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ABSTRACT: By comparison of methods of settlement calculations which have been applied into computing
surface settlement due to shield tunneling, the paper analyzed the relativity between Peck’s equation and stochastic
medium method, and researched the application problem in practical engineering. Associated with the measured
data of a constructing tunnel, some characters of surface deformation have been analyzed to appraise current level
of construction technology in soft ground in Shanghai. At the basis of established normal ground loss, the quality
of construction can be determined and job practice can be adjusted to meet the requirement of environmental
protection.

1 INTRODUCTION

Ground movement, which is caused by a shield tun-
neling in soft clay, will give birth to surface settlement
of different level. When surface settlement arrives
at certain level, the regular service of building and
underground installation around will be influenced.
Therefore, we must find out the regularity of ground
movement, and more exactly predict the value, range of
settlement and maximum gradient of settlement curve.
Besides, in order to adopt some measures reducing
ground movement during construction and design, we
need to analyze all kinds of factors influencing surface
settlement.

Presently, the research about prediction of surface
settlement due to the construction of shield tunnel can
be generalized as follows:

– Empirical method;
– Theoretical method;
– Model experiment method.

This paper presents it most important to predict
the settlement value in allowable error variation by
the most economical and convenient method, which
is used to direct construction process and control
peripheral environmental safety. The final settlement
is mainly caused by ground loss and soil consoli-
dation. And in the period of construction, surface
settlement is mainly caused by soil piling into shield
gap in undrained condition. So based on the compar-
ison of several computing method, the paper firstly

discusses the relationship and applicability of them,
and secondly analyzes the issue of parameter selecting.
In the end, some characters of ground movement and
the calculation of ground loss are presented. To sum
up, less surface settlement indicates less ground distur-
bance, and the goal is to present reasonable prediction
method and control measures of surface settlement.

2 REASON AND REGULARITY OF SURFACE
SETTLEMENT

2.1 Reason of surface settlement

The reason of surface settlement caused by shield
tunneling can be generalized as follows:

1. Ground loss
– Ground movement of working;
– Shield setback;
– Soil piling into shield gap;
– Changing direction of shield driving;
– Ground friction and shearing because of shell

movement of shield machine;
– Deformation and settlement of tunnel lining.

2. Consolidation of disturbed soil.

2.2 Universal regularity of surface settlement

When shield method is adopted in saturated soft
clay, the universal regularity of ground deformation
along longitudinal axis of shield tunnel is presented in
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Figure 1. Universal regularity of surface deformation.

Figure 2. Figure of surface settler above tunnel.

Figure 1. Usually ground surface will give birth to little
humping because of uprising and heading of squeezed
soil body in front of shield machine. When shield
machine passes, bilateral soil body will move outward.
When tunnel lining disengages from the end part of
shield machine, ground surface will occur rather large
settlement and the speed rate of settlement is rather
large.

3 ANALYSIS OF SETTLEMENT EQUATION

3.1 Peck’s equation

Peck(1969) adopted the following expression to
describe the settlement component due to the construc-
tion of a shield tunneling. Peck’s equation is expressed
in Figure 2.

where S(x) = value of settlement; Vl = value of ground
loss in unit length of shield tunnel; x = distance to
center line of tunnel; i = spread factor of settler.

Peck’s equation expresses the conception that sur-
face settler is approximate normal distribution. And
this estimated equation considers that ground move-
ment is caused by ground loss. Because it is based
on engineering experience, Peck’s equation exists

Figure 3. Schematic plan of tunnel driving.

some shortages (e.g. considering fewer factor and
lack of theoretical foundation). If value of parameters
exists more difference in common condition, result of
calculation may be influenced obviously.

3.2 Stochastic medium model

Schematic plan of tunnel driving of stochastic medium
model is shown in Figure 3. In this method, after a long
time (t → ∞), the final value of element subsidence
is presented in plane strain state as follows:

where Se(x) = value of element subsidence in Z level
plane; r(z) = main range of influence due to element
driving in Z level plane; β = main angle of influence.

Applying superposition principle, value of cross-
section surface settlement (z = 0) due to tunnel driving
may be calculated by

where S(x) = value of cross-section surface settle-
ment; �, ω = area of tunnel driving and tunnel in
unit length; � − ω = area of ground loss.

The solution of equation (4) depends on double inte-
gral. However, the integrands of these integrals can not
be integrated, so the method of numerical integration
must be applied. Here, value of integral can be gained
by Legendre-Gauss method,
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Figure 4. Model of uniform radial displacement.

where n = number of integral point; Ai, Aj = weight
number of Gauss; λ1i,λ2j = interpolation points of
integrated variable.

3.3 Analysis of computing settlement

Based on theory of ground deformation presented by
Sagaseta (1987), Verruijt & Booker (1996) extend
the theory and present new analytical equation of
ground deformation due to tunnel driving in elastic
half-space, which is also based on equivalent ground
loss model (Lee et al. 1992). Verruijt & Booker
adopted the model of uniform radial displacement
(Fig. 4).

Parameter of equivalent ground loss model is
defined as

where d = external diameter of tunnel; g = parameter
of gap.

Verruijt & Booker’s equation is expressed as fol-
lows(not considering deformation of tunnel lining in
long-time effects and considering undrained state):

where H = embedded depth of tunnel; ν = Poisson’s
ratio; z1 = z − H ; z2 = z + H ; r2

1 = x2
+ z2

1 ; r2
2 = x2

+ z2
2 ;

m = 1/(1 − 2ν).
When z = 0, surface settlement is calculated by

4 COMPARISON OF METHODS OF
SETTLEMENT COMPUTATION

In fact, the gap of tunnel driving (ground loss) must
be defined for several universally adopted method
of surface settlement above. And it corresponds to
separately:

– Vl in Peck’s equation;
– � − ω in stochastic medium model;
– ε in Verruijt and Booker’s equation

Assuming that ground loss of tunnel is a infinitesi-
mal element – dξdη.

Calculating by Peck’s equation:

Calculating by stochastic medium method:

Contrasting equations (10) and (11), if

the two equations are completely identical.
On the one hand, the approximate solution of sur-

face settlement corresponding to different value of x
can be obtained, by the numerical integration of equa-
tion (4). Then the curve of surface settlement due to
tunnel driving will be gained by curve fitting of the
result above. On the other hand, regression analysis can
be applied into equation (4) according to the format of
Gauss curve:

The model of ground loss is usually obtained by
assumption, and here surface settlement will be cal-
culated separately by three methods above, adopting
model of uniform radial displacement.

Assuming R = d/2 = 3 m, g = 0.1 m, β = 50◦, and
surface settlement will be calculated according to two
conditions (z0/R = 1.3 or 6.7, z0 = distance between
ground surface and center of tunnel). By conversion:

By regression analysis, equation (12) is expressed:
If z0/R = 1.3,
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Figure 5. Comparison of computing methods.

Figure 6. Comparison of computing methods.

If z0/R = 6.7,

Figure 5–6 indicate that the computing results exist
less difference between Peck’s equation and stochas-
tic medium model if embedded depth of tunnel is high
(e.g. z0/R > 6). If embedded depth of tunnel is low (e.g.
z0/R < 2), calculation error is relatively large between
two methods. Besides, the curve of surface settlement
by stochastic medium model corresponds with the
superimposition of Gauss curves of surface settlement
due to series of infinitesimal elements driving. There-
fore, it is related with geometric character of working
face, convergence style after driving, not correspond-
ing to Gauss distribution completely in strict meaning
and especially generating relatively large error being
close to maximum settlement. On the other hand,
Peck’s equation directly agrees to Gauss distribution.
In a word, stochastic medium theory should be the
theoretical basis of Peck’s equation, and Peck’s equa-
tion is the simplified method of stochastic medium

Figure 7. Comparison of computing methods.

Figure 8. Comparison of computing methods.

method, but adopting different methods for parameter
selecting.

Figure 7–8 indicate that Poisson’s ratio of Verruijt
and Booker’s method locates between 0.1 and 0.2,
adopting relative method of parameters. And its result
is close to Peck’s equation when computing maximum
settlement. If embedded depth is relatively high, the
maximum value of settlement is very close.

5 PRINCIPLE OF APPLICATION OF
COMPUTING METHODS

At present, methods of settlement computation above
have been applied into practical engineering. Accord-
ing to analysis above, it is the key to correctly selecting
parameters for different methods. In other words,
whether method is applied, the separate method of
parameter selecting should be established by experi-
ence or theory.

Peck’s equation has been applied in the district of
soft soil in Shanghai, because of its characters of sim-
plicity and practicality. And the principle of parameter
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Figure 9. The placement of monitoring points.

selecting has been generalized. Spread factor of settler
is expressed as follows (Clough & Schmidt 1981):

Stochastic medium theory can consider multiform
factors (e.g. different job practices of tunnel and
sectional styles, etc.), and can calculate multiform
conditions of ground movement (e.g. horizontal dis-
placement of ground surface and surface sloping, etc.).
About parameter selecting, integral domain (� − ω)
and angel of influence (β) need to be obtained by back
analysis of measured monitoring data.

Verruijt & Booker’s method was modified later
(Loganathan & Poulos 1998, Bobet 2001). The result
relatively corresponds with practice, but these methods
still exist some problem (e.g. uncertainty of parameters
of ground loss, curve shape, etc.).

In a word, surface settlement can be predicted by
Peck’s equation or analytical equation when solving
problem of parameter selecting according a mass of
statistic of practical engineering. To important and
complicated conditions, stochastic medium method
associated with back analysis is able to gain more
information and more precise resolution.

6 ANALYSIS BASED ON MEASURED
MOINTORING DATA

The paper chooses a constructing tunnel at Shanghai
Metro line 7 as subject investigated. The tunnel adopts
shield method of earth-pressure balance through two
main layers:

– Muddy clay belonging to typical soft soil;
– Silty clay belonging to hard soil.

The longitudinal direction of tunnel is “V” in shape,
and the tunnel passes through the crossover facet of
two soil layers. The placement of monitoring points
on ground surface is shown in Figure 9, and the spac-
ing interval of monitoring points is 5 m. The surface
settlement will be separately researched by mainly
considering two factors (ground movement of work-
ing face and soil piling into gap of end part of shield
machine).
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Figure 10. The relationship between maximum surface
deformation before shield arriving and maximum surface
settlement after shield heading at the same points.

6.1 Surface settlement caused by ground movement
of working face

Figure 10 generalizes the relationship between maxi-
mum surface deformation before shield arriving and
maximum surface settlement after shield heading at
the same points. In fact, they appear to dispersive dis-
tribution: surface deformation before shield arriving is
either humping or settlement and corresponding sur-
face settlement after shield heading is either large or
small. Therefore the whole process of surface defor-
mation at certain point is influenced by multiform
factors (e.g. soil layer of tunnel driving, embedded
depth, construction procedure, etc.).

6.2 Final settlement during construction

Vl in equation (1) is calculated by

where Dy = external diameter of tunnel; Vl% = ratio
of ground loss; Vh = ground loss due to ground move-
ment of working face.

Table 1–2 and Figure 11 indicate:

1. In order to control surface settlement in the district
of complicated surrounding, the method of low-
speed driving and synchronal injecting as soon as
possible can be adopted to gain good result (e.g.
S77,S117).

2. The ratio of ground loss caused by ground humping
before shield arriving in ground loss caused by soil
piling into gap of end part of shield machine is very
little. So ground disturbance before shield arriving
can be controlled at reasonable range at present in
Shanghai.

3. The amount of humping has an effect on the con-
striction of maximum surface settlement during
construction, but larger humping will give birth to
larger ground disturbance and influence subsequent
value of consolidation settlement.
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Table 1. Parameters calculation of monitoring points based
on Peck’s equation.

Monitoring Z0 i Shmax Vh Smax Vl

points m m mm mm2 m mm2

SZ47 14.89 6.25 −1.0 −0.02 17.1 0.27
SZ77 16.80 6.88 −1.2 −0.02 8.50 0.15
SZ107 16.90 6.91 −1.5 −0.03 16.7 0.29
SZ117 16.61 6.82 −2.7 −0.05 5.60 0.10
SZ127 15.85 6.57 −1.8 −0.03 14.5 0.24
SZ137 14.70 6.18 −3.6 −0.06 14.4 0.22
SZ157 13.13 5.65 −1.4 −0.02 13.4 0.19
SZ171 11.95 5.24 −1.7 −0.02 24.3 0.32
SZ176 11.95 5.24 −3.4 −0.04 17.6 0.23

*Shmax is the maximum value of humping at monitoring
points, and Smax is the maximum value of settlement at
monitoring points.

Table 2. Controlled maximum settlement and measured
maximum settlement.

Monitoring Scmax Smax

points mm mm

SZ47 14.0 17.1
SZ107 12.5 16.7
SZ127 12.0 14.5
SZ137 14.0 14.4
SZ157 16.5 13.4
SZ171 15.3 24.3
SZ176 15.3 17.6

*Scmax is the maximum allowable value of settlement at
monitoring points.
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Figure 11. Final settlement during construction period.

4. Constructing shield-driven tunnel in Shanghai,
30 mm is regarded as controlling standard for max-
imum settlement (considering that the depth of
earth covering is 4 m). With many metro lines

constructed and larger embedded depth, the new
standard of controlling surface settlement is estab-
lished according to Vl% ≤ 1% in Peck’s equation.
By analyzing monitoring result, the construction
technology is satisfied with the requirement of con-
trolling surface settlement when the depth of earth
covering is 15 m or so.

7 CONCLUSIONS

By comparison of methods of settlement calculations
which have been applied into computing surface set-
tlement due to shield tunneling, the paper analyzed
the relativity between Peck’s equation and stochas-
tic medium method, and researched the application
problem in practical engineering. Associated with the
measured data of a constructing tunnel, some char-
acters of surface deformation have been analyzed to
appraise current level of construction technology in
soft ground in Shanghai. At the basis of established
normal ground loss, the quality of construction can be
determined and job practice can be adjusted to meet
the requirement of environmental protection.
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