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Abstract. Strength reduction and expansion deformation of expansive soil would happen due to
change of moisture content. Effect of rainfall on earth pressure of shield tunnel in expansive soil
stratum is studied by taken reduction of expansive soil strength and additional expansive stress field
into consideration. Vertical earth pressure caused by strength reduction decreases with increasing
depth, and value change is less than 3 kPa when depth exceeds 20 m. Vertical earth pressure caused
by additional expansive stressfield islessthan 10 kPa and influence range is mainly in the upper part
of segment ring. Recommended values of earth pressure caused by rainfall is proposed when depth
lessthan 6 m.

| ntroduction

With therapid development of urban rail transitin China, in the end of 2015, the mileage of urban rail
trangit lines in China reached more than 3,200 km. There is a vast territory in our country, and the
construction environment of urban rail transit is also varied. Typical stratums include sand-gravel
stratum and loess stratum, hard and soft strata, etc. There are few researches on the urban rail transit
shield tunnel in the expansive soil strata, at present. Typical areas have awide range of expansive soil
distributions, Hefel, Nanning and Chengdu are included.

In recent years, the economic loss that caused by expansive soil is estimated to be more than 15
billion U.S. dollarsin China[1, 2]. The characteristics of expansive soils are characterized by strength,
deformation and fracture [ 3]. Many experts and scholars has made many achievements and successful
engineering experience by carrying out a lot of theoretical analysis, technical research and
engineering practice based on the expansive land layer slope, roadbed, structures and other projects.
However, there are few studies on the subsurface structure of expansive soil layer.

The seepage equation of isotropic unsaturated soil is:

il Th, . fh, 1 Th Sw
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Where, k,is the permesability coefficient, S, isthe saturation, S, isthe un|t of storage, histhe

head height.

The condition of the water content above the seepage free surface is governed by unsaturated
flow. Rainfall or irrigation water infiltration underground are usually unsaturated seepage. Neuman
proposed to consider both the saturation and non-saturation mathematical model [4].

This equation can be replaced by pressure head p instead of head h, with volumetric moisture

content n, instead of saturation S, ; and the unit capacity of water C = % , formula (1) can be written

as.
T, .7, .7, T ﬂKN n,
(KNﬂX)+ (KNﬂy) ﬂZ(KN )+ (C+nS) (2
Formula (2) can be solved by using the initial conditions and boundary conditions. The free
surface of seepage can be connected by the point wherep = 0.

Copyright © 2018, the Authors. Published by Atlantis Press.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/). 891



ATLANTIS . . .
PRESS Advances in Engineering Research, volume 170

Atmospheric rainfall

| I

Ground elevation

Groundwater level 1

Groundwater level 2

Fig .1 Schematic diagram of effect of rainfall on earth pressure of shield tunnel in expansive soil
Stratum
As shown in Figure 1, rainfall will cause the reduction of soil strength parameters and the
expansion of soil. This paper studies the change of formation earth pressure under the condition of
rainfall with the shield tunnel of expansive soil layer in Hefel area, whichisinstructivefor the design
of shield tunnel in expansive soil layer.

The Influence Range of Rainfall on Stratum Water Content in Hefei Area

Characteristics of expansive soil in Hefel area
Strength characteristics. The relationship between shear strength parameters c, ¢ and water content
of expansive soil in Hefei areais as follows:

c=ae™ {i

f=a e“zwg (3

In the formula, ai1,bi,a2,b2 are the fitting coefficients, and the values can be determined with
reference to [5] or through experiments. Under the premise of knowing the change of water content,
the strength parameters of different water content can be cal culated according to the above empirical
formula, and the strength parameters of the soil layer can be reduced.

The shear strength and moisture content of the soil are exponentially related to each other. With
the increase of the moisture content, the shear strength suddenly decreases and then gradualy
decreases. Compared with the peak value, the cohesion value is reduced by about 70% and the
interna friction angleis reduced by about 55%.

Fig.2 Curve of expansion ratio vsinitia Fig.3 Curve of expansion force vsinitial
moi sture content moi sture content
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Swelling characteristics. The curve of the relationship between the expansion rate and the initial
moisture content of expansive soil in of Hefel Feixi areais shown in Fig. 2 [6], which shows that
expansion rate of the soil increases with the decrease of the initial water content, and the two
approximate the exponential function relationship. The relationship between the expansion force and
theinitial moisture content in the Hefei areais shown in Fig. 3, which shows that with the increase of
theinitial moisture content, the expansion force gradually decreases, and the rel ationship between the
two is approximately linear.
Formation moisture content influenced by rainfall
A numerical model of 20m=20mx=20m was built using FLAC3D software which is shown in Fig. 4.
The formation parameters are shown in Tab. 1. The maximum monthly rainfall in Hefei is selected to
simulate precipitation infiltration. The discharge isimposed on the upper boundary, and the boundary
assumes full penetration of the rainfall during calculation process. The result of the calculation is
showninFig. 5.
Tab.1 Soil parameters

Stratum y/IKN-m=3 | ¢/KPa | ¢/° | EIMPa| v o e | 0&i(%) | Pe(kPa)

Clay layers® 20 47 | 12| 891 |03|206% |069| 55 60

03

depth/m

Fig .4 Computational model of rainfall infiltration  Fig.5 Distribution of moisture content after rainfall
Theimpact of rainfall on expansive soil in Hefel areaisabout 3m, and the depth of saturated area
is about 0.8m, based on Fig.10. The moisture content distribution in the transition zone and the
conduction zone is approximately linear. According to the general burial depth of urban rail transit
underground structures, shield tunnel effected by rainfall isonly under certain depth conditionswhich
generally buried deeper than double the tunnel diameter(1D).

Effect of rainfall on earth pressure of shield tunnel in expansive soil Stratum

Valuesof ¢, ¢ reduced and additional stressfield of expansive soil generated by changes of moisture
content of expansive soil stratum during rainfall, which will cause influences to the earth pressure of
shield tunnel.
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Fig .6 Schematic diagram of Terzaghi relaxation earth pressure
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Effect of Reduction of Soil Parameters on Vertical Earth Pressure. Vertical earth pressure of
segment can be calculated by Terzaghi relaxation earth pressure which in auniform formation. Takea
circular tunnel as an example, Terzaghi relaxation earth pressureis shown in Fig. 6, which is obtained
by the force balance in the vertica direction of the soil which slides downward caused by tunnel
excavation, where an active dliding surface created between sides and top of the tunnel[9]. The
formulais shown asfollows:
s = B(g -C /.B)(l _ e-K)tan]M/B) " Pue-wtamw/a , (4)
K xtan|
B =R~ cot(p/4—;j/2) (5)
In the formula, y is soil weight; Ris tunnel radius; ¢ isinternal friction angle; c is cohesion; H is
tunnel depth; B is half of the width of the tunnel excavation; K is soil side pressure coefficient.
Schematic diagram of vertical earth pressure on vault is shown in Fig. 7, when rainfall occurs on
the surface.

//5/ " Rainfall affected area ((’] ,7'91)

R

| 45°+9,/2

Fig.7 Schematic diagram of vertical earth pressure affected by rainfall
The effect of rainfall on vertical earth pressure can be calculated in accordance with the stratified

layer load calculation method.
_ B9, - ¢,/ BZ)(l L grKotani 4B,y (6)
K xtanj ,

S

vl

_ B9, - C, / Bz)(l LKAy SVle-K>tanjzx+2/B2 (7)
K xtanj,

In the formula, c1, 1 are cohesion and internal friction angle of soil in rainfall-affected zone. ¢z, p2
are cohesion and internal friction angle of soil in non-rainfall-affected zone.

According to Eq. 3 and Eq. 7, vertical earth pressure of segment effected by soil mechanics
parameters reduction is shown in Fig. 8, when rainfall occurs on the surface. With the increase of
burial depth, vertical earth pressure of segment influenced by soil mechanics parameters reduction
decreases. Variation of earth pressure is less than 3kPa, when the burial depth is greater than 20m,
which is considered to have no effect.

v2

894



£

ATLANTIS . . .
PRESS Advances in Engineering Research, volume 170

Vertical earth pressure increase/KPa
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Fig .8 Vertica earth pressure of segment effected by soil mechanics parameters reduction
Influence of Additional Stress Field of Expansive Soil on Earth Pressure. The impact of surface
rainfall on formation moisture content is mainly within 3~4m below the surface in Hefei area
Computational models with burial depths of 3m, 4m, 5m, and 6m were established to calculate and
analyze the effect of shield load in expansive soil layer under rainfall conditions, which calculation
parametersrefer to the valuesin Tab. 1. An equivalent expansion stressfield is applied in the range of
3 m above the surface which affected by rainfall, shownin Fig.9.

Fig .9 Computational model of rainfal
Tab.2 Additional earth pressure results caused by rainfall

depth/m Additional earth pressure /kPa
vault Spandrel Arched foot Invert
3 9.70 3.94 0.95 -1.92
4 941 4.46 1.05 -2.21
5 7.47 4.33 0.72 -1.60
6 7.75 3.84 0.34 -0.87

The calculation results are shown in Table 2. The additional stressfield of expansive soil caused by
rainfall haslittle influence on shield segment load in expansive soil stratum, which islessthan 10kPa
in Hefel area and focused on the upper part of segment. Additional earth pressure of the segment
under rainfall conditions can be cal culated according to Table 2 when the depth of burial islessthan
6m and can be ignored when the burial depth is greater than 6m.

Conclusions

(1) Shear strength and moisture content of the soil are exponentially related to each other. Expansion
force and expansion deformation can be considered as an approximately linear relationship within a
certain range of water content variation.

(2) Impact of rainfall on expansive soil in Hefel areais about 3m, and the depth of saturated areais
about 0.8m. The moisture content distribution in the transition zone and the conduction zone is
approximately linear. With the increase of burial depth, vertical earth pressure of segment influenced
by soil mechanics parameters reduction decreases, which is less than 3kPa.

(3) Additional stress field of expansive soil caused by rainfall has little influence on shield segment
load in expansive soil stratum, whichislessthan 10kPain Hefel areaand focused on the upper part of
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segment. Additional earth pressure of the segment under rainfall conditions can be calculated
according to Table 2 when the depth of buria is less than 6m and can be ignored when the burial
depth is greater than 6m.
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