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ABSTRACT

A deep and wide braced excavation constructedhiernew Esplanade Station in the Perth CBD proviaedseful
opportunity to assess appropriate parameters fanfeg wall design by backanalysis of its perfonta The section
of the wall under consideration involved a stagechgation adjacent to sheet piles supported bytleeels of props at
the final excavation depth of ~13 m. Two adjacemet piles were strain gauged to allow assessaighe wall’'s
bending moment, while the lateral soil movemenja@eht to the wall were monitored using inclinomgteThe struts
were also instrumented with strain gauges and tiygub from these gauges provides the main focukisfpaper. The
effects of temperature on the inferred strut loadsexamined and it is shown that the data recaddeidg excavation
pause periods could only be explained if the opmrat axial strut stiffness was about a quarteit®ftheoretical
stiffness. Finite Element backanalyses of the mmeasents obtained during the excavation phaseshto that a best
fit between measured and predicted strut loadshseaed for a similar operational stiffness. lc@ncluded that for
large braced excavations of this nature, impeidesticurvatures in long struts lead to strut lodds are significantly
lower than expected.

1 INTRODUCTION

A major infrastructural project was recently und&gn by Leighton Kumagai Joint Venture (LKJV) inrthe Western
Australia, to expand the existing rail network by ttonstruction of twin cut and cover and boredéls through the
heart of the CBD, and two complimentary undergrostadions. The magnitude and complexity of theksawvere of
an order never before experienced in Perth. Thawation that is considered herein is that of ther iEsplanade
Station (Figure 1), which was constructed withit?am deep excavation retained by temporary shéet pnd multiple
propping layers. Unlike many other areas in theDCBheet piling at this location was feasible doette relative
remoteness of adjacent structures.

Esplanade
Station

Figure 1. Esplanade Station and cut and coverelumarks adjacent to the Convention Centre and SRiger.

A large number of struts within the excavations everstrumented throughout the project to checkéf éxcavations
were proceeding according to design and, most itaptly, as a safety measure for the site persomogling at depth.
As described later, axial loads within the struerevmeasured by averaging the data from four vigyawire strain
gauges attached to each, which in addition to teatpes were simultaneously recorded at regularvate throughout
the entire construction period. The extensive mooinig network provided a unique opportunity to @stigate the
response of these struts in excavations in Peitth sbemperature variations had a significant &ffen the strain gauge
output and the (inferred) strut loads and theseceffare also examined in this paper.
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2 GROUND CONDITIONS

The ground conditions in the area of the Esplar@tdéon site considered here consist predominartfiuvial sands,
clays and silts - originally referred to as the I&fard Formation and more recently redefined asRketh Formation
(Gozzard, 2007) overlying the Kings Park Formati@arock. The geotechnical properties of one ofuthiés of the
Perth Formation are discussed in Lehanal. (2007). The station was constructed partiallptigh sand fill, which
was reclaimed over the past 100 years and believédve originated from dredged riverbed mategahoved in the
formation of channels within the adjacent Swan Rive

The site stratigraphy at the station cross-seckaamined in this paper is coincident with a compnrsive
instrumentation and monitoring array at the cemtfehe station. The stratigraphy encountered ireboles and
inferred from Cone Penetration Tests (CPTs) atltiuation is illustrated in Figure 2a. There digtgly different soil
conditions on the east and west of the stationsesestion, but respective soil layers have beersidered to be
horizontal in the Finite Element PLAXIS backanalyskscussed later (Figure 2b).
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Figure 2: (a) Soil stratigraphy at station crossti®n and (b) stratigraphic layers employed in RL&analyses.

The water table was 2 m below the ground surfack taerefore dewatering and subsequent rechargédeutise
retaining structure was an integral part of thestmmttion works. Pre-construction measurementpooé pressures
obtained from numerous vibrating wire piezometastdlled by LKJV indicate that pore pressures cta@dssumed to
be hydrostatic prior to de-watering.

A simple linear elastic Mohr Coulomb model was addgor all soils in the PLAXIS analyses descritieteér, each of
which was assumed to be fully drained. Based oa pgegsented in Lehane & Fahey (2004) and Leletak (2007),
the equivalent linear elastic soil moduli of s@il/érs at the station cross-section were determiséedy the following
relationship between CPT end resistancg4qd the vertical effective stress):

Esoi= & (qCO.Zs (5’v0'5 pa0'23 (1)
where R is atmospheric pressure expressed in the sanss stnés as gando’y
& is a constant depending on the strain level.

The selection of parameters for PLAXIS, which ammmarised in Table 1, was guided by data presantedhaneet
al. (2007) and elsewhere. Avalue of 100 for use in Equation (1) was adopteolva excavation level (where the soll
experienced relatively large lateral displacementsije a& value of 400 was considered appropriate belowfitie
excavation level (where lateral soil movements vegaificantly lower). Then situ lateral earth pressure coefficients
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were assumed to be unity for all soils in the ‘Réformation’ while specified friction angles varibdtween 30and
40°, depending on the measured fines contents. Peilitiealin the vertical and horizontal direction, @nd k) needed
to be specified for the steady state seepage déomslimodelled in the PLAXIS analyses; thesahkd k values were
assessed from the respective particle size disimibbgurves and ak, ratio of 10 was employed for all soils.

Table 1: PLAXIS soil input parameters.

Soil Description 4 Esoi (MPa) Friction Angle ) Ky K,

Layer with ¢'=0 (m/s) (m/s)
1 Sand Fill 0.5 20 35 1x10 | 1x10°
2 Clayey Silty Sand 1.0 20 30 1x30 | 1x10°
3 Silty Clay 1 1.0 30 30 1x10 | 1x10°
4 Sand 1.0 40 40 1xfo | 1x10°
5 Silty Clay 2 1.0 40 30 1x10 | 1x10°
6 Silty Sand 1.0 200 40 1xP0 | 1x10°
7 Silty Clay 3 1.0 160 30 1xfo | 1x10°
8 Clayey Silt / Silty Clay 1.0 180 30 1x80 | 1x10’
9 Silty Sand 1.0 200 30 1xfo | 1x10°

Siltstone Rigid impermeable
3 CONSTRUCTION SEQUENCE AND INSTRUMENTATION
31 EXCAVATION CONFIGURATION

The sheet piled excavation was retained by thregldeof temporary tubular steel struts with a hamial spacing of 6
m. The excavation was 23.5 m wide (at the crosseseunder consideration), and centre verticapsupto the struts
was provided by connection to kingposts embeddqalés bored to bedrock (Figure 3). Excavatiomhi® final depth
of ~13 m was achieved over a period of 6 monthe &tial stiffness (EA) of the struts and flexuigidity (El) of the
sheet piles used are listed in Table 2.

(b)
Figure 3 Photos of the Esplanade Station excavédiplooking South across the excavation andadgihg from the
West of the excavation
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Table 2: Strut and Sheet Pile Details.

Level RL Depth | Section Axial Stiffness EA El
No. (m) (m) (kN) (KNm? / m)
1 +1.5 0.5 CHS 406.6 x 9.5 2.5 x°10 -
2 -3.0 5 CHS 559 x 12.7 with WC400|x 5.3 x 10 -
328 (Equivalent)
3 -7.5 9.5 CHS610 x 9.5 3.8x%0 -
- - to 22 m | Sheet Pile PU 24 - 1.1x10
32 INSTRUMENTATION

Spot weldable vibrating wire strain gauges (Slopeidator model 52602100; Figure 4a) were used titrout the

project to monitor forces in the struts. The srwere instrumented with four gauges at the 3, &n® 12 o'clock

positions at a distance of three times the straméter from the end of the strut (Figure 4b). tStmuere to be
temporarily cast into the permanent structure atsdficond propping level and therefore at this I¢eeblleviate the
large circular void that a tubular strut would leaypon its removal), 3 m long welded channel (W&gYisns were used
at the prop ends (see Figure 4c).

The vibrating wire strain gauges (VWSG) recordemistand temperature simultaneously at 15 minutervals,
providing a detailed record of load change withametion and also the local load fluctuations indu®m diurnal
temperature changes. The total axial load in the was derived from the average output of the frauges.

(b) (©)
Figure 4(a): Installed VWSG (b) gauge locationsadabular prop and (c) welded channel section asésivel 2.
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Figure 5: Instrumentation array and strut confagian.
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As shown on Figure 5, the cross-section under deraiion was coincident with an extensive instrutaéon and
monitoring array of inclinometers and piezometericlinometers were installed into the Kings Parrriation
bedrock typically to depths of 35 to 40 m and thesee monitored using a Slope Indicator 0.5 m gangknometer
probe and recording unit.

Additional instrumentation in the form of foil retance strain gauges was installed by UWA on agfairstrumented

sheet piles close to an instrumented set of steas Figures 6 and 7). The gauges were installéd aeparate levels
to a depth of 18 m and protected from damage dwshegt pile installation by a tack-welded chaneetisn (Figure

7b). At any given level of strain gauges on thelwiailwas found that the excavation induced strainsgauges on
adjacent sheets were of approximately the same itndgn(+25%) but of opposite sign. This finding icated that the
sheet pile clutches were sufficient to enable thie pf sheets to act as a combined unit and tletalevant sectional
modulus for the wall could be assumed to be th#t@itombined section and not of the individualessiethe combined
El value is listed in Table 1.

EXCAVATION

PU24 Sheet Pile

125x65 Channel

RETAINED SOIL
Strain Gauges

Figure 6: Strain gauge locations on sheet piles.

The bending moment (M) any given strain gauge jmositould therefore be derived as:
M =E Z (g|+|s,])/2 @
where E is the Young's Modulus of steel

Z is the section modulus of the wall (combinedeth)
€; ande, are the changes in strain from the initial zertuoa

(b)

Figure 7(a): Foil resistance gauge on instrumeskeet pile and (b) completed sheet pile instadlighl channel section
to protect gauges during driving.

The output from the strain gauges varied with terafpee and the uppermost gauges also showed flimtsadue to
the movement of construction plant. To ensure @@scy, strain gauge outputs recorded overnigattamperature of
15 and 20°C were used for calculation of bendingsments using Equation (2).

LKJV installed a comprehensive array of vibratinigenpiezometers (VWPZ) outside the line of shektspio monitor
the water pressure and to assist in the operafioacbarging. These piezometers were usually liestén clusters of
three at different depths and indicated an avegaaeient of pore pressure with of depth of ~8 kRdring the final
stage of excavation; this gradient matched theignagredicted in the PLAXIS seepage analyses destiater.
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33 CONSTRUCTION SEQUENCE

The station excavation can be considered in terfinfowr main stages: (1) the installation of the ethpiles and
excavation to a depth of 2.0m (Figure 8a), (2)alstion of strut level 1 and completion of excaeatto 5.7 m depth
(Figure 8b), (3) installation of strut level 2 aexicavation to 10.5 m depth (Figure 8c) and (4)riime of strut level 3
and excavation to ~12.5 m depth (Figure 8d). Tretages will be referred to in the following presgion of the
monitoring data and the stages of analysis.

Phreatic |- 25 — B — T L = RL-10
Surface RL -2.0 : .
| Start of Exc: RL 8.0
| End of Exc: R -T1.0
| —RL -20.0 | LRL -20.0
Stage 1: Install Sheet Piles, Excavate Layer | Stage 2: Install Strut 1, Excavate Layer 2
(a) (b)
o RL 415 y RL +2.0 y RL415 RL +2.0
—— RL -3.0 | —=RL-15 ] RL=50 |l _ «R -25
RL -7.5
RL -8.5 o H
RL -10.5
CT T TR L
LRL -20.0 | LRL -20.0
Stage &: Install Strut 2, Excavate Layer 3 Stage 4: Install Strut 3, Excavate Layer 4
(c) (d)

Figure 8: Excavation sequence.

4 EFFECTS OF TEMPERATURE

The strain outputs of the gauges attached to r@le{énded) struts were monitored for a number g dia the LKJV
yard on site prior to their use in the excavaticorkg. As both strain and temperature were recosileditaneously,
the specific proportional relationship between terapure induced straim) and temperature (T) could be established
for each strain gauge and a linear relationshiprdghed with constants m and B:

& =ml +B 3)
When installed in the excavation, the compressia Imeasured at each gauge locatigngduld then be determined
(Equation 4) and the force in the strut taken asatrerage of the forces measured at each of tlgedacations:

F = —EA(£ - é‘T) where EA is the axial rigidity of the strut 4

It is noteworthy that temperatures varied with tamaon the struts e.g. the temperature at gaugekeupper exposed
surface of the struts during the day was considgtabher than that at the gauges at the underdig&uts..

A number of struts were in place for over a yeat trese experienced a minimum temperature of ~AéiGh@aximum
temperature of ~56°C. The maximum mean daily teatpee change observed was in the order of 30-3BPi&h has
the potential to induce significant temperaturallog in the strut. Figure 9 illustrates the vaoatwith temperature of
the strut load at level 1, derived using equatin during a period of no construction activitytéafexcavation 2). It is
evident that the strut force increases by arourtdkd8for a 25C increase in temperature.

If the installed strut was fully restrained by tlaler, wall and soil system, an increase in tentpesawould result in
an increase in strut load of:

Fixa = EAQ(AT) (5)
where Fixed IS the force in the fully fixed strut due to a f@enature chang&T

E is the Young's Modulus of steel

A is the cross-sectional area of the steel strut

a is the coefficient of thermal expansion for stgdl.2x10°/°C)
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Figure 9: Variation in strut load (Strut 1) withearage strut temperature.

Application of Equation (5) to the example shownFégure 9 indicates that the force in the struitsifends were fully
restrained, would increase by 750 kN for a tempeeaincrease of 2&. The observed increases in load are, however,
only about a quarter of this value primarily duethe finite stiffness of the soil and any othercklaetween the waler
and sheet pile. Twine and Roscoe (1997) repottftiastrutted excavations with flexible retainimglls, struts loads
were typically between 10 and 25% afdr (and up to 40% ofdzq in ONe case); these proportions are compatible wit
the example shown in Figure 9. It is therefore rcldwt, as fully fixed conditions do not operatiee tsoil behind
retaining walls supported by struts is subjecteddntinuous cycling due to temperature changess ttling could
lead to shakedown settlements in sand and undrainexgth reductions in clays.

If a “lack-of-fit” condition does not exist, thegponse of the strut and retaining system can kadisgel as two linear
elastic springs in series. The force induced & dtrut due to a temperature changg @an be simply expressed in
terms of the stiffness of the strutgfk), a spring constant representing the stiffnessthaf soil (k.y), the
displacement/extension of the strut due to a teaipex change in the unrestrained (free) conditiag,f and the
displacement relief provided by the sa@lf) according to:

Fst = kstrut (5temp - Jsoil ) = ksoil Jsoil (6&)

which, when re-arranged, gives:
Kk
5501 = {&}d (6b)
emp
I ksoil + kstrut
where ki is the spring stiffness of the strut per unit Wwidky,, = W (6€)
S

L is the length of the strut (=excavation width)
s is the horizontal spacing of struts within &xeavation

Equations (6a) may therefore also be expressedllas/$ to determine the temperature induced loaa strut:

Kot Koo
I:St :|: strut"“soil j|5t (Gd)
kstrut + ksoil o
ksoi IS @an equivalent elastic spring stiffness of thé and its relationship with an equivalent linedastic Young’s
modulus for the soil (§&;) was investigated in a series of plane straint&iBlement (FE) analyses of the excavation at
the Esplanade. This analysis was conducted ussn@#sys SAFE FE package (Oasys, 2003) and exarhiaexifects
of a temperature change applied to one individtrak $evel or to a number of strut levels. For thigercise, the soil
was assumed to be a linear elastic material (d&fineE,; and Poissons rati®=0.3) and struts were represented as
0.5m thick elastic slabs with a range of axialdities, including the rigidities (per metre widttgpresentative of the
actual struts used at the Esplanade. A temperaiorease was modelled by applying an internalquesto all the
strut elements that resulted in an axial straio afl in the free condition.
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Figure 10: Comparison of strut load for Strut@nfrrfinite element analysis, 25%emperature changes(i=Esq per unit
width).

Although different relationships betweeg,kand E,; were examined, best agreement between Equatigraf@tithe

FE predictions was obtained wheg,Kper unit width) was simply assumed equal t@;.Brigure 10 provides an

illustration of this agreement for the case of thid-level strut (Strut 2). Good agreement adopking=E,; was also

evident for strut level 3 but a best-fif,KE; ratio of ~0.75 was obtained for strut level 1]eefing the influence of the

free surface.

The following equation may therefore be used taljotethe temperature induced load, per unit widtha deep strut
(Fsp - noting that k. is the strut spring stiffness per unit width:

Fst :|: kstrut Esoil j|5temp :|: kstrut Esoil :|O'|_AT (7)

kstrut + Esoil kstrut + soil
There were many instances over the course of thavakion for the Esplanade station when changs#m loads due
to temperature changes alone could be deducedeTdats were compiled for the three strut levels andas
immediately apparent that the temperature induacedid could only be predicted using Equation (7) rwitee
equivalent soil modulus (g) was considerably lower than could reasonablyxXpeeted e.g. see stiffness data for the
Perth Formation presented in Lehagieal. (2007). Moreover, PLAXIS backanalyses for the emtion (discussed
later) and other backanalyses performed using thsy®© FREW program (Smith, 2007) indicate that eatam
induced strut loads are over-predicted signifigarthis observation combined with the incompatipitbf Equation (7)
with measured temperature loads indicate that t¢ipesd axial strut stiffness {k..op is well below the theoretical
value given in Equation (2c). The operational sstiftness (k...op may therefore be expressed as:

Kstrut-op= M Kstrut Wherep<1 )

Calculations to assess the strut efficiencywere performed usingsfvalues measured at strut levels 2 and 3 and by
backfiguring an g, value to achieve compatibility with Equation (7).

Esoi may be assumed to vary approximately with the @Rd resistance {gand the vertical effective stress in the
vicinity of the strut ¢’,) according to Equation (1). The values qf;Bbackfigured using Equation 7 and hence ghe
values as well as thg,; values are plotted on Figure 11 for a range af gfficiency factorsy(). It is apparent thatg;
and¢ values depend strongly on the assumedlue.

The cyclic nature of temperature loading combinéith whe relatively low levels of soil displaceméentduced by this
loading are such that the value&for use in Equations (1) and (7) should corresponthat of an equivalent elastic
unload-reload value at low strains (which differenfi that operational during the staged excavatiBased on the
proposals of Lehanet al. (2007), it may therefore be expected that theevalfé is at least 200 — which Figure 11b
indicates is consistent with a strut efficiengy 6f about 0.25 to 0.3. The calculated soil dispfaents corresponding
to & =200 range from 0.3 mm to 0.6 mm (which repregesg than 25% of the free thermal strut expansiagpest low
thermal-induced cyclic strains and an even highealue and low value. It follows that the strut efficiency)(is of
the order of 25% and could be even lower. ‘LacKibfeffects are unlikely to be significant for themperature case
examined here (when struts are already under logipression loads). Zaremba (2008) will show thatltdw values
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of u may be explained by effects of initial curvatuseveell as curvature due to self-weight deflectiod differential
temperature.
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Figure 11: Backfigured values off; & andds,; for a range of strut efficiency factons)(
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5 BACKANALYSIS

PLAXIS was used to model the excavation sequendm#éb excavation level. Figure 12 illustrates #AeAXIS 2D
plane strain mesh employed and the correspondiihinpat parameters are listed in Table 1. Thelwes modelled
as a series of beam elements with a soil-wall fater friction angle of 0.66 times the solil frictiangle {’). The struts
were modelled as elastic springs (per metre rud)the initial analysis performed assumed a stritiecy () of 1.
The seepage analyses for each stage modelled xig Btadicted pore pressures consistent with thosasured by the

vibrating wire piezometer records; see Section 3.3.

Excavation
Centreline

Fixed in
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Fixed | '
boundary | | /

—»
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Figure 12 PLAXIS plane strain mesh
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Figure 13(a): Measured displacements and straefoand (b) bending moments compared with PLAX$8lte for a
strut efficiency ) of unity.
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The initial analysis of all excavation stages using 1 showed that soil movements at inclinometeations were
under-predicted and strut loads are over-predictededictions for Stage 3 (which involves excavatio layer 3; see
Figure 8) are compared with measurements in Fig8rdt is evident that maximum lateral displacersesnte under-
predicted by almost a factor of two while the sfarte at level 2 is over-predicted by 50%.

In keeping with the observations made in Sectioa decond analysis was performed using a struiexfity factor |1)
of 0.2 with all other parameters remaining identi€gure 14 presents a comparison of measurenamsPLAXIS
predictions for Stage 3 for this case. It is appatieat the use of a reduced strut stiffness Iéadwproved predictions
for maximum lateral movement and the strut forcéeatls 1 and 2. This finding combined with theeignces made
regarding temperature induced strut forces (Sed)andicates that the operational stiffness aiftstwas only 20% of
their theoretical values.
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Figure 14 (a) Measured displacements and strue$oand (b) bending moments compared with PLAXI8lte$or a
strut efficiency 1) of 0.2.

As seen on Figure 14, both displacements and bgndaments are relatively well predicted (althouliphsly better
predictions of bending moment are seen in Figuje UBfortunately, malfunctioning strain gauges kechat about RL
-14m did not permit comparison of the observed tiegdending moments around this level.

6 CONCLUSIONS
This paper describes the performance of steeksimn braced excavation in the Perth CBD. It waseoved that:

1. The vibrating wire strain gauges employed prewvédreliable and accurate means of measuring lstds.
The simultaneous measurement of strain and temperaliowed diurnal temperature effects in thetstto be
identified and assessed.

2. Excavation induced strut loads are over-predisignificantly and displacements are under-predidf the
axial stiffness of struts is taken as equivalenth® theoretical value for straight structural mensb The
operational axial stiffness of the steel tubulawtst used at the Esplanade was only 20% of theretieal
value; such a low efficiency can be explained bglatively modest initial curvature in long struts.
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3. The operational equivalent elastic soil stiffék;,;) adjacent to the sheet piles at the Esplanade lmay
expressed using Equation 1.JE & (g% ¢",>° p.>?)], where& =100 above excavation level for the observed
maximum lateral movement of ~50 mm; higher valueg operate at lower strain levels.
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