INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

SIMSG [} ISSMGE

s

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:

https://www.issmge.org/publications/online-library

This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.



https://www.issmge.org/publications/online-library

Geotechnical Aspects of Underground Construction in Soft Ground, Kastner, Emeriault, Dias, Guilloux (ed’s)
© 2002 Spécifique, Lyon. ISBN 2-9510416-3-2

Prediction of behaviour of piled building foundations due to tunnelling
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ABSTRACT: This paper describes a method of analysing the settlement and rotation of a pile group located
near a tunnel. This soil-structure interaction problem involves three stages:
1 Estimation of the distributions of free-field soil settlement with depth, and with distance from the tunnel;

2 Analysis of the response of a single pile to these soil settlements;
3 Analysis of the behaviour of a pile group via a simplified interaction analysis which takes account of the ef-
fects of axial loading due to the building loads, ground-induced settlement of the piles within the group, and

interaction among the piles within the group.
A simplified analysis is developed for the analysis of the pile group, and allows for the consideration of a

fully rigid cap. The analysis also allows for the simulation of pile removal (if the tunnel passes through the
piles), the installation of additional underpinning piles, and a change in the capacity and stiffness of the piles

because of the proximity of the tunnel.

An example of the application of the analysis to a case in South East Asia is described.

1 INTRODUCTION
One of the important issues of tunnelling in urban
areas is the assessment of the likely impact of tunnel
construction on nearby buildings. While much atten-
tion has been given to the ground surface move-
ments arising from tunnelling (for example, Peck
(1969), New and O’Reilly (1991), Mair et al (1996),
Loganathan and Poulos (1998)), the consideration of
the effects of tunnelling on piled foundations re-
quires a more detailed examination of the soil-
foundation interaction between the ground move-
ments and the piles. Both axial and lateral responses
are induced in piles because of the corresponding
ground movements. Some analyses incorporating
such interaction have been reported by Chen at al
(1999) who have also presented some design charts
to assist in the assessment of the forces, moments
and displacements induced in a single pile by tunnel-
ling-induced ground movements. Centrifuge tests
described by Loganathan et al (2000) and Logana-
than and Poulos (2002) have revealed pile behaviour
which is consistent with that predicted theoretically.
This present paper extends the work in the above-
mentioned papers to examine the impact of tunnel-
ling-induced ground settlements on the settlement
and tilt of a structure supported by a pile group. The
results of single pile analyses are incorporated into a
simplified pile group analysis, which can also con-

sider the effects of partial or complete loss of capac-
ity and stiffness of some of the piles because of the
tunnelling operations. An example of the application
of this type of analysis is presented to illustrate the
general response characteristics of pile group behav-
iour.

2 ANALYSIS OF SINGLE PILE RESPONSES

The basic approach adopted herein has been de-
scribed by Chen et al (1999), and will be summa-
rized very briefly here. The basic problem of a single
pile is shown in Figure 1, where a single pile is lo-
cated adjacent to a tunnel under construction. Both
vertical and lateral ground movements will be gener-
ated by the tunnelling process, and will induce cor-
responding responses in the pile. The pile-soil inter-
action analysis is carried out in two stages:

1 The ground movements due to tunnelling are es-
timated by use of the closed-form expressions de-
veloped by Loganathan and Poulos (1998);

2 These ground movements are then used as input
into analyses of pile-soil interaction for axial and
lateral response, in order to obtain the behaviour

of the pile.
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Figure 1. Pile adjacent to tunnelling — basic problem analyzed.

The lateral pile response analysis uses the simpli-
fied boundary element analysis described by Poulos
and Davis (1980), and can be implemented via the
program PALLAS (Hull, 1987) or ERCAP (CP],
1992). In this analysis, the pile is represented as a
simple elastic beam, while the soil is represented as
an elastic continuum. The lateral displacement of
each element into which the pile is divided can be
related to the bending stiffness and the horizontal
pile-soil stresses. The lateral soil displacement of
each corresponding soil element can be related to the
soil modulus or stiffness, the pile-soil interaction
stresses,- and the free-field soil movement at that
point. A limiting lateral pile-soil stress can be speci-
fied so that local failure of the soil can be allowed
for, thus permitting a non-linear response to be ob-
tained. :

The axial pile, response also uses a simplified

boundary element analysis (Poulos and Davis, 1980)

and is implemented via the computer program PIES
(Poulos, 1989). The pile is modelled as an elastic
column, while the soil is represented as an elastic
continuum. The pile is divided into a series of ele-
ments, the vertical movements of which are related
to the applied load, the vertical pile-soil interaction
stresses, the pile compressibility and the pile tip
movement. The vertical movement of the corre-
sponding soil elements depend on the pile-soil inter-
action stresses, the modulus or stiffness of the soil,
and the free-field soil movements imposed on each
element. Again, allowance is made for slip at the
pile-soil interface so that the vertical pile-soil
stresses do not exceed the limiting values (ultimate
skin friction along the shaft, ultimate end bearing
pressure at the base).

In the analyses carried out for the response to
tunnelling, it is assumed that the lateral and axial re-
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sponses are de-coupled, and can be considered inde-
pendent of each other.

3 SOME BASIC ASPECTS OF SINGLE PILE
BEHAVIOUR

It is useful to review the basic aspects of behaviour
of single piles prior to considering the behaviour of
pile groups. Although this paper focuses on the set-
tlement of pile groups, consideration of the lateral
behaviour of piles is still important from the point of
view of structural integrity. Chen et al (1999, 2000)
present solutions for a typical pile adjacent to a tun-
nel, for ground loss values of 1% and 5% (the latter
being an extreme value for most circumstances). The
tunnel is assumed to have a diameter of 6m with the
centreline being 20 m below the surface. The com-
puted ground movements at 4.5 m from the tunnel
axis (i.e. 1.5 m from the tunnel extrados) are shown
in Figure 2. The pile is 0.5 m in diameter and 25 m
long, and is assumed to have 2.5% steel reinforce-
ment in the upper 12.5m and 1% reinforcement in
the lower 12.5m. The soil is assumed to be a uniform
clay with a Young’s modulus of 24 MPa and an
undrained shear strength of 60 kPa.

The solutions for pile response are reproduced in
Figure 3, from which the following characteristics
can be seen or inferred:

1 The pile deflections, forces and moments increase
as the volume loss increases;
2 The settlement of the pile is relatively uniform
along the pile length;
3 Both tensile and compressive axial forces are in-
“duced in the pile by the vertical soil movements.

The limiting shaft friction is developed along the

pile if 5% volume loss occurs;

4 The lateral deflection of the pile is similar to the
soil deflection;
5 The maximum bending moment occurs just above

the level of the tunnel axis; B
6 The maximum bending moment for 5% ground

loss exceeds the allowable moment capacity of

the pile near the tunnel axis level.

It is also interesting to note that the settlement of
the pilée exceeds the settlement of the soil at the
ground surface, and is approximately equal to the
ground settlement at between 1/2 and 2/3 of the pile
length. Further, additional analyses reported by Lo-
ganathan and Poulos (2002) indicate that the effects
of pile group interaction through the soil (pile-soil-
pile interaction) do not have a great effect on the in-
duced settlement, deflection, axial forces and mo-
ments. Thus, for design purposes, and for the pur-
poses of the further analysis in this paper, the
solutions for a single pile can be used to examine the
response and structural integrity of piles within the

group.



Analysis results such as those shown in Figure 3
clearly indicate the significant effect which tunnel-
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Figure 2. Computed soil movements at x = 4.5m.
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Figure 3. Typical pile response at x = 4.5m for long pile case (L, = 25m).
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Of particular interest is the fact that the induced
bending moments may exceed the structural capacity
of the piles. This implies that the lower part of the
pile could be broken and may not be able to effec-
tively resist axial loads, thus reducing the axial load
capacity of the pile. Other “side effects” may also
include loss of skin friction and soil stiffness along
the upper part of the pile due to a reduction in lateral
stress arising from the proximity of the pile shaft to
the tunnel.

In the following section, an analysis will be de-
veloped for the settlement of a pile group with a
rigid pile cap, and subjected to tunnelling-induced
ground movements,

4~ ANALYSIS OF THE SETTLEMENT OF PILE
GROUPS

" Figure 4 shows a typical group of piles adjacent to a
tunnelling operation. Use can be made of the simple
superposition method of pile group analysis sug-
gested by Poulos (1968) and Poulos and Davis
(1980). Assuming that the connection of the piles to
the pile cap is effectively pinned, the increment in
settlement of a typical pile i in the group can be ex-
pressed as follows:

n .
AS; = Y APy /K +GiASE + A0, (xi ~x,)+ 40, (v -y:) (1)
j=1

where AP; = increment of load on a pile j in the
group; n = number of piles in group; o; = interaction
factor for effect of pile jonpilei; K; = axial pile
- head stiffness for pile j; ASff; = incremental move-
ment of the head of pile i due to tunnelling-induced
ground movements; &; = reduction factor for group
effects (< 1.0); AD, = incremental rotation of pile cap
in x-direction; x; = x-coordinate of pile j; x, = refer-
ence x-coordinate; A@, = incremental rotation of pile
cap in y-direction; y; = y-coordinate of pile j; y, =
reference y-coordinate. ’
Equation (1) can be written for all piles in the
group, giving a total of n equations. In addition, the

conditions of vertical and moment equilibrium must-

be satisfied. Thus, the following three additional
equations apply:

AVg =iAPj (2)
AM, =iAPj(xj -x,)-AVG(xg —x,) 3)
aMy = 3 483, )- Vo, -3,) 0

i1
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where AV = applied vertical load increment op

group; AM, = applied moment increment on group,

in x-direction; AM, = applied moment increment on
group, in y-direction; x,, y, = coordinates of point of
vertical load application.

A total of n+3 equations can thus be derived, the
solution of which gives the n values of axial pile
load, the common incremental group settlement at
the reference point (x,, y,), and the incremental rota-
tions A6, and A@, in the x- and y-directions respec-
tively.

In applying the above analysis to the problem of
tunnelling-induced settlements, the following as-
sumptions have been made:

— The increment of pile head movement of a pile j
due to tunnelling — induced soil movements,
ASAE, has been computed as the incremental soil
movement at a depth of 2/3 of the length of pile j.

— The soil vertical movements have been computed
from the equations given by Loganathan and Pou-
los (1998).

— Group effects on the ground movement - induced
pile movements have been ignored, i.e. the factor
¢ =1.0.

— The analysis is carried out incrementally, so that a
complete sequence of events can be simulated.

— Typically, an event sequence consists of initial-
loading of the group, followed by the imposition
of pile head movements caused by the tunnelling-
induced ground movements. These pile head
movements can be applied in stages, and can also
arise from various sources, for example, the con-
struction of more than one tunnel, including cross
tunnels. -

— The pile head stiffness of pile j, K;, is a hyper-
bolic function of the pile load level, P; / P,, where
P, = ultimate pile load capacity. Thus, the incre-
mental pile head stiffness is given by:

K;=Ko{i-ReP; /B, ) 5)

where K;, = initial tangent stiffness of pile j; R, =
hyperbolic factor (0 £ R, < 1); a value of 0.75 has
generally been adopted for the present calcula-
tions; P; = current load in pile j; P; = ultimate load
capacity of pile j.

— If the pile load reaches the ultimate load capacity,
the incremental pile head stiffness for the follow-
ing increment is set to a small fraction (typically
0.1%) of the initial pile head stiffness.

— The initial tangent pile head stiffness is computed
from the simplified expressions developed by
Randolph and Wroth (1978).

— Non-homogeneous soil profiles are treated as
equivalent uniform profiles, via the approxima-
tion suggested by Poulos (1989).

-~ The interaction factors are computed via ap-
proximate curve-fitting expressions of the type
suggested by Mandolini and Viggiani (1997).
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Figure 4. Basic problem of a pile group near a tunnel.
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Figure 5. Geotechnical profile and model.

— For piles of different length, the interaction factor
is taken to be the average value applicable for
piles having the properties of pile 1 and pile j.

— Piles within the group can be “deactivated” to
simulate complete loss of capacity or cutting of
the piles during the tunnelling process. They can
also be “activated”, to simulate the construction
of additional underpinning piles at some stage in
the construction process.

To allow for the possible effects of the presence
of the tunnel itself on nearby piles, the following as-
sumptions are made:

1 There is no effect of the presence of the tunnel on
the ultimate axial capacity of the pile if it is fur-
ther than 4 pile diameters away from the tunnel at
its nearest point.

2 If a pile is closer than 4 pile diameters, the ulti-
mate shaft friction at any point along the shaft is
reduced linearly in proportion to the distance
from the tunnel, until it becomes zero when that
distance is zero. A similar assumption is made
with respect to the ultimate end bearing capacity
and to axial pile head stiffness.

The above analysis has been implemented via a
FORTRAN ' computer program PIGS (Pile Group
Settlement), version 9-3. The additional bending
moments and deflections induced in the piles are
computed using the ERCAP analysis for a single
pile, assuming the free-field horizontal ground
movements to be given by the equation presented by
Loganathan and Poulos (1998).

5 APPLICATION TO CASE STUDY

Figure 5 shows a typical soil profile for a city in
South East Asia, and the geotechnical model adopted
for the analysis. The foundation plan for a high-rise
building is shown in Figure 6, including the align-
ment of a single 6m diameter tunnel to be con-
structed adjacent to the building. Various values of
ground loss for the tunnel are assumed, up to 2.5%.
For the purposes of the present analysis, the founda-
tion plan has been simplified, and it is assumed that
the foundation-structure system can be considered to
settle and tilt as a rigid system. The initial vertical
building load is taken to be 106 MN, and no initial
moments are assumed to act.

Figure 7 shows the computed settlement, pile
loads and tilt of the building foundation as a function
of ground loss.

The following observations may be made from
Figure 7:

— Initially, there is a uniform settlement of about 31

mm.

— Construction of the tunnel causes additional set-
tlements, which are a maximum at the nearest
comer (Pile 1), and a tilt in that direction.
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Figure 6. Plan of foundation piles and tunnel alignment.

PILE 17
: s =
MAXIMUM Z S~
E ° (PILE) g PILE 1/ )
i B a
: 5
o MINIMUM & B e
(PILE 29) T T PILE 13
ao - -|— — -l- L 1 2 1 L 1 1
o 25 o 25
VOLUME LOSS % VOLUME LOSS %
(a) SETTLEMENTS (b) PILE LOADS
6
_ R
2 4}
=g
® 3
- 5 Y
=~ 2F
2 |
o 1 - 1 L
o 25

VOLUME LOSS %
(c) MAXIMUM FOUNDATION ROTATION

Figure 7. Summary of effects of tunnelling on building per-
formance.

— The maximum settlement and the tilt increase al-
most linearly with increasing ground loss: For
2.5% ground loss, the tilt reaches a value of about
0.00055 rad (1/1820), while the settlement at pile
1 is increased to about 44 mm (i.e. 42% latger
than the original uniform settlement). The mini-

mum settlement (at Pile 24) increases only mar-

ginally.

— The pile loads generally do not change greatly.
However, the load in Pile 1 reduces because jt
loses both capacity and axial stiffness as a result
of its proximity to the tunnel.

The effects of the tunnelling operations on latera]
pile response can be computed via the analysis of 3
single pile subjected to the free-field lateral ground
movements. The program ERCAP has been used to
carry out this analysis, and the results are shown in
Figure 8. The following points can be noted:
~ The maximum moments (both positive and nega-

tive) may increase with increasing distance from

the tunnel axis, up to a certain distance, before
decreasing,.

— A pile with its head restrained from lateral move-
ment suffers much greater moments than a pile
with an unrestrained head.

— The smallest moments are experienced by piles
whose heads are pinned and unrestrained.

For the case considered, the maximum bending
moment would be about 860 kNm for a pile with a
restrained and fixed head, located about 15 m from
the tunnel axis. For a bored concrete pile with 1%
steel reinforcement and very small axial load, the
yield moment is approximately 1450 kNm. Thus,
piles having a restrained head could be subjected to
moments that are a significant fraction of their yield
moment capacity.

For design purposes, the simplified charts pro-
vided by Chen et al (1999) and Chen et al (2000) can
be useful. For the case of 2.5% ground loss and a
distance of 7.5m, and for a pile with an unrestrained

free-head, these charts glve a maximum moment of

about 295 kNm and a maximum lateral movement of
12 mm (which occurs near the pile tip), which com-
pare to the values from the ERCAP analysis of 192
kNm and 14 mm respectively. While the design
charts give conservative values of moment, they
nevertheless give some indication of the likely order
of magnitude of both the moments and deflections to
be expected due to tunnelling operations.
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"6 CONCLUSIONS

Ground movements induced by tunnelling opera-
tions can have a significant effect on the behaviour
of nearby piles. For an individual pile, additional ax-
ial and lateral forces and moments can be induced
together with additional settlement and lateral de-
flection. Such forces and moments can compromise
the structural integrity of the pile. This paper has set
out a means of analysing the response of a group of
piles in the proximity of tunnelling operations. It
uses the results of analyses of single pile response to
consider the overall behaviour of the group, and also
has the ability to simulate various stages in the load-
ing and construction process. It can thus be used to
‘predict the progressive development of settlements
-at various stages in the construction process. The ex-
ample described in the paper demonstrates that the
construction of the tunnel causes additional settle-
ment and tilt of a nearby structure, while the addi-
tional bending moments induced by the tunnelling
ground movements may approach or exceed the de-
sign moment capacity of the pile section, especially
if the pile head is restrained from translation. The ef-
fects of the tunnelling-induced ground movements
increase almost linearly with increasing ground vol-
ume loss, thus highlighting the importance of con-
trolling such volume losses in the construction proc-
ess.

ACKNOWLEDGEMENTS

The author gratefully acknowledges the contribu-
tions of Drs. N. Loganathan and L.T. Chen in devel-
oping the initial analysis of single pile response. The
assistance of P.K. Wong and P. Groves of Coffey
Geosciences in developing the concepts herein is
also acknowledged.

REFERENCES

Chen, L.T., Poulos, H.G. and Loganathan, N. 1999. Pile re-
sponses caused by tunnelling. Jnl. Geot. and Geoenv. Eng.,
ASCE, 125(3): 207-215. _

Chen, L.T., Poulos, H.G. and Loganathan, N. 2000. Approxi-
mate design charts for piles adjacent to tunnelling opera-
tions. Proc. GeoEng 2000, Melbourne Australia, CD vol-
ume.

CPI 1992, ERCAP Users manual. Coffey Partners Interna-
tional, Sydney, Australia.

Hull, T.S. 1987. The behaviour of laterally loaded piles. PhD
thesis, Univ. of Sydney, Australia.

Loganathan, N. and Poulos, H.G. 1998. Analytical prediction
for tunnelling-induced ground movements in clays. Jnl
Geot. and Geoenv. Eng., ASCE, 124(9): 846-856.

Loganathan, N., Poulos, H.G. and Stewart, D.P. 2000. Centri-
fuge model testing of tunnelling-induced ground and pile
deformation. Geotechnique, 50(3): 283-294,

Loganathan, N., Poulos, H.G. and Xu, K.J. 2001. Ground and
pile-group responses due to tunnelling. Soils and Founda-
tions, 41(1): 57-67. '

Loganathan, N. and Poulos, H.G. 2002. Centrifuge modelling:
tunnelling-induced ground movements and pile behaviour.
Proc. 28t IT4A World Congress, (AITES -ITA Downunder
2002), Sydney, Australia (in press).

Mair, R.J., Taylor, R.N. and Burland, J.B. (Eds. Mair and Tay-
lor) 1996. Prediction of ground movements and assessment
of risk of building damage due to bored tunnelling. Geo-
technical Aspects of Underground Construction in Soft
Ground, 713-724, Rotterdam: Balkema.

Mandolini, A. and Viggiani, C. (1997). Settlement of piled
foundations. Geotechnique, 47(4): 791-816.

New, HM. and O’Reilly, M.P. (Ed. J.D. Geddes) 1991. Tun-
nelling induced ground movements: predicting their magni-
tude and effects. Ground Movements and Structures, Vol.
4, 671-697, London: Pentech Press.

Peck, R.B. 1969. Deep excavations and tunnelling in soft
ground. State of the art report, 7## ICSMFE, Mexico City,
3:225-290.

Poulos, H.G. 1968. Analysis of the settlement of pile groups.
Geotechnique, 18(4): 449-471.

Poulos, H.G. 1989. Pile behaviour — theory and application.
Geotechnigue, 39(3): 365-415.

Poulos, H.G. and Davis, E.H. 1980. Pile foundation analysis
and design. New York: John Wiley.

Randolph, M.F. and Wroth, C.P. (1978). Analysis of deforma-
tion of vertically loaded piles. Jul. Geot. Eng. Divn., ASCE,
104(GT12): 1465-1488.

347



348



