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ABSTRACT: An extendve programme of research has been carried out a Oxford University on finite element
andyss of the interaction between masonry buildings and ground movements induced by tunneling. The focus
has been on the devdlopment of a predictive tool for assessing the probable damage to buildings. This paper
presents a brief summary of the work, with reference to other more detailed papers. The method is illustrated
with reference to the case of the Ramsgate harbour approach tunnd, in which a large diameter tunnd in chak
was excavated a very low cover directly benesth a row of cottages. Both field measurements and andyses reved
that in this case the building responds flexibly, following rather closdy the greenfield settlements, which were
amadl. The dight damage to the buildings was a o correctly modelled.

1. Introduction

An assessment of potentid damage to buildings due to shdlow tunndling operations is important when the
buildings are of masonry, as smdl differentid setlements may lead to unsightly cracking. Current assessment
methods are generdly based on a twostage process. First the greenfidd ground settlements are imposed on a
sructurd mode of the building to obtan an assessment of the expected damage (e.g Burland and Wroth, 1974).
If the building fails this assessment, more ddailed analyses are required, but the literature gives little guidance
on how this may best be achieved.

Greenfidd settlements are usudly approximated empirically by a Gaussan curve transverse to the tunne axis,
and by a cumulative probability curve in the tunneling direction. There is reetively little published data on the
more complex settlements that result from interaction with buildings in urban arees. The daa that do exist

suggest that the presence of surface buildings significantly modifies the settlement profiles from the greenfield.

To asess the extent of likdy damage to a masonry building, it is usudly assumed that the damage due to
cracking is related to the magnitude of the tensile gtrains developed within the structure. Individual facedes of
the building may be moddled as dadic deep beams (Burland and Wroth, 1974) on to which the tunne-induced
stlements are imposed. The effect of horizontal movements a the ground surface may adso be included
(Boscardin and Cording, 1989). Methods based on the assumption of dadtic structurd behaviour are convenient,
but amasonry building is unlikely to behave dagticaly, particular once significant cracking occurs.

The current procedures do not model detailed aspects of the mechanisms that cause sdttlement damage in
masonry buildings. In response to this, research has been done a Oxford Universty on the development of new
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procedures to assess settlement-induced damage to buildings. Details of the project, including the application of

the technique to an example problem, are given in Burdet al (2000).

2. ThreeDimensional Finite Element modelling

Masonry
building

Clay
\ soil

The principle of the modd adopted is illustrated in
Figure 1. The building, the ground and the tunneling
processes are combined in a dngle three-dimensond

numericd modd. The andyses are caried out using

the finite edement program OXFEM, developed at
Oxford Universty. Deals of the rdevant finite
Shallow tunnel dement formulations are given by Burd et al (1994),
Augade e a (1995), Augarde (1997), Liu (1997)

and Augarde et al (1998).

Figure 1: Idedisation of tunndlling under abuilding in
threedimensions

The facades of the structure are modelled by plane stress dements. The roof, floors and internd partitions are not
included, dthough internd loadbearing structurd wadls are included when necessary. The facades are connected
together and to the ground using tie eements (Liu, 1997; Houlsby et al, 2000). Foundation details may be
modeled if necessary, but are often neglected if the building is on strip footings.

Ten-noded tetrahedrd solid eements mode the ground, with a free mesh that enables the density to be increased
near the tunned and building. The ground contains a zone of dements defining the tunnd, and these are removed
during the andyss to smulate excavation. This may be caried out incrementaly to model the response as
tunnel  congtruction progresses: this cannot be done in two-dimensonad andlysis. The tunnd may be unlined, or
lined with shell dements, which enable the ground lass due to tunnelling to be controlled and modelled.

The conditutive model for the ground is a multisurface plagticity model (Houlsby, 1999). This models the
undrained behaviour of diff clay, including the gradud change in behaviour from dagic to perfectly plagtic and
the reduction of diffness over a smal drain range. The masonry facades are moddled with a ‘no tenson’” mode,
in which the maerid has a low tensile strength and infinite compressive strength. If a principa strain becomes

tensle during the andyss, a crack is formed. The tendle

drain normal to the crack (the ‘crack drain’) is used as a
measure of the intensity of cracking, which in trn indicates
the severity of damage to the masonry. The categories of
damage used are those proposed by Boscardin and Cording
(1989) (sce Table 1).

3. Ramsgate Harbour Approach Tunnel Case History

Maximum principal
tensle strain (%)

Expected severity of
damage

0-0.05 Neglighle
0.05-0.15 Sight
0.15-0.3 Moderate
>0.3 Severe

Table 1: Damage categories

The 2.2km Ramsgate Harbour Approach Road was congructed in 18 months from April 1998. The purpose is to
provide improved access to the Port of Ramsgate from the west. The dignment starts a a roundabout on the
London road, descending towards the south in a cutting. It then passes through a single bore 800m long, 11m
diameter (110n? cross-sectiond area) tunnd through chalk, emerging on the foreshore close to the port. The
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tunnel was congructed using the Perforex pre-vaulting method (Morgan, 1999), the firs¢ use of this French-
developed method in the UK.

The tunne passed under a terrace of cottages near the beginning of the bore, with a minimum of 6m cover. The
cottages and the area around them were the subject of detaled monitoring. Measurement of intunne
deformations and movements around the tunnd by inclinometers, extensometers and precise leveling was
carried out by the site staff. Instrumentation and monitoring of the cottages was carried out by the first author.

Most of the tunnd drive is in competent Upper Chak, with a typical CIRIA grade of A2. At the cottages
however, the Chak is weathered to grade Dm in
places and the thickness of the overlying surface
layers become sgnificat (Fig. 2). The tunnd
invert remains within chalk that is structured and

Cottages
Brickearth

relatively unweathered, but dill rather wesk.
The upper pat of the bore is in weathered to

6m mi

Tunnel Crown

—_————

10 Weathered Chalk highly wesathered chak. Overlying this is a layer
m
of 2m - 3m of red brickearth, a firm to siff sty
Direction o
Drive — clay. At the location of the cottages, a buried

Tunnel Invert T T T T T — — — 1

Competent Chalk vdley croses the dignment, decreasng the

chdk cover over the crown, and incressing the

Figure 2: Section through cottages on axis of tunnel penetrétion of weethering.

3.1 Tunnd construction

The tunne boring was by a prevaulting technique (Crow and Newman, 1999). A 5m long chainsaw is used to
cut a 200mm deep, arched dot around the sides and crown of the bore, which is filled with sprayed concrete to
form a prevault, which becomes the primary lining, ahead of the face Once the prevault concrete has cured
aufficiently, the tunnd face is advanced by the use of gStandard excavation equipment, and an invert slab
congtructed up to the face. The machine then advances and the cycle repeats. The face is further supported by
drilled and grouted sacrificid glass fibre reinforcement. The length of
advance per cycle was between 25m and 4.5m, and advance rate was fram
12m to over 20m per week, dower in the vicinity of the cottages.

3.2 Buildings

The cottages condst of a terrace of eight Smilar properties, dating from the |
ealy 1900's (Fig. 3). The tunnd passes under the cottages with about 6m
cover, on a skew, with the angle between the tunnd axis and front of the
cottages being 40° (Fig. 4). The houses are of two storeys, 6m high and
without basements. They ae of load-bearing brick, on shdlow drip
foundations, with wooden suspended floors and ceilings. The mog important
load-bearing walls for each cottage are the party wals each sde and the front

Figure 3: Typicd cottage
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Cottage A N and rer facades. Externd wadls
\ ae double-skin  brick  without
TR cavity and the party wals are
10.9m /\/§18'50 sngleskin. Each pair of cottages
40 v Tunnel dso has a twosorey rear
— g - cherneter—--— extensan, but these were not
expected to affect the sructura
> behaviour significantly.
Direction of tunnel 16.8m
advance In the front facade of each

] 4.4m ; Cottage H
cottage, there are Szesble
\_ﬂ:‘ age, bay

Figure 4: Plan layout on tunnel and cottages windows to the ground and first
floors. There was a possibility
that these together might act as vertica zones of reduced shear and bending diffness that could affect ether the

loca or globa behaviour of the terrace.

Apart from some sgnificant damage to one cottege at the southern end, the remaining cottages were found to be

in reasonable structura condition prior to construction, with some hairline cracking only.
3.3 Monitoring

Monitoring of the cottages involved use of precise levdling points, crack telltdes and Demec studs on pre
existing cracks. Precise leveling studs were drilled and resingrouted into he masonry & each end of each of the
loadtbearing party walls, to messure the transverse settlement trough & the front and back of the cottages. Crack
telltales were used on the largest preexising cracks on the damaged cottage: the results are not repated here.
Demec studs were glued on each side of smdler preexiging cracks, ether in pairs for measuring movement in
one direction or in arrays of three for detecting movement in two directions; atotal of 22 wereingtalled.

After teking besdine messurements when the bore was more than 30m from the cottages, daily monitoring was
carried out as the bore proceeded beneath. Greenfidld settlement profiles were obtained both at a section distant

from the cottages and a section on
A the footpath in front of them. The

0.0 \

20 '\\ii\\ et fagade //_;j—! ---------- sttlements finally  stabilised  after
—+Rear facade

-4.0

60 ~&-Footpath / / two weeks, dthough the magority
. \\\\ / / of setlement occurred in the first
four days after the tunnd face

2.0

Settlement (mm
P
N
N

-12.0 \ i passed. The maximum settlements

o \ / obsaved were 134mm  a  the

-16.0

180 \ / front, 184mm a the rear and
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12.8mm onthefoatpath (Fig. 5).
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Figure 5: Observed settlement profiles
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The fina settlement troughs approximated reasonably well to Gaussian shapes, with a trough width parameter (i)
esimated as 4.5m at the front, and a calculated volume loss of 0.15% - 0.20%.

The boring technique inevitably has a dgnificant influence on the resulting ground movements. The main causes
of movement were expected to be radid ground loss, caused by dight overbresk when cutting the dot, and
deflection of the primary lining. Face loss might be expected to be less sgnificant then in a typical tunnelling
operation in soft ground, due to the presence of the chdk in the heading and due to the redtraint provided by the
prevault and reinforcement. Intunne displacements of the primary lining were recorded in detal, with crown
settlements of about 12mm (Morgan, 1999), and convergence of & most 8mm (4dmm eech dSde). If this

movement were transmitted to the surface, it would form a significant proportion of the total settlement.

Face position relative to front fagade (m) The Demec suds on the front of the
-18 0 +17 +41 +60 cottages within  the settlement  trough
| A
0.50 recorded some dight movements (Fig. 6).
—— D21
0401y Some cracks were observed to open, some
0.304- —— D22 Dx /'_‘_/4 .
=022 oy / to dose, ad some did not move
201" D23 Dx f" significantly. The meagnitudes of the typica
0.10 1+ [~ D23 Dy

movements, a& 04mm — 0.5mm, represant a

0.00

damage category of Vey dight in the
Burland & a (1977) cdasdfication. The
reedings & the rewr were dSmila. The

-0.10

Change (mm)

-0.20

-0.30

damaged cottage a the southern end was

-0.40

outsde the observed settlement trough, and

-0.50 L S S B BN I B m m e B B B S e S e e e S e m m me e m s e

20-Nov-98 10-Dec-98 30-Dec-98 19-Jan-99 8-Feb-99 28-Feb-99 20-Mar-99 dthough movements Of Cra:ks Of up to
Date .

2mm were observed over the duration of the

Figure 6: Movement of pre-existing cracks project, they were not strongly correated in

time with the passage of the tunnel heading.

An inspection of the cottages one month after tunnelling revedled two sgnificant cracks that were not thought to
be preexistent. Both were vertical cracks high up in party wals between houses close to the tunnd axis. They
are consigtent with cottages C and D being subjected to a greater settlement at the rear than at the front, as
supported by the observed settlement troughs. A further ingpection three months after tunneling did not show
any further change. A damage evduation based on the method of Burland and Wroth (1974), gpplying the
observed settlement trough for the cottages, gives an expected damage category of “Slight”. The observations are
more consistent with “Very Sight” damege

4. ThreeDimensional Finite Element Analysis

The mode was developed after condruction of the tunne, as part of the project to vdidate the modelling
approach developed previoudy at Oxford (see aso Bloodworth and Houlsby, 1999). The am was to reproduce
the greenfield settlements and then introduce the building to investigate interaction effects. The emphass was on
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moddling the transverse behaviour of the terace, excaveaing the entire tunned in one sage. Further andyss

using anircrementaly advancing tunnel is currently in progress.

The development of the geometry of the facades of t

he terrace was smplified as shown in Figures 7(a8) and (b),

with the front and rear facades modelled as straight and the paty wadls between cottages included in the modd.

The tunnel passes beneeth the terrace as shown in Fi
in Figure 7(c) and Figure 8.

gure 7(b). The finite element mesh for the ground is shown

SN

S

(a) Qutline plan of cottages (b) Tunnel and smplified building outline (c) Mesh on ground surface

Figure 7: Development stages for the finite element model

Figure 8: Finite dement mesh for ground

The ground above the axis of the tunnd, weeathered

The masonry was modelled as 220mm thick with a sdf-
weight of 20kN/m® and a siffness of 2.0GPa The
windows in the facades to the front and rear were
modeled as verticd regions with the diffness reduced by
40%. This method has been found to give an acceptable
representation of the effect of openings, paticularly for
the overdl behaviour of the structure, without the
drawback of mesh refinement required to moded individud
openings (Bloodworth and Houlsby, 1999). The tunnd
was moddled as 10m diameter, lined and with an axis
leve 10m below ground level.

chdk and brickearth, was moddled with the multi-surface

plasticity moded with an undrained strength profile with depth Z in metres bdow ground leve s, = 60 + 287

(kPa) and a rdio Gfs, of 1500. The competent chak bedow axis level was moddled as an dadtic materid. The
mesh density in the ground beneath the building was increased until the greenfield sdttlement pattern was no
longer sendtive to it. The complete modd of the ground and building combined contained about 8000 eements

and 30,000 degrees of freedom.

When the tunnd lining is moddled by shedl dements, as in this modd, ground loss may be controlled and
modeled by applying a congtant shrinkage strain to the shell dements, causng radid inward displacement of the

surrounding ground. When this radia displacement was applied to the Ramsgate modd, the resulting greenfied

trough width parameter () was 11m, compared to 4

5m obsarved in the fidd. It is a common obsarvation tha
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andyses tend to overestimate this paameter. It appeared that the radid ground loss mechanism normally

assumed for tunnds in soft ground was not entirdly appropriate to this very shdlow tunnd. In particular, the

competent chak bedow axis levd would not be expected to displace dgnificantly, other than by elagtic stress
relief. It was adso known from the site data that deflection of the primary lining a the crown made a significant

contribution to the ground movements. These effects were reproduced by shrinking only the lining above the

axis leve, reducing i to 5m. The dhrinkage drain in the lining was adjusted to give a maximum greenfied

stlement of 22mm.

When the building was included in the model, the surface settlements were as shown in Figure 9. They did not
differ dgnificantly from the greenfield case, indicating that in the mode the building responded flexibly, as

observed in the fidd (Fig. 5). Profiles of the fagcade settlements predicted by the modd are compared with the
Metres

I {14
1]

A0S

Figure 9: Surface settlements from fully-coupled modd

(Heave)

observed setlements in Fgure 10. Agreement is
good, paticularly a the rear. The modd over-
predicts the settlements at the front, which were
less than at the rear probably because of the less
depth of brickearth at the front (Fig. 2).

The effects of the tunnelling settlements upon the
model of the hiilding are shown in Figures 11 to
13 for the front facade, rear facade and a party
wall above the tunnd respectively. The party
wdls auffered progressvely less damage with
digance from the tunnd axis For each facade,
the crack drain is contoured according to the

caegories in Table 1. In addition the crack

pattern is illustrated by a method in which a single line is drawn a each stress point for which the crack dtrain

exceeds 500ne The direction of the line indicates the expected crack direction and its thickness the severity of

cracking. 40
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Figure 10: Predicted settlements aong building facades and comparison with observations
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It may be seen that the facades are mainly undamaged, but where damage occurs it is manly of Very Sight
caegory, with isolated areas of greater damage. The average damage category for the facadesis Very Slight.

| Cottage A Cottage B Cottage C Cottage D | Cottage E Cottage F | Cottage G | Cottage H

T
; I:.HI] Tybb
14 AR R l.'j’.
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1, s “Fe R BT LR TR IRNE (BSR
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Centreline Offset distance (metres)
Figure 11: Front facade damage category (key on Figure 13) and crack pattern, viewed from front of cottages
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Figure 12: Rear fagade 3 damage category (key on Figure 13) and crack pattern, viewed from rear of cottages

5. Summary and conclusions

The Ramsgate Harbour Approach Tunne case history was of a large diameter tunnel passing a shdlow depth
beneath a row of masonry cottages. Ground and <structure movements were monitored carefully on site. The
trough width was approximately equal to the tunnel diameter, and was strongly influenced by congtruction
method and ground conditions: ground loss was very low and occurred manly a the crown, and crown
deflections of the primary lining contributed sgnificantly. The globa response of the building was observed to
be flexible, following the greenfield trough. Observed damage to the masonry was less than predicted from
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Severe
Moderate |
Slight

Very Slight

Negligible

Figure 13: Damege cat egory and crack pattern for party wall above tunnel centreline

conventiona  andysis methods, and mainly consisted of movements of existing cracks, with a smdl amount of
new cracking.

A threedimendond finite dement modd of the dte including the building wes andysed. It was posshble to
reproduce the observed settlement trough. The response of the building modeled as planar facades was globaly
flexible, thus for this shallow tunnd and rather flexible buildings the necessity for a coupled andysis is not as
gsrong as in other cases. The level of damage predicted agreed with observations. The damage predicted included
some cracking starting from the top of the facade in the hogging region, which was not observed on site.
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