water field of the silt sub-
grade

　 The evolution characteristics of the water field of the
silt subgrade have been discussed in Ref.  24 . The silt is
close to a saturated state at the bottom of the subgrade
during the process of the entire test. The degree of satura-
tion at the shallow part of the subgrade shows an increas-
ing trend until it increases to the same value as that at the
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middle of the subgrade. The silt at the bottom of the sub-
grade gradually reaches a saturated state. The analysis in-
dicates that silt has a poor water retention capability and a
strong water sensitivity.
2. 2. 2　 Verification of the numerical model
　 The ABAQUS numerical analysis software was chosen
to establish the numerical model. The cushion and silt
subgrade were simulated by a 3D solid element and the
grid of the loading area is locally densified. The Mohr-
Colomb model was chosen as the constitutive model. The
deformations on the side and bottom of the numerical

model were constrained. The composition and size of the
numerical model are shown in Fig. 1. The numerical
model was completely consistent with the model test.
Aircraft static loading was applied in the numerical mod-
el. According to the water field of the silt subgrade and
the basic mechanical parameters of the silt material with
various wetting degrees the parameters of the silt materi-
al were assigned to the subgrade at various depths. The
other parameters of the numerical model are listed in
Table 3.

Table 3　 Basic parameters corresponding to the numerical model

Part
Dry density /
 kg·m - 3)

Cohesive / kPa
Internal friction

angle / (°)
Elastic

modulus / MPa
Poisson􀆳s ratio Void ratio

Cushion 2 000 180 0. 25 0. 30
Subgrade 1 800 48. 6 28. 8 32 0. 35 0. 35

Fig. 1　 Wetting numerical model of the airport runway corre-
sponding to the experiment(unit:m)

　 Fig. 2 shows the evolution characteristics of the uneven
vertical deformation between measurement points during
the wetting process. The uneven vertical deformation un-
der loading gradually increases after a rapid increase as

Fig. 2　 Result verification of the numerical model

the wetting time increases. The uneven vertical deforma-
tion between measuring points shows a gradually increas-
ing trend as the wetting time increases. During the wet-
ting process, the setting of the cushion increases the inho-
mogeneous deformation of the runway under loading but
significantly decreases the inhomogeneous plastic deform-
ation of the runway. The evolution characteristics of the
numerical and experimental results are the same. Most of
the simulated values match the experimental results,
which indicates that the numerical model can exhibit
stress and deformation responses in real cases.

3 　 Stress Responses of the Cushion under the
Boundary Effect

3. 1　 Numerical simulation

　 With different thicknesses and elastic moduli of hill-
skill stone cushions, as well as different loading widths,
the influencing mechanism of the boundary effect was an-
alyzed using the verified numerical models with different
model sizes in each numerical condition. The values of
the sizes and width of each numerical model are the same
in each numerical calculation condition. The composition
of the numerical model and the calculation conditions are
summarized in Table 4. The initial size of the model is
2. 0 m. The size of the model in each calculation condi-
tion in Table 4 is changed to 1. 6, 2. 0, 2. 4, 2. 8, and
3. 2 m. The other parameters in each calculation condi-
tion remain unchanged except for model length.

3. 2 　 Boundary effect on the stress responses of the
cushion under different loading conditions

　 The variation coefficient is the ratio of the peak hori-
zontal tensile stress to the initial stress. Fig. 3 shows the
evolution characteristics of the variation coefficient of the
transverse peak tensile stress (S11) of the cushion with
different cushion parameters and model sizes. As shown
in Figs. 3(a) and (b), the transverse peak stress decreases
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Table 4　 Simulation conditions
Condition

No.
Thickness of

the cushion / m
Elastic modulus of
the cushion / MPa

Loading
width / m

1 0. 15 200 0. 45
2 0. 20 200 0. 45
3 0. 25 200 0. 45
4 0. 30 200 0. 45
5 0. 25 800 0. 45
6 0. 25 1 400 0. 45
7 0. 25 2 000 0. 45
8 0. 25 200 0. 35
9 0. 25 200 0. 55
10 0. 25 200 0. 65

as the cushion thickness increases, and the variation rate
gradually decreases. However, when the cushion thick-
ness is less than 0. 20 m, the reduction rate of the lateral
peak stress first decreases and then increases as the model
size increases. When the cushion thickness is more than
0. 25 m, the boundary effect has only a slight influence
on the mechanical response of the cushion. After sub-
grade wetting, the influence of the boundary effect de-
creases, and the reduction effect of the thickness of the
cushion on the transverse peak stress increases.

(a) 　 　 　 　 　 (b)

(c) 　 　 　 　 　 (d)

(e) 　 　 　 　 　 ( f)
Fig. 3　 Variation coefficient of S11 under different cushion parameters. (a) Thickness before subgrade wetting; (b) Thickness after sub-
grade wetting; (c) Elastic modulus before subgrade wetting; (d) Elastic modulus after subgrade wetting; (e) Loading width before subgrade wet-
ting; ( f) Loading width after subgrade wetting
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　 As shown in Figs. 3(c) and (d), with different model
sizes, the increase rate of the transverse peak stress gradu-
ally decreases with the increase in the cushion elastic
modulus. Before subgrade wetting, the increase rate of
the transverse peak stress caused by the increase in the
cushion elastic modulus is proportional to the model size,
which also indicates that the influence of the boundary
effect increases. After subgrade wetting, the increase rate
of the lateral peak stress caused by the increase in the
cushion elastic modulus significantly decreases, and the
difference in the variation rate of the lateral peak stress
decreases with different model sizes, which indicates that
the influence of the boundary effect is reduced.
　 As shown in Figs. 3(e) and ( f), before subgrade wet-

ting and with different model sizes, the increase rate of
the lateral peak stress first increases and then decreases
with the increase in the loading width by 0. 55 m. After
subgrade wetting, the variation rate of the lateral peak
stress with different loading widths significantly increa-
ses. With different model sizes, as the loading width in-
creases, the lateral peak stress shows a two-stage linearly
increasing trend, and the increase rate of the lateral peak
stress gradually decreases, which indicates that the influ-
ence of the boundary effect increases. As the loading
width increases from 0. 45 to 0. 55 m, the increase rate of
the lateral peak stress remains constant.
　 With different model sizes, Fig. 4 shows the evolution

(a) 　 　 　 　 (b)

(c) 　 　 　 　 (d)

(e) 　 　 　 　 ( f)
Fig. 4　 Variation coefficient of S22 under different cushion parameters. (a) Thickness before subgrade wetting; (b) Thickness after sub-
grade wetting; (c) Elastic modulus before subgrade wetting; (d) Elastic modulus after subgrade wetting; (e) Loading width before subgrade wet-
ting; ( f) Loading width after subgrade wetting
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characteristics of the variation coefficient of the longitudi-
nal peak tensile stress (S22) of the cushion with different
parameters before and after subgrade wetting. As shown
in Figs. 4(a) and (b), the longitudinal stress decreases
as the cushion thickness increases. When the model size
varies from 2. 0 to 2. 8 m, the decrease rate of the longi-
tudinal stress caused by the increase in the cushion thick-
ness remains nearly constant. After subgrade wetting, the
decrease rate of the peak stress increases, and the de-
crease rate of the peak stress gradually decreases because
of the increase in the cushion thickness. When the cush-
ion thickness is less than 0. 25 m, significant differences
in the variation characteristics of the longitudinal peak
stress can be detected. Before subgrade wetting, the lon-
gitudinal peak stress first increases and then linearly de-
creases with the increase in the cushion thickness. The in-
fluence of the boundary effect on the longitudinal peak
stress caused by the cushion thickness decreases after sub-
grade wetting.
　 As shown in Figs. 4(c) and (d), the evolution char-
acteristics of the longitudinal and transverse peak stresses
caused by the cushion elastic modulus are similar even
with different model sizes. The larger the model size be-
fore and after subgrade wetting, the higher the variation
rate of the longitudinal peak stress is. The increase rate of
the longitudinal peak stress caused by the increase in the
cushion elastic modulus gradually decreases. Within the
same range of the cushion elastic modulus, the increase
rate of the peak stress induced by the increase in the elas-
tic modulus of the cushion gradually increases with the in-
crease in the model size. The variation rate of the longitu-
dinal peak stress with the elastic modulus of the cushion
significantly decreases after subgrade wetting.
　 As shown in Figs. 4(e) and ( f), before and after sub-
grade wetting, the longitudinal peak stress linearly increa-
ses with the increase in the loading width. Before sub-
grade wetting, when the cushion thickness is more than
0. 55 m, with different model sizes, significant differ-
ences in the variation characteristics of the longitudinal
peak stress with the cushion thickness can be detected. As
the loading width increases from 0. 45 to 0. 55 m, the in-
crease rate of the peak stress caused by the increase in the
loading width is stable even with different model sizes.
After subgrade wetting, with the increase in the loading
width, the longitudinal peak stress linearly increases, and
the variation rate significantly increases. When the load-
ing width changes between 0. 45 m and 0. 55 m, the in-
crease rate of the longitudinal peak stress induced by the
increase in the loading width with different model sizes is
the same. After subgrade wetting, the variation rate of
the longitudinal peak stress with loading width significant-
ly increases under different model sizes, and the differ-
ence in the variation rate decreases, which indicates that
the influence of the boundary effect decreases.

4 　 Influence Parameters of the Mechanical Re-
sponses of the Cushion with Different Model
Sizes

4. 1　 Principle of gray correlation analysis

　 The gray correlation analysis method[26] is widely used
in the evaluation of the correlation degree or the analysis
of the sensitivity of various elements in the system. The
method can determine the influence degree of each main
factor of the system through strict mathematical matrix
operations and quantitatively characterize the sensitivity of
each main factor to changes.

4. 2　 Calculation method of gray correlation analysis

4. 2. 1　 Determination of the incidence matrix
　 To determine the influence of various experimental var-
iables on the stress response of the cushion, the peak hor-
izontal tensile stress of the cushion is selected as the eval-
uation indicator. Variables that affect the stress response
of the cushion ( i. e. , thickness, elastic modulus of the
cushion, and loading width) are selected as the compari-
son sequence (X), and the stress response indicators of
the cushion corresponding to each parameter are used as
the reference sequence (Y) . The specific form of the ma-
trix can be expressed as follows:
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4. 2. 2 　 Dimensionless processing of the incidence
matrix

　 Given different data types in the comparison and refer-
ence sequences, each datum has different dimensions and
numerical values. To avoid computational errors, varia-
tion is used as a dimensionless method to process various
elements in the matrix, and the following equation is em-
ployed for dimensionless processing:

x′ij =
x ij - minx i

maxx i - minx i
(4)

y′ij =
y ij - miny i

maxy i - miny i
(5)

4. 2. 3　 Calculation of gray correlation degree
　 After the dimensionless processing of the incidence ma-
trix, the difference sequence matrix can be obtained by
processing the data in the dimensionless matrix as fol-
lows:
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mij = x′ij - y′ij (6)

where mij is the element of the difference sequence ma-
trix.
　 The correlation coefficients (λ ij ) of different experi-
mental variables were calculated using the following equa-
tion:

λ ij =
mmin + γmmax

mij + γmmax
(7)

where γ is the resolution factor with the value usually
taken as 0. 5; mmax and mmin are the maximum and mini-
mum elements of the difference sequence matrix, respec-
tively. The correlation degree ranges from 0 to 1, and the
sensitivity of the experimental variables is higher when
the correlation degree is close to 1. The calculation for-
mula of the correlation degree (P i) for each influencing
factor is expressed as follows:

P i =
∑

n

j = 1
λ ij

n (8)

where P i reflects the influence degree of each factor.

4. 3　 Analysis of gray correlation calculation

　 Fig.5 shows the sensitivity diagram of the horizontal peak
stress of the cushion to different parameters with different
model sizes. The correlation of the horizontal stress to the
cushion thickness is relatively small with different model si-
zes. The correlation of the horizontal stress to the cushion
elastic modulus is hardly affected by the model size, and the
correlation of the horizontal stress to the cushion elastic
modulus is nearly the same. The correlation of the horizontal
stress to loading width is high with different model sizes.
Before subgrade wetting, the maximum difference in the
correlation of the horizontal stress to various influencing fac-
tors is close to 20% with different model sizes.

(a) 　 　 　 　 　 (b)

(c) 　 　 　 　 　 (d)
Fig. 5　 Influence degree of different factors on the horizontal stress of the cushion with different model sizes. (a) S11 before wetting;
(b) S11 after wetting; (c) S22 before wetting; (d) S22 after wetting

　 After subgrade wetting, the sensitivity of the horizontal
peak stress induced by the variation of loading width in-
creases with different model sizes compared with that be-
fore subgrade wetting. Meanwhile, the sensitivity of the
horizontal stress induced by the change in loading width
first decreases and then increases with the increase in the
model size. The maximum difference in the correlation of
the horizontal stress to various influencing factors is close

to 15% with different model sizes, and the difference in
the correlation decreases compared with that before sub-
grade wetting.

5　 Conclusions

　 1) Before subgrade wetting, the horizontal stress of the
cushion with different model sizes gradually decreases
with the cushion thickness, whereas the decrease rate

272 Luo Qiqi Yu Qian Zhang Sheng Ma Xinyan Ye Xinyu and Du Yinfei　



gradually decreases. The influence of the boundary effect
on the model test can be effectively reduced by the appro-
priate thickness and elastic modulus of the cushion. After
subgrade wetting, the decrease rate of the horizontal
stress of the cushion layer increases with the cushion
thickness, and the influence of the boundary effects on
the stress response of the cushion induced by different
cushion thicknesses is reduced.
　 2) Before subgrade wetting, the horizontal stress of the
cushion with different model sizes gradually decreases
with the cushion elastic modulus and loading width,
whereas the decrease rate gradually decreases. The influ-
ence of the boundary effect on the stress response decrea-
ses as the cushion elastic modulus increases. After sub-
grade wetting, the increase rate of the horizontal stress of
the cushion with the elastic modulus decreases, whereas
the increase rate of the horizontal stress of the cushion
with the loading width increases. The influence of the
boundary effects on the stress response of the cushion in-
duced by different elastic moduli decreases, and the influ-
ence of the boundary effects on the stress response of the
cushion induced by different loading widths increases.
　 3) Before and after subgrade wetting, the sensitivity of
the horizontal tensile stress to the change in the cushion
elastic modulus remains constant regardless of the model
sizes. After subgrade wetting, the sensitivity of the ten-
sile stress to the loading width increases, and the varia-
tion of the sensitivity to model size decreases. The re-
search was conducted under static loading. The influence
of the boundary effect on model tests under dynamic load-
ing and different types of aircraft loading will be consid-
ered in the future.
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粉土湿化作用下边界效应对垫层力学响应试验的影响

罗其奇1 　 余　 虔2 　 张　 升1 　 马新岩1,2 　 叶新宇1,3 　 杜银飞1,3

( 1 中南大学土木工程学院,长沙 410075)
( 2 民航机场规划设计研究总院有限公司岩土工程所,北京 100020)

( 3 湖南铁院土木工程检测有限公司,长沙 410075)

摘要:采用自研的模型试验系统,研究了道基湿化过程中粉土力学特性和机场跑道变形特征. 依据试验结果

验证了数值模拟结果的可靠性,并建立了不同尺寸的数值模型. 在相同垫层参数和荷载宽度区间条件下,研
究了道基湿化前后边界效应对垫层力学响应的影响. 结果表明,不同湿化程度粉土内摩擦角接近 34°,黏聚

力为 8 ~ 44 kPa,弹性模量为 15 ~ 34 MPa. 道基湿化前后,受边界效应影响,相同垫层参数和荷载宽度区间下

垫层水平拉应力的变化率并不相同. 道基湿化后,相同垫层参数区间下垫层水平拉应力变化率差异较湿化

前减小,相同荷载宽度区间下变化率差异却有所增加. 道基湿化前后边界效应对垫层应力响应评估的影响

不利于道面设计参数优化. 垫层厚度大于 0. 25 m 时,可忽略边界效应的影响.
关键词:道面垫层;粉土道基;湿化;边界效应;力学响应
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