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ABSTRACT

The goal of this thesis is to assess the influence of an existing structure on tunneling-
induced ground movements. This is accomplished through 2D numerical simulations that
are compared with similar prior studies reported by Potts and Addenbrooke (1997). The
current study uses the Plaxis finite element code together with the Hardening Soil (HS
and HSS) family of constitutive models in order to represent the undrained shear
behavior of clay. Input parameters of the HS and HSS models were calibrated for the
case of London Clay and compared with results of Potts and Addenbrooke (1997) who
used a non-linear elastic model (PJ model). Results have clearly indicated that the choice
of soil model has an important influence on the prediction of greenfield ground
settlement. The HSS model with the selected set of stiffness parameters provides a
reasonable fit with the PJ model and matches closely the greenfield settlement trough
expected from empirical models. Numerical analyses are carried out to evaluate the
effects of the self-weight, and equivalent elastic bending and axial stiffness of a surface
building on tunneling-induced ground movements. For the case of a weightless building,
design modification factors for bending and axial stiffness are consistent with results
promulgated in Potts and Addenbrooke (1997). For the self-weight scenario, the current
analyses indicated that neglecting this factor in the analyses can result in non-
conservative estimate of modification factors for deflection ratio and horizontal strain. It
is therefore suggested that the effect of building weight cannot be neglected when the
boundary effect of building stiffness on the ground is used as a tool to reduce the
estimated values of greenfield settlement trough or deflection ratio and horizontal strain
of existing buildings in a building damage assessment.

Thesis Supervisor: Andrew J. Whittle
Title: Professor of Civil and Environmental Engineering
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1 Introduction

Tunneling-induced ground movements can cause serious damage to overlying buildings
and utilities and have a profound influence on costs associated with tunneling projects.
In many cities the urban underground space is very congested with building foundations,
transportation and utility tunnels. It is inevitable that the alignment of new tunnels will

interact with the existing infrastructures including old, sensitive buildings and tunnels.

The relationship between tunneling-induced ground movements and existing structures is
not simple. The problem involves coupled soil-structure interactions, where the
tunneling construction affects existing structures, while existing structures also influence
the tunneling-induced ground movements. There are three common approaches currently
used to estimate tunneling-induced ground movements: 1) empirical, 2) analytical and 3)
numerical methods. Among these only numerical analyses are specifically able to model
the complexities of soil-structure interactions. Current engineering practice does not take

into account the soil-structure interaction in the design of new tunneling projects.

Burland (1995) recommended a three-stage procedure for evaluating the risk of building
damage that accounts for beneficial effects of settlement reduction due to stiffness of
existing buildings. Potts and Addenbrooke (1997) conducted a parametric study using
non-linear finite element methods to assess the influence of an existing structure on
ground movements due to tunneling. Their study focused on four key parameters: 1) the

width of the structure; 2) its equivalent bending and axial stiffness (based upon elastic

13



deep beam theory after Burland and Wroth, 1974); 3) building position relative to the
tunnel centerline; and 4) the depth of the tunnel. By introducing relative stiffness
parameters which combine bending and axial stiffness of the structure with building
width and stiffness of the soil, they proposed a unifying framework for estimating
building damage parameters (deflection ratio and horizontal strain). This thesis provides
a further comparative study of the influence of building properties using numerical
analysis. The current study follows the earlier work of Potts and Addenbrooke (1997)
and focuses on ground conditions typically found in London (with particular focus on the
Crossrail project). However, in contrast to the earlier study', this research uses a
commercial finite element code PLAXIS™ together with the Hardening Soil family of
constitutive models (Hardening Soil HS, Schanz, Vermeer and Bonnier 1999 and

Hardening Soil Small HSS, Benz 2006).

! done with ICFEP and a bespoke soil model proposed by Jardine et.al (1986)
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2 Literature Review

2.1 Introduction

This chapter gives an overview of the three common methods for tunneling-induced
ground movement predictions (empirical, analytical and numerical) followed by a
discussion of the state-of-the-art three-stage approach for the assessment of risk of
damage to buildings (Burland, 1995). One of the key steps in this procedure is to
compute the relative stiffness of the structure relative to the soil and to account for the

relative stiffness in estimating ground response due to tunneling.

2.2 Empirical Method

The empirical method is the most widely-used means to predict magnitude of ground
movement. The method uses case history data to predict the magnitude of settlement by
assuming a certain geometric shape for the surface settlement distribution. Following
Peck (1969) the 2-D transversal settlement trough above a tunnel (under greenfield

conditions) is mostly commonly described by a Gaussian distribution function, Figure 2.1:

u, = uyoexp(;:z) 2.1
where u,, = settlement
u,® = the maximum settlement at the tunnel centerline
X = the horizontal distance from the tunnel centerline
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X = the horizontal distance from the tunnel centerline to the point of

inflection of the settlement trough

Settlement Volume:

- 0
AN = SO0y, Inflexion .
-  Point, x Lateral Dlsnilce, X
A i
\ 0 X~
E.i Volume Change u, =u) - exp| - -
2 in Ground, AVg X!
8 \ Settlement, s
Ground Loss at
Tunnel, AVL ) R
Y
funnelvolume. ¥ V. =AV/V 5 AV =AV +AV,

Figure 2.1: Empirical function for transversal, greenfield surface settlement trough (Pinto
and Whittle, 2012 after Peck, 1969)

This equation was firstly proposed by Martos (1958) and based on field measurements of
settlements above mine openings, and by Schmidt (1969) from tunnel projects for the

Chicago subway project.

Mair and Taylor (1997) show that the width of the settlement trough is correlated to the

depth of the tunnel, H, and to the characteristics of the overlying soil, see Figure 2.2a.
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The same Gaussian function can describe the subsurface vertical ground movements by

varying the trough width parameter, such that the point of inflection is defined by:

x; = K (H-y) 2.2)

where H is the tunnel depth to springline and K is a non-linear function shown in Figure

2.2b.
. . Trough Width Parameter, K
Offset to Inflexion Point, x (m) 0 05 10 15 20
0 5 10 15 ' 20 o 5 A T T
1) - - — i
¢ i
sk at i ozl Mo et al. 4
‘ s L\ he (19%6): Sikty sands
- A !
L a 4 i
— 10F oopl o . 04l ]
E a ‘ 1 ) \
:‘:- 15 ] = ‘, Mair & Taylor
E we\ . ] Sousl \“‘ (1997): Clays |
< . \ e g 3 ?
s + L] 1 [+ \
@ 20| L 4 .
E*F =y ] E .
= B 208 |
= 3 a ! Dyeretal.
8 ast S [03]=xm J 81 (1996) Sands
5 | ] ‘
o . -4
E ] 10 |- 4
S 5 - ® . Sym. S SolTye  RH
3 E 4  GreenPark  LondonClay 007
[ . ] ¥ RegentsPark  London Clay 0.06,0.10
35 H Compiled Data : ] [ 8 HEX LondonClay 026
[ Clays e 1 @  StJamesPark LondonClay 008
r| _Sands & gravels | O . ¢ WillingonQy  soft clay 0.16
40 e o+ Centrifuge kaolin  0.23,0.14

a) Width of surface settlement troughs b) Width of sub-surface settlement troughs

Figure 2.2: Empirical estimation of inflection point (after Mair and Taylor, 1997)

There is not much data for estimating the horizontal components of ground deformations.
The common practice is to assume that the displacement vectors are directed to a point on
or close to the center of the tunnel as proposed by Attewell (1978) and O’Reilly and New
(1982):

Uy & —Uy (2.3)
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By integrating equation (2.1), the volume of surface settlement trough, AV,, per unit

advancement of the tunnel can be obtained:

AV, = V21%;S ax 2.4)

The volume loss AV}, which represents the ground loss around the tunnel, is obtained by:
AV, = AV + AV, (2.5)

where AV; represents the volume change of the ground.

It is worth noting that the volume loss at the tunnel cavity AVy, is not necessarily equal to
the surface volume AVg;. For example, when tunneling in dense sand under drained
conditions, Cording and Hansmire (1975) report that AV < AV} due to soil dilation. On
the other hand, when tunneling in clay where short-term (i.e., end of construction) ground
movements usually occur under undrained (constant volume) conditions, it is generally
expected that AV; = AVy (Mair and Taylor, 1997). Macklin (1999) has assumed that
measurements of surface settlements are associated with ground loss at the tunnel

heading and hence, can be correlated to the stability conditions at the tunnel face.

Figure 2.3 shows Macklin (1999)’s correlations between the volume loss AV, (= AVy) for
shallow tunnels in clay and the load factor, LF = N/N, where N, is the critical stability
number derived by Kitamura and Mair (1981) and N is:

N = (o, - o71)/Sy (2.6)
where oy is the overburden stress at the springline elevation, ot the face pressure at the

loading and S, the undrained shear strength of the clay.
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Figure 2.3: Empirical estimate of ground loss at the tunnel heading and correlation with
stability number

Empirical method mainly depends on past field observations. However in reality, ground
movement depends on various factors such as tunnel geometry and depth, tunnel
construction method, workmanship and behavior of soil around the tunnel. Therefore,
failing to consider these site-specific factors could be an important limitation of the

empirical method.
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2.3 Analytical method

Analytical solutions provide a complete framework to describe the distribution of far-
field ground deformations based on a prescribed set of displacements around the tunnel
cavity. Figure 2.4 shows that the ground deformations can be expressed as the
summation of three modes of tunnel cavity deformation, namely 1) uniform convergence,
u,; 2) ovalization, ugs; and 3) vertical translation, Au,. The analytical solutions make
gross approximations of the constitutive behavior of the soil (e.g., assuming linear, elastic

soil properties), yet fulfill all of the principles of continuum mechanics.

T 77777777 77 S S S S S S

U, -Au
+
Uniform Convergence Distortion Vertical Translation Final
(Ovalization)  (Downward Movement) Shape
Net Volume Change No Net Volume Change
a) Notation and sign convention
2 4 Distance from Centerline, x/H
= 40 20 00 20 40
:i Ovalization I ! ! A '
=
&0 0.0
=
1= 0.5 Convergence ;
g : Combinsil Figure 2.4: Modes of
2 deformation around tunnel
e .
3 10 cavity (Sagaseta and

Whittle, 2003)

b) Component contributions to surface settlement trough
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In fact, there are a variety of analytical solutions for estimating settlement distribution for
shallow tunnels in soft ground, using either exact (complex variable, Verruijt, 1997) or
approximate (superposition of line sources) methods (Sagaseta, 1987; Verruijt and
Booker, 1996; Gozalez and Sagaseta, 2001). For the approximate methods, the ‘far-field’
ground movements caused by shallow tunneling processes (excavation and support) are
solved as a linear superposition of the above three deformation modes occurring at the
tunnel cavity. Pinto and Whittle (2011) have shown that closed-form solutions obtained
by the approximate methods by superposition of singularity solutions (after Sagaseta,
1987) provide a good approximation of the more complete (‘Exact’) solutions obtained
by representing the finite dimensions of a shallow tunnel in an elastic soil (after Verruijt,
1996). Pinto and Whittle (2011) have also shown how the results are influenced by soil
plasticity (close to the tunnel) and have developed closed-form solutions for uniform

convergence of a 3-D tunnel heading.

The analytical method requires a small number of physically meaningful input
parameters, which can be obtained in principle from a small number of independent field
measurements of ground displacements. Pinto et al. (2011) have shown how these can be
estimated from a series of case studies. The analytical solutions offer a more complete
framework for estimating the distribution of ground movements around a tunnel in
greenfield conditions. However, they rely on the calibration of tunnel cavity parameters
(u, and ug) to processes of tunnel construction. They also do not address directly the

role of soil-structure interaction.
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2.4 Numerical method

Empirical and analytical methods have been well-developed to provide a reasonable
estimate of greenfield tunneling-induced ground movements. However, these methods
can become deficient in the absence of adequate case history data. More importantly,
some factors affecting ground movement, notably pressures at the excavated face, long
term settlement and effects of the construction sequencing are not fully taken into
account in these methods. These limitations have encouraged widespread adoption of

numerical methods for analyzing ground deformations caused by tunneling.

Non-linear finite element methods are the most commonly used numerical analysis for
tunnels. Finite element models can be used to simulate deformation coupled deformation
and flow', as well as stability analysesz. Finite element analyses can 1) incorporate
constitutive soil models of varying complexity; 2) represent structural support conditions

for the tunnel analyses; and 3) consider interactions with pre-existing structures.

Finite element analyses are capable of simulating the construction of a tunnel in stages.
The tunnel linings are typically modeled by plates or shell elements, while tunnel
excavation and grouting processes are simulated by deactivating and activating soil
clusters. Two dimensional models of tunneling are routinely used to represent the
construction process. In these situations, the volume losses are simulated mainly by two

methods, either by 1) directly applying a contraction at the tunneling cavity; or 2)

! Both drained and undrained situations can be modeled and the effect of time can be taken into account
for time-dependent geotechnical process, such as consolidation.
2 Done by c-phi reduction methods
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assuming that the in-situ stresses are partitioned between a fraction (1 - ) that is

internally redistributed within the soil mass and a fraction () that is applied to the tunnel

lining.

2.5 Assessment of risk to buildings

Given a set of predictions of tunneling-induced ground movements for greenfield
conditions, it is necessary to quantify their potential effects on existing buildings.
Burland (1995) considered this problem and suggested a three-stage approach for

assessment of risk of damage to buildings by tunneling works:

1) Preliminary assessment

In the preliminary assessment stage, ground settlement contours arc drawn using
empirical predictions of greenfield conditions. If the maximum predicted settlement of a
building p < 10mm or the greenfield trough imposes a rotation, 6 < 0.002 (Figure 2.5),
no further assessment is necessary. Burland (1995) noted that the slope, 0 is not a
satisfactory building performance parameter as it gives no indication of the possible
distortion of the building. The preliminary assessment based on the slope and settlement
of the ground surface only provides a conservative initial basis for identifying those

buildings along the tunnel alignment requiring further study.
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pmax

Sy

Figure 2.5: Definition of rotation (slope), 6

2) Sécond stage assessment

The second stage assessment introduces the concept of a limiting tensile strain.
Following Polshin and Tokar (1957), Burland and Wroth (1974) conducted numerous
large scale tests on masonry panels and walls at the UK Building Research Establishment
and showed that the onset of visible cracking is associated with a critical tensile strain,
&crit Which is not sensitive to the mode of deformation. Burland et al. (1977) noted that
the critical tensile strain (€., ) causing the onset of visible cracking is not a fundamental
material property because it does not necessarily represent a limit of serviceability (as it
may be acceptable to allow deformation well beyond the initiation of visible cracking).
Therefore, they introduced the concept of limiting tensile strain (&;;,,), which takes into

account the effects of differing materials and serviceability limit states.

Boscardin and Cording (1989) analyzed seventeen case records of damage (covering a
variety of building types) due to ground movement induced by open cutting and
tunneling, and proposed that the limiting tensile strain (&;;,,) can be related to the five

categories of building damage (Table 2.1) originally proposed by Burland et al. (1977)
24



(Table 2.2), by reference to visible damage to walls (with particular reference to ease of

repair of plaster and brickwork or masonry).

Normal degrcc | Limiting tensile
| of severity strain (g,,) (%)
0 Negligible 0-0.05
1 Very slight 0.05-0.075
2 Slight 0.075-0.15
Moderate* 0.15-0.3
Severe to >0.3
_very severe |

Table 2.1: Relationship between category of damage and limiting tensile strain
(Boscardin and Cording, 1989)

Category Normal Description of typical damage”

of degree of (ease of repair is in italic)
damage severity
0 Negligible Hairline cracks less than about 0-1 mm
1 Very slight Fine cracks which are easily treated during normal decoration. Damage generally restricted to internal wall
finishes. Close inspection may reveal some cracks in external brickwork or masonry. Typical crack widths
up to 1 mm
2 Slight Cracks easily filled. Redecoration probably required. Recurrent cracks can be masked by suitable linings. Cracks

may be visible externally and some repointing may be required to ensure weathertightness. Doors and windows
may stick slightly. Typical crack widths up to 5 mm

3 Moderate The cracks require some opening up and can be patched by a mason. Repointing of external brickwork and
possibly a small amount o brickwork to be replaced. Doors and windows sticking. Service pipes may fracture.
Weathertightness often impaired. Typical crack widths are 5 to 15 mm or several up to 3 mm

4 Severe Extensive repair work involving breaking-out and replacing sections of walls, especially over doors and windows.
Windows and door frames distorted. floor sloping noticeably.” Walls leaning’ or bulging noticeably, some
loss of bearing in beams. Service pipes disrupted. Typical crack widths are 15 to 25 mm but also depends
on the number of cracks

Very severe This requires a major repair job involving partial or complete rebuilding. Beams lose bearing, walls lean badly
and require shoring. Windows broken with distortion. Danger of instability, Typical crack widths are greater
than 25 mm but depend on the number of cracks

©

*Crack width is only one factor in assessing category of damage and should not be used on its own as a direct measure of it.
"Local deviation of slope, from the horizontal or vertical, of more than 1. 100 will normally be clearly visible. Overall deviations in excess of
1. 150 are undesirable.

Table 2.2: Classification of visible damage to walls with particular reference to ease of
repair of plaster and brickwork or masonry (Burland et al., 1977)

25



The limiting tensile strain provides a convenient measure of the damage that can be
related to deformations for different types of structure. Burland and Wroth (1974)
proposed the deep beam approach (Figure 2.6) in which the structure is represented as a
deep beam with equivalent elastic axial and bending stiffness. The analysis considered
the sagging ratio A/L (see Figure 2.6(a)) for two extreme modes of beam behavior in

bending about a neutral axis at the centre (Figure 2.6(b)) and in shearing only (Figure

2.6(c)).
e ~
LOooo00ggo
Odfjoooopd
Actusl building N
L
R
" T T S (a) Actual building and equival

A g and equivalent
[ R T T N deep beam as well as

Beam ~ Simple ideslization of building

~— T —

Deflected shaps of soffit of beam

definition of deflection ratio

(b) Cracking in bending

Bending deformation with cracking
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Figure 2.6: Cracking of a simple beam (After Burland and Wroth, 1974)
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The deflection of a deep beam in bending and shear (after Timoshenko, 1955, see Figure
2.7) 18

A=t B 4 225 Q.7

48E1 L2HG

where E is Young’s modulus, G is shear modulus, I is the second moment of area (about
a defined neutral axis and P is the vertical load of the building represented as a point

load)'.

Point Load. P

Figure 2.7: Deflection of deep beam with bending and shear (Timoshenko, 1955)

Equation (2.7) can be written in terms of deflection ratio and maximum fibre strain,

Ebmax-
. A L 31 E
Bending: P (E + mz}ebmax (2.8)
\ A 12
Diagonal shear: == (1+ m) Ebmas (2.9)

where t is the distance of the neutral axis from the edge of the beam in tension.

' Burland and Wroth (1974) show that the dead-weight load distribution has little impact on the subsequent
results.
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As building damage can also result from horizontal strains, Boscardin and Cording
superimposed horizontal tensile strain, &, to the above analysis (i.e., assuming that the
deflected beam is subjected to uniform extension over its full depth). For bending,
equation (2.7) can be rewritten to represent the resultant extreme fibre strain &, in terms
of €pmax and &:

Epr = Ebmax t €n (2.10)

From the Mohr’s circle of strain, the resultant diagonal tensile strain in the shearing

region can also be given in terms of €4,,,4, and €:

1- 1+
€ar = €n ('—2&) + ngi (Tﬂ)z + Eémax (2.11)

where p is the Poisson’s ratio.

The larger of €, and &4, defines the maximum strain, &,,,, in the beam.  Based on
equations (2.8), (2.9), (2.10) and (2.11), the maximum strain can be computed for a given
value of A/L and g, in terms of t, E/G and p. The value of €,,,, can then be used to
assess the category of building damage by Tables 2.1 and 2.2, associated with the given

values of building damage parameters: A/L (deflection ratio) and &, (horizontal strain).

Burland (1997) admitted that the second stage assessment, although more detailed, is still
very conservative and is likely to overestimate damage to buildings. He attributed this to

the fact that the building conforms to the ‘greenfield site’ settlement trough. This is in
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contrast to practice, where the inherent stiffness of the building will interact with the

supporting ground and tend to reduce both deflection ratio and horizontal strains.

3) Detailed evaluations

This stage is undertaken for buildings where a “moderate” level of damage has been
predicted in stage two. The approach is to carry out a refined version of stage two taking
into account the particular features of the building and the tunneling scheme (i.e., soil-

structure interaction). The key factors suggested to be considered include:

The sequence and method of tunneling (factors such as face pressure and wait

time for support affect the volume loss and hence, can reduce potential ground

movements);

e Building details, such as the beneficial effects of structural continuity
including those of framed structures, strip footings and rafts;

e Adverse effects of having buildings oriented at a significant skew to the tunnel
axis;

e Beneficial effects of predicted greenfield settlement reduced by the stiffness

of existing buildings.

Protective measures will then be considered for buildings remaining in the “moderate” or

higher damage categories, following the completion of the three-stage assessment.
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2.6 Modeling Soil Structure Interaction by the Relative Stiffness
Approach

There is a coupled relationship between tunneling and performance of existing buildings.
Tunneling-induced settlements affect existing structures, while the stiffness and weight of
existing structures also influence the distribution and magnitude of tunneling-induced soil
movements. Burland (1997) highlighted this issue by asserting the fact that failing to
consider the effect of soil-structure interaction will usually over-estimate the degree of

building damage.

To address this issue quantitatively, Potts and Addenbrooke (1997) proposed a relative
stiffness method, based on a parametric study using non-linear finite element methods.
The four key parameters in their study included: 1) the width of the structure, B; 2) the
equivalent bending, EI and axial stiffness, EA (represented as an equivalent elastic deep
beélm after Burland and Wroth, 1974); 3) building position relative to the tunnel
centerline, e; and 4) the depth to tunnel springline, H. It is noted that in all cases the dead

and live loads of the structure are not modeled (i.¢., no vertical load).

Potts and Addenbrooke (1997) focused on a specific circular tunnel with diameter, d =
4.146 m, and depth from the soil surface to the tunnel axis, H = 20m or 34m (typical for
proposed tunnel construction in London). An equivalent elastic beam of width B resting
~on the soil surface was used to model the effect of existing structures. The contact

surface is assumed to be rough (i.e., no slip between beam and soil). The numerical
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analysis in their study was done using the ICFEP program and a bespoke soil model

proposed by Jardine et al. (1986), referred to subsequently as the PJ model.

The soil model described by Jardine et al. (1986) is capable of representing the non-linear
elastic pre-yield behavior as well as plastic behavior (by a Mohr-Coulomb yield surface
and plastic potential). In their analyses, Potts and Addenbrooke (1997) modeled strength
parameters ¢’ = 10kPa; ¢’ = 25°, with an angle of dilation y = 12.5°, a saturated bulk unit
weight y; = 20kN/m® and a coefficient of earth pressures at rest Ko = 1.5. Subsequent
publications (e.g., Franzius, 2003) clarify that Potts and Addenbrooke (1997) adopted a
zone of reduced K, around the tunnel (see Figure 2.8) as an artifact to obtain better
predictions of the greenfield surface settlement trough. Potts and Zdravkovic (2001)
assert that this modeling assumption represents some of the 3D effects of tunneling and
appears to represent measured performance for a series of cases studies for the JLE
project’. The results in Figure 2.9 show modest levels of improvement that are achieved
through the reduced K, zone. It is, however, abundantly clear that numerical simulations
for K, = 1.5 underestimate surface settlements above the tunnel and predict wider
settlement troughs than the measured data. Potts and Zdravkovic (2001) also carried out
three dimensional analyses and found that tunneling construction causes a reduction in
the effective stress ratio at the springline. They therefore envisage that the reduced K-

approach may be a logical assumption to represent the stress change ahead of tunnel face.

' JLE project at Regant’s Park (34m depth), Green Park (29m depth) and St. James’s Park (30m depth)
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Figure 2.8: Layout of zone of reduced Ko (after Potts and Zdrakovic, 2001)

Figure 2.9: Effects of initial stress
conditions on settlement prediction
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As for the stiffness properties, the PJ model represents isotropic secant shear and bulk
moduli parameters as functions of the shear and volumetric strains. Secant stiffness that

describe the variation of shear and bulk moduli are given by:

1—? = A+ Bcos [a (Loglo (%))y] (2.12)
£ =R +5cos [5 (Logao (%))A] 2.13)

where G = secant modulus, K = secant bulk modulus, p’ = mean effective stress, E =

1

- 1
deviatoric strain invariant=(2)? [(g, — £,)% + (g, — £3)% + (g, — £3)%]2 = volumetric strain
3 1 1783 2783

and A, B, C, R, S, T, a, 0, v and A are constants with values used by Potts and

Addenbrooke (1997) listed in Table 2.3 below:

Strata A B C (%) o Y
London Clay 1120 1016 1x10* 1.335 0.617
R S T (%) 8 A
549 506 1x10° 2.069 0.420

Table 2.3: Input parameters for the PJ model (after Jardine et al., 1986)

Potts and Addenbrooke (1997) used the following relative bending and axial stiffness to
account for the stiffness of both the beam (structure) and the soil in presenting the results

of their analyses:

Relative bending stiffness: pr= - f;) " (2.14)
s\2.

Relative axial stiffness: o = EE::;) (2.15)
s\2



where E, I and A are equivalent Young’s modulus, second moment of area and equivalent
cross sectional area of the existing structure; B is the width of the existing structure; and
E; is the secant Young’s modulus that would be obtained at an axial strain, €, = 0.01% in

a triaxial compression test performed on a sample retrieved at a depth, z = H/2.

The expression p* is similar to that used by Fraser and Wardle (1976) and Potts and Bond
(1994). Fraser and Wardle (1976) carried out a series of numerical analysis of
rectangular rafts on layered soil foundations and concluded that the dimensionless
stiffness factor (embracing influence of raft rigidity I andvits length to breath ratio, soil
depth and Poisson’s ratio, in an expression resembling p*) can markedly affect both
vertical movement and bending moments in raft foundations. Similar factors were also
adopted for retaining wall analyses by Potts and Bond (1994). On the other hand, the
expression for a* is similar to the normalized dimensionless grade beam stiffness
(embracing influence of soil stiffness, depth of soil cut as well as Young’s modulus and
area of grade beam) used by Boscardin and Cording (1989). Boscardin and Cording
(1989) studied the effect of the normalized dimensionless grade beam stiffness on the
angular distortion, diagonal strain and lateral strain on the grade beams. It should be
noted that as Potts and Addenbrooke (1997) concern plane strain conditions, a* is
dimensionless while p* has dimensions of m™. The value of E; adopted in the Potts and
Addenbrooke (1997) study is the secant stiffness at 0.01% axial strain in a drained
triaxial compression test performed on a sample retrieved from a depth of half the tunnel
depth (i.e., E; = 103MPa and 163MPa for tunnel depths of 20m and 40m respectively),

assuming E; increases linearly with depth.
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Tunnel excavation was modeled by incremental support removal of the solid elements
within the tunnel boundary, which is represented by incremental reduction of the stresses
that the soil within the tunnel applied to the tunnel boundary. For each increment, the
movements of tunnel boundary were monitored and used to calculate the volume loss of
soil moving into the tunnel. The percentage volume loss AV}, can then be obtained by
dividing the calculated volume loss by the original tunnel cross-section (tD?*/4 per unit
length of the tunnel). For the greenfield case, the stress reduction at which the
accumulated volume loss AV}, = 1.5% was chosen to represent the field conditions. All
the analyses with surface structures in this study were terminated at the same stress
reduction and the volume loss is recorded. As the volume loss varies slightly between
analyses (1.41% to 1.51%), the results are all corrected by linear interpolation that
correspond to the same AV, = 1.5% on the basis that the relationship between the volume
loss and the maximum surface settlement can be assumed linear over the range (sce

Figure 2.10).
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Figure 2.10: Variation of Maximum surface settlement with volume loss in Potts and
Addenbrooke (1997)
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Potts and Addenbrooke (1997) used two building damage parameters, namely deflection
ratio and horizontal strain (Boscardin and Cording, 1989; Burland, 1995) to assess the

effects of tunneling on existing buildings.

While the horizontal strain can be directly obtained from the computer output, the other
building damage parameters, deformation ratios DRsy and DRp,g for sagging and
hogging respectively are defined in Figure 2.11. The deflection ratio was then calculated
for both sagging and hogging by dividing the maximum deflection A by the length L
connecting the points of inflection with the end of the structure or with each other. In
Franzius (2003), it was clarified that the points of inflection were determined graphically

in Potts and Addebrooke (1997).

Deflection ratios:
Point of inflection
; A

Asag
DRgog = Loag

. S

=
]

et

S, SR
4

Lnog

Figure 2.11: Definition of deflection ratios strain (Potts and Addenbrooke, 1996)
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Potts and Addebrooke (1996) compared the results from the analyses with a beam (a
structure) with those from the greenfield conditions, and define the following

modification factors for deflection ratio:

DRsag

DRsag — 7538

MPRsag — oRE.s (2.16)
DRhoo — DRpog

M~ hog = DRﬁog (2.17)

where DR§ag and DR%10g are deflection ratios for that portion of the greenfield settlement

trough which lies directly beneath the structurc. Similarly, the modification factors for

the maximum compressive and tensile horizontal strains are defined as:

MéEhe = Zhe (2.18)
“he
Ment = ht (2.19)

ht

where e;fc and eft are the greenfield values of horizontal compressive and tensile strains

for that portion of settlement trough which lies directly beneath the structure.

Based on the results of their finite element analyses, design curves specifying the
modification, by stiffness of structures, to greenfield settlement trough were established

for the building damage parameters (Figure 2.12 and Figure 2.13).
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Typical range of p* for 1-10 storeys building and
tunnel depth H = 20m -34m based on PJ model

MDORey

108 1007 100 100% 10* 100 1002 100" 10° 10 p*(m )

Figure 2.12: Design curves for modification factors to deflection ratio (Potts and
Addenbrooke, 1997)

Typical range of p* for 1-10 storeys building and
e/lB=0 tunnel depth H = 20m -34m based on PJ model
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Figure 2.13 : Design curves for modification factors to horizontal strain (Potts and
Addenbrooke, 1997)
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When the greenfield values of deflection ratio and horizontal strain are known for a
particular project, the greenfield values are multiplied by the respective modification
factors to obtain those likely to be imposed on the structure (taking into account the effect

of building stiffness on ground movement), by equations 2.17,2.18, 2.19 and 2.20.

In addition, the combination of modified deflection ratio and horizontal strain can be used

to determine the building damage category (Table 2.2 by Burland, 1995), see Figure 2.14.

04 -

DRy %

0-3

|
02 03
€nt (%)

Figure 2.14: Relationship of damage category to deflection ratio and horizontal tensile
strain for hogging (Burland 1995)

In practice, it is very uncommon to conduct numerical modeling directly taking into
account the influence of buildings. Instead, deformations of buildings are assessed
mostly by subjecting their foundations to the excavation-induced greenfield ground

movements with no account of any influence of the existing structures’ stiffness or the

39



buildings’ weight. Therefore, the design curves introduced in Potts and Addenbrooke
(1997) are very useful in giving initial estimates of the likely building damage, although
it should be noted that the curves were developed based on specific ground conditions

and structure characteristics.

2.7 Evaluation of the Relative Stiffness Approach

2.7.1. Building load

As stated above, the effects of building loads are not considered in Potts and
Addenbrooke (1997). Franzius et al. (2004) carried out a series of numerical analyses to
assess the effect of building weight on tunneling-induced ground and building
movements. In addition to the two key steps of: 1) constructing a weightless beam with a
stiffness to represent a certain number of building storeys and 2) applying incremental
stress reduction to simulate tunnel excavation, they added an intermediate step, which is
to apply a uniform stress above the weightless beam to simulate the effect of building
weight. They modeled this stage as being fully drained (assuming consolidation would
have largely completed before tunnel excavation). As they considered that in reality
ageing of the soil may affect the soil stiffness properties during the consolidation time,
the high initial soil stiffness to p’ ratio was reset prior to tunnel excavation (achieved by
resetting the strain before applying incremental stress reduction for tunnel excavation).
By doing so, the initial soil stiffness before tunnel excavation depends only on the stress

level p’ (governed by insitu stress state and building loads). Franzius et al. (2004)
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concluded that the addition of weight in the numerical analyses performed originally by
Potts and Addenbrooke (1997) has only a small influence on the calculated deflection
ratios for both hogging and sagging modes and horizontal strain. In order words, they
considered that building stiffness (instead of building load) dominates the settlement

reduction in the relevant greenfield case.

2.7.2. Relative stiffness expression

Franzius (2003) carried out a systematic investigation of the various parameters used in
the original relative stiffness approach proposed by Potts and Addenbrooke (1997).
Among the various parameters investigated, their findings related to the relative stiffness
expression have a material influence on the application of the approach. Based on his
analyses which cover a wider range of building features than the earlier study, Franzius
(2003) showed that the original definition of relative bending stiffness (p* = EVE(B/2)*-
equation 2.14) over-estimates the influence of B by incorporating it raised to a power of 4
in the denominator of p*. His analyses also indicated that, in contrast, the tunnel depth 1s
not sufficiently represented in the relative stiffness expression, as the tunnel depth is

included in p* only via the soil stiffness E; which is taken from half tunnel depth.

Franzius (2003) proposes refining p* to:

. EI

P mod = E.@BeL (2.20)
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The above expression modified the original one by incorporating H (tunnel depth to
springline) and reducing the influence of B. The length of building in the longitudinal
direction (L) is introduced so that the expression is dimensionless whether it is used in
2D or 3D analysis'. Franzius (2003) justifies the modified expression based on the
results of their numerical analysis which show that the modified expression produced less
scatter for MPRsag though the scatter increases slightly for MPRrog which is still within
the upper bound of the design curves proposed in Potts and Addenbrooke (1997). For
axial strain it was found that the original definition of relative axial stiffness (a* =
EA/EH — equation 2.15) gives a good correlation with M&" for all cases analyzed.

Nevertheless, similar to p* the expression is modified to include L to make it

mod >
dimensionless whether it is used in 2D or 3D analysis:

" EA
O mod =m (221)

Franzius (2003) justified the use of the building width B rather than the half width of
building B/2 (as adopted by Potts and Addenbrooke (1997)) to be consistent with the
expression of degree of eccentricity as e/B. It was shown that the use of the building
width B rather than the half width of building B/2 has no implication on the relative
position of the results to each other when plotted against a log-scale of relative stiffness.
Franzius (2003) proposes a new set of design curves for modification factors adopting the

modified relative bending and axial stiffness (Figure 2.15 and Figure 2.16).

' In 2D the effect of L cancels out from the numerator (I) and denominator
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2.7.3. Building stiffness

Dimmock and Mair (2008) review the method of deriving building stiffness (numerator
of the relative stiffness) and hence the relative stiffness. In their study, the progressive
response of two- to three-storey masonry buildings (at Moodkee Street and Keetons
Estate) to bored tunneling for the Jubilee Line Extension project in London was
investigated. Based on the modification factors back-analyzed from the observed ground
movement, they inferred the back-analyzed relative bending stiffness in sagging and

hogging using the design charts in Potts and Addenbrooke, 1997 (Figure 2.17).

1.LE+(0) 1

-~

1.E-0]

1.E-02 1 1 T

1.LE-03 1

1LE-(4 4

1.E-O05 1 1 —

Relative Bending Stiffness, p*

1LE-(6 A

1.LE-07 +
Neptune-west  Neplune-cast Murdoch- Murdoch- Clegg-west  BSW-section
EB EB north EB south WB WwB Il EB

O prediction W intermediate-sagging B final-sagging & intermediate-hogging [ final-hogging

Figure 2.17: Approximate relative bending stiffness estimated from modification factor
for the masonry facades at Moodkee Street and Keetons Estate (Dimmock and Mair,
2008)

By comparing the back-analyzed relative bending stiffness with that suggested in Potts

and Addenbrooke (1997), they suggested the following modifications for estimating
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relative bending stiffness of low-rise masonry structures for future use with design charts

in Potts and Addenbrooke (1997):

Only the foundation, instead of the entire building, can be considered in the
estimation of relative bending stiffness for hogging. They explained that the
observed behavior was probably due to inability of the masonry in the upper

part of the wall to withstand significant tensile stresses.

The second recommendation is to reduce the estimated relative bending
stiffness in sagging by one order of magnitude to account for the presence of

door and window openings.
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3 Method of Analysis

3.1. Finite element analysis

This thesis provides a comparative study to the earlier work of Potts and Addenbrooke
(1997) on the influence of building properties on tunneling-induced ground movements
by numerical analysis. As such, the current numerical analyses largely follow the prior
work in terms of problem geometry, soil profile (London clay) and method of simulating
tunnel excavation. In contrast to the earlier study, this research uses a commercial finite
element code PLAXIS™ together with hardening soil family of constitutive models
(Hardening Soil HS, Schanz, Vermeer and Bonnier 1999 and Hardening Soil Small HSS,
Benz 2006). As such, some features of the numerical analyses have to be modified to suit
this study. A dedicated calibration process is required to identify hardening soil model
(HS and HSS) parameters that represent London clay and approximate the stiffness
behavior simulated by Potts and Addenbrooke (1997) (using an earlier non-linear elastic
model presented by Jardine et al,, 1986). This chapter describes the finite element

analyses and gives a full account of the soil model calibration process.

Geometry

The reference geometry comprises a circular diameter, d = 4.146m and fixed depth from
the soil surface to the tunnel springline, H = 20m. Figure 3.1 shows a typical half-model

mesh used in the 2D, plain strain analysis, comprising 15-node triangular elements with
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fourth order interpolation for displacement. The mesh has been refined to ensure the
model gives numerical results with adequate degree of accuracy for the problem. The
structure is represented by a surface elastic beam centered above the crown of the tunnel
(i.e., zero eccentricity). The soil-beam (structure) interface is assumed to be perfectly

rough (i.e., no slip).

-40.00 -20.00 0.00 2000 40.00 60.00 B0.00 100.00 120.00 140.00 160.00
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Depth to tunnel I
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Connectivity plot

Figure 3.1: Typical half model for analyses

This study considered buildings to be a concrete frame structure consisting of 1 to 10
storeys. For a building with m storeys, the equivalent properties of the elastic beam were
calculated assuming that the building consists of m+1 slabs at a vertical spacing of 3.4m.
The thickness of each slab is assumed to tg,, = 0.15m. An individual slab with thickness
tsb = 0.15m is assumed to have the following properties:

Elastic modulus E. =23 x 10° kN/m’ (3.1)

Area Agap = 0.15 m*/m (3.2)

48



Second moment of area Lap = 2.8125 x 10*m*/m (3.3)
Axial stiffness (EcA)siab = 3,450,000 kN/m (3.4
Bending stiffness (EcDgp = 6468.75 KNm*/m (3.5)

(bending about mid-plane)

The axial and bending stiffness for an equivalent beam, comprising m storeys (m+1 slabs)
are then calculated using the parallel axis theorem (Timoshenko, 1995), assuming the

necutral axis to be at the mid-height of the building:

(EcA)structure= (m+1) (ECA)slab (3.6)

1
(Ecl)structure=Ec ng ) (Islab+ Aslasz) (37)

All properties in equations 3.6 and 3.7 assume plane strain conditions with unit width. In
order to get a consistent set of parameters (based on equivalent thickness and young’s

modulus of beam, t. and Eg), the above stiffness expressions can be converted to:

E et €

(ECA) structure — flzf (3 8)
Efetf3e

(EcDstructure= 12 (3.9
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By rearranging equations 3.8 and 3.9 the expression of equivalent thickness tg can be

12 (Ecl)structure
= ’——— 1
tfe (EcA)structure (3 O)

obtained by:

The input parameters for beam in finite element code PLAXIS™ are (EcA)structure and
(EcDstructure- In addition, PLAXIS™ computes the equivalent thickness tre which is

shown in the input window for checking.

In this study, 1-, 3-, 5-, 8- and 10-storey buildings are considered in evaluating the effect
of building stiffness and building load on tunneling-induced ground settlement. The

corresponding stiffness parameters are given in Table 3.1:

Bending stiffness | Axial stiffness
(EDstructure (EA)structure Tte Building weight
Building [kNm?/m] [kN/m] [m] [kPa]
Slab 6.47 x 10° 3.45 x 10° 0.15 N/A
1 2.00 x 10’ 6.90 x 10° 5.89 50
3 1.99 x 108 1.38x 10’ 13.17 50
5 6.98 x 10° 2.07 x 107 20.12 50
8 2.39x 10° 3.11x 10’ 30.41 50
10 439x 10° 3.80 x 107 37.25 50

Table 3.1: Stiffness of building

Soil properties

This study focuses on the ground conditions typically found in London.  The hardening
soil family of constitutive models (HS, Schanz, Vermeer and Bonnier 1999 and HSS,

Benz 2006) are chosen among various constitutive models available in PLAXIS™. These
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models are advanced elastic-plastic models for simulating the behavior of soil. In
contrast to the elastic-perfectly plastic soil model (Mohr Coulomb model), the yield
surfaces of the HS model are not fixed in principal stress space, but harden due to plastic
straining. In addition, the HSS model uses additional parameters to describe small-strain
non-linear stiffness properties as functions of stress and strain. This is a key model
feature that is particularly relevant to this study as the average shear strain of the analyses

is typically in the range of 0.1% to 0.01%.

The analyses focus on the short-term response of the ground and hence, the clay is
assumed to be undrained. The shear strength is described by conventional effective stress
strength parameters, apparent cohesion (c¢’) = 10kPa, internal friction (¢*) = 25° with
dilatancy angle (y) = 12.5°. The HS family of constitutive models use separate input
parameters to simulate the soil stiffness associated with plastic strain due to primary
deviatoric loading and primary compression, as well as elastic unloading and re-loading.
The HS family of constitutive models are calibrated against the PJ model of Jardine et al.
(1986) that was used in Potts and Addenbrooke (1997) in order to identify input stiffness
parameters that represent a similar stress-strain characteristics to the previous study. This
calibration process aims to enable a direct comparison on results obtained by numerical
analyses using these two different soil models (PJ model vs hardening soil family of
constitutive models). Further details of the calibration process are provided in sub-

paragraph 3.2 below.
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Initial Stress

The analyses assume that the coefficient of at-rest earth pressure K, = 0.577
(ie., K, = 1-sind), which is similar to the reduced K, = 0.5 used by Potts and
Addenbrooke (1997). Despite the use of reduced K, in the numerical simulation in this
study, it should be noted that the actual K, value of over-consolidated London clay is
expected in the range K, = 1 to 1.5. The reasoning to use lower values of K, is
mentioned in Potts and Zdravkovic (2001) as a method to simulate the influence of the
3D stress field caused by tunneling. Nevertheless, Franzius (2003) carried out a series of
numerical analysis and concluded that the calculating modification factors of deflection
ratio and horizontal strain (obtained by normalizing with the greenfield trough), only
differ slightly for these different initial conditions (zone of reduced K, = 0.5 vs global K,
= 1.5). This may be explained by the fact that the reported modification factors are
normalized by the greenfield predictions and therefore the influence of initial stress
conditions is cancelled out. As such, the assumption of reduced K, is further justified for
the purpose of this study, in which building deformations are mainly quantified by
building damage parameters (deflection ratio and horizontal strain), and the respective
modification factors for deflection ratio and horizontal strain were proved by Franzius

(2003) to be relatively insensitive to the change of initial stress conditions.

Modeling of tunnel excavation

The tunnel excavation was modeled by the f method (details given in Chapter 2). To
apply this in PLAXIS™, the staged construction option is used to emulate a reduced

ultimate level of ¥XM-stage. For example, for a value of 0.6 ZM-stage, B is equal to 1 -
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XM-stage (i.e 0.4), and the physical meaning is that only 40% of the initial stress is
applied to the tunnel lining. In the tunnel excavation simulation, 3 is decreased from 1 in
incremental reduction towards 0. For each incremental reduction of B value, the
movements were monitored and used to calculate the volume loss by integrating the
surface settlement trough with respect to the original ground level (due to undrained
conditions, the surface volume loss corresponds to the volume loss at the tunnel cavity).
It is assumed to be the same as the ground movements into the tunnel as the soil is
assumed to be undrained. The volume is then divided by the original cross-sectional
area of the tunnel in order to obtain the percentage volume loss (AVy). The termination
criterion of all the analyses in this study is set at a fixed [ value based on the analyses of
the greenfield conditions with a cumulative volume loss, AV), = 1.5%, to represent the
field conditions after tunneling. In contrast to Potts and Addenbrooke (1997) where the
results were adjusted by linear interpolation to the specific volume loss (1.5%), no
correction is needed in the current analysis. This issue is significant as subsequent results
show that the modification factors (for both deflection ratio and horizontal strain) are not
linearly correlated to the volume loss. Nevertheless, the approximation has negligible
effect in terms of making comparison with the results in Potts and Addenbroke (1997),
where there are small variations in volume loss (1.41% to 1.51%) and adjustments are

small.

Building stiffness parameters

Potts and Addenbrooke (1997) proposed definitions for relative bending and axial

stiffness parameters, p* = EVE(B/2)* and a*=EA/Ey(B/2), to describe their results. This
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approach introduces a reference value of soil stiffness E, (defined as the secant stiffness
for an average point in the overlying soil at depth = H/2 and at a shear strain y = 0.01%)).
The purpose of this parameter is to normalize the résults of the numerical analysis.
Subsequent studies by Franzius (2003) have shown some limitations associated with the
definition of E,. Given that the current study focuses on a unique settlement profile and
tunnel, we present the results in terms of the properties of the structure. Further
numerical simulations with different tunnel geometry and stiffness properties are needed

in order to evaluate the best choice of normalizing parameters.

Building deformation criteria

The building damage parameters (a quantitative measure of the effect of tunneling on
building) used in this study are the deflection ratio DR (refer to Figure 2.10) and
horizontal strain &,. To calculate DR, it is necessary to determine the point of inflection
which separates the zones of the sagging and hogging moments. The point of inflection
is found by calculating the rate of change of the slope of surface settlement trough
(duyz/dx2 = 0) numerically in a spreadsheet and locating the change of sign. The
deflection ratio is calculated for sagging and hogging by dividing the maximum defection
by the length L connecting the points of inflection or connecting one of the points of
inflection with the end of structure. The horizontal strain &, is given as the maximum
compressive or tensile horizontal strain at the neutral axis (by referring the strain to the
neutral axis, any effects of bending are eliminated). This is obtained by dividing the axial
force by the beam sectional area, where axial force is directly obtained from the computer

output.
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3.2 Calibration of soil model

The HS family of constitutive models and the PJ model (PJ, Jardine et al. 1986) used by
Potts & Addenbrooke (1997) are based on different sets of soil parameters. In order to
calibrate a HS to be consistent with the PJ model, the stress-strain behaviors of the two
models are compared in three different aspects, which are: 1) the deviatoric stress-strain
behavior in drained triaxial shearing (q = (o] - 63) Vs &,); 2) the secant modulus profile at
selected shear strain levels (Es. vs z); and 3) the surface settlement trough profile
resulting from tunnel excavation. The stress-strain behavior of the PJ model is predicted
from its original trigonometric expressions (equations 2.12 & 2.13) by spreadsheet
calculations, where the stress-strain behavior of the hardening soil model in PLAXIS™ is

obtained by numerical integration of the incremental stress-strain relations.

Triaxial compression using PJ model

The non-linear elastic PJ model describes the secant soil moduli as non-linear functions
of the strain level using trigonometric expressions (equations 2.12 & 2.13). In order to
predict the deviatoric stress-vertical strain ((o - 63) Vs €,) relationship, the tangent elastic

shear and bulk modulus are obtained by differentiation as follows:

S _  — 1 La
~ = A+ Beos(BX") — 2 BB Sin(BX") with X = log, (L) 3.11)
5 u evoll

R+ Scos(BY) — S 5in(5Y") with Y = log, , (122 (3.12)
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where p’ is the mean effective stress, Eq4 is the deviatoric strain invariant, €, is the
volumetric strain, and A, B, C, R, S, T, 8, B, y and u are constants. Values of these

constants for London clay are retrieved from Franzius et al. (