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ABSTRACT: The response of buildings to tunnelling induced ground movements is an area of great
importance for many urban tunnelling projects. This paper presents the response of two buildings to
the construction of a 12 m diameter sprayed concrete lining (SCL) tunnel with face reinforcement, in
Italy. Soil and structure displacements were monitored through extensive instrumentation. The settlement
response of the two buildings was found to differ significantly, demonstrating both flexible and rigid
response mechanisms. Comparison of the building settlement profiles with greenfield settlements enables
the soil structure interaction to be quantified. Encouraging agreement between the modification to the
greenfield settlement profile displayed by buildings and estimates made from existing predictive tools is
observed. Potential issues for infrastructure connected to buildings, arising from the embedment of rigid
buildings into the soil, are also highlighted.
1

INTRODUCTION

α * mod =

The estimation of the risk of damage to buildings typically involves assuming that the structure
deforms according to the vertical and horizontal
greenfield ground movements. While the greenfield
ground movements are relatively well understood,
due to extensive field measurements and centrifuge
studies (Mair & Taylor, 1997), the presence of a
structure alters these movements in what is termed
the soil-structure interaction. The modification to
these ground movements can result in smaller distortions and levels of damage to overlying structures than may have been predicted.
Potts & Addenbrooke (1997) conducted a parametric finite element analysis on the problem
illustrated in Figure 1, to investigate the response
of buildings to tunnelling. Two parameters were
defined to explain the modification to the settlement and axial response of buildings; these were
the relative bending stiffness (ρ*) and the relative
axial stiffness (α*). ρ* and α* were later modified by
Franzius et al (2006), the former to be dimensionless
as well as the latter. Expressions for ρ*mod and α*mod
are presented in Equations 1 and 2 respectively:

ρ * mod

EI
=
E s B 2 z0 L

(1)

EA
Es BL

(2)

where EI and EA are the bending stiffness and the
axial stiffness of the structure respectively. Es is the
secant stiffness of the soil at 0.01% axial strain, at
a depth of z = z0/2. B is the building width and L
is the length parallel to the tunnel heading. Dimensions are illustrated in Figure 1.
Settlement distortions to buildings are typically
measured in both hogging and sagging modes of
deformation using the deflection ratio (∆/L or DR,
defined in Figure 1). Note that the hogging and sagging regions are partitioned by the point of inflexion
(i) of the settlement trough. Potts and Addenbrooke
(1997) quantified the modification to settlement
distortions in terms of the ratio of the measured
deflection ratio to the equivalent greenfield value, as
presented in Equation 3. This ratio is given the term
‘modification factor’ (MDRhog and MDRsag).
M DR =

DR str
DR GF

(3)

where DRGF is the greenfield deflection ratio and
DRstr is the deflection ratio displayed by the building; both are defined separately in hogging and
sagging.
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Modification factors to the greenfield settlement distortions are highly dependent on ρ*mod
(Franzius et al., 2006). Similarly, the modification to tensile and compressive horizontal strains,
in the hogging and sagging regions respectively,
are highly dependent on α*mod (Franzius et al.,
2006).
This paper discusses mechanisms governing the
soil-structure interaction based on observations of
the response of two buildings to the construction
of a 12 m diameter tunnel in Quaternary fluvial
deposits. The tunnel was constructed with an open
face using a temporary sprayed concrete lining,
commonly known as the SCL(sprayed concrete
lining) method. Reinforcement of the tunnel face

and above the crown was also carried out prior to
excavation and installation of the permanent concrete lining.
2
2.1

Figure 2.

Tunnelling works

A 12 m diameter tunnel was constructed beneath
two buildings using the SCL method and extensive
protective measures. The tunnel axis is located at
20.95 mAD and ground level varies from 44.3 to
46.2 mAD giving a minimum depth of cover (C) of
roughly 17.3 m. A plan of the site is presented in
Figure 2. Construction was carried out from east
to west in 6 m stages, with the exception of the first
stage, which was 12 m in length.
2.2

Figure 1. Influence of soil-structure interaction on settlement distortions.

PROJECT OVERVIEW

Buildings and instrumentation

Two buildings overlie the excavation, both of which
have been constructed with load bearing masonry
walls on strip footings with reinforced concrete
floor slabs. The building to the west of the site,
building 107, is a 5 storey commercial structure.
The building to the east of the site, building 106,
is a two storey commercial structure. Both buildings lie transverse to the tunnel axis, and the eccentricity, defined as the distance from the midpoint
of the building to the tunnel centreline, is roughly
8.7 m (e/B = 0.23). An aerial view of the site is presented in Figure 3.

Site plan.
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Figure 3.

Aerial view of site.

Reflective prisms, placed at first floor level
around the perimeter of the building facades,
allowed building settlements to be measured.
Ground settlements between the two buildings
were measured using BRE type settlement studs.
Subsurface settlements were obtained from extensometers at 1 m intervals to a depth of 40 m. Pore
pressures were measured using Casagrande piezometers and piezocells, at locations indicated in
Figure 2. Piezometer response zones are indicated
in Figure 6.
2.3

Figure 4.

Vertical jet grouting.

Figure 5.

Horizontal jet grouting.

Protective measures

Extensive protective measures were adopted to
maintain stability of the tunnel excavation and
to reduce ground movements. In total, over 2,000
vertical jet grout columns were installed over the
initial 33 m of the excavation (see Figure 2), vertical jet grouting was carried out from the surface
to form a reinforced soil/grout canopy around the
tunnel. Subsequent further reinforcement of the
soil directly above the crown and into the face was
carried out prior to tunnelling using horizontal jet
grouting, as indicated in Figure 4. Horizontal jet
grouting was initially carried out from the excavation from which construction of the tunnel was
started and was later conducted from within the
tunnel. Grout was injected using a single fluid system at a pressure of 400 bar.
Subsequently, due to operational constraints,
the ground ahead of the tunnel crown and ahead
of the tunnel face was reinforced using 500 mm
diameter horizontal columns, without vertical jet
grouting, as illustrated in Figure 5. These columns
were formed by horizontal jet grouting from within
the tunnel and were 20 m in length into the face
and 14 m in length above the crown. The minimum
distance between the tunnel face and the end of
these columns was 8 m and 14 m for the columns
ahead of the tunnel crown and ahead of the face,
respectively. Regions in which horizontal jet grouting alone was conducted from within the tunnel
excavation are indicated in Figure 2.
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The number of horizontal jet grout columns
installed into the tunnel face was reduced over
the course of the project. Where this was the case,
additional fibreglass face anchors and drains were
installed into the face instead. Fibreglass face
anchors were 20 m in length and were easily dug
out during the excavation. The face anchors were
later altered to allow for compensation grouting
through tubes á manchette (TAM’s).
2.4

Ground conditions

The site geology consists of lightly over-consolidated fluvial deposits from the Quaternary period.
Ground conditions, illustrated in Figure 6, are
highly stratified with layers of silty clays and clayey
silts, termed the T1 formation, interbedded with
lenses of sandy silt and silty sands, termed the T2
formation. These descriptions have been confirmed
from particle size distribution tests. Casagrande
plasticity charts classify the T1 formation as a
medium to high plasticity clay.
The water table was found to lie 5 m below
ground level (∼39 mAD) although under-drainage
from an underlying gravel layer means that conditions are not hydrostatic. The permeability of the
T2 formation beneath the tunnel invert was estimated from in-situ permeability tests to lie between
10−6 to 10−7 m/s. The high fines content of the T1
formation (72–99%) indicates a very low permeability and this is consistent with the observed
lack of water inflows at the tunnel face throughout
construction.
Results from 6no. CPT tests indicate that the
undrained shear strength (cu) at the tunnel axis to
be around 120 kPa. SPT and undrained unconsolidated (UU) triaxial tests indicate lower strengths
of around 80 kPa, although this may be due to
sample disturbance.
Correlations proposed by Duncan and Buchignani (1976) are used to estimate the undrained soil

Figure 6.

Elevation of site and stratigraphy.

stiffness (Eu) from the undrained shear strength
taking Eu = 600 cu, for Ip = 30%. Based on these
correlations Eu at a depth of z = z0/2 is estimated to
be about 90 MPa.
3

GREENFIELD RESPONSE

3.1 Vertical settlement profile
For the purpose of investigating greenfield
ground movements, cross section S-TE (see Figure 2) is analysed as it is the least influenced by
the adjacent buildings. This section is located on
tarmac. Figure 7 shows the settlement profile
along section S-TE at various stages during the
excavation. Gaussian curves fitted to the settlement data are also illustrated. Settlements can
be seen to increase as the tunnel face proceeds
towards the cross section. As the tunnel face
passes beyond section S-TE (d > 0) the contribution of further construction to the maximum
settlement (196 mm) can be seen to be relatively
small, indicating that most of the settlement
occurs ahead of the tunnel face.
Gaussian curves fitted to the settlement data—
obtained using a non linear least squares regression
analysis—gave R2 values in excess of 0.975 indicating a relatively good fit to the settlement data, as
illustrated in Figure 7. This is consistent with other
field observations (e.g. Peck, 1969; O’Reilly and
New, 1982).
The trough width parameter, K, defined as
K = i/z0, was found to increase from 0.45 to 0.55
as the excavation passed beyond section S-TE
(d > 0). This agrees well with a value of 0.5 often
observed for tunnelling in clays (O’Reilly & New,
1982; Mair and Taylor, 1997). The increase in K
with time may be attributed to consolidation of the
T1 formation.

Figure 7. Greenfield surface settlement profile at section S-TE.
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3.2

Volume losses

The variation in the normalised surface settlement
trough volume (vs) with distance from the excavation face (d), is illustrated in Figure 8 for the greenfield cross section S-TE, where vs is the volume of
the settlement trough expressed as a percentage of
the cross sectional tunnel area.
It can be seen that when the excavation is directly
beneath section S-TE (d = 0), vs equals 3.2%. This
is seen to increase to 5.1% when the excavation
face is 28 m (2.3Dt) beyond S-TE. Assuming negligible contraction or dilation of the soil and ignoring consolidation effects, the volume loss resulting
from the tunnel construction can be estimated as
about 5%. Bearing in mind typical volume losses
for open face tunnelling in stiff clay are in the
range 1.0–2.0% (Mair & Taylor, 1997), this is a
large volume loss for an urban tunnelling project.
4

CAUSES OF VOLUME LOSSES

around 20 m. The jet grouting is observed to cause
a large increase in pore pressure which is consistent with an undrained response of the ground, as
highlighted by Mair and Taylor (1993).
Interestingly, a large increase in the settlement
is observed during the jet grouting in stage 12
while the tunnel excavation itself causes only a
slight increase in the settlement rate. Subsequent
jet grouting during stage 13 is observed to coincide with further increasing settlements of building
107. Again the excavation of section 13 does not
appear to have a significant impact on the rate of
settlements. In total, up to 70% of the building settlements occurred during phases of horizontal jet
grouting. Consolidation and the tunnel excavation
itself also contributed to the settlements. In effect
the protective measures adopted, although necessary for tunnel stability, contributed significantly
to the observed settlements.
5

Despite the extensive protective measures adopted
during this project, large volume losses have been
observed, particularly where horizontal jet grouting was carried out from within the tunnel excavation alone, as was the case beneath section S-TE.
Figure 9 shows the settlement response of the
western façade of building 107 at the tunnel centreline (x = 0) against time during stages 12 and 13
of the excavation (indicated on inset). The change
in pore pressure (∆U) against time, measured just
below the tunnel axis (28 mbgl) from piezometer
PZ10, is also shown. Pore pressure changes relate to
the measurements at the time of installation of the
piezometer. This occurred when the perpendicular
distance from the tunnel face to the piezometer was

Figure 8. Variation in normalised trough volume at section S-TE against distance from the excavation face.

BUILDING DETAILS

The bending stiffness (EI) of buildings 106 and 107
has been estimated by summing the individual stiffness of each structural component, including walls,
slabs and footings, as indicated by Equation 4. As
the buildings are constructed from load bearing
masonry it is assumed that shear transfer between
the walls and slabs is negligible. Consequently, the

Figure 9. Variation in pore pressure and settlement
during construction of stages 12 and 13.
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Table 1. Reduction factors (α) for EI based on the percentage wall openings (from Melis and Ortiz, 2001).
Percentage
openings

Reduction factor, α
L<H
L > 2H

0
0–15
15–25
25–40
>40

1
0.7
0.4
0.1
0

1
0.9
0.6
0.15
0

neutral axis of each component is taken about that
of the individual member itself. The stiffness of all
components are reduced to per metre length values
in the plane of bending. E values for load bearing masonry and reinforced concrete are taken as
3 × 106 kN/m2 and as 27 × 106 kN/m2 respectively.
Dimmock and Mair (2008) have demonstrated the
importance of accounting for the effect of openings on the building stiffness. These effects are
accounted for by applying the reduction factors in
Table 1 (Melis and Ortiz, 2001) to the EI values
for walls.
EII building = ∑ EII wwalls
alls + ∑ EI slabs + ∑ EI foot
f ings

(4)

Using this approach, the bending stiffness for
the western section of building 106 in the plane
transverse to the tunnel heading was estimated
as 4.9 × 106 kNm2/m. EI for building 107 was
estimated to be almost two orders of magnitude
higher, at 2.3 × 108 kNm2/m. For both buildings
the internal and external walls were found to contribute to the majority of the bending stiffness. By
summing the axial stiffness of each component
in a similar manner to that outlined above, EA
for buildings 106 and 107 has been estimated as
9.3 × 106 kN/m and 2.5 × 107 kN/m respectively.
The relative bending stiffness, ρ*mod, has been
estimated (from Equation 1) for buildings 106 and
107 to be 6.7 × 10−2 and 3.5 × 100 respectively. Note
that for each case, z0 has been adjusted to account
for the foundation depth and the soil stiffness (Es)
has been taken as 90 MPa. A value for L is not
required as the building stiffness has been evaluated per metre length.
6

6.1

Settlements

Observed settlements of the western façade of
building 106, the eastern and western façades of
building 107 and of the greenfield section S-TE
are illustrated in Figure 10. It is apparent that
building 107 responded rigidly and simply tilted
towards the tunnel centreline with no distinct
hogging or sagging regions observable. This tilt
response is observed to result in settlements at
the northern edge (x = 10 m) that are significantly
larger (265 mm) than the equivalent greenfield
settlements (130 mm). Settlements of building 107
around the trough shoulders are also larger than
the greenfield values indicating that the building
embeds into the soil. This embedment is likely to
have resulted from a redistribution of the building weight as the tunnel excavation progresses
towards the building.
In contrast to building 107, the response of
building 106 is seen to be relatively flexible with
clear regions of hogging and sagging observable.
Slight modification to the greenfield settlement
profile can be seen, particularly towards the north
of the building (x > 0 m) where, similar to building 107, settlements (200 mm) are larger than
the equivalent greenfield values (130 mm). This
embedment of the building is probably also due
to the redistribution of the building weight as the
excavation progresses beneath the building. However, as building 106 behaved relatively flexibly, this
redistribution is not as significant as for building
107. The lower weight of building 106 relative to
107 may also explain why the embedment of building 106 is smaller.
6.2

Quantifying soil structure interaction

As discussed in Section 1, the deflection ratio is
commonly used to quantify settlement distortions.

BUILDING RESPONSE

The following section outlines the response of
buildings 106 and 107 to the tunnelling works. An
assessment of current tools for quantifying the soil
structure interaction, based on the observed settlement response, is also presented.

Figure 10.

882

Building and greenfield settlement profiles.

This section investigates the modification to the
settlement distortions that buildings 106 and
107 display in relation to their relative building stiffness. All deflection ratios have been estimated from the settlement profiles illustrated in
Figure 10.
Values for DRGF after construction are determined from cross section S-TE and have been calculated to be 0.13 and 0.27 in hogging and sagging
respectively. Due to the rigid response of building
107, DRstr values and corresponding modification
factors equal zero in both hogging and sagging.
DRstr values for the western façade of buildings
106 are calculated as 0.06 and 0.19 in hogging and
sagging respectively. Corresponding modification
factors for building 106 are 0.46 and 0.7 respectively. Interestingly, these modification factors
indicate that building 106 responded more flexibly
in sagging than in hogging. This is contrary to evidence in the literature which suggests that buildings behave more flexibly in hogging due to the
inability of masonry walls to sustain tensile strains
near the roof and the reinforcement provided by
the foundations in sagging (Burland & Wroth,
1974). For the case of building 106 however, the
foundations are not reinforced which may explain
this observation.
Upper bound design lines which relate MDR, in
both hogging and sagging, to the relative soil structure stiffness (ρ*mod) have been proposed by Franzius et al. (2006), as illustrated in Figures 11 and 12
respectively. Good agreement between the design
lines, for e/B = 0.2, and the measured modification factors can be observed. The increased flexibility of building 106 in sagging is also predicted
from the design lines, indicating that the building
response to tunnelling is also a function of its location relative to the settlement trough.

Figure 12. Modification factors versus relative building
stiffness for buildings in hogging with design lines (from
Franzius et al. 2006).

Figure 13. Comparison of settlement of building 107
with adjacent ground settlements.

7

Figure 11. Modification factors versus relative building
stiffness for buildings in sagging with design lines (from
Franzius et al. 2006).

SOIL RESPONSE

The redistribution of stress beneath rigidly responding buildings has been shown to cause buildings to
embed into the soil, resulting in settlements that
are significantly larger than greenfield settlements
(see Figure 10). The response of the soil adjacent
to the northern façade of building 107, measured
at foundation level from an extensometer located
3 m away from the building facade, is illustrated in
Figure 13. Building and greenfield settlements are
also shown. Settlement measurement locations are
indicated by the inset and on Figure 2.
Reasonable agreement between the maximum
subsurface settlement at the extensometer and
the maximum greenfield surface settlement at an
offset from the tunnel centreline, x, of 14 m can
be observed, indicating that the building did not
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influence soil settlements at this location significantly. The maximum settlement of building 107
is, however, substantially larger (265 mm) than
the greenfield settlement (130 mm), for reasons
already outlined. It can therefore be deduced that
close to greenfield settlements are restored within
a relatively short distance from the building (less
than 3 m).
This sharp settlement gradient between the
building and the extensometer—roughly 175 mm
over 3 m—could pose a significant risk to connecting services, particularly when the additional
distortion arising from the building tilt is considered. Similar observations from centrifuge modelling have been made by Taylor and Grant (1998)
and Farrell (2010). While finite element models
have identified trends of building embedment into
the soil, buildings have generally been modelled as
weightless beams and so are perhaps missing an
important aspect of the soil structure interaction.
8

BUILDING DAMAGE

Damage to building 106 was found to cause jamming of doors and windows and severe cracking.
Re-pointing of brickwork was also required. Based
on definitions of levels of damage proposed by
Burland et al (1977), the level of damage to building
106 can be classified as category 3 or ‘Moderate’.
Building 107, which responded rigidly and
simply tilted, displayed only minor cracking of internal plastering resulting from shear strains. Cracking
of the external façade was minimal and the maximum
crack width was measured as 1.1 mm. No significant
structural damage was observed. The level of damage can be classified as ‘Very Slight to Slight’.
However, an assessment of the risk of damage to buildings 106 and 107 using simple beam
theory, proposed by Burland & Wroth (1974), suggests that had the building been subjected to greenfield distortions, the damage in both cases would
have been in the ‘Severe to Very Severe’ category.
This is clearly a significant overestimation of the
risk of damage to both buildings and highlights
the importance of considering the soil-structure
interaction when estimating potential tunnelling
induced damage. It should be mentioned that the
influence of horizontal distortions which contribute substantially to the estimated risk of damage,
have not been addressed in this paper.
9

CONCLUSIONS

The settlement response of two buildings to the
construction of a 12 m diameter SCL tunnel with
face reinforcement, in Quaternary fluvial deposits

has been presented. The following conclusions can
be made:
1. Large volume losses, in the region of 5%,
resulted in maximum greenfield settlements of
200 mm.
2. Assuming buildings to settle according to the
greenfield settlement profile can provide highly
conservative estimates of the risk of damage.
The observed response of the two buildings analysed in this paper have demonstrated that these
settlements can be modified to varying degrees,
depending on the relative building stiffness. This
agrees with observations from finite element analyses, centrifuge studies and previous case studies
(Standing, 2001; Mair, 2001, Farrell, 2010).
3. The observed relationship between MDR values
and the relative building stiffness (ρ*mod) was
found to agree well with relationships proposed
by Franzius et al. (2006).
4. The redistribution of building weight due to
tunnelling can significantly influence both the
response of the building itself and of the subsoil. Rigid buildings tend to redistribute their
weight and embed into the soil while flexible
buildings simply deform according to the greenfield settlement profile.
5. Embedment of rigid buildings into the soil can
result in settlements that are larger than the greenfield values. It has been shown however that the
greenfield settlement profile is restored within a
relatively short distance from the building. This
response, coupled with the tilting response of
the building, may have an adverse effect on connecting infrastructure such as services.
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