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Abstract: In order to analyze the influence of replacement
depth of black cotton soil (BCS) foundation on the initial
cracking depth of a highway embankment, the laboratory tests
were performed to construct the constitutive relationship
between state variables and stress variables of BCS, and the
coupled consolidation theory for unsaturated soils was
employed to simulate the change in the major principal stress
of the subgrade soils caused by water loss shrinkage of BCS
with the help of Abaqus 6. 11 codes. The simulation results
indicate that the water losing shrinkage of BCS causes tensile
stress within the subgrade, which leads to embankment
cracking. The crack depth decreases with the increase in the
BCS replacement depth and the embankment height, and
increases with the increase in the burial depth of BCS. In the
distribution area of deep BCS, the key values of foundation
replacement depth for controlling the crack depth of the
embankment with the height of 1 to4 mare 1.2 and 1.5 m. In
the low filling section, when the buried depth of BCS is 2, 3
and 4 m, the key values of the foundation replacement depth
to control the crack depth of the embankment are 0.8 and 1.2
m. In order to control the embankment cracking induced by
the water losing shrinkage of BCS, a reasonable replacement
depth of the foundation should be selected while slope
protection is carried out well.
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lack cotton soil abounds in Kenya and is character-
B ized by its high expansive potential when exposured
to water'" !
ing soil cracking are the most commonly encountered en-
gineering problems in light

"I Similarly, the highway embankment construc-

. The water losing shrinkage and the follow-

construction on such

clays
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ted on expansive clays maybe cracks due to the water los-
ing shrinkage of the foundation soil. The initial cracking
behavior of the highway embankment on the expansive soil
is influenced by the hydraulic and geological conditions,
seasonal weather change, embankment height, burial depth
of expansive soil and more. The soil movement due to wa-
ter content changes in the expansive soil will result in the
deformations of the upper highway embankment, and addi-
tional stress occurs in those embankment soils if their de-
formations are restricted. The additional tensile stress will
cause cracks in the highway embankment if it exceeds the
ultimate tensile strength of the soil. The cracking reduces
the strength of the embankment soil, and provides a pas-
sage for rainfall infiltration'’!.
cline of the shear strength of the soil mass leads to the
slope failure of the highway embankment.

Much research on the initial cracking of the expansive
soil has been performed by the laboratory test, theoretical
analysis and numerical simulation to investigate the geo-
shape, propagating path and depth of the
crack'™® . Tang et al. "' observed the water losing process
of thin clay specimens and the evolution law of the soil
crack. The soil crack increased slowly in the early stage
of the evaporation following the fast extension, and the
crack distribution on the soil surface tended to be stable
when the moisture content was close to the shrinkage limit
of the clays. The crack extension was obviously influ-
enced by the air temperature, and there was a high crack
development at the high air temperature than the low air
temperature. With the help of the discrete element code,
Jun et al. """ researched the cracking mechanisms and de-

In consequence, the de-

metric

velopment. Wu et al.'"" calculated the change in the
moisture content of clays and the initial cracking depth of
the soil surface using the humidity stress field theory. Un-
fortunately, the focus of the research is on the water los-
ing shrinkage and cracking of the clays, but the embank-
ment soil cracking due to water losing shrinkage of the
expansive soil foundation attracts less attention. There-
fore, it is necessary to investigate the initial cracking of
highway embankment to determine the replacement depth
of the BCS foundation.

This paper presents the results of numerical research to
investigate the influence of the embankment height, BCS
thickness and replacement depth of BCS on the initial
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cracking behavior of the highway embankment based on - :17 de (8)
the coupled consolidation theory for unsaturated soils, > 1+e, u, —u,)
using Abaqus 6. 11 codes. As same as the highway em- N G, ow
bankment of the Southern Bypass in Nairobi, the numeri- ™y e, (o, —u,) )
cal model was established to investigate the initial crack- mw G, ow (10)

2

ing depth of the highway embankment through the change
in the maximum principal stress due to the water losing
shrinkage of the BCS foundation. For proposing the ra-
tional replacement depth of the BCS foundation, the ten-
sile stress distribution within the low embankment on deep
BCS was analyzed.

1 Modelling the Water Losing Shrinkage of Clays

1.1 The coupled consolidation theory for unsaturated
soils

Fredlund et al. " proposed the constitutive relation-
ships for volume change in unsaturated soils by using the
following two stress state variables:

de, =m\d(o,, —u,) +myd(u, —u,) (1)
dog=myd(o, —u,) +m,d(u, —u,) (2)

where dg, is the volumetric strain of the clays; dé is the
change in volumetric moisture content; ¢, is the mean net
normal stress; u, is the pore air pressure; u, is the pore
water pressure; o, — U, is the mean normal stress; u, —u,,
is the matric suction; m; is the compression coefficient re-
lated to the normal stress; mi; is the compression coeffi-
cient related to the matric suction; m, is the coefficient of
water change related to the normal stress; m; is the coeffi-
cient of water change related to the matric suction.

Using the mean normal stress and matric suction, the
void ratio and moisture content can be defined as

e=flo,—u,, u,—u,) (3)
wG, =g(o, —u,, u, —u,) 4)

where e is the void ratio of the clays; w is the gravimetric
moisture content; G, is the specific gravity of the clays; f
and g are the arbitrary functions.

The volumetric strain and change in the moisture con-
tent of the unsaturated soils can be written as

de
de, =(1 ve) (o, —uﬂ)A(U“‘ -u,) +
de
(1 +e0)a(ua—uW)A(ua_uW) (5)
awG,
dG:(] +e,) (o, —uu)A(o-“1 —u)
WG,
ACu, —u,) (6)

(1 +eo)8(ﬁa—uw)

The compression coefficients can be calculated by Egs.
(1), (2), (5) and (6) and written as

= 1 de
" l+e, a0, —u,)

(7)

"1 +e, o(u, —u,)

The water continuity equation of the unsaturated soil
can be obtained by soil water mass conversation if the wa-
ter is assumed to be incompressible.

1 {0/, dou,-u,) o, ou, —u,)
) 3
P&\ 0x ox ay ay
- o(u, — il -u,
i(k( a(u, —u,) +1))) e (u, —u,) o (o, —1,)
dz 0z ot ot
(11)

where p,, is the density of water; p, is the dry density of
the soils; g is the acceleration of gravity; k is the hydrau-
lic conductivity; C, is the specific water capacity of the
soils.

1.2 Constitutive surface for unsaturated soils of BCS
1.2.1 Properties of BCS

The BCSs were sampled from a site at a depth of 1.0
m below the organic matter located at the Southern By-
pass in Nairobi. The properties of BCS measured in ac-
cordance with JTG 3430—2020""" are presented in Tab.
1. BCS was characterized by the high clay content, plas-
ticity index and water swelling potentiality.

Tab.1 Engineering properties of BCS

Properties Values
Silt content (2 to 75 wm)/% 48
Clay content ( < 2 pm)/% 52
Specific gravity G, 2.61
Liquid limit/ % 72.6
Plastic limit/ % 38.9
Plasticity index/ % 33.7
Free swell index/ % 113.4

1.2.2 Test methods

The specific gravity of soils was measured in accord-
ance with TO112—1993 (JTG 3430—2020)""', and the
test results are presented in Tab. 1.

The swell-consolidation test was performed by follow-
ing the Chinese standard'"”’. The specimens (61.8 mm
diameter and 20 mm length) were firstly prepared at a
natural moisture content and dry density. Then, the spec-
imens were placed in a consolidator. After soaking in wa-
ter, the specimens would expand vertically under the pre
pressure of 1 kPa. After expansion was stabilized, the
specimens were loaded. The load grade and stability
standard under each level of load met the requirements of
T0125—1993 (JTG 3430—2020).

The free shrink test was performed on the cylindrical
specimens (61.8 mm diameter and 20 mm length) in ac-
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cordance with the method proposed by Briaud et al'**.

The specimens were prepared at optimum moisture content
and maximum dry density. After vacuum saturation, the
specimens were pressed out from the ring-knife with a per-
meable stone, and the size and mass of the specimens were
measured. The thickness and diameter were measured ev-
ery 120 C along the specimen surface. Then, the speci-
mens were placed vertically on the test bench for free
shrinkage. The changes in the mass, thickness and diame-
ter of the specimen with time were recorded. Finally, the
specimens were oven-dried to measure the weight.

The suction of soils was measured by using the What-
man Grade 42 quantitative filter paper according to the ex-
isting research”. The specimens (61.8 mm diameter and
20 mm length) with different moisture contents were firstly
prepared. Three pieces of filter paper (55 mm diameter)
were overlapped on the upper surface of the lower speci-
men, and then the upper specimen was placed above the
filter paper and pressed lightly to make the filter paper and
the specimens in close contact. The upper and lower speci-
mens were tightly wrapped with plastic film and then
sealed with wax, and placed in a constant temperature en-
vironment for 12 d. After the water exchange between the
filter paper and the sample was balanced, the filter paper
was taken out and weighed before and after drying. The
test procedure of the measuring suction of BCS using filter
paper is shown in Fig. 1. The matric suction of BCS under
different moisture contents can be calculated by the calibra-
tion relationship between the equilibrium moisture content
of the filter paper and the corresponding matric suction.
1.2.3 Boundary curves and constitutive surfaces

Six boundary curves are needed to construct the consti-
tutive surface for the unsaturated soils of BCS. The void

0.5¢
0.4]
0.3
02

(b) (o)
Test procedure of measuring suction of BCS by filter

Fig. 1
paper. (a) Specimens and filter paper; (b) Wrapped with plastic film;

(c) Sealed with wax

ratio versus the mean normal stress curve (e vs. (o, —
u,)), moisture content versus the matric suction curve (w
vs. (u, —u,)) and free shrinkage curves (e/S vs. w) were
obtained by the swell-consolidation test, suction test and
free shrinkage test, respectively. Here, S is the degree of
saturation. The test results and the regression curves are
presented in Fig.2. During the one-dimensional consolida-
tion test, for any mechanical stress level, S = 100%.
Hence,
stress curve (w vs. (o, —u,)) can be obtained by apply-
ing the relationship Se =wG,. The w vs. (u, —u,) curve
and e vs. w curve are combined together to obtain the
void ratio versus matric suction curve (e vs. (u, —u,)).
Once e vs. (u, —u,) curve is obtained, the degree of sat-
uration versus the matric suction curve (S vs. (u, —u,))
can be established by combining the w vs. (u, — u,)
curve and the relationship Se = wG,. So far, six boundary

the moisture content versus the mean normal

curves, namely e vs. (o, —u,), wvs. (o, —u,), SVs.
(o, -u,), evs. (u,—u,), wvs. (u, —u,) and S vs.
(u, —u,) curves, have been established completely.

The straight-line interpolation was performed to con-
struct the constitutive surface for the unsaturated soils of
BCS using those curves as the boundary curves. The con-
stitutive surface for the unsaturated soils of BCS is pres-
ented in Fig. 3.

1.2

[w Test data(e)
| @ Test data(S)__'!.S----'-

i

. /"‘— Regression curve(e=f(w))

0.9
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(0,,—u,)/kPa
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(u,—u,)/kPa
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Fig.2 Experimental results for BCS and regression curves. (a) e vs. (o, —u,); (b) wvs. (u, —u,); (c) e/Svs. w

e )/:{’ Pa 63 \0%\&\\5 o

(¢)

Fig.3 Constitutive surface of BCS. (a) Void ratio constitutive surface; (b) Degree of saturation constitutive surface; (¢) Water content consti-

tutive surface
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1.3 Unsaturated hydraulic conductivity

The direct measurement of the hydraulic conductivity
of the unsaturated soil is very difficult. Many indirect
predictive methods of unsaturated hydraulic conductivity
were proposed based on the size and shape distribution of
soil porosity. The hydraulic conductivity of the unsaturat-
ed soil can be predicted by the soil-water characteristic
curve (w vs. (u, —u,)) if the saturated hydraulic conduc-
tivity of the clays is known.

Three methods such as Green R E model, van Genu-
chten M model and Fredlund and Xing model have been
widely employed in the prediction of the unsaturated hy-
draulic conductivity. Here, the van Genuchten M model
was employed to predict the unsaturated hydraulic con-
ductivity of BCS, which can be written as''”

K —u )=k Lol —u) 0L Hat, —u,) 177

; L1+ [a(u, —u,) "]
(12)

where K(u, —u,) is the unsaturated hydraulic conductivi-
ty of the clays related to the matric suction; K, is the sat-
urated hydraulic conductivity of the clays; a, m and n are
regression parameters, m =1 —1/n.

The unsaturated hydraulic conductivity of BCS is pres-
ented in Fig. 4. Here, K, a, m, and n are 2. 95 X 10°°
m/s,0.002,0.206, and 1.26, respectively.

Saturated hydraulic conductivity
2.95x10° m/s

%-\ 1078 —
10710
10712
1074
107

1078

Hydraulic conductivity/(m -

10—20 1 1 1 1 1 - 1
10 100 102 10° 10* 10° 10°
Matric suction/kPa
Fig.4 Variation of hydraulic conductivity with matric suction

for BCS

2 Numerical Simulation of Highway Embank-
ment on BCS

The unsaturated seepage and stress changes in the high-
way embankment constructed on the BCS foundation were
simulated based on the coupled consolidation theory for
unsaturated soils, using the coupled thermal stress method
since it is similar to the coupled hydro-mechanical stress
problem. For the validation of the coupled consolidation
theory for unsaturated soils, the numerical model of the
BCS specimen used in the free shrinkage test was devel-
oped to simulate the free shrinkage of BCS by Abaqus 6.
11 codes.

The size of the numerical model was the same as the

laboratory specimen (61. 8 mm diameter and 20 mm
height). The material properties were calculated by the
constitutive surfaces for BCS presented in Fig.3. The
meshes of the model and boundary conditions are presen-
ted in Fig.5. The element types C3D8R, which are con-
tinuum stress/displacement,
hexahedron element types with heat flux being allowed,
were used to simulate the free shrinkage of the BCS speci-
men. The same conditions as the laboratory test on the
test table were considered. The nodes on the contact sur-
face of the BCS specimen with the platform were fixed in
all directions.

three-dimensional, linear

The other nodes on the side face and
curved surface can be free to move in all directions, and
were influenced by the evaporation. The evaporation in-
tensity was fixed at 2 x 10 * m/s due to the lack of the
aerodynamic effect. The free shrinkage test was per-
formed after the vacuum saturation of BCS specimen, so
the initial matric suction was assumed to be 10 kPa.
Fig. 6 presents the simulated results and test data of the
free shrinkage of BCS. The void ratio and degree of satu-
ration versus moisture content curves are roughly identical
to the test results.

Fig.5 Numerical model for free shrinkage test. (a) Meshes;
(b) Boundary conditions

12 - 120
1.0+ -100
0.8+ +80
o 0.6k {60 &
041 —=—Test results of void ratio 40
——Test results of saturation
02F ——Simulated results of void ratio] 20
0 —Io—Simullated resplts of salturation
0 10 20 30 40 50

wl%
Fig. 6 Comparison of numerical simulation of free shrinkage
and test results

For investigating the initial cracking of the highway
embankment on the BCS foundation, Abaqus/Standard
was used to build the finite element model of a subgrade
section in Nairobi to analyze the change in the maximum
principal stress of embankment soil due to the water los-
ing shrinkage of the BCS foundation. The simulation was
performed by a main program and four user subroutines
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including USDFLD, UMAT, UMTHT and UEXPAN.
With the help of FORTRAN, USDFLD was used to read
the net normal stress and matric suction of every node
from the main program, and calculate the material param-
eters of the subgrade soils based on the constitutive rela-
tion for unsaturated soils. Those material parameters in-
cluded the elasticity modulus, expansion coefficient,
compression coefficient and unsaturated hydraulic conduc-
tivity. The unsaturated hydraulic conductivity, coefficient
of water change related to the matric suction and the
change in mean normal stress were inputted into UMTHT
to calculate the unsaturated seepage. The elasticity modu-
lus was inputted into UMAT to update the stiffness ma-
trix. The expansion coefficient was inputted into UEX-
PAN to calculate the change in the thermal stress.

The finite element model was the same as the subgrade
section of the Southern Bypass in Nairobi, the width and
slope degree of which were 23 m and 1:1.75, respective-
ly. Fig.7 shows the meshes and boundary conditions of
the highway embankment model. The element types
CPEAT, which are continuum stress/displacement, two-
dimensional, linear plane element types with heat flux be-
ing allowed, were employed in the simulation. All the
nodes on the bottom surface were fixed in the x and y di-
rections, and the nodes on the two sides of the BCS foun-
dation were fixed in the x direction. The evaporation con-
tinued on the two slope surfaces and the exposed BCS
foundation surface,
fixed at 5 x 10 * m/s, which was close to the value cal-
culated by the FAO-56 Penman-Monteith method, using
the temperature, dew point temperature, solar radiation
and wind speed """,
was assumed to be 10 kPa since the simulation started af-
ter the long-term rainfall. For simplification of the mod-
el, the unsaturated properties of the filling soils were not
considered,
were used. Elasticity modulus E was 10 MPa, Poisson’s
ratio g was 0. 35, hydraulic conductivity K was 1 x 10"
m/s, specific water capacity C, was 1 x 10 > m/s, and

and the evaporation intensity was

The initial suction of the subgrade

and the conventional material parameters

. _ - 10
expansion coefficient a was 1 x 10~ m/s.

Evaporation Evaporation

I\ 23 /o
- -
10 10

u=u,=0
Fig.7 Finite elements and boundary conditions for a typical
embankment section( unit: m)

3 Results and Discussion

3.1 The influence of replacement depth of deep BCS
on embankment cracking

The highway embankment on BCS will crack if the ten-
sion stress caused by the soil shrinkage of the foundation

is larger than the stress threshold of the soil cracking.
Therefore, the maximum principal stress at the peak and
its location were analyzed to study the initial cracking of
the highway embankment, and the stress threshold of the
soil cracking was fixed at 10 kPa'"™'.

Fig. 8 shows the effect of the replacement depth of deep
BCS on the major principal stress at the peak on the top
The
evaporation intensity was fixed at 5 x 10 * m/s, and the
burial depth of BCS was fixed at 4 m in the simulation.
The major principal stress at the peak decreases with the
increase in highway embankment height and the replace-
ment depth of BCS foundation. For 1 and 2 m high high-
way embankment, the increase in the replacement depth
of BCS foundation has little effect on the major principal
stress at the peak after the replacement depth reaches 0. 8
m. For 3 and 4 m high highway embankment, the key re-
placement depth of the BCS foundation which controls the
major principal stress at the peak is found to be 1.2 m.

of the highway embankment at different heights.

2 25 Replacement depth/m: 2 9o Replacement depth/m:
355320 = (0; —e05 Eé‘ —=0; —05
'ai‘ ——08; =12 EEIS ——0.8; +— 12
-%m]S ——1.5 -%m ——15
2 & 2 210
2 510 s o
ik =< 5
28 28
0 1 1 ) 1 1 )
= 0 10 20 30 = OO 10 20 30
Evaporation duration/d Evaporation duration/d
(a) (b)
@« X o Replacement depth/m:
g wzo Replacement %egth/m. E 20r—a0; —-05
n A . @ A
= <15 = <15
=gt R
£ 210 £ 2lo
&8s 545
.% ] g A% =
1 1 J 1 1 J
= 0 10 20 30 = 0 10 20 30

Evaporation duration/d Evaporation duration/d

() (d)

Fig.8 Effect of replacement depth of BCS on major principal
stress at the peak of embankment at different heights. (a) 1 m;
(b) 2 m;(c) 3 m;(d) 4 m

After 30 d of soil surface evaporation, the effect of the
replacement depth of deep BCS on the initial cracking of
the highway embankment at different heights is shown in
Fig. 9. The crack area and depth of the highway embank-
ment decrease with the increase in the replacement depth
of the BCS foundation. For 1 m high highway embank-
ment, the crack which penetrates the embankment also
occurs even if the replacement depth of the BCS founda-
tion reaches 1.5 m. Therefore, when the height of the
highway embankment is less than 1 m, more replacement
measures should be employed except those for replacing
the BCS with the non-expansive filling to further help re-
duce the effect of BCS shrinkage on the initial cracking of
the highway embankment. For 2 m high highway em-
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bankment, after the replacement depth reaches 1.2 m,
only the shallow cracking occurs at the road shoulder site,
and cannot severely damage the whole highway embank-
ment. The initial cracking has not occurred on the 2 and 3
m high highway embankment after the replacement depth
of the BCS foundation reached 1.2 m.

Replacement depth/m: Replacement depth/m:

TE =0; =05 +08 SE  =0; 05 +08
g—g 0’-'-1-2;-*-145 @g O—v—l.2;—"—1.5
2 8
e _§‘02 g E—O.S
2'g-04 ‘2'E
g0 5 6-10
o.5-06 bt =T
=5 SE-15
=03 EET
®LE-10 ®L20
282 ) 4 TR 2 850 4  § ™
—~2  Distance from the center =< Distance from the center
of road/m of road/m
(a) (b)
Replacement depth/m: Replacement depth/m:
= E = (0; --05; =038 = E = 0; -05; «038
= =
2% oom12 15 2% ool2i 1S
EE Ve 2 ]
v 24 4 171 .;é )!
EE_O'S' .52_0'5_
@ 1 @ !
5 510 5 5100
.5 hatt-T
o= o=
e-15¢ 15+
&% §%
BE20 ' ' 1 BE20 s L .
2E™ 4 8 12 28277 4 8§ 12
—<  Distance from the center — S Distance from the center
of road/m of road/m

(0

Fig.9 Effect of replacement depth of BCS on initial cracking
of the embankment at different heights. (a) 1 m;(b) 2 m;(c) 3
m; (d) 4 m

(d)

3.2 The influence of the replacement depth on the in-
itial cracking of low embankment

Fig. 10 shows the influence of BCS replacement depth
on the major principal stress at the peak on the top of the
highway embankment at different burial depths of BCS.
The evaporation intensity was fixed at 5 x 10 ~* m/s, and
the highway embankment height was fixed at 2 m in the
simulation. The major principal stress at the peak on the
top of the highway embankment increases with the in-
crease in the burial depth of BCS, and decreases with the
increase in the replacement depth of the BCS foundation.
For 1 m thick BCS, the major principal stress at the peak
on the top of the highway embankment is less than the

0Oy 01

|
(=]

-0.5

|
—_

Replacement depth/m:

| Replacement

stress threshold of the soil cracking after 30 d of soil sur-
face evaporation even if the BCS foundation has not been
treated. After the burial depth of BCS be comes larger
than 2 m, the increase in the replacement depth has a
small effect on the major principal stress at the peak of
the highway embankment after the BCS replacement
depth reaches 0. 8 m. This behavior is attributed to the
active zone of BCS in the range of 1.5 to 2.0 m under at-
mospheric effect.
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Fig. 10 Effect of BCS thickness and its replacement depth on

major principal stress at the peak of embankment. (a) 1 m;(b) 2
m;(c) 3m;(d) 4 m

After 30 d of soil surface evaporation, the effect of the
replacement depth of BCS on the initial cracking of the
low highway embankment at different burial depths of the
BCS is shown in Fig. 11. The crack area and depth of the
highway embankment tend to decrease with the increase
in the replacement depth of the BCS foundation. The
highway embankment cannot crack even if the BCS re-
placement has not been performed when the burial depth
of the BCS is 1 m. After the replacement depth of 2 m
thick BCS is larger than 0. 8 m, only a small area located
at the road shoulder cracks shallowly, and the increase in
the BCS replacement depth has small effect on the initial
cracking of the highway embankment. For the low high-
way embankment on 3 and 4 m thick BCS, the crack area
and depth show a further increase, and considerable de-
crease after the BCS replacement depth reaches 1.2 m.

0

|
e
[

|
—_

_Replacement

Location of tension stress of
10 kPa wtihin embankment/m
Location of tension stress of
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(b)
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Fig.11 Effect of BCS thickness and its replacement depth on the initial cracking of the embankment. (a) 2 m;(b) 3 m;(c) 4 m
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3.3 Rational replacement depth of BCS foundation

The effect of the BCS replacement depth on the initial
cracking of the highway embankment varies greatly when
the embankment height and the burial depth of BCS are
different, and there is a key BCS replacement depth at
which the cracking position and depth of the highway em-
bankment on BCS can be controlled. For the highway
embankment in the height range of 1 to 4 m on the deep
BCS, the key values of the BCS replacement depth are
1.2 and 1.5 m, respectively. For the low highway em-
bankment on the BCS with a burial depth of 2, 3 and 4
m, the key values of the BCS replacement depth are 0. 8
and 1.2 m, respectively. On the basis of those key values
of the BCS replacement depth, the rational BCS replace-
ment depth presented in Tab. 2 can be obtained from the
perspective of controlling the initial cracking of the high-
way embankment and construction cost.

Tab.2 Rational replacement depth of the BCS foundation
Deep BCS layer

Low embankment

Embankment Replacement BCS Replacement
height/m depth/m thickness/m depth/m
<1.0 =1.5 <1.0 Surface cleaning
l1to3 =1.2 1to3 =0.8
=3.0 1.2 =3.0 =1.2

4 Conclusions

1) For the highway embankment on the deep BCS, the
major principal stress and the cracking depth of the high-
way embankment decrease with the increase in the BCS
replacement depth, and the key values of the BCS re-
placement depth for controlling the cracking position and
depth of the highway embankment on deep BCS are 1.2
and 1.5 m.

2) For the low highway embankment on the BCS at
different burial depths, the major principal stress and the
cracking depth of the highway embankment increase with
the increase in the BCS thickness, and decrease with the
increase in the replacement depth of the BCS foundation.
The key values of BCS replacement depth of the low
highway embankment on 2, 3 and 4 m thick BCS are
0.8, 1.2 and 1.2 m, respectively.

3) The rational replacement depth of the BCS founda-
tion was proposed from the perspective of controlling the
cracking position and depth of the highway embankment
on BCS.
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