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Abstract

Ground losses due to tunneling would induce settlement of nearby raft foundations. To study the change in behavior of the raft foun-
dations over time due to tunnel excavation in soft clay, a series of centrifuge model tests were conducted. The results reveal that the raft
stiffness has a significant influence on the development of the gap between the raft and the ground. The width of the gap beneath the
flexible foundation would increase over time, leading to a further increase in tensile strain after excavation, whereas the gap for raft foun-
dations with a large stiffness would reduce with time, causing a gradual decrease in tensile strain. The modification factor (MF) design
approach is also evaluated with the test results and demonstrates that the MF design approach would underestimate the tensile strain of
the flexible raft and provide a relatively conservative prediction for larger stiffnesses.
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1 Introduction

Tunnels are often excavated adjacent to infrastructure,
beneath highways, and around the vicinity of existing
transportation or public utilities tunnels. The increasing
need for urban tunnelling to serve the ever-growing popu-
lation in space-constrained cities will result in portions of
the tunnelling route running close to or beneath buildings
on shallow foundations. Ground loss during tunnel con-
struction would induce soil movement, thereby causing
an additional deformation of the buildings. In Singapore
and Shanghai, many low-rise public housings built by the
governments over 40 years ago are supported on spread
footings. Typically, thick raft foundations will be cast to
underpin the existing footing foundations to mitigate
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excessive differential settlements due to tunnelling. Thus,
assessing the influence of tunnelling on the cast rafts is
essential to determine the adequacy of the mitigation
measures.

Parameters used to assess structure damage such as set-
tlement, angular distortion, relative deflection D and deflec-
tion ratio D=L have been defined as illustrated in Fig. 1,
showing a single tunnel undercrossing a typical raft foun-
dation. The raft is aligned transversally and longitudinally
to the tunnel axis. Deflection ratio has been identified as
one of the most critical factors in the risk assessment of
potential building damage due to tunnelling, with limiting
values for the deflection ratio being proposed by USSR
(1955), Polshin and Tokar (1957), Grant et al. (1974),
and Cui et al. (2023). Burland and Wroth (1974) further
established the relationship between the deflection ratio
and the maximum tensile strain by simplifying the founda-
tion to be a Timoshenko beam, noting that tensile strain is
one of the causes of damage in concrete raft.
ehalf of KeAi Communications Co. Ltd.
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Fig. 1. Schematic diagram of raft-tunnel interaction.

Fig. 2. Centrifuge model set-up.
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Expanding on Fig. 1, there are 2 types of settlement
zones, sagging and hogging, separated by a point of inflec-
tion shown. The deflection ratios in sagging and hogging
zone are represented by Dsag=Lsag and Dhog=Lhog, respec-
tively. Considering that the actual Dsag=Lsag and Dhog=Lhog

of the raft cannot be obtained prior to detailed measure-
ment or calculation, Potts and Addenbrooke (1997) pre-
sented a tunnel-foundation interaction model to evaluate
the deflection ratio between the greenfield ground move-
ments and foundation movements. The modification fac-

tors (MFsag and MFhog) were then defined to denote the
maximum deflection ratio of a foundation due to tun-
nelling in relation to the greenfield condition:

MFsag ¼ Dsag=Lsag
Dg
sag=L

g
sag

and MFhog ¼ Dhog=Lhog
Dg
hog

=Lg
hog

, in which Dg
sag

(or Dg
hog) is the relative deflection in sagging/hogging region

of the greenfield settlement trough; Lg
sag (or Lg

hog) is the

transverse length of sagging/hogging region of the green-
field settlement trough. Therefore, the deflection ratios
Dg

sag=L
g
sag and Dg

hog=L
g
hog are calculated for both sagging

and hogging zones in terms of the foundation geometry
and location using the greenfield settlement trough.

By changing the building geometry and location in
relation to the tunnel in the FE analysis, a design chart
of modification factors with respect to building relative

bending stiffness EI=Es L=2ð Þ4 (EI is the foundation bend-
ing stiffness; Es is the soil elastic modulus) was proposed
such that the deflection ratio can be estimated from the
greenfield.

In the above mentioned design chart, the eccentricity e

of the building relative to the tunnel axis (see Fig. 1) is
an independent variable and has a significant impact on
the distribution of the modification factors in relation to
the relative bending stiffness. Based on a series of FE para-
metric studies involving the building length and location
with respect to the tunnel, a new relative bending stiffness

(qsag ¼ EI=EsLsag
3 and qhog ¼ EI=EsLhog

3) was introduced
by Goh and Mair (2011), with the sagging and hogging
lengths (Lsag and Lhog) are used to account for variations
in the building geometric parameter, the position relative
to the tunnel and the greenfield profile. The design curves
proposed were independent of the eccentricity of the build-
ing relative to the location of the tunnel. In view of the
importance of the sagging and hogging lengths in the esti-
mation of the relative stiffness, Franza et al. (2020a) pro-
posed a series of charts for estimating the inflection point
of the foundation due to tunnelling by continuum
solutions.

Besides theoretical studies, centrifuge tests have also
been conducted to study tunnel-building interaction in
sand (Farrell, 2011; Ritter et al., 2018, 2020). They dis-
cussed the influences of the building stiffness, opening ratio,
position relative to the tunnel and volume loss on the over-
all building response. Yu et al. (2021) conducted a series of
centrifuge tests to study the behavior of the rafts resting on
undrained saturated clay.

However, unlike sandy ground, saturated clay experi-
ences long-term settlement after tunnel excavation, such
that the raft deformation would also continue developing,
which presents an avenue for further investigation. This
study will present a series of centrifuge model tests to inves-
tigate variations in the response of rafts of varying rigidities
due to tunnelling, conducted with Yu et al. (2021) appara-
tus. The results reveal that the raft stiffness has a significant
impact on the development of the gap (soil-raft separation)
beneath the rafts as well as the tensile strains. Discussions
on the applicability of the current risk assessment system
will also be conducted.



Fig. 3. Photos of the model raft foundations.
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2 Experiment setup and procedure

The centrifuge model was set up as shown in Fig. 2. A
stainless steel strong box of 540 mm length, 500 mm height
and 220 mm width was employed as the main container.
Two 60 mm-diameter holes were drilled at the front Per-
spex window and the back plate of the strong box to allow
for the installation of the stainless-steel model cylindrical
tunnel. The tests were designed to be conducted at 100g,
which simulates the 6 m diameter prototype tunnel with a
60 mm diameter model tunnel.

To simulate volume loss during the tunnel excavation, a
60 mm-diameter cylindrical stainless steel model tunnel (in-
cluding the 1 mm latex membrane) was fabricated (Fig. 2).
This simulation process adopted the GAP method (Rowe
& Kack, 1983), in which the ground movements occurred
predominantly around the tunnel crown. This was achieved
by placing the inner cylinder eccentrically within the two
larger diameter outer rings installed at both ends of the
cylinder to simulate a larger deformation on the top. The
model was then sealed with a 1 mm latex membrane on
the outside. The annulus between the membrane and inner
cylinder was filled with water and volume loss of the tunnel
can be simulated by extracting water using a piston
installed at the back of the strong box. The piston move-
ment can be controlled via a cylinder pump via a hydraulic
servo valve. The detailed design on the piston can be found
in Yu et al. (2021).

To simulate raft foundations of varying rigidities, 3 alu-
minum plates (RF-1, RF-4 and RF-10) of varying thick-
nesses of 1, 4 and 10 mm respectively were fabricated (see
Fig. 3 and Table 1), all of which placed on the surface of
the soil without eccentricity relative to the model tunnel
centreline. As the plates had the same width (220 mm in
model scale) with the container, the tests were conducted
under plane-strain condition.

Due to the symmetric feature of the model, 4 pairs of
strain gauges were attached at both top and bottom of
the right half of the plates to measure the tensile strain
induced by tunnelling. Figure 3 also shows the number of
strain gauges at the bottom surface of the plates. A thin
layer of waterproof glue was used to protect the strain
gauges. Wax was also coated on the strain gauges to pre-
vent the glue from restricting its movement with the raft.
The reliability of the treatment has been demonstrated by
Yu et al. (2017). In addition, eleven potentiometers were
placed at various locations (see Fig. 2) of the soil to mea-
sure the settlement trough of the ground surface and raft
during tunneling.

Kaolin clay with properties shown in Table 2 was used
to create a normally-consolidated soil. The sample was pre-
pared at a water content of 120% and poured into the
strong box which is underlain with a 20 mm thick sand
layer. After consolidating under self-weight in the cen-
trifuge at 100g, the height of the soil upon reaching pore-
pressure equilibrium was 320 mm.
After the first consolidation cycle, a tunnel was installed
through the front hole of the strong box using an auger
type cutter within a shield. The alignment of the cutting
was controlled with a guide. When the shield reached the
back hole of the strong box, the model tunnel that was pre-
viously mentioned was then inserted through the back hole
with the shield slowly pulled back.

Subsequently, an 85 mm-thick layer of clay was
removed from the top to simulate over-consolidated clay.
The final cover depth above the crown of the tunnel was
80 mm for every single test. The weight of the removed soil
generated a preconsolidation pressure of about 50 kPa at
the ground surface, which was much larger than the sur-
charge applied by any of these rafts that would be placed



Table 1
Test program.

Test name Material Model scale Prototype scale

L

(mm)
H

(mm)
w

(mm)
EI

(kN�m2/m)
L

(m)
H

(m)
w

(m)
EI

(kN�m2/m)

GF Greenfield
RF-1 Aluminium 360 1 220 5.83 � 10�3 36 0.1 22 5.83 � 103

RF-4 Aluminium 360 4 220 3.73 � 10�1 36 0.4 22 3.73 � 105

RF-10 Aluminium 360 10 220 5.83 36 1 22 5.83 � 106

Table 2
Properties of Kaolin Clay (Hartono, 2014).

Property Value

Unit weight (kN/m3) 16.4
Liquid limit (%) 74
Plastic limit (%) 35
Internal friction angle of internal (�) 23
Coefficient of permeability (at 100 kPa) (m/s) 2.0 � 10�8

Coefficient of consolidation, cv(m
2/y) 20

Normally consolidated strength ratio, su=r
;
v0

� �
nc

0.22 (Yu et al., 2017)

Modified Cam-clay parameters Value

Critical state friction constant 0.90
Gradient of normal consolidation line, k 0.206
Gradient of swelling line, j 0.053
Specific volume at p0 = 1 kPa 3.35

Fig. 4. Undrained shear strength profile.
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on the surface of the soil. Thus, any additional induced set-
tlement was insignificant and the cover depth could remain
the same for every test. After this process, the final height
of the clay was 240 mm.

When the ground prepared, the raft was then placed at
the designed position on the surface, after which eleven
potentiometers were placed. The model was subsequently
spun up in the centrifuge for reconsolidation. Once pore
pressure and soil settlement reached equilibrium, the
hydraulic servo valve would be turned on to extract water
from the annulus to simulate the tunnel excavation and the
corresponding volume losses. In all tests, the final volume
loss was fixed at 4%.

For the basic Test greenfield (GF), a T-bar penetrometer
test was carried out in-flight to measure the undrained
shear strength of the sample before tunnelling. The
undrained shear strength profile is shown in Fig. 4. The
undrained strength profile based on the function derived
by Wroth (1984) is given as

su ¼ r0
v0 � su

r0
v0

� �
nc

�OCRK; ð1Þ

where r;
v0 is the in-situ vertical effective stress; su=r

;
v0ð Þnc is

the normally consolidated strength ratio; OCR is the over-
consolidation ratio; and K is the plastic volumetric strain
ratio and equals to k�j

k . The values of the parameters used

in this equation are given in Table 2. The good consistency
between the measured and predicted strength profiles
demonstrates the reliability of the soil properties and soil
shear profiles.
3 Experiment results

Figure 5(a) shows the development of the ground sur-
face settlement monitored by the central potentiometer
after the tunnel excavation in Test GF. A settlement of
around 75 mm was measured just after completion of the



Fig. 5. Greenfield settlement: (a) Central settlement, and (b) settlement
profile.

Fig. 6. Settlements of the rafts and the soil beneath them. (a) RF-1, (b)
RF-4, and (c) RF-10.
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excavation. After one year, the settlement gradually lev-
elled off. Figure 5(b) further compares the ground surface
settlement profiles at 0, 3, 6 and 12 months after excava-
tion, which were obtained by the potentiometers and the
particle image velocimetry (PIV) technique. Although the
settlement troughs had a similar shape, the observed widths
and maximum settlements experienced a great increase
over time.

The developments of the raft settlement profiles after
tunnel excavation are shown in Fig. 6(a)–(c) for Tests
RF-1, RF-4 and RF-10, respectively. As examples, sagging
and hogging modes are also plotted for the settlement
troughs of the rafts just after excavation. The variations
of the deflection ratios over time are shown in Fig. 6.
The figures also show the ground settlement troughs
beneath the rafts using PIV technique. It is observed that
the ground settlement troughs beneath RF-1 were approx-
imately consistent with the greenfields shown in Fig. 5(b).
Furthermore, due to the RF-1 having a small bending stiff-
ness, the settlement profiles approximately followed the
ground surface, showing clear modes of hogging and sag-
ging deformation. It is worth noting that, for the raft
undercrossed by the tunnel, the differential ground settle-
ment would gradually decrease the contact pressure at
the mid-span to zero, thereby causing a gap to form
beneath the raft. The original contact pressure was gradu-
ally transferred to the edge of the raft by stress redistribu-
tion. From Fig. 6(a), it can be found that for a flexible raft,
the range of the gap further developed during a long time
after excavation, thereby leading to an increase in the rela-
tive deflection of the raft.

As shown in Fig. 6(b), the increased bending stiffness of
RF-4 resulted in a significant change to the ground settle-
ment profile, with the width of the gap just after excavation
being relatively larger than that of RF-1. However, it is
worth noting that, the width of the gap beneath RF-4
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shows a decreasing trend and to some extent, could help to
mitigate the relative deflection.

Compared to the other two rafts, the raft RF-10 with
the largest bending stiffness showed minimum relative
deflection. The width of the gap was the largest among
the three rafts, directly after completion of tunnel excava-
tion. This is mainly due to the stiffer raft having greater
resistance to ground deformation. Over time, both the
width and depth of the gap showed a continuous reduction.
The recovery of the soil-raft contact pressure helped to fur-
ther reduce the relative deflection.

The finding from the monitoring results in Figs. 5 and 6
reveals that rafts of sufficiently high bending stiffness can
not only effectively reduce the relative deflection, but also
display some self-recovery capability after excavation. On
the contrary, for flexible rafts, a further increase in relative
deflection may occur.

Figure 7 shows the development of the tensile strains
between different rafts after being undercrossed by the tun-
nel. Due to the fact that the settlement profile of the flexible
raft RF-1 had a sagging zone in the mid-span and two hog-
ging zones on both sides shown in Fig. 6(a), both the tensile
strains captured by the strain gauges 1 and 8 attached on
the RF-1 are shown Fig. 7. The central sagging tensile
strain showed a sharp increase for the first 3 months after
excavation and gradually tapered off. However, the hog-
ging tensile strain showed a slight gradual reduction. This
implies that any further increase in the total settlement
would not significantly affect the distribution of the soil-
raft contact pressure after an approximate period of
3 months.

Unlike the sagging tensile strain observed in the case of
RF-1, RF-4 showed a slight decrease for the first month
after excavation and then tapered off, with the magnitude
of the initial change in tensile strain much smaller than that
of RF-1. As for RF-10, it showed the smallest tensile strain
after excavation. More importantly, the tensile strain
showed a long term slight gradual decrease, which can be
Fig. 7. Comparisons of tensile strains among the different rafts.
attributed to the continuous reduction in the width of the
gap (see Fig. 6(c)).

It is evident that the increase in stiffness can effectively
reduce the relative deflection and the resultant tensile
strain, and even help with the long term reduction of the
width of the developed gap, thereby further reducing the
tensile strain over time.

The development of the strain (etop and ebot) distribu-
tions obtained from the strain gauges placed at the top
and bottom surfaces of the model rafts after tunnel excava-
tion is shown in Fig. 8(a), (c) and (e). With an increasing
bending stiffness, the resultant strain distribution is also
observed to change considerably. As previously mentioned,
tensile and compressive strains were measured both in the
sagging and hogging zones for RF-1 (Fig. 8(a)). However,
RF-4 and RF-10 had no hogging deformation observed
(Fig. 8(c) and (e)). The larger rigidity enabled both rafts
to better maintain its rigid body form through the redistri-
bution of soil contact pressure. Hence, the fibres at the top
and bottom of RF-4 and RF-10 were entirely in compres-
sion and tension, respectively.

Boscardin and Cording (1989) reported that the total
tensile strain can be divided into horizontal and bending
strains (eh and eb). Based on beam theory, the above can
be determined from strains measured by strain gauges
placed at the top and bottom of the raft at the same loca-
tion, i.e., eh ¼ etopþebot

2
and eb ¼ ebot�etop

2
. Figure 8(b), (d) and

(f) plots the measured horizontal strains and bending
strains along the right-hand side of the rafts. It was
observed that the horizontal strain induced by tunnelling
was generally close to zero, while the bending strain due
to tunnelling made up most of the total tensile strain of
the raft. Through the gradual redistribution of the bending
strain, it can also be found that bending strain of the flex-
ible raft RF-1 experienced a great increase after tunnel
excavation, while the bending strains of both RF-4 and
RF-10 decreased, implying that a larger stiffness would
result in a larger decrease in bending strain.

Using the model of a simply supported beam with a cen-
tral point load, Burland and Wroth (1974) deduced the
relationship between the ratio of deflection ratio to maxi-
mum bending strain ebmax and the length-thickness ratio
can be expressed as follows:

Dsag=hog

Lsag=hogebmax

¼ 0:167
Lsag=hog

H
þ 0:65

H
Lsag=hog

; ð2Þ

where Dsag=hog is the relative deflection in sagging/hogging
region of raft settlement trough; Lsag=hog is the transverse
length of sagging/hogging region of raft settlement trough;
H is the raft thickness.

In view of the difference between the central point load
and the actual soil-raft contact pressures, Yu et al. (2022)

further refined the expression between
Dsag=hog

Lsag=hogebmax
and

Lsag=hog=H using the passive modulus (Yu et al., 2013)
and the model of a simply supported beam with uniformly
distributed load:



Fig. 8. Change in the raft strain distribution with time.
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Dsag=hog

Lsag=hogebmax

¼ 0:208
Lsag=hog

H
þ 0:65

H
Lsag=hog

: ð3Þ
Equations (2) and (3) above are plotted in Fig. 9 as solid
line and dashed line, respectively. The test data of the three
rafts at 0, 3, 6 and 12 months after excavation were also
plotted in Fig. 9 to validate the two theoretical expressions.
As previously mentioned, by varying the stiffness of the
rafts, large differences between the contact pressure
between the soil and rafts and subsequent pressure redistri-
bution could be observed over time. However, most data
cluster around a narrow band bounded by the theoretical
curves. This implies that the raft deflections characterized
by the two assumed contact pressures (central point load
and uniformly distributed load) are generally
representative.

The expressions given in Eqs. (2) and (3) can be used to
evaluate the raft’s additional tensile strain when the deflec-

tion ratio
Dsag=hog

Lsag=hog
is provided. To evaluate the deflection ratio

before the tunnel excavation, the modification factor
approach described in the introduction is required. This



Fig. 9. Variation of D
Lsag=hogebmax

with
Lsag=hog

H .

Fig. 10. Variation of modification factors: (a) with relative bending
stiffness, and (b) with time.
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is an approach to estimate the raft
Dsag=hog

Lsag=hog
in terms of the

greenfield deflection ratio ðDg
sag=L

g
sag or Dg

hog=L
g
hog) and the

modification factor (MFsag or MFhog) determined by the
raft-soil relative stiffness. Figure 6(a) shows the modifica-

tion factors (MFsag or MFhog) just after excavation. Based
on the strength profiles measured by the T-bar test and
Wood’s (1990) relationship, the soil undrained moduli Es

at z0=2 were estimated by Yu et al. (2021) to be 2.5, 2.8
and 3.3 MPa for RF-1, RF-4 and RF-10 due to the differ-
ent weights, respectively.

Franza et al. (2020b) further studied the range of the
MF design curve on the basis of Goh and Mair (2011)
and found that it was dependent on the foundation shape
factor Lsag=hog=w, where w is the length of the raft parallel
to the tunnel axis. The lower bound in Fig. 10(a) is close
to the plane strain condition (Lsag=hog=w ¼ 0). As
Lsag=hog=w increases, the design curve gradually tends to
the upper bound. Franza et al. (2020b) found that when
Lsag=hog=w approaches 100, the design curve generally
remains unchanged, which can be considered to be the
upper bound. As the tests were carried out under the
plane-strain condition (the model raft was fabricated to
have the same width as the container), the MF obtained
is closer to the zone between the lower bound and the
design curve with Lsag=hog=w ¼ 0:2, which strengthens the
credibility of the theoretical finding of Franza et al.
(2020b). Furthermore, Fig. 10(a) also shows the design
curve with Lsag=hog=w ¼ 0:2, which is right-shifted from
the lower bound. It implies that the design curve is sensitive
for a small Lsag=hog=w. Further increase in Lsag=hog=w results
in a gradual shift of the design curve to the right until it
reaches the upper bound.

Figure 10(b) further illustrates the change in MF just
after, as well as 3, 6 and 12 months after excavation. Note
that all Dg

sag=L
g
sag and Dg

hog=L
g
hog are obtained from the green-

field just after the completion of excavation. It is evident
from Fig. 10(b) that MFsag of RF-1 increases over time,

while MFhog shows a sharp drop. Furthermore, MFsag of
RF-4 and RF-10 showed a more gradual reduction as com-
pared with RF-1. The directions of the arrows represent the
variations of the modification factors over time.

Therefore, for flexible rafts, MFsag after just tunnel exca-
vation would underestimate the long-term development of
Dsag=hog

Lsag=hog
in the later process, thereby leading to an underesti-

mation in the actual tensile strain. On the contrary, for
rafts with large stiffness, the tensile strain evaluated by
MFsag just after tunnel excavation is larger than that in
the later process, and thus lead to a relatively conservative
prediction. Thus, the MF method yields reasonable results
when predicting the response of rafts with large stiffness
but would underestimate the response of flexible rafts in
soft clay.



J. Yu et al. / Underground Space 17 (2024) 161–169 169
4 Conclusions

A series of centrifuge model tests were conducted to
study the responses of rafts of varying stiffness over time
after tunnel excavation. The results reveal that, gaps would
form between the raft and the ground surface as the ground
settled, with the profile of the gaps dependent on the stiff-
ness of the raft. For rigid rafts, the range and depth of
the gap reduces with time, thereby causing a reduction in
the raft’s relative deflection and tensile strain. On the con-
trary, the tensile strain of the flexible raft increased with
time passing, as the range of the gap had an increasing
tendency.

In terms of the greenfield deflection ratio and the mod-
ification factor determined by the raft-soil relative stiffness,
the raft deflection ratio after just tunnel excavation can be
predicted. The additional tensile strain can be then calcu-
lated using the proposed theoretical expressions. The distri-
bution of the design curve for the MF depends on the
foundation shape factor Lsag=hog=w. The lower bound of
the distribution represents the plane-strain condition
(Lsag=hog=w ¼ 0). With Lsag=hog=w increasing, the design
curve would gradually tend to the upper bound.

The tensile strain obtained from the modification factor
design approach represents the response of the raft after
just excavation. However, considering that the tensile
strain of the flexible raft would increase with time, the
MF design approach would underestimate the actual ten-
sile strain after tunnelling. On the contrary, the MF design
approach would provide a relatively reasonable prediction
for the raft with a large stiffness.

In addition, it should be noted that all the model rafts
were placed on the surface of the soil. However, Farrell
(2011) revealed that the increasing embedment would con-
strain the distortion of the foundation edges, thereby fur-
ther widening the gap just after excavation. Wider
unsupported zones may cause larger soil-raft contact pres-
sure at the edges. These effects on the recovery of the con-
tact pressure and reduction of the relative deflection need
further study.
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