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Consolidation settlement due to soft ground tunneling 

Les tassements de consolidation dûs à l’exécution de tunnel dans les terrains meubles

B.SCHMIDT, Vice President, Parsons Brinckerhoff, San Francisco, USA

SYNOPSIS Shield tunneling in soft clay usually results in settlement caused by ground l0 6 s at 
the face and into the tail void behind the shield. Often, delayed settlement due to consolidation 

also occurs. When it does, it can be much greater than the ground-los6 settlement and take a long 

time. If the tunnel engineer can predict the occurrence of such consolidation settlement, and 

determine the factors that control it, he may be able to minimize or eliminate it. Relatively 

simple analyses and supporting case histories show that excess pore pressures can occur due to at 
least three different mechanisms: inelastic radial soil movements, excess face support pressure, 

and the tunnel acting as a drain. The paper shows methods of predicting the occurrence of excess 

pore pressures and indicates ways to minimize them.

INTRODUCTION

Most soft clay tunnels are in cities or under 

water courses. Maintenance of city lifelines and 
structures during construction of these tunnels 

is a major concern of the tunnel engineer. Mod

ern tunneling technology has made it safer and 

cheaper to build tunnels in soft clay but ha6 

not succeeded in eliminating ground settlements. 
In fact, misapplication of modern technology 

can result in unacceptably large settlements.

Since they were first introduced twenty years 
ago (Peck, 1969: Schmidt, 1969). the modern, ra

tional methods of predicting immediate ground 

settlements due to tunneling have improved, 

largely by application to numerous documented 

case histories, and they are now used with con

siderable confidence (e.g., Attewell and Taylor,

1984). The methods employ an estimate of the 

ground loss due to tunneling based on soil and 

groundwater parameters and effects of construc

tion details, together with a representation of 

the surface settlement trough as an erpor func
tion. Although sophisticated computer analyses 

are sometimes u6ed. prudent engineers still 

rely on the empirical evidence from case 

histories.

Although known to occur, consolidation settle
ments have received less attention from tunnel 

practitioners and researchers, and they often 

surprise the tunnel engineer. Such settlements 
have now been reported often enough that we can 

begin to identify their causes. Three different 

mechanisms of consolidation are identified.

Pore Pressures due to Radial Plastic Displace
ment . If significant radial displacement towards 

the tunnel is allowed, a large, circular or ov

al-shaped plastic zone is created. Effective 

stress changes in this zone result in negative 
pore pressures near the tunnel but may result 

in positive pore pressures a short distance 
away. Dissipation of these positive pore pres

sures result in consolidation settlements.

Excess Face Support Pressure. With the earth- 

pressure-balance (EPB) tunneling method the 

face pressure is often maintained above the in 

situ stress in an attempt to reduce settlements. 

Inevitably, such high face pressures set up 

positive pore pressures ahead of the face and 

around the tunnel, again causing consolidation.

Tunnel Acting as a Drain. If a tunnel lining has 
a permeability egual to or greater than the sur

rounding 6o i 1, the tunnel acts as a permanent 

drain. In soft clays or silts, this results in 

consolidation settlements. A tunnel can also 
induce drainage of a compressible layer by in

tercepting a pervious stratum below the compres

sible layer. In 06lo, Norway, rock tunnel6 dri

ven below valleys filled with soft clay effec

tively lowered the water pressures in the rock, 
resulting in damaging consolidation of the soft 

clays (e.g., Karlsrud and Sander. 1978).

PORE PRESSURES DUE TO RADIAL DISPLACEMENT

To analyze long-term settlements above tunnels, 

we must determine the pore pressures in the soil 
created by the tunneling operation, and their 
dissipation with time. Let us first determine 

the total stresses in the clay resulting from 
the elimination of radial stresses at the tunnel 

periphery. For simplicity, the earth pressure at 

rest coefficient (in terms of total stresses) 

is assumed egual to unity (Kot - 1), and the 

vertical stress gradient is ignored (Clough and 
Schmidt, 1981). The radial and tangential 

stresses at distance r in the plastic zone are:

or = Pi + 26 ln(r/a); ot = or + 2s; (la) 

the third principal etress i6

oi = pj + s + 2s ln(r/a). (lb)

Here Pi is the internal support pressure (air 

pressure or lining load, if any), s is the 
undrained 6hear strength, and a the tunnel 

radius. The radius R of the plastic zone is
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Pi - B)/2S], (2)

stress in the soi 

es are elastic and
1 in 6itu 

given by

exp [(P-Pi)/S-1) (3a)

exp [(P-Pi)/s-l]. (3b)

For the undrained condition the volume change 

is zero, and the third principal 6tress in the 
elastic region is unchanged.

Using the approach suggested by Henkel (1960), 

the pore pressure changes in the plastic zone 
can be determined from the following equation, 

where the cr's now denote stress changes:

u = (oc + at + CJl)/3

+ a ' [ (<jc - ot)2 + (ot - a ^ ) 2

+ (o x - o r )2]l/2

= pi - p + s (1 + 21n(r/a) + a 1J 6 ). (4)

In the elastic zone, we have

u = a' /6s(a/r)2exp[(p-pi)/s - 1], (5)

Henkel's pore pressure parameter may be deter
mined from Skempton's conventional pore pressure 

parameter A, determined by triaxial testing, by

a' = /2(A - 1/3J/2.

Typical values of a 1 are:

Heavily overconsolidated clays:

Lightly overconsolidated clays:

Normally consolidated clays:

Sensitive clays:

-0.60 to -0.24 

-0.24 to +0.12 

0.12 to 0.48 

0.30 to 0.80 

pressures. theAfter estimating the pore 
likelihood of long-term consolidation may be 

assessed as in the following example.

Example■ Tunnel diameter 4 m; centerline depth 
B m. where total overburden pressure p = 126

kPa: Kot = 1; shear strength s = 33.6 kPa;

Pi = 0 (i.e., no restraint of radial displace
ment); and a relatively high number of a ‘. 0.30. 
We find the overload factor or stability number 

p/s ■ 3.75, and the plastic radius R = 7.92 m.

Pore pressures based on (4) and (5) are plotted 
on Figure 1. There is a large negative pore 

pressure, 68 kPa, at the tunnel wall, and a more 
modest positive pore pressure of 25 kPa at dis

tance R. Swelling will occur as water is drawn 
to the area of the tunnel wall, and consolida

tion will occur some distance away. The swel

ling will follow a rebound stress path and 

result in little total volume change. Conso

lidation, however, will follow a loading path 
and can be large, if the 6oil is normally 

consolidated. With typical values of rebound 
and compression indices, the swelling strain 
would be about 1/2 percent, while the 

consolidation strain would be about 2 percent. 

Because swelling typically occurs faster than 

consolidation and will draw water from the

consolidating region, it is entirely likely 
that there will be some delay in the onset of 
net consolidation settlement.

In theory, the consolidation settlement could be 
calculated based on this information. However, 

the process is more complex than described here, 

and the ultimate effective stresses will depend 

on the amount of restraint to radial deformation 

offered by the construction method, the ultimate 

load accepted by the lining, and any drawdown of 

the groundwater table from leakage through the 

lining. Besides, the pore pressure coefficient 

is not a constant but varies with the imposed 

6tress level. Nonetheless, some general conclu

sions can be derived from this analysis:

(1) With little or no internal supporting pres
sure. negative pore pressure occurs near the 
tunnel, followed by swelling of the soil. (2) 

Positive pore pressure occurs some distance 

away, but only for a 1 > 0 (A > 1/3), typical of 

sensitive and some normally consolidated clays. 

(3) If the clay is moderately overconsolidated, 

dissipation of the positive pore pressures, even 

for the same pore pressure parameter, would re

sult in much less settlement, because the con
solidation would not reach the normally consoli

dated branch of the consolidation curve. (4) 

An internal pressure, Pi< will reduce both 

the plastic zone and the magnitude of the 
positive pore pressure. (5) Consolidation 
settlements of this nature would create a 

settlement trough wider than the initial 

settlement trough.

Figure 1. Estimated pore pressures for example

Reports of continuing consolidation settlements 
are not uncommon. Schmitter and Moreno (1983) 

reported consolidation settlements over a sewer 

tunnel in Mexico City greater than the initial 

settlement. Ward and Pender (1981) summarize a 

number of observations of pore pressures around 
tunnels. Typically, a small rise in pore pres

sure is noted as the shield approaches (this 

would be the positive pressure predicted at some 

distance), followed by a significant drop in 

pressure as the shield passes (the predicted 
negative pressure close to the tunnel). The 
pressure drop is particularly pronounced in 

stiff clay such as the London Clay.
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The construction of an experimental tunnel for 
the Shanghai Metro was accompanied by large 

initial and consolidation settlements. The 

tunnel was 20 m deep and 2.9 m in outside 

diameter. Pore pressures measured near the 
tunnel (Hou, 1986) are shown in Figure 2. The 

highest pore pressure was measured 6 m (r = 2a) 

from the tunnel, and was 22 percent of the in 

situ pore pressure. Negative pore pressures 

may initially have existed near the tunnel. 

The excess pore pressures dissipated rapidly, 

and the concrete-lined tunnel probably acted as 
a drain.

Figure 2. Pore pressures measured around 
tunnel in Shanghai.

Another interesting case history is described by 

Palmer and Belshaw (1980). A 2.5 m tunnel was 

driven through soft to firm lacustrine clay. As 

the tunnel approached to 1 m. the pore pressure 

rose 10 percent, but it dropped 40 percent after 
the shield passed. Later the pressure rose but 
never reached the original value, perhaps indi

cating some drainage into the tunnel.

The case history by Glossop and Farmer (1979) 
shows the effect of air pressure in the tunnel. 

Thi6 tunnel was driven through organic silt in 

Belfast. When air pressure was removed for sev

eral weeks, the centerline settlement doubled. 

While the initial settlement trough was 14 m 

wide it extended to 40 m during this period. 

The organic silt had an exceptionally high 

horizontal/vertical permeability ratio.

Two tunnels for the Singapore Rapid Transit, 
Sections C104 and C301A (Shirlaw and Copsey, 

19B7), were driven through normally consolidated 

marine clay using open-face shields and com
pressed air. They were lined with bolted con

crete segments. At Section C104, settlements 

continued with the logarithm of time after the 

shield passed, with no apparent change in rate 

when the air pressure was released. After 100 

days, about one-half of the 100-mm settlement 

could be attributed to consolidation. While 

the shape of the immediate settlement trough 

conformed to the predictable error function, 
the consolidation settlements were much wider.

On Section C301A, however, the first of the pair 
of tunnels resulted in no apparent consolidation

settlement. Some consolidation settlement began 
after the air pressure was released from the se

cond tunnel. This Section employed "hydrotite" 

expanding gaskets and wa6 much tighter than the 

lining of Section C104. Thus the difference in 
performance may be related to drainage into the 
tunnel, lowering the pore pressure adjacent to 

the tunnel.

PORE PRESSURES DUE TO EXCESS FACE PRESSURE

The earth-pressure-balance shield has an en
closed compartment at the shield front. Earth 

is loosened by a rotary cutter, kept under pres

sure in thi6 compartment, and removed by a screw 

conveyor. The pressure is controlled to main

tain stability of the face and minimize soil 

movements. The pressure is often maintained 
higher than the in situ pressure, usually caus

ing the soil to displace upwards or sidewards 

and cause a heave of the ground surface, compen

sating for unavoidable subsequent settlements. 

There is logic to this practice, but it may lead 
to increased consolidation settlement. The fol

lowing analysis throws some light on the pheno

mena resulting from this practice.

Assume an in situ horizontal stress in a soft

clay of p = K0Oy + u0 = Kot If the face pres-

sure exceeds this value by pj. positive pore 

pressures are created equalling about 2pf/3, 

assuming undrained conditions. The pore pres
sures ahead of the shield, however, will not 
affect consolidation settlements, because this 

soil will be consumed. However, radial pres

sures at the periphy will be created, having a 

magnitude of about Pf/2. These are often 

large enough to create a plastic zone around 
the tunnel and set up positive pore pressures.

The analysis of this condition is similar to 
that described earlier, except that the support

ing radial pressure now is greater than the in 

situ pressure p. We find that a plastic zone

is created if

Pi (- Pf/2) > p + s,

and the pia Stic rad ius is found from

R/a = exp [(Pi - p - 6)/2s]

The pore Pressur es in the piasti c zone are

u = Pi - P - s(1 + 2ln(r/a) - a 1 /6 ),

and in the elast ic zone,

u = a 1/6s (a/r) 2exp[(Pi - p) /s - 1].

For r = R, u = a ' 6s, and for r = a.

u = Pi - p - s + a ' /6s .

From this analysis we may conclude: (1) If pj>p 

and a' positive, there will always be a positive 
pore pressure around the tunnel, even if a plas

tic zone is not created. (2) The extent and mag

nitude of the positive pore pressure increases 

with increasing extent of the plastic radius, 
and values of p^ - p and a'. (3) If a' < 0, 

pore pressures are negative in the elastic zone 
and in most or all of the plastic zone. Close 

to the tunnel, pore pressures may be positive
if Pi > p + s - a 1 /6s .
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These results ate in accord with Ladanyi (1963), 
who analyzed an expanding cavity in clay and 

predicted positive pressures in an overcon

solidated clay, and negative pore pressures in 

a normally consolidated clay.

Because the EPB machine does not support the 
soil behind the 6hield (as opposed to the com

pressed air method and, to an extent, the slurry 

shield), the soil will move radially into the 

tail void without restraint. In soft clay, the 

entire tail void will typically be filled. At

tempts to grout the tail void will only result 
in local displacement of the soil. The soil may 

therefore be exercised to plastic failure, first 

in one direction, then in the opposite direc
tion, and again with the grouting. The resulting 

pore pressures cannot be predicted without 

knowledge of details of the tunneling method 

that are not available in advance.

Nonetheless, if a'>0, the pore pressures are 
likely to be positive and result in consolida
tion settlements. These will be larger for 

greater values of a' and of the face pressure.

4. With good tunnel face control (i.e., with a 

stability number of about 3.5 or less), ground 

1066 at the face is small. Short- and long-term 

settlements can then only be reduced by control 
of the tail void encroachment with internal 

preeeure or timely restraint by grouting or by 
an extruded liner.
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