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                                       ABSTRACT

  In urban  areas,  the ground movements  induced by  tunnelling  can  distort and  damage overlying  buildings. Potts and
Addenbrooke  (1997) presented new  design charts  to assist in the  assessment  of  building damage  in response  to

tunnelling, The charts  were  based on  the results of  two-dimensional  plane-strain finite element  analyses  considering

variations  in the bending and  axial  stiffhess of  a  building relative  to the soil stithiess, the building's width,  its position

relative  to the tunnel axis, and  the  tunnel  depth, In all cases,  weightless  elastic beams represented  the building, This

paper presents the results  of  analyses  that additionally  consider  building weight  in order  to investigate its infiuence on

the tunnelling-induced deformation of  a structure.

  The  mechanisrns  that control  this /[nteraction  problem are  investigated, It is demonstrated how  the application  of

building load changes  the  stress  regirrte  in the  ground  and  how  this stress change  alters tunnelling induced ground and

building deformation.

  The results of  a  parametric study  are used  to quantify the effect of  a building's self weight.  This paper  shows  that the
trend in defiection ratio  and  horizontal strain  with  building stiffuess is very  similar  for a  wide  range  of  loads investi-

gated. Following  the approach  of  Potts and  Addenbrooke  (1997), the deformation values  are  then compared  with  the

greenfield cases  to give modification  factors, The results  reveal  an  increase in these factors with  weight,  On  the other

hand,  when  plotted against  relative  stiffness  the results  are  shown  to be close  to the  
`weightless'

 design curves  provided
by Potts and  Addenbrooke  (1997).
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INTRODUCTION

  The prediction ofbuilding  distortion induced by tunnel

construction  is now  a  key issue in the  planning  process of

any  new  underground  project. This soil-structure  interac-
tion problem  is, however,  not  well  understood.  As  a

result, present techniques for assessing  potential building
damage  due to underground  excavations  are  conserva-

tive. It is therefore important not  only  to refine  the design

approach  but also  to  obtain  a  better uLnderstanding  of  the
mechanisms  which  control  this interaction problem,

  Current  design practice is essentia[ly  an  empirical  ap-

proach based on  settlement  data from recent  tunnelling

projects (O'Reilly and  New, 1982). For the prediction of
building subsidence  the characteristics  of  the structure

are neglected  and  the  expected  deformed  shape  of  a

greenfield site  is applied  in order  to assess  the damage.
For this assessment  limiting criteria such  as deflection
ratio  DR,  defined in Fig. 1, and  horizontal strain eh
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Fig, 1. Building damage  parameter; Definition of  defiection ratio

(Burland and  Wroth,  1974; Boscarding  and  Cording,
1989) are  used.  Interaction diagrams, as shown  in Fig. 2,
then relate  these measures  to a  damage category  system  in
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structure:
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Fig. 3. Geometrl' of  the problem

which  aesthetic  damage  is described by categories  O, 1 and

2 while  damage  in categories  3 to  5 affect  serviceability

and  structural  stability (Burland, 199S), This approach
can  be  conservative  as it assumes  the building to be in-
finitely flexible and  to follow the  greenfield settlement

trough.

  Potts and  Addenbrooke  (1997) introduced the possibil-
ity of  including building stiffiiess into this design ap-

proach. The basis of  the new  method  was  an  extensive

parametric study  using  two-dimensional  (2D) finite ele-

ment  (FE) analyses.  By  including the structure's  stiffaess

into the  design approach  it is now  possible to  predict the

critical strain  in the building more  realistically. A  sim-

plification in this work  was  that the buildings were

modelled  weightless,  This paper  explores  the infiuence of
building weight  on  the soil-structure  interaction problem.

THE  RELATIVE  STIFFNESS  APPROACH

  Potts and  Addenbrooke  (1997) proposed  a  method

which  includes the stiffhess of  a structure  in the predic-
tion of  its deformation due to tunnelling induced subsid-
ence.  They  presented the results of  a parametric study  in-
cluding  over  100 2D  plane strain  FE  analyses,  In their
study,  the  structure  was  represented  by  an  elastic  beam.
The beam  was  considered  weightless  to enable  the  authors

to investigate the effect of  building stiffhess uncoupled

from other  factors, The soil was  modelled  using  non-

linear elastic  perfectly plastic parameters appropriate  to

London  clay.  A  wide  range  ef  stiffhess parameters and

geometries were  investigated. The stiffhess of  the building
was  then  related  to the stifftiess of  the soil using  relative

stiffness  parameters  which  are defined as:

         P"=E-L(:l(i2)4 a"=E,EBA!2)  a)

where  E  is the Young's  modulus  of  the  structure;  Iis its
second  moment  of  area  and  A  is its cross  sectional  area;

E, is the soil's secant  stiffness obtained  at  O.Ol% axial

strain  in a  triaxial compression  test performed  on  a sam-

ple retrieved  from half of  the tunnel depth ze, defined in
Fig, 3, (for the soil profile used  in their  analysis  4  was

103 MPa  and  163 MPa  for tunnel depths of  zo =  20 m  and

34 m  respectively)  and  B  is the  width  of  the structure.  The
relative  bending stiffriess is given by p", while  a"  is a
measure  for the relative  axial  stifftiess. In plane strain

analysis  or*  is dimensionless while  p' has the dimension

[1/m].
  The  parameter  p"  is associated  with  the defiection
ratios  DRh.,  (hogging) and  DR,., (sagging) while  a*  is
associated  with  the horizontal strain  £ ht (tensile) and  eh,

(compressive), Potts and  Addenbrooke  (1997) related

these quantities to greenfield conditions  using  modifica-

tion factors:

        MDRH"g==SRRh,,O,Z MDR'"'=DDR8t,,-",g, (2a)

for the  hogging and  sagging  deflection ratio  DR  respec-

tively and:

            Mc,,=F.hi. Mch,=.F.hE (2b)
                 eg,                         e:,

for the tensile and  compressive  horizontal strain  respec-

tively. The  index `g'
 denotes the corresponding  parameter

for greenfield conditions.  The  results  of  the analyses  were

presented as plots of  modification  factor MDR  versus

relative  bending stiffiiess  p' and  MEh  versus  a",  All the

results  presented by Potts and  Addenbrooke  (1997) lay
within  a narrow  range  in these graphs. Upper bounds

were  then  given to these  data  to provide a  conservative

estimate  of  the variation  of  the  modification  factors with

respect  to the structure's  relative  stiffriess.

  These  curves  (Fig. 4 shows  as  an  example  the chart  for
MDR)  are  then  used  for design purposes (Potts and

Addenbrooke,  1997): As a  first step, the settlement

profile for the particular tunnel depth, volume  loss etc,, is
estimated  using  empirical  formulas described by O'Reilly
and  New  (1982). For these greenfield conditions  the

defiection ratios  and  horizontal strains  are  calculated.
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Fig. 4, Desigll curyes  for modification  factors MDR  <after Potts and

   Addenbrooke, 1997)

The  stiffness of  the building is then  estimated  giving the
relative  stiffiiess  parameters. Finally, the modification

factors are found from the design curves,  Applying these
values  to the deflection ratio  and  strain  obtained  for

greenfield conditions  leads to modified  values  which  take

account  of  the building stiffhess. With these data the
building damage category  can  be assessed  using  diagrams
as shown  in Fig. 2.

FINITE  ELEMENT  ANALYSIS

  To  investigate the infiuence of  building load on  the

deformation behaviour of  the ground  and  building in
response  to  tunnelling,  a  set  of  FE  analyses  were  under-

taken similar  to those performed by Potts and  Adden-
brooke (1997). This work  focuses on  the infiuence of
building load, so  one  building width  is considered  in
combination  with  two  tunnel depths and  a wide  range  of

building stiffnesses  and  loads. The  Imperial College
Finite Element Program  (ICFEP) (Potts and  Zdravkovic,
1999, 2001) was  used  for all these analyses,

Geomettly

  Most  of  the results presented in this paper  are  for a
100 m  wide  building with  its centre  line coinciding  with

that of  the tunnel. However, when  considering  the

horizontal strain  induced in the structure,  results  from
analyses  of  a building with  an  eccentricity  of  e=20m

with  respect  to the centre  lines of  building and  tunnel  will

be included. A  tunnel diameter of  D=4,146m  is
modelled  with  a  tunnel  depth  of  either  zo ==  20 m  or  34 m.
These  tunnel  dimensions are  typical for the London
underground  system  and  were  used  by Potts and  Adden-
brooke (1997) in their analyses.

Soil Properties and  Ihitial Stresses

  The soil profile consists  of  London  clay  represented  by
a  non-linear  elasto-plastic  constitutive  model.  The  model

described by Jardine et al. (1986) is used  to model  the
non-Iinear  elastic  pre-yield behaviour while  the yield
surface  and  the plastic potential are  described by a  Mohr-
Coulomb  model.  The  non-linear  elastic model  accounts

for reduction  of  soil stiffness with  strain. It uses  a

trigonometric expression  to describe G/p' and  Klp' as  a

function of  shear  strain  and  volumetric  strain  respectively

in the non-linear  region.  G  is the tangent shear  modulus,

K  is the tangent bulk modulus  and  p' is the mean  effective

stress,  It can  be seen  that both the shear  and  the bulk
modulus  are  directly proportional  to the mean  effective

stress. The soil parameters  used  for these models  can  be
found in Appendix I.

  The  initial stresses  in the ground are  controlled  by the

unit  weight  of  the soil  (7=20 kNlm3)  and  by the depth of
the water  table (2 m).  A  hydrostatic pore  water  pressure
distribution is prescribed with  a zone  of  suction  in the  two

metres  above  the water  table. An  earth  pressure

coethcient  at rest of  Kb=  1.5 is applied  to the  whole  soil

strata, in contrast  to the use  of  a  Kb-reduced zone  around

the tunnel (Addenbrooke, 1996) in order  to obtain  better
results  for the  greenfield settlement  prediction. It should
be noted  that this latter approach  was  used  by Potts and
Addenbrooke  (1997).
  In the analysis  presented here such  a  zone  would  not  be
reasonable  as  the building construction  is necessarily

simulated  long before tunnel construction  begins. It has
been demonstrated by Addenbrooke  et  al. (1997) that
numerical  predictions of  tunnelling in a high Kb environ-

ment  using  reasonable  soil parameters give greenfield
settlement troughs  which  are  too  shallow  and  wide.  When
calculating  modification  factors in this study  the  results

are  related  to such  a greenfield trough. This has to be
considered  when  comparing  the `weightless'

 results  of

this  study  with  the upper  bound  curves  from the set of

analyses  by Potts and  Addenbrooke  (1997): It will  be seen

that the data differ slightly  due to these different initial
conditions,  however, these differences are  small,  The

general principles in ground movement  mechanisms

which  are  discussed in this paper  are  therefore  not  affect-

ed  by the difierent choice  of  Kb conditions.

Modelling of the Building
  The building is modelled  by an  elastic  beam  with  a

Young's modulus  E, a  second  moment  of  area  I and  cross

sectional  area  A, A  building is considered  to consist  of  a

certain  number  of  storeys,  For a building with  n  storeys

the input parameters are  calculated  assuming  that the

building consists  of  n+  1 slabs  with  a vertical  spacing  of

3.4 m  (see Fig. 3). The  second  moment  of  area  for the
equivalent  single  beam  is calculated  using  the parallel axis

theorem  (Timoshenko, 1955) assuming  the neutral  axis  to

be at the mid-height  of  the building. Axial straining  is
assumed  along  each  structure's  full height to give the

axial  stiffness. In this study  1-, 3-, 5- and  10-storey build-
ings are  considered,  The stifThess parameters for these
structures  are  summarized  in Table 1. Greenfield condi-

tions are modelled  using  a beam  with  a negligible  stifftiess

and  are  referred  to  as  
`fiexible'

 cases, More  details about

the  calculation  ofthe  elastic beam  parameters  are  given in
Appendix II (the use  of  an  elastic beam  simulating  a

building is a  major  simplification  in this  study.  It is,
however, consistent  with  the  critical  strain  concept  of
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Table  1. Stiffness of  buildings. A  n-storey  building consists  of  n+1

s]abs

Building
Bending  stiffness

 El  EkNrnifm]
Axial stiffuess
Eil [kNfrn]

Slab 6.47x]oi 3.45xlOfi

1-storey 2.00xloi 6.90× lo6

3-storey 2.ooxlog 1.38× loi

5-storey 6.98× loS 2.07xlO'

10-storey 4.39xlOY 3.80× loi
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Fig. 5, Matrix of  stiffnessfstress  combinations  used  in the parametric

   stlldl'

Burland and  Wroth  (1974) which  uses  elastic beam  theory

to calculate  the strain  within  a structure),  The  building is
assumed  to be connected  to the  soil  such  that  the  full soil
strength  can  be mobilised  at the interface.
  The  building load is applied  as a  uniform  stress of

10 kPa, 30 kPa, 50 kPa and  100 kPa  to the elastic beam
corresponding  to a 1-, 3-, 5-, and  10-storey building
respectively.  In addition,  zero-load  cases  are  considered,

  Combining  the  5 load options  with  the  5 stiffuess values

gives 25 variations.  These are  represented  in a  5 × 5
matrix  in Fig. 5. The matrix  contains  some  unrealistic

cases,  for instance structures  with  a  low stiffiiess but
loaded with  a  high stress.  On  the other  hand,  the  leading

diagonal of  this matrix  represents  realistic  cases:  10 kPa
applied  to a 1-storey building, 30 kPa applied  to a  3-
storey  building etc. If basement construction  were

considered  for a given stiffness  the  net  loading would

be reduced.  This, arguably,  could  be represented  by the

cases  below the leading diagonal. The  stiffness-load

combinations  in the first column  are  referred  to as  zero-

load cases  (index 
`O').

 These combinations  are equivalent

to the cases  investigated by Potts and  Addenbrooke
(1997). The fiexible cases  can  be found in the first row

denoted with  an  index `fl'.
 Combining  the flexible case

with  the zero-load  represents  greenfield conditions.

71he Sequence of the FE  Analysis

  Eight noded  plane strain isoparametric elements  are

used  to represent  the soil.  The  building and  the tunnel
lining were  modelled  using  three noded  Mindlin beam
clements. Building construction  was  modelled  with  the

soil fully drained while  tunnel construction  was  simulated

with  the soil behaving undrained  (to achieve  undrained

conditions  the bulk modulus  of  the pore  water  was  set to
be 100 times the effective  bulk  modulus  of  the soil skele-

ton), The  mesh  for a symmetrical  geometry  and  a 20 m

deep tunnel is shown  in Fig, 6. As the beam  representing

the structure  has zero  thickness it cannot  be seen  in this
figure.

  The  construction  of  the building and  the ensuing

tunnel excavation  are  simulated  over  several  increments:
A  weightless  beam  with  a stiffness representing  a  certain

number  of  storeys  is constructed  in the first increment.
Over the next  increments uniform  stress is applied.  As
this stage  is modelled  as  being fully drained it is not  neces-

sary  to simulate  any  consolidation  period in order  to

reach  pore  water  equilibrium  conditions.  In reality,  dur-
ing the consolidation  time, ageing  of  the  soil  may  affect

the soil stiffhess  properties, For  this reason  the  high initial

soil  stiffiiess  to  p' ratio  was  reset  prior to tunnel excava-

tion. This was  achieved  by zeroing  the accumulated

strains  in the soil at the beginning of  the first increment of
tunnel excavation,  As  a result  the initial soil stiffuess

before tunnel  excavation  depends only  on  the  stress  level

p' in the soil and  therefore  on  the applied  building load.
  The  tunne]  is then  excavated  over  15 increments. This is

done by evaluating  the stresses  which  act  on  the tunnel

boundary within  the soil and  applying  them  in the reverse
direction over  the 15 increments, Elements within  the

tunnel  boundary are  not  included in the analysis  during
this procedure.
  The increment in which  the lining is installed is chosen
in order  to obtain  a  certain  volume  loss Vl.. The volume

loss is defined as  the volume  (per meter  length) of  soil

moving  into the tunnel divided by  the  original  cross-

section  of  the tunnel (nD214 per m  length of  tunnel).  In

undrained  conditions  it can  be established  by  integrating

the  volume  of  the surface  settlement  trough.  To  achieve  a

typical  value  of  V'1. =  1.5%, the lining is installed on  com-

pletion of  the  7th excavation  increment. This volume  loss
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is detected on  this particular increment when  a  greenfield

excavation  is analysed.  All data for the results  presented

in this paper are taken from  this increment. It should  be
noted  that with  difierent building loads the  volume  loss
varies.  For a  5-storey building and  a  34 m  deep tunnel the

volume  loss at the 7th increment of  excavation  reduces

from VL ;  1.50%  for the  case  with  no  load to VL 
=

 1.40%

for a  load of  100 kPa. The  infiuence of  the building stiM
ness  on  the volume  loss is, in contrast,  negligible.  This
study  will  focus on  this variation  of  volume  loss when

investigating the  stress  state  around  the tunnel.

Calculation ofBuilding Damage  Parameter

 To  compare  the results  of  this study  with  the  work  of

Potts and  Addenbrooke  (1997), the  defiection ratio DR
and  horizontal strain eh are  calculated  for each  analysis.

For calculating  the deflection ratio  the point of  infiection
has to be determined. The point of  inflection separates

the structure  into a  zone  of  sagging  and  hogging defor-
mation  as  shown  in Fig, l, This point is found by cal-

culating  the rate  of  change  of  slope  (i.e. the 2nd differen-
tiation of  the settlement  trough) numerically  in a  spread

sheet  and  locating where  it changes  its sign.  The  defiec-
tion ratio is then calculated  for both sagging  and  hogging

by dividing the  maximum  deflection A by the length L,
connecting  the point of  inflection with  the end  of  the

structure  (see Fig, 1), The  horizontal strain  eh is obtained
directly from the ICFEP  output.  It is given as  the

maximum  compressive  or  tensile horizontal strain  of  the

neutral  axis of  the beam  elements  and  does therefore not
include any  bending  efTects.

STRESS  STATE

  The  construction  of  the building and  the subsequent

loading during construction  changes  the stress  conditions

in the  soil,  While  the building stiffhess  changes  the

boundary conditions  at the surface,  the load affects  the

soil behaviour down  to a depth where  the tunnel will be
constructed  at a later stage.  The effective stresses  change

during and  subsequent  to construction.  The  ageing  proc-
ess  ongoing  with  in the soil  between the  end  of  building
construction  and  the start of  tunnel excavation  might  also

affect the soil behaviour.
  The response  of  the soil to the tunnel excavation

depends on  the  stress state  which  also  controls  the soil

stiffness. It will be demonstrated Iater how  the stress state
at tunnel  depth controls  the soil  displacement  while  the

change  in soil  stifftiess  beneath the building influences the

building deformation.

  These  different zones  of  infiuence can  be seen  in Fig. 7
which  shows  the horizontal soil displacement in response
to tunnelling plotted against  depth for a  vertical line at an

offset  of  6m  from  the cenl/re line of  the building and

tunnel.  Different curves  are  presented for different loads
applied  by a  5-storey building. It can  be seen  how  the
building load infiuences the  displacement  behaviour near
to the tunnel depth of  zo =  34 m.  As  the load increases, the
soil movement  towards  the tunnel reduces  (a negative

o,o

10.0

   20.0E:faov

 30.0

40.0

50,O-O.O06
 -O.O04 -O.O02

      horizonta1 di$peacement [mlo.ooo

Fig. 7. Vertical profile of  horizonta] soil movement  during tullnel
   construction  at  6 m  from  centve  line of  tllnne]

sign  describes movement  towards  the tunnel). A  similar

pattern can  be seen  close  to the building where  the higher
load reduces  the horizontal soil displacement. At  the  very

surface,  the soil movement  is restricted  by the axial  stiff-

ness  of  the  structure,

  Figure 8 shows  the effect of the building load on  the

mean  effective stressp'  prior to tunnel  construction.  The

mean  effective  stress p' in this graph  is normalized  by p6
which  is the mean  efTbctive stress of  the corresponding

zero-load  case.  The  initial value  of  p' =26.16  kN!m]  at

the  surface  for the  zero-load  case  is due  to  the  negative

pore  water  pressure assumed  above  the water  table.

  It can  be seen  that the increase in stress  becomes more

significant  towards  the surface  where  the overburden

pressure does not  dominate the  stress regime.  This  is most
marked  for the 100 kPa case  where  the stress  is increased
by 17S%  at the soil surface  but only  by 7%  at a  depth of
34m.  As  the soil stiffhess is modelled  to be directly

proportional to the  mean  effective stressp',  the profiles in
Fig, 8 therefore also  indicate the increase of  soil stiffness

due  to the application  of  the load. As the overburden

pressure of  the soil increases with  depth, the effect of  the

building load becomes less significant,  This effect  can  be
seen  in Table 2 which  summarizes  the stress  state at 34 m
depth  prior to tunnel  construction  under  a  5-storey struc-
ture. At this depth the  mean  effective  stressp'  (and the
soil stifftiess) increases by  7%  when  a  load of  100 kPa  is

applied.  The  values  for no  building load (O kPa)  represent

the initial conditions  in the  soil  at  the beginning of  each

analysis  with  a lateral stress ratio  set to Kb  =ofilat  =  1.5.

This ratio, however, decreases when  load  is applied  to the

structure:  The ratio  decreases to 1.21 when  a  building
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10.0

Tab]e  3. Stress state sceflario  1: Constant  ]atera] stress ratio,  whilep'

is yariedLoad

 [kPa]
(not cmpiied)o

10 30 so 100

p' [kPa] 486.9489.7497.2504.0S18.7

HEL-N

 20.0sgev

affa;, 1.501.501.501,SO1.50

Ysoil [kNfm3]20.020,0320.1920.3420.67

K  [%] 1.501.4S1,461.45  1.42

30.0

40,O1.0

 1.5 2.0 2.5 3.0

normalized  mean  effective  stres$  p7po [-]

Fig. 8. Profile of  normalized  mean  effeetive  stressp'  on  centre  ]ine of

   b"ilding prior to tunnel constructien

Table  4. Stress state scenario  2: Constantp'  vvhile the lateral stress ra-
tio is yaried

  Load  [kPa}
             O 10
 <not cLp4)iied)

 p' [kPa] 486.9 486.9

 a;fo;,  L50  1.46

 7s.n [kNfmi] 20.0 20,ls

 K[%]  1.50 1.48

 3o se loo

486.9 486,9 486.9

 1.40 1.34 1.21

20.SS 20.92 21,82

 1.47 1.47 1.49

Table 2. Stress state at ;=[  34m  prior to tunnel construction  depend-
ing on  app]ied  buildi"g load

  Load  [kPa]
             O 10
  (c\rplied)

 p' [kPa] 486.9 489.7

 p'lp6 LOO LOI

 a,:la;  L50  L46

 30  50 100

497.2 504.0 518.7

 1.02 1.04 1.07

 1.40 1,34 1.21

Yso" [kNlm]]20.020.0  20.0

 1.47 1.4520.020.0pz [%] 1.50 1.431.4e

load of  100 kPa  is imposed.

  The  soil behaviour in both zones,  i.e. at tunnel depth
and  in vicinity  of  the structure,  are  investigated in the
following two  sections.

BEHAVIOUR  AT  TUNNEL  DEPTH

  The stress state at tunnel depth controls  directly the

deformation field caused  by tunnel construction  as  it
defines the loads removed  from the soil  during the exca-
vation  process. The  soil  movements  around  the tunnel,

however,  also  depend  on  the  soil  stiffhess  which  is stress

level dependent. In order  to separate  these  efiects,  further
analyses  were  undertaken  with  no  building load applied
but with  different soil  unit  weights  creating  the  following

stress  scenarios  at  tunnel  depth:
1) aKla(,  ==  1.5 as  though  there were  no  building, p' (and
   soil  stiffiiess)  varying  as though  there  were,  see

   Table  3,

2) oA/ol  varying  as though  there were  a building, p'=
   487 kPa  as though  there were  not,  see  Table 4,

  The analyses  were  then carried  out  applying  a  5-storey

building with  no  load. The  results  of  these analyses  are

presented as  vertical  profiles of  horizontal displacement
at a distance of  6m  from the tunnel axis. Figure 9(a)
shows  the displacement profiIe for the first stress  situation

(constant K6). Each curve  represents  a  difierent value  of

mean  effective stress  which  is equal  to the stress observed

under  the corresponding  building load. The  pattern at the
level of  the  tunnel  axis  is similar  to that shown  in Fig, 7,
As  the mean  effective  stress increases (in Fig. 7 caused  by
a higher building load) the horizontal displacement
reduces.  The displacement in Fig. 9(a) only  depends  on

p', in contrast  to  Fig. 7 where  both the lateral stress ratio

and  the mean  effective stress were  varied,  The increase of
soil  stifihess  due to the increased mean  effective stress p'
around  the tunnel explains  the smaller  movement  and

leads to smaller  volume  losses as  shown  in Table 3,

  Potts and  Addenbrooke  (1997) showed  that soil

displacement  is linearly related  to the volume  loss,
Figure  9(b) shows  the curves  of  Fig, 9(a) divided by the

corresponding  volume  loss VL. The fact that the curves

for different load cases  coincide  in this plot demonstrates
that the  difTerent displacement behaviour observed  for
different values  of  mean  effective  stress  in Fig. 9(a) is sim-

ply a  consequence  of  the di fferent values  of  volume  loss,

  In the  second  stress  scenario,  see  Table  4, the  mean

effective  stress  p' at  tunnel axis  level is constant  (so the
soil stiffness is constant)  and  only  the lateral stress ratio

aAlal  varies  according  to the  corresponding  values  when

the building load is applied,  In Fig, 10(a), it can  be seen
that,  again,  the horizontal displacement decreases with
stress states representing  a  higher building load. The
variation  in volume  loss for these cases  is small  as shown

in Table  4. When  the results  are  divided by  volume  loss

there are  still significant  difierences (Fig. 10(b)), The

reason  for the different horizontal displacements is the
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Fig. 9, (a) Vertica] profi)e of  horizolltal soil movement  during tunne] construction  for stress  scenario  1 alld  (b) Horizontal moyement  norma]ized

   against  volume  loss
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Flg. 10. (a} Vertical profile of  horizolltal soil moyement  during tunnel construction  for stress  scenario  2 and  {b) Horizontal moyement  normalized

   again$t  vo]ume  Ioss

change  of  deformation mode  of  the tunnel boundary
when  subjected  to different agloC  regimes.

  Figure 7 showed  that  the  application  of  building load
altered  the ground  response  to tunnelling. This is because
building load changes  both  the mean  effective stress and

the aAlag  ratio at tunnel depth. Figures 9 and  10 have

revealed  that the  change  in mean  efiective stress affects

the volume  loss, and  can  be neglected  when  the results are

adjusted  to a  constant  volurne  loss. But  crucially,  such

adjustment  cannot  account  for the  effect of  different
lateral stress ratios,
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Fig, 11. Soil stiff"ess profile on  centre  line of  building prior to tunnel

   construction
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Fig, 12. Vertical profile of  horizonta] soil movement  during tunne]
   construction  for modified  soit modee  used  in top 6m  soi] layer

BEHAVIOUR  UNDER  THE  FOUNDATION

  Figure 7 shows  that the tunnelling induced horizontal

ground  movement  near  the surface  is affected  by the

applied  building load. Prior to tunnel construction  all

strains  in the soil are  set to zero,  Consequently, the  initial

soil  stiffness immediately prior to tunnel construction

only  depends on  the  level of  mean  efiective  stress p', The
dotted lines in Fig. 11 show  this situation.  For  the zero-

load case,  the stiffness increases linearly with  depth, The

soil stiffuess for the 100kPa  load is higher due to the

increased stress  level.

  To investigate how  the soil movement  in response  to

tunnelling is infiuenced by the  soil  stiffness  in close  prox-
imity to the foundation, further analyses  were  under-

taken using  a  modified  soil model  for the uppermost  6 m

of  soil.  A  depth  of  6 m  was  chosen  as it corresponds  to

the depth where  the  maximum  variation  of  horizontal

ground movement  with  load was  found (shown in Fig. 7).
The soil stiffhess parameters in this layer are  chosen  to

increase linearly with  depth to match  the stifihess distri-

bution given by the zero-load  case,  The analyses  then

undertaken  for a 5-storey building comprises  different
load cases  ofO  kPa,  50 kPa  and  100 kPa, For  the 100 kPa
case,  the stiffiiess profile prior to  tunnel construction  is
shown  by the solid  line in Fig, 11,

  When  using  the  non-linear  elastic  model  in the upper
6 m,  the soil stiffriess  reduces  with  increasing strain  level
during tunnel excavation.  This  effect  is reproduced  in the

modified  soil  layer by changing  the elastic properties

during each  excavation  increment. The soil stiffness in

that zone  therefore represents,  at each  stage  of  the  exca-

vation,  the soil stiffness found in a  zero-load  analysis  in
the  corresponding  excavation  increment, By  this modifi-

cation,  the soil stiffness in the uppermost  6m  is not

influenced by the building load,

  Figure 12 presents the results  of  the analyses  plotted as

a  profile of  horizontal displacement with  depth for a

distance from the tunnel centre  line ofx==  6 m.  There  is a

uniform  horizontal displacement for all load cases  in the
top  6m  of  soil  which  coincides  with  the zero-load  case

(without modified  soil layer) shown  in Fig. 7, Below this
depth the  displacement follows the pattern observed  in
Fig. 7. These analyses  show  that it is the soil  stiffrtess  in
the zone  beneath the foundation  which  controls  the

horizontal displacements in this region,  and  not  the

change  in aglal  ratio.

PARAMETRIC  STUDY:  DEFLECTION  RATIO

  For the 100m  building without  eccentricity,  all

stiffriess-load combinations  shown  in Fig. 5 were  analysed

in order  to obtain  an  overall  picture of  the influence of

building load on  the deflection ratio.

  For  all 50  cases,  the  defiection ratios  DRh,, for hogging
and  DR,., for sagging  were  determined.  Dividing  these

values  by the  corresponding  greenfield values  (given in
Table  5) gives the  modification  factors MDR,  The  results

of  each  stiffhess  are  then normalized  against  the  corre-

sponding  zero-load  modification  factor MP, R  (see Fig. 5),
The  data are  presented in graphs showing  (MDRIM8R)
versus  building load. Figures 13 and  14 show  these  plots
for hogging and  sagging  respectively.  In order  to obtain

these results, the deflection ratiQ  is adjusted  in each  case

to a common  volume  loss of  VL=  1,5%.

  FQr hogging, Fig. 13 shows  for each  stiffness (given by
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Tab]e5.tio"sDeflection ratio  and  horizontal strain  for greenfietd condi-

Geometry: e==  O m,  B=  100 rn

zo=2em DRhvg 
--
 2･ 16 × 10'SDRsag=S･75 × 10rfi

zo=34m DRh.,,=6.38xlO'G

Geometry:e=:20m,B==loom

DRsag==1.98X1O"5

 o  1.2gE

 1,13ut

 1,OacraE

 o.9

O 10 30 50 too

zo=20m Eh,=7.66 × lo-f eh,=-3.54 × lo'4

zo=34m eh,=3,OlxlO"

 e  2,5o2:

 2,O.E.o

 1.5=ecaS

 1.0

O 10 30 50

eh,=-1.31 × lo-4

 o  2.5mRE

 2.oen{o

 1.5=ecoE

 1.0

100

   1.2enozaE

 1.1-E-e

 1.0"=oE

 o.9

Leact [kPa]

Load  [kPa]

O 10 30 50 too

+  tlexible
+  1 storey

+  3 storey

+  5 storey

+  10 storey

-  diagonal

O 10 30 50 100

Fig. 14. Change of  sagging  modification  factor MP.ft with  applied

   stress. M,D.: normalized  against  corresponding  zero-load  case

+  tlexible
+  t storey
-e-  3 storey

+  5 $torey

+  1O storey
+  diagonal

Fig. 13. Change  of  hogging modification  factor ML'.", with  app]ied

   stress.  Mr.Re norma]ized  agalnst  corresponding  zero-load  case

the number  of  storeys)  a steady  increase in the modifica-

tion  factor MI7.R, with  increasing building load. This  effect

is small  for structures  with  a low stiffi]ess  (O and  1 storey)
and  a high stiffhess (1O storeys)  but is rnore  significant  for

the 3 and  5 storey  cases.  It is appropriate  to focus on  the
realistic  cases  (i.e. those on  the leading diagonal in Fig.
5). The  data for these  cases  are  marked  with  a  thick line
and  black squares.  The biggest increase is 42%  for the  5-

storey  building and  a  tunnel depth zo =20  m.  For  the sag-

ging case  shown  in Fig, 14, the change  of  modification

factor M?,E is smalier  than  for hogging  (note the di fferent
scale  between Figs. 13 and  14). The  maximal  increase is
20%  for the 10-storey building and  a  20 m  deep tunnel.
Although  the  increases for both cases  seem  to  be sig-
nificant,  it must  be noted  that the deflection ratio

decreases rapidly  as  building stifftiess increases. Figure 15
gives a clear picture of  this as  the  modification  factor for
each  magnitude  of  applied  load is normalized  against  the
corresponding  result for the fiexible structure,  MfiDR, The
data for hogging  above  the  34 m  deep  tunnel  are plotted
against  the structure's  stiffiiess. The data lie in a  very  nar-

1

 =mo

 O.8=craE

 O.6MN2:

 O.4EO.2

oo1

3 5

Stiffness[Storeys]

10

Fig. 15, Change  of  modification  factor M:.", with  stiffness, MR.",

   normalized  agfiinst cerrespondillg  flexible case  {O storey)

row  range  and  show  a significant  decrease of  between 70
and  85%  as the stifftiess  increases from 1 storey  up  to 3
storeys.  For  higher stiffriess values,  the results are  stable

and  the defiection ratio  is about  10%  of  the corre-

sponding  value  for the flexible structure.  This clearly

shows  that building stiffness  dominates the problem,  not

building weight.

  This is further illustrated in Fig. 16 where  the  modifica-

tion factors for hogging and  sagging  are  plotted against
the  relative  bending stiffness p*. For  all stiffness  values,

the results  for the zero-load  (square symbols)  and  for the
`realistic'

 case  (on the leading diagonal, triangle symbols)
lie almost  on  top  of  each  other.  Even the 42%  increase of
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modification  factor mentioned  above  is small  when  plot-
ted in this context.  The  increase is from MR,.R,=O.053 for
the zero-weight  case  to MR.", -- O.076 for the case  consider-

ing self weight.  Following the design approach  by Potts

oraE

enree

gdiaE

1.61.4121.0O.8O.6O.4O.2o,o1E-08

1E-08o,oO.2O.4O.6O.81.01.21.41.6

1E-06

IE-06

1E-04p*

 [llm]

1E-04

1E-02

1E-02

1E+OO

1E+OO

blg. 16, Modification factors MDR  together  with  the  design curves  by

   Potts and  Addenbrooke  (1997)

and  Addenbrooke (1997), this means  for engineering

practice that  M?.R, for a  5-storey building affected  by tun-
nelling  induced ground  subsidence  is only  O,076 times  the

hogging ratio for the corresponding  greenfield situation,

  The  corresponding  design curves  by  Potts and  Adden-

brooke (1997) which  were  an  upper  bound to their design
data, are  shown  for comparison  and  they are  an  upper

bound  to the  data from  these analyses,  too.

  The  soil stiffiiess E, used  for describing the relative

bending stiffness Eq, (1) is taken  at  a  depth half way
between the  tunnel  axis  and  the ground  surface.  In the
analyses  of  Potts and  Addenbrooke  (1997) this value  is
only  dependent on  the depth of  the tunnel. In the data
presented in Fig, 16, the increase in E, due to  the  in-
creased  effective stressp'  under  the  building load is taken
into account.  The  difference in relative  stifftiess for each
data coup]e  in this graph  is, however, small.

PARAMETRIC  STUDY:  HORIZONTAL  STRAIN

  The  second  building damage parameter  adopted  in this
study  is the  horizontal strain  eh. It was  found that hardly
any  tensile strain occurs  in a 100 m  wide  building with  no

eccentricity.  Therefore, additional  analyses  were  per-
formed in which  the building had an  eccentricity  of

e=20  m  with  respect  to the  centre  line of  the  tunnel.

Figure 17(a) shows  the strain distribution over  the length
of  the 5-storey building. The results for the zero-load,  the

50 kPa  and  the 100 kPa  case  are  presented, The increase

(in terms  of  absolute  value)  in both  eompressive  (negative
sign)  and  tensile (positive sign)  strain  can  be seen.  In a

previous section  it was  dernonstrated how  the soil stiff-

ness  in close  proximity to the building controls  the

horizontal displacement of  the soil in this region.  A  set of

analyses  using  the modified  soil model  for the uppermost

,ENtto-eEostLo=

.!E-ez-coesLo=

1,OE-6O,OE+O-1.0E-6-2.0E-6-3.0E-6-4.0E-6-5.0E-6-6,OE-6-7,eE-6

     -30.0

-30.0

1.0E-6O,OE+O-1.0E-6-2.0E-6-3.0E-6-4.0E-6-5.0E-6-6.0E-6-7.0E-6

-20,O

-20.0
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-to.o

o.o

o.o
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Fig. 17.Horizontal  strain  distribution in structure  {B== 10e  m,  ez2e  m,  zo=34  m)
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Fig. 19. Change  of  compressive  straill modification  factor MS,, with

   applied  stress. Mf,, "ormatized  against  corresponding  zero-Ioad

   case

6 m  of  soil (see Fig. 1 1) was  undertaken  with  the eccentric

building geometry.  Figure 17(b) shows  the strain  distribu-
tion from these analyses.  The  lines for different Ioad cases
lie close  together and  coincide  well  with  the zero-load  case

using  the conventional  soil modei.  This result reveals  how
the stifftiess in the  uppermost  soil controls  the strain

development in the  structure  caused  by tunnelling:  On  the

one  hand, the higher soil stiffness reduces  the  horizontal
soil movement  whereas,  on  the other  hand, it means  the

soil is more  able  to transfer this movement  to the struc-

ture, The  net  result  is an  increase in horizontal strain.

  This effect can  be observed  for all  stiffuess-load  combi-

nations,  Figures 18 and  19 show  the  development  of

horizontal strain  when  the building load is increased. The

plots are of  a  similar  format to those shown  in Figs. 13
and  14 with  the modification  factors Mt  for each  load
case  normalized  against  the  corresponding  zero-load

case.  For  the flexible structure,  the  modification  factors
reduce  slightly with  increasing load. This is due to the
absence  of  any  stiff structure  restraining  the horizontal
movement  of  the soil. Hence, the reduction  in modifica-
tion factors is caused  by the reduction  in horizontal soil
movement  with  increasing soil stiffuess. If, however, a

stiff structure  is included into the analyses  this picture
changes:  for the 1-, 3-, 5- and  10-storey buildings the

horizontal strain (both compression  and  tension) in the
structure  increases steadily  with  building load. For  both

tensile and  compressive  strain  the  behaviour for each

tunnel depth is very  similar.  The  tensile strain  is increased
by approximately  100%  when  a  load of  100 kPa  is ap-

plied compared  to the zero-load  case.  For the  compres-

sive strain  this increase is smaller  giving a  compressive

strain  that is 50%  greater than  in the  corresponding  zero-

1

  O,1
 =-=coE-NEEo.ol

O.OOIo1

3 5

Stiffness [Storeys]

10

Fig. 20. Change  of  tensile strain  modification  factor M:,  with  stiff-

   ness,  M:,  norma]ized  against  corresponding  fiexible case  (O storey)

load case  when  100 kPa  are  applied.

  These graphs, however, give no  indication about  the

absolute  magnitude  of  horizontal strain  developed in the
structure.  Figure 20 shows  that  the  strain  drops sig-

nificantly  when  normalizing  the modification  factors
against  the  corresponding  flexible case  (note that  in

contrast  to Fig. 15 this  graph  has a  logarithmic scale  on

the ordinate):  As  an  example,  the data for tension and  for

the  34m  deep  tunnel  are  given, showing  a  significant

reduction  to  values  between O.O17 and  O.05 for the  1-

storey  stiffhess compared  to the flexible case,  Combining
these results with  the curves  in Fig. 18 reveals  that
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Fig. 21, Strain modification  factors M £h
 together with  the design

   curves  by  Potts and  Addenbrooke  (1997)

although  there is a  ciear  trend  of  increasing modification
factor with  load, the  modification  factors themselves
remain  at  a  very  low  level. This becomes clear  when  plot-
ting the modification  factors against  the  relative  axial

stiffriess or', Figure 21 includes all  the load cases. The
zero-load  cases  are  marked  with  square  symbols  while  the
`realistic'

 cases  are  represented  by triangle symbols.  All

other  cases  are  shown  with  a cross  symbol.  Because of  the

small  scale chosen  in this graph, the increase in modifica-
tion factors for all cases  when  load is considered  can

clearly  be seen.  The  realistic  cases,  however, remain  close

to the corresponding  zero-load  square  symbols,

  Figure 21 also  shows  the design curves  by Potts and

Addenbrooke  (1997), It can  be  seen  that  some  
`weight-

less' results lie above  the curves  for an  eccentricity  of  efB
=O.2.  This is due  to  the  changed  initial conditions  (i.e.
no  zone  of  reduced  Kh) used  in these analyses,  It is there-
fore not  possible to compare  the results  of  the present
work  directly with  the study  of  Potts and  Addenbrooke
(1997). However,  as  the  difference between  the current

data and  their upper  bound  curves  remains  small  it is still
possible to use  their design approach.

  This  graph reveals  that the modification  factors remain
small  with  a maximum  value  of  MX,=O.08  for the  1-

storey  building under  a  load of  10kPa,  zo=34m.

According to the design approach  by  Potts and  Adden-

brooke (1997) this means  that the  horizontal compressive

strain  in this type  of  structure  is only  O,08 times  the

compressive  strain  found in the corresponding  greenfield
situation.  These  greenfield values  are  given in Table  S.

For the tensile strain  (which is more  critical  in respect  to

building damage) the modification  factor is even  smaller:

M:, =O.02  for the 1-storey structure  mentioned  above.

  For calculating  the relative  axial  stifftiess a',  the soil
stiffness  E, considered  in Eq.  (1) is taken at half tunnel
depth. For  the  results  shown  in Fig. 21, the increase of  E,

O.12O,10O.08

 vpt=

 o.e6E

 -

 =oE

O.04O,02o,oo

  IE-Ol

IE-elo.ooO.02O.04O.06

IE+Oe IEnl

  modifieda*  {-]
IE+eO  iE+Ol

1E+02

1E+02

Fig. 22, S(rain modification  factors M:ib versusa  modified  re]ative  axi-

   af stiffness  taking into account  the change  of  seil  stiff"ess  berteath
   the foundation

due to the increase of  p' at this depth is taken  into
account.  It can  be seen  that the difference in relative  axial

stiffhess for each  range  of  load cases  is very  smal].  Previ-
ously,  it was  shown  that  it is the soil stiffhess in a zone
immediately beneath the building which  controls  the
horizontal strain  behaviour in the building. It is therefore
straightforward  to include this soil stiffness  into the

relative  axial stiffhess or".  For this particular geometry,
the best curve  fit can  be achieved  when  taking  the soil
stiffness from  a  depth  of  z=5.8  m,  Figure 22 shows  the
strain  modification  factors for all stiffness-load  combina-

tion  plotted against  the modified  relative  axial  stiffhess

incorporating the soil stiffness at z=5.8  m.  It can  be seen

that for each  tunnel depth the  data points follow a

uniform  line with  a  very  small  scatter.

  Although  choosing  the  soil  stiffhess at zo =5,8  m  seems

to be an  arbitrary  choice,  the result demonstrates the  sig-

nificant  influence of  the soil stiffiiess below the  structure's

foundation. Figure 22 shows  different patterns for each
tunnel  depth. This is because the tunnel depth  ze is not

included anymore  in the modified  relative  stiffness  cr'

while  it was  incorporated into the original  formulation
when  the  soil  stiffhess  was  taken  from  half tunnel depth,
  In an  engineering  context  the  increase of  modification

factors for realistic  stifftiess-load combinations  remains

very  small.  These  results  lie very  close  to the design curves
provided  by  Potts and  Addenbrooke  (1997). The  scatter

shown  in Fig. 21 is small  compared  to the potential error
associated  with  the  estimation  of  the  structure's  stiffiiess.

CONCLUSIONS

  This paper shows  the  influence of  the  weight  of  a struc-

ture on  its deformation behaviour caused  by tunnelling
induced  ground  subsidence,  Using the Finite Element
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Table  6.

A B c[%]

Material parameters used  in non-linear  elastic model

  or V Etimiv [%] Edmax [%] Gmin [kPa]

373.3 338.7 1.0E-4 1.335 O.617 8.66025xlo-4 O.69282 2333.3

R s T[%] ti " el･rt:;n [%] evmax [%] K..  [kPa]

549.0 S06.0 1.0E-3 2.069 O.420 5.0xlO'1 O.15 3000.0

'

Method, loads of  up  to 100 kPa  were  applied  to  struc-

tures with  a bending stiffuess  ranging  from 2.00× 10'

kNmZlm  to 4,39× 10"kNm21m  and  an  axial  stiffness

between 6.9× 106 kNlm  and  3.80× 10' kNlm  represent-

ing 1 to 10 storey  buildings. The soil profile consisted  of

London  clay,

  By varying  the  material  properties of  the soil profile the

mechanisms  which  control  this soil-structure  interaction

problem  were  investigated. It was  found  that  the load of

the building alters  the deformation behaviour of  the soil

in two  distinct zones:  at tunnel depth and  in close  proxim-
ity to the foundation of  the  building.

  At tunnel depth, the effect of  increasing mean  effective

stress p' has been uncoupled  from the change  in lateral
stress  ratio  oFla(-  and  the consequences  of  both were

analysed  separately.  It was  found that the increase inp'
affects directly the volume  loss VL. Dividing the soil

displacement by volume  loss leads to  a  uniform  soil

movement  for different levels of  mean  effective  stress

while  aAla"  is kept constant.  The lateral stress ratio  afi1

a(･ in contrast  influences the deformation field of  the soil

which  consequently  affects  any  structure  above  the  tun-

nel, This demonstrates the complex  character  of  the inter-
action  problem:  the load of  the building changes  the

stress  regime  which  influences the deformation mode  of

the  soil  areund  the tunnel "'hich  then  affects  the response

of  the building to the tunnelling induced subsidence,

  The  increase in soil  stiffhess  in close  proximity to the

structure  has been found to infiuence the  building
response  significantly, It has been shown  that the

development of  horizontal strain  in the structure  can  be
directly related  to the soil stiffhess beneath the structure.

  The  influence of  building load on  the  deflection ratio

and  on  horizontal strain  has been investigated with  a

parametric study  involving 50 nonlinear  plane strain  FE
analyses  for two  difierent building geometries, It has been
shown  that, in general, the modification  factors increase
with  increasing load. This effect  is, however, small  com-

pared  to the  decrease of  defiection ratio  and  horizontal

strain  with  increasing building stifftiess. Since the latter
effect  dominates,  the  graphs  plotting modification  factor

against  relative  stiffhess show  little change  when  realistic

building weight  scenarios  are  included into the analyses,

The  results  therefore  lie close  to the upperbound  curves

provided  by  Potts and  Addenbrooke  (1997) and  provide
further confidence  in the use  of  these curves  for practical
design.
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APPENDIXI:  SOILMODEL

  The nonlinear  elastic model  (Jardine et al., 1986)
describes the secant  soil stifftiess depending on  the strain

level using  a trigonometric expression.  To  use  this model

in a  finite element  analysis,  the secant  expressions  are

difierentiated and  then norrnalized  against  mean  effective

stress  giving the  following tangent  values  (Potts and

Zdravkovic,  1999):

  -pGrJ- =i4  +Bcos  (ax')- 
BY3Xoi-'

 sm  (cMxy)

   with  X-logio(fdc)  (Al)
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pK,
 =R+scos(jy")-  

Sll.I3Yo'i-i
 sin(tiy")

with  Y==log,,( 
IST'1
 ) (A2)

where  G  and  K  are  the shear  modulus  and  bulk modulus
respectively,  p' is the mean  effective  stress, Ed the  devia-
toric strain  invariant and  e. is the volumetric  strain. A, B,
C, R, S, T, 6, or, y, " are  constants  which  are  listed in
Table 6･ EUmax, EdTnin, e,max,  evmin define strain limits above
or below which  the stiffness only  varies  with  p' and  not

with  strain.  Minimum  values  of  shear  and  bulk moduli
are  given by G.i. and  1<.i. respectively,

  In addition,  a  Mohr-Coulomb  model  is employed  in
this study.  The strength  parameters are  c'  =5.0 kPa, O' ==

25O and  the angle  of  dilation ur= 12.5e.

APPENDIXII:  EQUIVALENTBEAMSTIFFNESS
VALUES

  A  building with  n  storeys  consists  of  n+  1 slabs  with  a

vertical  spacing  of  3.4 m  (see Fig. 3). Each  slab  has the
following plane strain  properties:

  Young's modulus:  Ec=23.0E+6  kNlm2

  Area:  A,i,b=O.150m2!m

  Secondmomentofarea: 4t,b=2.8125E-4m"lm

The  axial  and  bending stifftiess  of  the structure  was  then
calculated  as:

       (EcA)struct=(n+1)(EcA)sdab (A3)
                  Cn+T)

       (EcJ)strllct=El] Z (4iab+AsiabHl) (A4)
                   i

where  H.  is the vertical  distance between the structure's
and  the slab's  neutral  axis. These  values  are  then adjusted

for plane strain  conditions  taking into account  that the
out-of-plane  dimension is unity,
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