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Comparison of measured and calculated temporary-prop Ioads at Canad:
Water Station

W. POWRIE®* and M. BATTEN!

The loads developed in tubular-steel temporary props during
the construction of the London Underground Jubilee Line
Extension (JLE) station at Canada Water were measured
using vibrating-wire strain gauges. Prop temperatures were
monitored and their infuence on the prop loads assessed.
Wall were also ed, by means of inclin-
ometers. In this paper, the temperature-normalized prop
loads are compared with the results of modified limit equili-
brium calculations. Prop loads and wall movements are
compared with the results of a series of parametric finite-
element analyses carried out using the program CRISP. Oa
the basis of the finite-element analysis results, the desngn

Les charges qul se développent dans les appuls temporai
en acler tubulaire utilisés pendant la construction du prok
gement de la ligne Jubilee dans le métro londonien (JLE
la station Canada Water ont été mesurées en utilisaot ¢
jaupes de déformation 2 fil vibrant. Les températures ¢
appuis oat été étudiées et leur infl sur les charg
imposées aux :ppuis a été évaluée. Les mouvements ¢
mury ont également été mesurés, au moyen de tubes {nclir
métres. Dans cet expasé, nous comparons les charges sur |
appuis, 2 température normalisée, aux résultats des cala
modlﬁ:s d’équilibre limite. Nous comparons les charg

posées aux app et les mou des murs a
résul d’upe sérle d’analyses paramétriques d’élémer

assumptions giving the closest correl between ed
and calculated prop loads and wall movements are ident-

fled.

KEYWORDS: case history; Bcld Instrumentation; limit state design/
analysls; manitoring; oumerical modelling and analysis; retaining
walls

finis effectuées en utilisant le programme CRISP. Sur I1a ba
des résultats des analyses d’éléments fnis, nous identifio
les hypothéses conceptuelles donnant la corrélation Ia pl
étroite entre les charges mesurées et calculées et les mouv
ments des murs.

INTRODUCTION

Field obscrvations tend to suggest that there may oftea be a
discrepancy between the loads acm.'xlly developed in temporary
props and those calculated using current methods of analysis
(e Glnss & Powderham, 1994; M:m:hand. 1997). In tlus papcr,
some p for this app y are

gated with reference to temporary-prop loads measured during
the construction of Canada Water Station on the London Under-
ground Limited (LUL) Jubilee Line Extension (JLE).

Canada Water Station was built in a deep excavation, the
sides of which were supported during construction by hard/soft
secnnt-pdcd reunnmg wnlls. In the area of the research the
Iy 17m decp and the walls were
supported at lwo levels by 1067 mm dia. tubular-steel props at
8-3 m centres. The loads in four of the props (two at each level)
were monitored using a total or 32 vibrating-wire strain gauges
{Geokon VK~4101), d to a Campbell Scientific CR10
data lcgger Four gauges, armanged at the quarter-points of the
, were installed at both ends of each prop so that a
full mvesuganon of the strains in the prop, including those due
1o differential temperature effects, could be carried out. Ther-

irs were incorp d into the gauges, and readings of
strain and !cmpem!um were taken at each gauge location at
two-hourly intervals r.h.roughout the period (January-December
1995) the props were in place,

GROUND CONDITIONS

Soil types
. There are six scnl types presenz at Canada Water (Fig. 1):
lhcu' main 1 par ized in Table 1.

The Lambeth Group Sands and Clays and the Thanet Sands are
ignificantly overconsolidated, while the Thames Gravel, allu-
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Fig. 1. Ground g appr level

A
during the construction of the station

vium and made ground are not. The geotechnical parameter
have been derived primarily from the results of in situ anc
laboratory tests prcsented in the mtcrpretanve report. associate
with the JLE site in ion (G ical Ci Group
1991). The range of measured permeabilities (k) and soi
stiffnesses (E’) was wide, as indicated in Table 1. The value:
given for the peak soil strength (@"pex) are cither averages o
those considered to be most representative. Soil strengths at the
critical state (@’qu) have been estimated where possible from
the relative density and the peak strength (Bolton, 1986) o
from the plasticity index of the soil (Gibson, 1953). Where data
from the site were not available, values were obtained from tests
carried out on the same soil strata elsewhere in the Docklands
arca (Ferguson et al., 1991; Howland, 1991; Ove Arup and
Partners, 1991). The sclection of soil p is di d in
more detail by Batten (1998).

Groundwater corditions

There are two aquifers at the site; a shallow aquifer compris-
ing the alluvium and the Thames Gravel, which lies above
the (vertically) relatively impermeable Lambeth Group Clays,
and a deep aquifer comprising the Lambeth Group Sands, the
Thanet Sands and the Upper Chalk. During the construction
period the piezometric level in the upper aquifer, within which
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Table t. Gentcchaical parameters

Sail type Level at top of | p: kg/'m’ 9 pen’ Ot | £ MN/m? k: m/s K,

stratum: m TD*® degrees degrees

Made ground 1055 1300 40 25 2-20 36 2107 10 1.6 x 10~ 05

Alluvium 998 1850 28 2 2 1% 10" 1o 1 10~} 03

Thames Gravel 9 2000 38 3 15-90 1x10° 10 110} 05

Lambeth Group Clays 9™ 2200 30 27 30-110 12%10°" 10 1:3x 105 ()3 | 1§
1%10°" 10 1 X 10°" (v)

Lambeth Group Sands 90 2200 M 30 100-310 28x10°7 1028410 () | IS
1% 10" to 28 X 1077 (v)

Thanet Sands 84 2200 47 33 300-450t 19 to0 2.3 x 10} 10

T Al levels are. expressed relative to the Tuanel Datum, TD, which is 100 m below Ordnance Datum (ie. TD = OD + 100 m).

t The from a

at the top of the stratum to a maximum at the base of the starum.

$(h) and {v) indicate permeabilities in the horizontal and ventical direction, respectively.

pore water p were hydrostatic, was approxi ly 98 m
TD. The groundwater level in the lower aquifer was lowered to
beneath the toe of the wall (32 m TD) during the construction
of the station, to subilize the base of the excavation. No data
were available for the Lambeth Group Clays, but it is likely that
the pore pressures within these relatively impermeable strata
were in transition between the upper and fower aquifers,

CONSTRUCTION DETAILS

Of the four props in which loads were monitored, two were
at elevation 96 m TD (props Ul and U2) and two at elevation
89 m TD (prop LI, which was below prop Ul, and prop L2,
which was below prop U2). In the research area, the top of the
wall was at 100 m TD. The 900 mm dia. reinforced concrete
hard piles were installed at 1200 mm centres and were 18 m
deep, giving a toe level of 82 m TD. The alternate 750 mm dia.
soft piles were unreinforced and made from weaker concrete.
They were installed to prevent the ingress of water from the
upper aquifer and extended to 92 m TD—2 m below the top of
the Lambeth Group Clays. The props were fabricated from
1067 mm dia. X 14:3 mm thick tubular-section, grade 65 steel
and spanned 26:7m between the secant pile retaining walls.
Reinforced concrete waling beams cast against the wall reduced
the free length of each prop to approximately 241 m (Fig. 2).
The construction sequence is given in Fig. 3.

The Im thick reinforced concrete base slab, which was
designed to act as a permanent prop, was poured bencath the
props in the research area in early May 1995. The lower props
were removed during June (prop L2) and July (prop L1) 1995
to allow the walls of the station box to be constructed. The
upper props were removed in December 1995, after construction
of an intermediate siab just below 96 m TD and backfilling of
the void between the secant pile wall and the permanent
structure, :

MEASURED PROP LOADS

There is sometimes a degree of confusion concerning the
relationship between the reading of a vibrating-wire strain gauge
and the load in the prop when the prop temperature changes,
and whether any adjustment to the gauge reading is required. In
general, the increase in prop load caused by an increase in
temperature depends on the effectiveness of the prop end re-
straints, and is proportional (according to Hooke’s law) to the
difference between the strain in free expansion and the actual
strain increment allowed by the movement of the support
(Batten et al., 1999).

Gauges having the same coefficient of thermal expansion as
the prop respond directly to this strain difference. so that no
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Fig. 2. Prop end details (;
mm except where otherwise stated).

.L Reinforced concrete waling

In cr )

total axial load P mus( be th: same at each end of the prop and
is most ly lated “using the ge of the stains
indicated by the :tgh( gauges, &, {Batten er al.,, 1999):

P =g AE (H

where A =0-0473 m? is the nominal cross-sectional area of
steel in the prop and £ = 199 X 10° kKN/m? is the (measured)
Young's modulus of the steel.

Upper props
Gauge datum readings should ideally be taken using 2 data
logger when the prop is in an unloaded condition. Readings
taken Iy can be liable for establishing a strain daum
(e.g. owing to the effects of nearby construction activities.
vibrations or other disturbance) but should be acceptable for
blishi baseline temperature. Prop Ul was in a loaded

adjustment to the measured strain (apart from multipli by
the Young's modulus £ and the cross-sectional area A)-is
required to obtain the prop load. Localized variations in strain
will occur at each gauge owing to bending, temperature differ-
ences across the prop andior fabrication irregularities, but the

a
dition when ¢ monitoring began, and true datum

readings had to be established when the prop was destressed

prior to its removal (Fig. 4). Datum readings for prop U2 were
taken before the prop was loaded and were checked following
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By the end of 1994, the ground
within the retaining walls had been Installation of 1067 mm OD steel
excavated 10 about 94-2 m TD, which ) props at 8:3 m c/c at 96-0 m TO
coincided approximately with the wr ot
top of the Lambeth Group Clays. Excavi f:i‘G:
The reintorced concrete waling e
beams were then constructed, and LGC
props U1 and U2 at elevation 96 m
TO were installed on 10 and 26 LGS
January 1995, respectively.
T8

Water level in deep aquifer lowered by means of wells

Excavation continued through the
Lambeth Group, reaching a level of
88:25 m TD by 22 February 1995.
The waling beams were constructed
and the lower props L1 and L2, at
elevation 89 m TD, were installed
on 10 March 1995.

Excavalion to 88-25 m TD

Installation of 1067 mm OD steel
props at 8:3 m /c a1 89-0 m TD

LGC
LGS

Water level in deep aquifer lowered by means of wells

] ] TS

Water level in deep aquifer lowered by means of wells

Fig. 3. Summary of construction sequeace (OGL, original ground level; WT, water table; MG, made
ground; Al, alluvium; TG, Thames Gravel; LGC, Lambeth Group Clays; LGS, Lambeth Group Sands;

TS, Thavet Sands)

destressing prior to removal. Fig. 4 shows the axial load devel-
oped in each of the upper props as a function of time: zero
time is 13 January 1995, the date on which prop load monitor-
ing began. The absence of data over days 100-120 resulted

used to download the data

from a problem with the p
from the data logger.

The average loads measured in the upper props follow almost
exactly the same trend, although the load in prop Ul was
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Fig. 4. Axial loads in upper props

consistently higher by approximately 400 kN. Prop Ul was in-
stalled 13 days before prop U2, and a compressive load of
approximately 1000 kN had developed in prop Ul by the time
prop U2 was placed. However, as the excavation progressed
aver the next 20 days, the load in prop U2 increased at a faster
rate than that in prop Ul so that the difference in load was
reduced. The discrepancy between the loads in the two props is
probably due to the eadier instaliation of prop Ul.

Lower props

Both lower props were installed on the same day and reliable
datuma were established with the props in place but unloaded.
The loads subsequently measured in the props were of a similar
magnitude (Fig. 5).

Effects of temperature on the prop loads
Temperature and strain were recorded every two hours,
enabling the effects of temperature on the prop loads to be

so that the full extent of scasonal temperature changes
apparent. The variation in temperature indicated in Fig. 6
typical of the upper props.

The data presented in Figs 4 and 5 indicate the conside
effect of temperature on the prop loads, with the load fu
ing significantly with each daily cycle of temperature.
fluctuations in load were greatest in the upper props durin
summer months, when the ditference between day and
temperatures was largesl. As would be expected, an increa
tempenature n:sulted in an increase in thc comprcsswc lo.

the prop, and a d in temp lted in a dec
in compressive load.
During the when the ex was at full d

the variation in load in the top prop was typically 3
4575 kN (400551 kN/m) for temperatures in the range
35°C. The lower props were removed before the summe:
the variations in load and temperature there were typ
1400-2300 kN (168-277 kN/m) and 6-19°C, respectively.

During the year in which the upper props were moni:
the wemperature varied between approximately —4°C and

investigated. The top props were monitored for almost a year,  (Fig. 6).° Taking the cocfficient of thermal expansion fo
2504
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Time: days
Fig. 5. Axial loads In lower props
* Te were d by a th d in the

strain zauge housing, and mzy be a fe\v degrees less than thos
would have been hed to the prop
This is discussed by Batten et al. (1999).
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Fig. 6. Seasonal and daily variation In upper-prop temperature

prop stecl as 11-3 X 107%/°C, an increase in temperature of
50°C would, for an unrestrained prop 241 m long, result in an
increase in length of 0-057% or 13-6 mm. Alternatively, if the
prop were fully restrained, the increase in load would be
5318 kN,

Figure 7 shows values of measured strain ¢ for an individual
gauge reading (multiplied by AE 1o give an apparent load in
kN) plotted against the temperature, berween days 192 and 280.
During this time. no excavation or construction activity was
carried out and variations in pore waler pressures were minimal:
an approxi y lincar rel h n P and
measured strain is apparent. From an 7, & temperature increase
from approximately 7°C to 40°C caused the valuc of Ede to
increase from approximately 2650 kN to 4700 kN. Had the prop
been fully restrained an increase in temperature of 33°C would
have resulted in an increase in Ede of 3476 kN. The data from
this gauge therefore suggest partial restraint with an effective-
ness of 2050/3476 = 59%

The data from the othcr gauge locations also gave npproxn-

m:uely linear relationships between e and
strain, allhough the gradient of xhc Ime was different for each
gauge. This is b the rel b temperature and

measured strain at each gauge location depends on the pattern

EAr &N

" - n 4

of temperature change within the prop, the resulting response of
the prop in biaxia! bending. and possibly (for gauges on differ-
ent props) the stiffness of the soil.

Biaxial bending due to differential temperature change is
discussed by Batien er al., 1996. The stiffness of the soil will
depend on both the strain and the stress path followed, which
will vary in tumm with the excavation level and the relative
movement of the wall. Also, there is some variation in ground
conditions along the length of the excavation. Consequently, the
relationship between measured strain and temperature is not
strictly linear, and may well be different for cach gauge. Taking
all the gauges into account, the average effective restraint for
the upper props was 52%: this is within the range for temporary
props supporting stiff walls in stiff ground of 40-60% quoted
by Twine & Roscoe (1997) on the basis of a number of case
records. As the Lambeth Group Sands are stiffer than the
Thames Gravels, and as a result of the geometry of the support
system, the average effective restraint for the lower temporary
props was rather greater at 63%.

Temperature-induced axial loads may account for a signifi-
cant proportion of the total load carried by a prop instailed at 2
low temperature. Although Twine & Roscoe (1997) showed that
temperature-induced loads are unlikely to cause sudden failure

0- H 10 15 20

25 30 35 40 45

Temperature *C

Fig. 7. Typical relationship between temperature and ALe for

an individual gsuge st a coastant

excavation Jevel and with minimal pore water pressure variation
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of ductile steel props, this does not apply to concrete props or
brittle elements such as concrete end blocks, which must be
designed for the full estimated temperature-induced load. Tem-

LIMIT EQUILIBRIUM ANALYSIS
Procedure

Limit equilibrium analyses were carried out, assuming t-
development of active cc in the soil behind the wall oz

perature-induced loads can be estimated from the anticipated
temperature rise, the coefficient of thermal expansion of the
prop and the degree of end restraint provided by the wall and
the soil behind it. The data from Canada Water, together with
other case histories reported by Twine & Roscoe (1997), sug-
gest that for props near the crest of a stiff wall, the degree of
end restraint could be of the order of 50%. A greater degree of
restraint (~65% at Canada Water) should probably be expected
for low-level props, but the range of temperature to which the
prop is subjected may reduce with depth within the excavation.

Reduction of temperature effects

If the relationship between measured strain and temperature
for each gauge with all other factors remaining constant is
assumed to be approximately linear, the measured prop load
(based on the average of the strain gauge readings—equation
(1)) can be adjusted to account for temperature effects accord-
ing to equation (2):

Pr=Pyu~{(Tu~-To)X f] (2)

where Pr is the temperature adjusted load, Py is the measured
foad, (Ty ~ Tp) is the average temperature rise above the gauge
datum temperatures (i.e. the gauge temperatures when the prop
started to take up load) and f(= dP/dT) is an adjustment factor
determined from the average load/temperature relationship.
Compressive loads are taken as positive.

Equation (2) gives an estimate of the loads that would have
been recorded in each prop had the excavation been made
without variation in temperature. These are shown in Fig. 8. As
temperature effects are not usually considered explicitly in
retaining-wall analyses, the lempcrarure-adjusled loads shown i m
Fig. 8 form a suitable basis for a
and calculated prop loads.

Although the fluctuations in prop load due to temperature are
considerably reduced in Fig. 8, they have not been entirely
eliminated. This is due to the prop load/temperature relation-
ships not being truly linear, and to the seasonal variations in
differential temperature across the prop. Nevertheless, the re-
maining changes in prop load can largely be related to construc-
tion events and changes in pore water pressure (Batten, 1998).

parison b

T il
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F e gl o
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passive conditions in the soil in front. This was considere
reasonable, owing to the relatively small embedment depth ar
the fact that most of the excavation took place with either no ¢
only one level of temporary props in place. As a result of =
stress paths followed by the soil during the installation of an :
sire concrete wall, it is likely that only a small amount of wa

will be required for the retained soil to reach t:
active state—cven if the initial lateral earth pressure coefficier
is high (Powric et al., 1998). The shallow depth of embedmer
means that the shear strain in the soil in front of the wall :
large in comparison with the rotation of the wall (Bolton &
Powrie, 1988): this, together with the effects of overburde-
removal during excavation, is likely to result in the relative:;
rapid mobilization of passive or near-passive earth pressures i:
the soil in front of the wall,

The actual excavated profile at formation level cannot easil:
be modelled in a simple limit equilibdum analysis, because ¢
the bartered sides: the base of the excavation was therefor.
taken to be horizontal at a level of 84-4 m, which was consid
ered to represent an appropriate average.

The soils at Canada Water were generally granular wit:
relatively high permeabilities and therefore the wall behaviow.
was analysed in terms of the fully drained effective stresses
This type of analysis may, however, underestimate the shor:
term shear strength of the lower-permeability Lambeth Grou:
Clays (see Table 1), if in reality they remain substantiall:
undrained during the time the props are in place.

In the retained soil hydrostatic conditions were assumed i-
the Thames Gravels below a measured piczometric level ¢
98-5 m TD. Pore water pressures were assumed o return to zerc
through the relatively impermeable Lambeth Group Clays (Fig
9). The groundwater level in the lower aquifer was drawn dows
to below the toe of the wall, and pore water pressures in the
Lambeth Group Sands and Thanet Sands were therefore set &
zero in the analyses.

Two construction stages were considered: (a) with the exca-
vation at formation level and both the upper and lower tempor-
ary props in place, and (b) after the permanent concrete prog
had been poured and the lower prop removed (Fig. 9).

The earth pressure coefficients K, and K, were taken froc
Caquot & Kerisel (1948), assuming that the soil/wall frictioc
angle & was equal to @’y on both sides of the wall. This wa:

Upper grocs
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Fig. 8 Temperature-adjusted prop loads
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Fig. 9. Stages of limit equilibrium analysis showing Idealized effective-stress distribution: (a)
excavation to formation level; (b) permanent prop slab cast and lower temporary prop removed

considered to be reasonable on the basis of the roughness of the
secant-piled wall and the probable directions of relative soil’
wall movement in this case, Also, these assumptions seem to
provide a reasonable indication of the onset of large deforma-
tions for embedded retaining walls that are either unpropped or
propped at a single level near the crest (Powrie, 1996).

Resulis

The calculated loads are d with the measured prop
loads (adjusted for temperature effects) in Table 2. Despite the
approximate nature of the analysis, prop loads close to those
actually developed were calculated for the two consu-uction

not have been réasonable. The limit equilibrium analyses are
discussed later in the paper, in comparison with the results of
the finite-clement analyses.

FINITE-ELEMENT ANALYSES

A series of finite-clement analyses was carried out, assuming
plane strain conditions, using the program CRISP (Britto &
Gunn, 1987). Each of the six soil types was modelled as an
elastic’/Mohr~Coulomb plastic material with fully coupled con-
solidation.

Finite-el mesh and boundary conditions

stages idered. The calculated prop loads are, .
extremely sensitive to the excavation depth, with a change m
formation level of just 0-1 m. causing variations of approxi-
mately 9% and 30% in the upper and lower prop loads, rc-
spectively. Had the formation level been taken as (say) 84-5m,
therefore, the calculated prop loads would not have been as
¢close to the measured values. Also, if the depth of embedment
of the wall had been greater, the assumption of fully mobilized
passive pressure in the soil in front of the wall would probably

Since the idealized geometry of a cross-section through the
excavation is symmetrical about the centre line, the finite-
element mesh represeated one half of the excavation (Fig. 10).
The lower horizontal boundary of the mesh was set at the
interface between the Thanet Sands and the underlying chalk,
which was assumed to be incompressible. The far vertical
boundary was set at 60 m from the wall, which was considered
to be sufficiently remote for changes in stress and strain to

Table 2. Comparison of actual and calculated prop loads—limit equilibrium znalysis

| Upper prep Louer pmp
T Wm | BN | W=
Excwvidion 16 Grmation lovel Caleulaied ITI0 33 1740 210
Mearamd Pt 130 1639 0}
Prrmaness prop cast and bower Calculazed 322y Jag = -
sTeparary prop removed Meamred 20040 I :Il_'i'__ l = I__-
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the axisymmetric analysis of the installation of a single pile
The earth pressure cocfficients at the end of the axisymmetnc
analysis were specified as the pre-excavation values at the star:
of the plane strain analysis of the main excavation sequence
Removal of the pile casing was likely to have caused a loosen-
ing of the Thames Gravels: wall insallation effects in this
stratum were therefore modelled by using the lower-bound value
of 20 X 107 kN/m? for the Young's modulus.
The main shortcoming of the method used to model wall
llation effects was that the post-insullation earth pressure

Fig. 10. Finite-element mesh

be negligible.” The vertical boundaries were fixed in the hord-
zontal direction, but wer¢ free to move vertically. The lower
horizontal boundary was fixed in both the vertical and the
horizontal direction.

The soil, the wall and the concrete base slab were modeiled
using eight-noded quadrilateral elements, except for the occa-
sional use of six-noded triangular ¢lements to define some of
the excavated profiles. Consolidation elements were used for all
of the soil strata.

Structural components

The reinforced concrete wall and base slab were modelled as
impermeable elastic materials with a Poisson’s ratio v =0-15
and a unit weight of 24 kN/m?. The Young’s modulus of the slab
was specified as 22:9 X 1074 kN/m? to give the same bending
stiffness (£/) per metre run as lhc actual composite structure.
The Young’s modulus of the wall was taken as 22 X 106 kN/m?,
representing the reinforced (hard) piles only. The intermediate
(soR) piles were ignored since their strength and stiffness were
comparatively insignificant. In the analyses a uniform wall thick-
ness of 0-685 m was used, which gives the same bending stiffness
pet metre run as the 0-9 m dia. hard piles at 1-2 m centres used
in reality. The connection berween the wall and the slab was
modelled as a pinned joint unable to transmit bending moments.
In reality this was a burted joint which would be capable of
transmitting bending moments, provided that the interface be-
tween the wall and the slab remained in compression. Although
the assumption of a pinned joint may lead to an overprediction
of long-term wall bending moments and deflections, there is
unlikely to be any significant effect on the calculated short-term
loads in either the temporary or the permanent props (Powrie &
Li, 1991).

The temporary props were modelled in the analyses using

2 m long bar elements with a reduced Young's modulus, giving

a stiffness in axial compression (per metre run) equivalent to
1067 mm dia. X 14-$ mm thick steel props at 8:3m ceatres,
spanning 13-35 m (the half-width of the excavation).

Wall installation effects

The effects of wall installation at Canads Water were investi-
gated by means of an axisymmetric finite-element analysis
simulating the installation of a single pile, as described in the

Appendix.
Ao L oLl TSR e et R
* Page (1995) carried out two-di I finite-el t anal of

diaphragm wall treach :xc:vanons 18 m deep with first stress- and then
strain lled boundaries at 2 d of 52:5 m from the excavation,
with no significant difference in the results.

coefficients had to be applied across the entice mesh. It is
considered, however, that the error this causes is small, because
the behaviour of the wall is influenced primarily by the soil
closest to it. A possible altemative approach 1o modelling the
effects of installing a diaphragm wall panel suggested by Ng et
al. (1995) was not adopted, because its applicability to bored
pile walls is uncerwin. Furthermore, the Ng er al. (1995)

method results in an increase in lateral stress below the toe of 7~

the wall, which may not be apparent when the insullation of a
series of adjacent panels to form a complete wall is modelled
(Gourvenec, 1998).

Groundwater levels

The analyses were carried out assuming that a line of zero
gauge pore water pressure in the ! s0il was maintained at
a level of 98 m TD. The initial pore water pressures specified
were those at the end of the axisymmetric analysis, which
included the effect of lowering the groundwater level in the
deep aquifer. The pore water pressure at the excavated soil
surface was set to 2¢ro at each stage of the excavation. Pore
water pressures ¢lsewhere within the mesh were calculated by
the program on the basis of the elapsed time following a change
in boundary stress or pore water pressure and the consolidation
characteristics of the soil.

Soil parumeters

A total of five analyses was carried out to investigate the
sensitivity of the temporary-prop loads to various soil para-
meters and input i The condi and soil para-
meters used in each analysis are summarized in Table 3. (The
made ground was removed prior to excavation between the
retaining walls. The soil parameters for this straum were the
same in all of the finite-element analyses, and were as given in
Table 1 with ¢* = 25°, £' = 10 MPa and k = 8 X 10~ m/s).

The elastic Young's moduli used to describe the stress-strain
behaviour of the soils prior to failure were not strain-dependent;
hence the effects of a reduction in soil stiffness with increasing
strain could not be modeiled. Experience has shown, however,
that satisfactory wall movements and structural stress resultants
(bu! not soil sett] ) can be calculated for walls
in stiff overconsolidated clays using a simple elasnc!Mohr—
Coulomb plastic soil model, provided that the elastic modulus is
chosen with care (Burland & Kalra, 1986; Powtie et al., 1999).
The values of Young's modulus shown in Table 3 were derived
from the site investigation data as detailed by Batten (1998) and
are considered to be relevant to the strains typically associated
with embedded retaining walls in practice.

Prop loads -

The maximum temporary-prop loads calculated in the five
analyses are given in Table 4. The results indicate that the prop
loads, particularly those in the upper props, are most sensitive
to the pre. stress condition {case 5) and the per-
meability of the Lambeth Group Clays (case 4). In the analysis
in which wall instatlation effects were not taken into account
(case 5), prop loads significantly in excess of those measured
were calculated. In the upper props the calculated loads were
64% greater than those measured, while in the lower props the
discrepancy was 54%.

The permeability of the Lambeth Group Clays influences the
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Table 3. Soll parameters and other assumptions used in finite-element analyses

] j Descrption of conditi Soil o £ MN'm -
Al 28 2
TG 38° 20
LGC 30* 150
LGS 34 310
N 15 47 300-450°
Lower-bound (critical-state) values for shear Al 25 2
strergth TG 35 20
Upper-bound values for Young’s modulus LGC 27r 150
Minimum permeability of Lambeth Group
Clays in both vertical and horizontal directions LGS 30 310
Wall insallation effects
TS 33 300-450 .
Al 28° 2
TG 38° 20
LG 30* R[]
LG 34 200
_— TS 4T 300-450
Al 28° 2
TG 38° 20
LGC 30* 150
LGS 34 310
- TS AT 300-450
Al 28 2
TG 38° 90
LGC 30° 150
LGS 34 310
TS 47T 300-450

® The stiffness for the Thanet Sands increases from a minimum at the top of 3 starum to 2 maximum al the base of the stratum,
t (h) and (v) indicate permeabilitics in the horizontal and ventical direction, respectively.

Table 4. Maximum calculated prop loads

Case Load in upper prop Load in lower prop
kN kN/m kN kN/m
1 3450 416 1890 228
2 3670 442 3000 361
3 3910 471 2180 263
4 4465 538 2190 264
5 4930 594 2690 324
Maximum measured loads 3000 361 1750 211
(approx., with temperature
effects removed) . .
Limit equilibrium analysis - 3220 388 - 1740 210

degree of consolidation that takes place during construction and,
consequently, the shear resistance of the soil. When the per-
meability of the Lambeth Group Clays was increased so that
this behaved in a substantially drained (i.e. the
negative excess pore water pressures induced on excavation
dissipated fully during the construction period—case 4), the
loads calculated in the upper and lower props were greater than
those measured by approximately 50% and 25%, respectively.

Prop loads closest to the measured values were calculated by
taking the effects of wall installation into account and using the
minimumn permeability of the Lambeth Group Clays in both the
horizontal and the vertical direction (case 1).

The results of case 3 indicate that soil stiffness also has sn
effect on the prop loads. Although only the stiffresses of the
Lambeth Group Sands and Clays were reduced, prop loads up

to about 15% greater than in the case | analysis were cal-
culated. The i in the calculated wall 1 following
installation of the upper props was about 33%.

Initial comparison of the results from cases 1 and 2 suggests
that the prop loads, particularly in the lower props, were over-
estimated when critical-state (as opposed to peak) strengths
were used. However, this is mainly due to the large difference
between the critical-state and peak strengths of the Thanet
Sands. One further analysis was carried out using peak strengths
in all strata except the ’nunet Sands, in which the critical-state

was : the calculated upper and lower prop
loads were 3602kN and 2979 kN, respectively, which are
similar to the foads calculated for case 2, where critical-state
shear strengths were used in all strata,

If the mobilized shear strength in the Thanet Sands in the
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case | analysis is examined (Fig. 11), it is apparent that it
exceeds the critical-state value only in front of the wall, where
the maximum frictional strength mobilized is 42° Behind the
wall the maximum frictional strength mobilized is 30°, which is
less than the critical-state value of 33° (Fig. 11 relates to the
mid-depth of the Thanet Sands at a distance of 0-1i m behind
and in front of the wall).

Figure 12 shows that the prop loads calculated in the case |
analysis were generally within approximately 15% of the tem-
penature-adjusted measured loads. The analysis, however, did
not calculate the reduction in the upper-prop load between day
91 (when the final excavation level was reached) and day 188
(when the lower prop was removed). This is probably because
increases in load in the concrete base slab (which was poured
on day 118), due to thermal expansion during cement hydration,
were not modelled. The temporary-prop loads measured at
Canary Wharf (Banten, 1998) suggest that with a thick base slab
the effect of this can be quite significant.

The gradual increase in the upper-prop calculated load be-
tween day 91 (when the full excavation depth was reached) and
day 333 (when the upper prop was removed) can be explained
with reference to the pore water pressures in the low-permeabil-

gradually became more negative as the excavation progress.
until day 76, when the excavation neared completion, Afier ¢
time the gr:dual dlssxpauon of lhc ncg:nve €XLess pore wa
pressures lted in a comresp in the prop loa.
The pore water pressures had still no( reached their equilibriu
values at the end of the analysis.

There is reasonable agreement between the prop loads cale
lated in the case | finite-clement analysis and using the fin
equilibrium approach. However, this must have been fortuito
at least to some extent, because there are significant differenc
in detail between the two analyses. In the limit equilibriv
analysis, long-term equilibrium pore water pressures were a
sumed (Fig. %a)), whereas in the finite-clement analysis
pore water pressures in the Lambeth Group Clays were substa
tiatly negative (Fig. 13). Also, critical-state soil strengths we
assumed in all strata in the limit equilibdum analyses, while
the case 1 finite-clement analysis a strength in excess of
critical-state value was mobilized in the Thanet Sands in fro
of the wall.

Both of these differences would tend to reduce prop load
whereas the prop loads calculated in the case 1 finite-eleme:
analysis were 7-9% greater than those given by the lim

ity Lambeth Group Clays behind the wall (Fig. 13). These  equilibrium method. This discrepancy is explained by the fa
T
Poen = 47
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Pore water pressure kN'm?
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§ -151
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£
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e Day 76
-254 --n--Day 333
-30 &

Fig. 13. Pore water pressures behind wall, case 1 finite-element analysls

that in the finite-element analysis the soils behind the wall
(except for the Lambeth Group Sands) were generally not at
failure, resulting in higher than active lateral effective stresses
and an overall incrzase in prop loads compared with the limit
equilibrium calculation.

A comprehensive understanding of the factors acrually gov-
eming the loads in the temporary praps in the field is not really
possible without measuring the effects on the soil of wall
installation and the mansient pore water pressures in low-per-
meability strata. Unfortunately, financial and time constraints
preciuded the installation of the instr jon that this would
have required at Canada Water. It is therefore uncertain whether
the assumptions made in the case ! finite-clement analysis
(relatively slow dissipation of negative pore water pressures and
soil stiffnesses insufficient to mobilize fully active pressures
behind the wall) are more or less realistic than those made in
the limit equilibrium calculation (long-term pore water pressures
and fully active condmons bchmd the wall). Clearly there is a
need for future ing o ider the behaviour
of the soil as well as the retaining system, despite the additional
costs and difficulties this will entail.

Ball movements

The wall movements calculated in the case 1 analysis,
" following installation of the upper prop, are compared in Fig.
14 with the wall movements measured using an inclinometer
tube installed in the wall. The wall movements measured above
the level of the upper props are unreliable, owing to a lack of
fixity of the inclinometer tube lhroug.h the capping beam. Apart’
from this, the agreement is g lly close, although the actual
wall movements include temperature effects whereas the calcu-
lated wall moverments do not.

Comparison of the calculated wall movements shown in Fig.
14 with those from the other finite-element analyses (Batien,
1998) shows the soil stiffness to be the main factor affecting
wall displacements, which were increased by spproximately
33% when the stiffnesses of the Lambeth Group Strata were
reduced (case 3). This is qualitatively consistent with the results
of previous finite-clement analyses, e¢.g. Powric & Li (1991).
The soil strength parameters did not have a significant influence
on the calculated wall movements.

CONCLUSIONS
The temporary-prop loads and wall movements measured
during the construction of the Jubilee Line Extension station at

Displacement: mm (datum established on day 7)
-6 -4 -2 0 2 4 6 8 10 12 14 16 18

—— Day 24 measured
«e-- Day 24 calculated

"
-3 —e— Day 81 measured
- Upperprop | ... Day 81 calculated
“ —a— Day 329 measured
-5 «a- Day 329 calculated
-6
E
2 -7
3
s -8
g -3
-10
é Lower prop
a -1 -—
8
-12
-13
-14 Y Final excavation depth at wall
-15
-16
-17-
-18
Fig. 14. Comparison of measured and calculated wall movements

Canada Water have been compared with those calculated in a
series of finite-clement analyses carried out to investigate the
effects of wall installation and uncertainties in the soil strength,
stiffness and permeability. Temporary-prop loads and wall
movements closest to those measured were calculated in finite-
clement analyses in which

the changes in lateral stress duc to secant pile wall
installation were taken into account

soil stiffnesses at the upper end of the musured or
estimated range were specified

the soil strength mobilized in the soil remaining in front of
the wall (the Thanet Sands) was allowed to exceed the

(a)
%)
()
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estmated crncal-state value {but not the estimated peak
vaiue)

{d) the permeability of the Woolwich and Reading Clays was
reduced 5o that dissipation of negative excess pore water
pressure was only about 35% complete at the end of the
mixdelled construction sequence.

The calculated prop loads were then about 15% greater than the
d loads, di ing increases in load duc to increases
in temperature.

Limit equilibdum calculations, in which fully active condi-
tions were assumed behind the wall and fully passive conditions
in front, were carried out at two stages: {a) just before
placement of the permanent prop slab, and (A) just after
removal of the lower temporary props. The results of these
caleulations were in close agreement with the measured prop
foads. However, this must have been fortuitous to some extent
because

(@) in contrast to the implication of the results of the finite-
element analyses, fully drained conditions had been as-
sumed in the Woolwich and Reading Clays

(5) the prop loads calculated by the limit equilibrum analysis
were very sensitive to the equivalent excavated depth used.

Also, the assumption of fully passive conditions in the soil
remaining in front of the wall would probably not have been
justified for a wall with a sub ially deeper embed

Temperature-induced axial loads may account for 2 signifi-
cant proportion of the total load carried by a prop instatled at a
low temperature and must be considered in design, particularly
if elements of the propping system are brittle (e.g. concrete end
blocks). Temperature-induced loads can be estimated from the
anticipated temperature rise, the coefficient of thermal expan-
sion of the prop and the degree of ¢nd restraint provided by the
wall and the soil behind it. For props ncar the crest of a stff
wall, the degree of end restraint could be of the order of 50%.
Low-level props might be restrained with an effectiveness of
perhaps 65%, but the range of temperature experienced by a
prop may reduce with depth within the excavation.

For stiff reinforced concrete retaining walls of the type used
at Canada Water, it therefore seems that temporary-prop loads
similar to those measured in the field (neglecting temperature
effects) can be calculated using limit equilibdum and finite-
element analysis, provided that appropriate soil parameters and
input assumptions are used. Although in design 2 margin of
safety is essential to allow for events such as the accidental
removal of a prop, the apparent overprediction of prop loads is
probably the result of a consmcnlly conservative set of design
assumpnons rather than any flaw in the underlying soil mech-
anics principles.

To clarify the real 1mpacx of uncertainties such ‘as wall
installation effects and transient pore water pressures in low-
permeability strata, there is a need for further field studies in
which the behaviour of the soil is monitored as closely as that
of the support system.
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APPENDIX. AXISYMMETRIC ANALYSIS OF THE INSTALLATI
OF A SINGLE PILE
Finite-element mesh and parameters

The finite-¢lement mesh used in the axisymmetric analysis of 1
installaion of a single pile consisted of cight-noded quadrilate
elements which became gradually smaller towards the pile, where t
changes in stress and strain were more significant. The lower horizon®
boundary of the mesh was set at the interface between the Thaner Sa
and the underlying chalk and was fixed in both the horizoatal and t
vertical directions. The far vertical boundary was 60 m from the out
surface of the pile. Both vertical boundaries were fixed in the horizon:
direction, allowing vertical movement only. The upper surface of t
mesh was at 100 m TD, the 5-8 mm of made ground above this ben
modelled as a surcharge of 97 kPa (Fig. 15).

The concrete of the single 0-9 m dia. hard pile was modelled as .
impermeable lincar elastic matenial with a Youngs modulus (£) .
23 % 10% kPa and a unit weight (7) of 24 kN/m:

All soils were modelled as consolidating eluliclMohr—C-)ulon
plastic materials. The values of the soil parameters used in tf
axisymmetric analysis are given in Toble S.

Throughout the analysis a line of zero pore water pressure w.
mamumed at the top of the Thames Grvels at 98m TD, o

pp in situ p ic level of the upper aquifer. Hydrostat

conditions were :ssumed to apply through the Thames Gravels to the &
ot the Lambeth Group Clays at 94 m TD. At the in situ stage the po:
water pressures in the lower aquifer were taken to be hydrostatic belo
% m TD, at whuh Tevel the initial pore water pressure was set to 39k
(Fig. 16), with 3 ground level in the lower aquifer
94m TD. Thus the initisl pore water pressure was set at 39 kf
throughout the Lambeth Group Clays,

Modelling wall install

The first stage of construction was the installation of the 1emporar
support casing, which was modelled by fixing the nodes adjacent to th
pile in the alluvium and the Thames Gravel in the horizontal direction
Excavation to the base of the Thames Gravels was then simulated b
removing each element aver one increment block. Where excavatio
occurred under bentonite slurry, a load equivalent to the hydrostan
pressure of the bentonite (py = 11 kN/m’) was applied 0 the :dge an
base of the bore as cach element was removed. In the analysis the tot.
time for excavation to the base of the bore was 162 min and 3 furth
time step of 20 min was allowed prior to placement of the concrete, Th.
was typical of the actual construction time.

The wcl concrete, which was taken to have 2 unit weight y ¢
24 kN/m’, was placed from the bottom of the bure up, replacing th
bentonite. As the concrete was poured, the displaced bentonite wa

4 to fll the porary casing supporting the upper part of th
bore so !hal the entire pile was. poured undcr bentonite.

C g was modelled b P on the
faces as mdnc:tcd in Fig. 17, fullowmg ngs et al. (1994). Wet-concret

qf 10 the hyd p of the wet piv
the pressure due to the weight of the overlying bentonite slurry wer
applied until a critical depth of concrete A, was reached (A:B:C; i
Fig. 17). The critical depth Aoy was taken to be equal to one-third of th
depth (6 m in this case), as suggested by Lings et o, (1994).

The wet-concrete pressures applied to the side of the bore durin
concreting are summarized in Fig. 7. Prior to concreting, the initi:
pressures on the soil were those due to the static pressure of bentonit
(A(By). When the bentonite’concrete interface reached the critical dept
of 6 m the launl-presmn diagram was defined by A:B3C:. As the dept:
of the in lateral with dept:
below heyy (measur:d from the current upper surface of the concrete) wa

5..;—*.-:-—,«- ol O ke repvesantiog 55 m o mada g
R ) o e e
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Table 5. Soil parameters used in axisymmetric finite-efement snalysls of installation efTects

for a single pile

X E': MN/m* k: m/s Ko
Made ground 28 10 8x10°* 05
Alluvium 25 18 1x10°* 08
Thames Gravels s 50 5$x10°¢ 05
Lambeth Group Clays 27 70 1:12%10°* (h)t 1-5
1% 107" (vt
Lambeth Group Sands 30 250 28 %107 ()t 1-5
1 %1077 (v)t
Thanet Sands 3 300-450° 2.1 x 1073 1

* The stiffness increases from a minimum at the top of the stratum to a maximum at the base of

the stratum.

t(h) and (v) indicate propertics in the horizontal and vertical directions, respectively.

. 105-Sm
TR TR AT T TAN
Made ground
Upper aquifer GWL 9Sm
Allyvium v OkPa |980m
Thames Gravel b
Lower aquifer
w7 GWL 39 kPa 94-0m
Lambeth Group - .
Clays 4
Wk [,7  [soom
Lambeth Group
Sands
98 kPa 840 m
Thanet Sands
235kPa
700m
.f Upper Chalk
-
rd

Fig. 16. Jn situ groundwater pressures assumed In analysis (GWL,
“roundwater level)

resmicted to the unit weight of bentonite Yoemoe (¢.8. A;B;C3C;y in Fig.
17). As the concrete pressures were applicd over the upper part of the
bore, the borizontal fixities of the adjacent nodes were released,
simulating the removal of the casing. After the completion of concreting
and withdrawal of the temporary casing, the final {maximum) lateral
presswre diagram for the wet concrete was given by the line A;B.C;.
Setting of the concrete was modelied over 28 days, during which time
the wet-concrete pressures were gradually removed and clements
ing the hardened added.

Dewatering of lower aquifer level

Afer a further 42 days the line of zero pore water pressure in the
lower aquifer was lowered to 82m TD to simulate the Jowering of the
groundwater Jevel in the Thanet Sands and the Upper Chalk. This was
modelled over 2 period of 50 days, which reflects the actual time taken to
lower the water level on site. Pore water pressures at elevations between
82 m TD and the base of the Lambeth Group Clays at 90 m TD were set
to zero. The pore water pressures and lateral stresses at the end of the
wall installation analysis were then used as input data at the start of the
main analysis. :

A
.-.. Bilinear concrete pressure envelope
A (critcal depth A = M) 16,01 of s0it supported byl
Y temporary casing = 6m
3 (= had
A

Depth below finished concrete level (100 m TD)

Fig. 17. Wetconcrete pressures on the side of the bore (after Lings
a al., 1994)

NOTATION
A pominal cross-sectional arca of prop
£ Young's modulus
E'  effective-stress Young's modul
/ gauge adj factor to elimi p effects
hei  critical depth of concrete (see Appendix)
! second moment of area
Ky in situ earth pressure cocfficient
K, active earth pressure coefficient
K, pre-excavation earth pressure coefficient
K, passive earth pressure coefficient
k permeability (subscript denotes direction: h, hotizontal; v,
vertical) .
P average axial prop load
Py measured prop load
Py temperature-adjusted prop load
Tp daum temperature
Ty measured temperature
& soil/wall friction angle
y unit weight
unit weight of bentonite slurry
unit weight of concrete
¥’ Poisson’s ratio
p bulk density of soil
average measured strain
@'aic  critical-state soil strength
@'mos  mobilized soil strength
@'peax  peak soil strength
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