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The Inner Mongolia Hetao area has a widely distributed riverbank fluvial soft soil with high groundwater levels and ground surface
water. This situation may incur some potential engineering problems for the Linhe-Baigeda section of the Beijing-Xinjiang
Expressway, such as subgrade settlement control and waterproofing. In situ experiments were conducted on the site using five
subgrade base treatment schemes for subgrade construction. The long-term monitoring of various technical indicators like
settlement, earth pressure, pore water pressure, and reinforcement material deformation was carried out. Study results show that
the cumulative settlement generated when the double-layer geogrid reinforces the subgrade base is 6.9 cm, which is the smallest
among the five subgrade base reinforcement methods, and the cumulative settlement of the subgrade base reinforced with a
single-layer geocell is the largest, which is 15.4mm. The size and distribution of subgrade earth pressure change significantly during
farmland irrigation. When the single-layer geocell reinforces the base, the subgrade stress is smaller than that of the other four, and
the average earth pressure is 8 kPa. The membrane-pulling effect of reinforcement material significantly disperses the upper load of
subgrade backfill soil, and the subgrade settlement control with different base treatment schemes meets the technical requirements.

1. Introduction

The Hetao area of the Inner Mongolia Autonomous Region
is located in the Yellow River alluvial plain, with a large area
of well-distributed fluvial soft soil. The soil is characterized
by common soft soil, like high water content, large pore
ratio, and low strength. Some unique engineering geology
is also presented in this area, such as the soft soil interbeds
with uneven stratification of sand and peat, irregularly dis-
tributed with zonal or lenticular shape. Besides, farmland is
widely distributed in this area. With a large quantity of
irrigation channels, the surface flooding irrigation form is
adopted. As a result, large areas of surface soil dipped in
the water for a long time, which incurs seasonal water accu-
mulation in the ground, wet shoal, humus and mucky soil,
and soil liquefaction or salinization [1–4].

The construction of roads in the Hetao area of Inner
Mongolia plays an important role in serving the public and
promoting economic development [5, 6]. As mentioned

above, during the highway subgrade construction on the soft
soil ground of the Hetao area, the problems of high ground-
water levels, poor ground bearing capacity, and seasonal
flooding are inevitable. The National Highway 110 sections
at Wuhai city of Inner Mongolia appeared to have subgrade
diseases, such as mud pumping, as well as frost heaving and
thawing settlement, under the capillary action of ground
surface water [7]. Uneven settlement and sinking of the
Baolan Railway subgrade were incurred by rising groundwa-
ter and surface water. The 10-25mm of subgrade settlement
in one single day resulted in a 66-day delay for railway trans-
portation [8].

It can be seen that choosing applicable, economical, and
effective treatment technology for subgrade construction in
this area is of importance. The effective treatment methods
include the ground replacement method [9, 10], addition
agent solidification method [11–15], chemical grouting
method [16–19], and freezing method [20–24]. Ou et al.
[25] established optimal combination forecasting models to
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calculate the settlement of the soft ground in a desert area,
which reaches a more accurate result. Yang [26] studied
the characteristics of eolian sand of the Hetao area; the
eolian sand cushion replacement technology is employed
and studied with numeral simulation. Shan et al. [27] estab-
lished a numerical model of the block-stone embankment in
Inner Mongolia and investigated the water content, temper-
ature, and deformation conditions of the subgrade.

The engineering practice in the region shows that the
reinforced subgrade constructed with suitable backfill soil
on the hard shell of the soft ground surface could achieve
an excellent control effect of postconstruction settlement
[28–35]. However, the traditional subgrade reinforcement
treatment schemes mostly use geogrids and geocells, and
there is insufficient data on in situ reinforcement treatment
for the soft soil subgrade in the Hetao area. There is also
no research on the reasonable reinforcement method for
the Hetao Irrigation District. In addition, the influence of
the groundwater level and the seasonal fluctuation of surface
water on the soil pressure of the soft foundation is not clear.

Therefore, a long-term in situ test (for one year) was
conducted by setting up different subgrade base treatment
test sections. Based on the experimental data, the reinforce-
ment effect and stress deformation distribution of different
treatment types of the subgrade base are analyzed, and
comprehensively considering economic, engineering, and
other factors to select the optimal treatment plan, it provides
a scientific basis for the future construction of expressways
in the Hetao Irrigation District and further improvement
of the research system of the treatment technology of the
subgrade base.

2. Engineering Situation

2.1. Geological Condition. The Jingxin Expressway is an
indispensable component of the sixth ray of the national
expressway network, and the format of 4 bidirectional lanes
is adopted for the main line with a design speed of 100 km/h,
an integral roadbed. Located in the western part of Inner
Mongolia Bayannur city, the Linhe-Baigeda section of the
Jingxin Expressway is 58.986 km long. Bayannur is located
in the Hetao area of the Yellow River alluvial plain, which
is characterized by fluvial soft soil. The stratigraphic charac-
teristics include the following:

(1) Holocene alluvial-diluvial deposits (Q4al+PL), where
the main components are silty sand, fine sand, and
medium sand, mostly present as yellow-brown,
loose-dense, and slightly wet-saturated, and part of
the surface layer is distributed with thinner dark gray
and black silt

(2) Holocene eolian deposits (Q4eol), where the main
components are fine sand, mostly present as
yellow-gray and brown-yellow, slightly dense-dense,
and dry-slightly wet, and the interlayer of thin silty
clay partially exists

In addition to the poor geological condition, the prob-
lems of subgrade flooding also need to be considered during

the irrigation period. Due to the surface flooding irrigation,
water accumulation of the ground surface in some sections
is sometimes as deep as 0.5~1m for a long time, as shown
in Figure 1.

Table 1 shows the physical and mechanical properties of
the ground soil of the poor geological sections. The sche-
matic diagram of the soil borrowing position is shown in
Figure 2.

2.2. Treatment Scheme. In view of the available treatment
options and the special local circumstances, according to
the overall design principle of safe, reliable, economical, rea-
sonable, and efficient construction, the selections of project
treatment schemes are as follows:

(1) Sand and gravel cushion replacement is adopted for
the sections with better drainage conditions

(2) When the thickness of the hard shell layer is greater
than 1m, the reinforced sand cushion can be used

(3) The block-stone replacement or geocell-reinforced
gravel cushion can be employed for the soft soil
ground in a small scope or sections that are not part
of the main structure

Considering the experimental requirements and the
progress of site construction, the total length of the test sec-
tion is 500m, and five base treatment methods with each
100m test section are adopted, respectively. The experimen-
tal scheme is designed and set as follows in Table 2.

2.3. In Situ Test Procedure. The objectives of this study are to
observe the deformation law of the subgrade and consolida-
tion law of the soft ground, analyze the distribution and var-
iation of base earth pressure, and figure out the seasonal
change law of groundwater levels. The newly built subgrade
is subjected to long-term monitoring of different base treat-
ment schemes. The total amount of embedded components
in the test section is shown in Table 3.

Test components and instruments are as follows:
settlement plate, layered settlement magnetic ring, flexible
displacement meter, earth pressure box, and pore water
pressure gauge.

The purpose of the test is to observe the law of subgrade
settlement and deformation, the distribution and change law
of base soil pressure, the change law of soft foundation con-
solidation, the seasonal change law of groundwater levels,
and the change law of stress and deformation distribution
of geocells.

The embedded layout of components is shown in
Figure 3. The settlement monitor points and earth pressure
monitor points are set at the middle and both shoulders of
the subgrade. Pore water pressure monitor points are set at
the middle of the left-side subgrade. Layered settlement
monitor points are set at the middle of the subgrade. The
geogrid strain monitor points are set at the geocell of the
right-side subgrade.

The test data is collected by the intelligent comprehen-
sive tester JMZX-3001, and the data is collected manually.
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The observation frequency is as follows: daily observation is
needed when the embankment is under construction, and
the number of observations should be increased when filling
soil. If there is a long time in the soil filling interval, it can be
changed to a two-day or three-day observation. Besides,
close attention needs to be paid to the abnormal condition
of subgrade settlement. The observation frequency depends
on the situation during the embankment preloading period,
and it should be measured daily for the first 1~3 months. It
can be adjusted to a three-day observation or larger interval
along with the stabilization of measured data.

3. Results and Analysis

3.1. Analysis of Layered Settlement. Layered settlement mag-
netic rings are used to measure the settlements of different
soil layers. A hole of 9m was drilled in the middle of the sub-
grade, and settlement magnetic rings were set at 2m inter-
vals, with burial depths of 1, 3, 5, and 7m, respectively.
The test was conducted from October 2016 to September
2017, and the measured data are shown in Figure 3. Due
to the extreme weather conditions, the test was suspended
for four months from December 2016 to March 2017.

Figure 4 shows the most representative layered
settlement-depth distribution curve, as the curves of the five
base treatments are very similar. Generally, the maximum
value of layered settlement occurs at the ground surface. It
is decreasing from the ground surface, but all the curves in
this test are in the shape of a bulge. The maximum settle-
ment occurs at 3m below the surface.

The stratification of ground soil is the leading cause of
the bulge-shaped settlement-depth distribution curve. The
maximum settlement depth is located at the interlayer of
silty clay with a soft plastic state. During the process of sub-
grade filling construction, the upper load creates additional
stress on the ground soil, causing compression soil deforma-
tion. There are relatively strong hard shells at the ground
surface, in which compression deformation is small, but
the soft clay beneath the hard shell is further compressed
under additional stress, bringing the settlement magnetic
ring to sink. The high underground water level and large
water content may cause a horizontal displacement of the
soft clay at the surrounding of the subgrade. The fact that
the interlayers are compensated by the flowing soft clay does
not trigger significant surface settlement.

The development and time of settlement in the middle of
the subgrade are shown in Figure 5. It can be seen that set-
tlement increases with the continuous increase of the upper
backfill soil. In early November 2016, 0.5m backfill soil is
filled and compacted on the subgrade, and the settlement
increases obviously at this moment. After that, the settle-
ment increases slowly. By September 6, 2017, the settlement
curve still keeps an increasing trend. The five base treat-
ments are compared, and it was found that the cumulative
settlement of the double-layer geogrid scheme is 6.9 cm,
which is the smallest among the five schemes until Septem-
ber 6, 2017, followed by the double-layer geocell scheme
with a cumulative settlement of 8.7 cm, and the cumulative
settlement of the replacement cushion scheme is 9.0 cm,

Figure 1: Surface water on site.

Table 1: Physical and mechanical properties of bad geological soils
in the Hetao area.

Soil name
Silt (0.1m
depth)

Silt (2.1m
depth)

Clay

Sampling depth (m) 0.1 2.2 3.0

Wet density ρ (g/cm3) 1.91 1.88 1.94

Natural water content w (%) 38.0 24.8 29.5

Dry density ρd (g/cm3) 1.38 1.51 1.50

Proportion Gs 2.70 2.70 2.74

Void ratio n (%) 48.7 44.2 45.3

Void ratio e0 0.951 0.792 0.829

Saturation Sr (%) 100.0 84.5 97.5

Liquid limit WL (%) 40.9 40.9 48.5

Plastic limit WP (%) 31.7 31.9 23.2

Plasticity index IP 9.2 9.0 25.3

Liquidity index IL 0.68 -0.79 0.25

Compression factor a (MPa-1) 0.242 0.218 0.276

Compression modulus Es (MPa) 7.936 6.28 6.57

Cohesion c (kPa) 0.35 0.39 7.39

Friction angle φ (°) 30.9 32.9 13.0
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and the cumulative settlement of the single-layer geogrid
scheme is 10.2 cm. The cumulative settlement of the single-
layer geocell scheme is 15.4 cm, which is the smallest among
the five schemes. Among them, the settlement rate of the
single-layer geocell section increases obviously in the later
period. The reason may be related to the ground disturbance
caused by the excavation of ditches on site. The thicker
replacement cushion with the double-layer geocell actually
increased the upper load. However, due to the increase of
geosynthetics, the ability to disperse the upper load is

improved, and the settlement is relatively small with the
reduction of additional stress.

The average settlement rates of the five schemes during
the construction period differ little from each other, which
were 0.2mm/d, 0.3mm/d, 0.3mm/d, 0.3mm/d, and
0.5mm/d, respectively. The settlement rate control standard
in the relative specification is that the settlement rate of the
middle of the subgrade ground should not exceed 10mm/
d. The normal construction requirements for the surface
course are that the settlement rate of the subgrade should

Interlayer silty clay 2 m, so�
plastic soil Silt thickness

5–8 m

Silty clay, so� plastic soil

Groundwater 
level 0.5 ~ 0.8 m

�e centerline of
the roadbed 

0.1 m

2.1 m
3.0 m

Drill holes to take
soil

Figure 2: Schematic diagram of soft soil sampling.

Table 2: Experimental section of the subgrade base treatment plan.

The serial number Treatment plan Note

Plan 1 Excavation and replacement with 80 cm eolian sand Layered filling and compacting

Plan 2
Excavation and replacement with 60 cm gravel,
reinforcement with the single-layer geocell The integral-type geocell adopts steel nail insertion, the

geocell sheet height is 5 cm, the ultimate tensile strength of
the sheet ≥ 160 kN/m, the ultimate tensile strength of the

node ≥ 160 kN/m, and the failure elongation ≤ 15%Plan 3
Replacement with 30 cm gravel, reinforcement with the
first-layer geocell, then replacement with 30 cm gravel,

reinforcement with the second-layer geocell

Plan 4
Replacement with 20 cm gravel, reinforcement with the
first-layer geogrid, then replacement with 50 cm gravel,

reinforcement with the second-layer geogrid

The polypropylene bidirectional geogrid rib width is
22mm, the mesh size of the geogrid is 140mm × 140mm,
the longitudinal and transverse ultimate tensile strength
≥ 50 kN/m, the ultimate tensile strength of the node ≥ 500

kN/m, and the failure elongation ≤ 13%Plan 5
Excavation and replacement with 50 cm gravel,
reinforcement with the single-layer geocell

Table 3: The quantity of embedded sensors in each test section.

Sensors Plan 1 Plan 2 Plan 3 Plan 4 Plan 5

Earth pressure box 6 6 6 6 6

Flexible displacement meter / / / 4 4

Pore water pressure gauge 2 2 2 2 2

Layered settlement magnetic ring 4 4 4 4 4

Settlement plate 3 3 3 3 3

PVC settling tube 1 1 1 1 1
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be below 3mm/d for three consecutive months; it can be
seen from the measured data ranging from 0.2 to 0.5mm/d
that all the five experimental sections can meet the require-
ments. Comprehensive analysis shows that the effect of the
double-layer reinforcement to control foundation settlement
is better than that of the replacement cushion and single-
layer reinforcement. As shown in Figure 5, the difference
between the geogrid and the geocell in controlling founda-
tion settlement is not obvious. Therefore, the appropriate
reinforcement material can be selected comprehensively,
considering the cost and construction speed.

3.2. Analysis of Earth Pressure. The earth pressure boxes are
employed to explore the distribution and variation of base
earth pressure in different base treatment schemes.
Figures 6 and 7 depict the soil pressure-time curve at differ-
ent positions of the subgrade base. The results show no
apparent soil pressure data during the early stages of the
subgrade filling construction because of the interference of
field machinery equipment and vehicles. The earth pressure

increases gradually in the later period. There is a significant
fall in soil pressure around mid-October 2016, and the rea-
son is that the farmland irrigation on both sides of the road
incurs the rise of the groundwater level and soil water con-
tent, and the soil pressure decreases with the increase of
buoyancy. When the irrigation period on both sides of the
subgrade is finished, the soil pressure gradually recovers
and increases. After subgrade filling starts again in May
2017, the earth pressure continues to increase in a steplike
manner. Until July, when subgrade filling is completed, the
earth pressure gradually tends to be stable. The curve shape
changes at each position in the five schemes are basically
consistent on the whole.

The comparison of the five treatment schemes shows
that the soil pressure of the base at the middle of the
subgrade is more significant than that at the shoulder of
the subgrade. The subgrade is considered a typical flexible
foundation, and the deformation of the subgrade is consis-
tent with that of the ground. In general, the distribution of
the base earth pressure is the same as that of the upper load,

PVC settlement pipe Layered settlement magnetic ring
(Two meters apart)

Flexible displacement meter

Earth pressure cell

Groundwater level

Settlement plate

Geogrid

Sand-gravel cushion

Silt 
5 to 8 meters thick

9 m (Penetrate silt)

So� plasticity, silty clay
Pore pressure gauge

Interlayer silty clay 2 m, 
so� plasticity

2 m

2 m

0.5 ~ 0.8 m

(a)

Settlement plate

Earth pressure cell

Settling tube and layered 
settlement magnetic ring

Le� shoulder

Subgrade 
centerline

Right shoulder
Geogrid

Flexible
displacement

meter

4 ~ 5 m

2 m

Pore pressure 
gauge

(b)

Figure 3: Layout scheme of sensors: (a) layout of the subgrade section and (b) layout of the subgrade planform.
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usually presenting a uniform distribution. The obvious large
earth pressure in the middle of the test reflects the potential
danger of uneven settlement of the subgrade. That is, the dis-

posal effect of the replacement cushion scheme is not well.
Using the double-layer geogrid scheme over time, the soil
pressure distribution of the base is uniform, indicating that
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Figure 4: Typical curve of the layered settlement of the subgrade in the experimental section.
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when the geogrid is used for reinforcement, the loaded body
can play a stress transmission role so that the subgrade stress
is relatively uniform.

Figure 7 shows that the average soil pressure value of the
base at the middle of the subgrade after stabilization is about
35 kPa, which is consistent with the subgrade filling height of

2.5m. The average value of soil pressure after stabilization of
the single-layer geogrid scheme is 22 kPa, that of the double-
layer geogrid scheme is 25 kPa, and that of the double-layer
geocell scheme is about 18 kPa. In the mid-October single-
floor geocell treatment section, the soil pressure begins to
decrease and even becomes negative during irrigation. It
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may be due to the fact that there is a lot of water at the test
point, and the earth pressure box is affected by the water
buoyancy, and its induction plate can feel the change of
stress synchronously. After the irrigation period, the soil
pressure begins to increase gradually; then, the soil pressure
tends to be stable; at this moment, the average value is about
8 kPa.

Comparing the five treatment schemes, it can be seen
that the earth pressure value gradually increases over time,
and the subgrade stress is smaller than that of the other four
when using a single-layer geocell. Comparing Figures 6 and
7, the difference between the soil pressure in the middle of
the subgrade and the soil pressure on the shoulder of the
road is the smallest in the five treatment schemes; that is,
the risk of uneven settlement of the subgrade is low.

3.3. Analysis of Pore Water Pressure. Pore water pressure is
divided into hydrostatic pressure, seepage pore water pres-
sure, and excess pore water pressure. Pore water pressure
gauges in the test schemes are used for the measurement of
pore water pressure. The seepage pore water pressure is the
seepage force of the seepage water acting on the soil parti-
cles, which is proportional to the hydraulic gradient. In
order to figure out the seasonal fluctuation of the groundwa-
ter level and surface water caused by seasonal flood irriga-
tion in this area, pore water pressure gauges are set at 4m
below the ground of the subgrade in the middle part of the
five experimental sections.

Figure 8 shows the long-term pore pressure variation
curve of various treatment schemes, and the pore water pres-
sure increases during the subgrade filling construction and
dissipates during the filling construction interval. During
the period of farmland irrigation like October 2016 and

May 2017, there is a large increase in excess pore water
pressure due to the rise in the underground water level.
The generation and development of excess pore water
pressure can reduce the effective stress acted on soil particles
and increase soil deformation; namely, the settlement of the
ground enlarges. By August 2017, there was a significant
drop in the excess pore water pressure in all sections,
indicating that the effective stress gradually increased as
the excess pore water pressure dissipated. The pore water
seeps from top to bottom of ground soil, the soil consoli-
dates gradually, and the settlement tends to be stable.

3.4. Analysis of Geocell Flexible Displacement. The flexible
displacement meters are adopted at the section set geogrids,
and a flexible displacement meter is arranged along each
layer of the geogrid longitudinally and horizontally, respec-
tively. Four flexible displacement meters are set for the
double-layer geogrid in total.

Figures 9 and 10 show the deformation-time variation
curve of the geogrid. The trend of deformation in the two
sections is basically the same; it stretches and then contracts
in both the vertical and horizontal directions. During the
subgrade filling construction period, the deformation is pos-
itive, and the geogrid is in tension. It may be due to the fact
that the settlement of the soil at the measurement point is
less than that of the surrounding soil. In the preloading
stage, the deformation value decreases and becomes negative
gradually, and the geogrid begins to shrink continuously.
The deformation trend gradually decreases with time, and
the increased rate of negative displacement of the geogrid
reduces, indicating that the settlement has tended to be
stable. The deformation of the geogrid reflects that the rein-
forced material has an obvious membrane-pulling effect
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during the whole subgrade filling construction. It also indi-
rectly reflects the earth arch effect of subgrade backfill soil.

3.5. Economic Comparison. By comparing the cost of treat-
ment of the cushion material used in the five substrate treat-

ment protocols, the expected economic benefits can be
calculated. According to the experimental design scheme,
the base treatment of 500m of the test section was com-
pared, and the treatment costs of each 100m of the five
schemes of replacing the sand and gravel cushion, the
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geogrid plus the grit cushion, the double-layer geogrid grit
cushion, the geogrid chamber grit cushion, and the double-
layer geogrid chamber grit cushion were compared. Among
them, the unit price of materials includes ex-factory price,
freight, and paving, and the economic assessment data of
the five substrate treatment schemes is obtained after analy-
sis and collation, as shown in Table 4.

From the analysis in Table 4, it can be seen that within
the range of 500m in the test section, the costs of the five
base treatment plans are in descending order: double-layer
geogrid sand-gravel cushion, replacement sand-gravel cush-
ion, double-layer geocell sand-gravel cushion, single-layer
geocell sand-gravel cushion, and single-layer geogrid sand-
gravel cushion.

4. Conclusion

Relying on the Jingxin Expressway Lin-bai section (Linhe-
Baiping) construction project, five subgrade base treatment
schemes (eolian sand replacement, single-layer geogrid,
double-layer geogrid, single-layer geocell, and double-layer
geocell) were employed in the in situ test. Based on the long-
term subgrade field monitoring, the distribution and variation
rules of subgrade layered settlement, earth pressure, pore
water pressure, and reinforcement material deformation are
obtained and analyzed. Based on the results of the analyzed
experimental data, the following conclusions were drawn:

(1) Five subgrade base treatment schemes were used to
treat the subgrade, and the postconstruction settle-
ment control all met the requirements of expressway
construction specifications. Among them, in the use
of double-layer reinforcement control, the founda-
tion settlement is the smallest, achieving the effect
of subgrade reinforcement on the soft ground. There
is little difference in the settlement control effect
between the geocell and the geogrid

(2) Earth pressure and pore water pressure test results
demonstrate that agricultural irrigation dramatically
increases the groundwater level and incurs ground
surface water accumulation, which significantly
changes the size and distribution of soil pressure of
the subgrade soil

(3) During the subgrade filling construction period, the
reinforcement material of the subgrade base has an
obvious membrane-pulling effect, which significantly
disperses the upper load. Combined with the special
hard shell layer of the soft ground in the Hetao area,
the overall subgrade settlement can be effectively
controlled. Among them, when the single-layer
geocell is used, the subgrade stress is smaller than
that of the other four, and the risk of uneven settle-
ment is lower

(4) Comparing the economic benefits of the five base
treatment schemes, it can be seen that the single-
layer geogrid and geocell among the five base treat-
ment schemes have higher economic benefits. Com-
prehensive data analysis shows that the single-layer
reinforcement material has a better effect on the base
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