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Extended summary

1. INTRODUCTION

The continuous urbanisation of the metropolitan areas entails significant demands on
underground works and sustainability along with the assessment of impact to the
adjacent infrastructure. Therefore, the design of retaining structures in the frame of
serviceability limit states with advanced methods is highly recommended.

Such methods have been widely presented by several researchers, as for instance

by Peck (1969), O6Rourke (1976), Ma n a
(1990) and Hsieh & Ou (1998) and established as semi-empirical methods for
predicting ground settlement profiles, referring to specific retaining systems on given
soil conditions and in-situ data. Simplified models have also been proposed for
ground surface settlements under 2D F.E conditions (i.e. Schweiger 1998). However,
published research examining an integrated design procedure of a retaining system
both under 2D and 3D conditions is rather limited.
Based on such studies, the scope of the current study is to introduce a parametric
investigation on the ground surface displacements adjacent to deep excavations
using both 2D and 3D F.E models. The displacements caused by deep excavations
can be distinguished in the following:

1 settlements

1 lateral displacements

9 basal heave
and are greatly affected by factors such as:

1 the width, length and height of the excavation

T the retaining structurebds stiffness

9 the type and the spacing of the lateral support

1 the mechanical characteristics of the soil

9 the coefficient at rest

1 the workmanship during construction
Ités rather conceivable that combi ni mg
large spectrum of parameters and incomparable results. Thus, the current study
employs a typical O p u tie-back wall system supported by 4 rows of prestressed
anchorages. The latter has been subjected to 2D analyses, where plain strain
conditions are considered and to triaxial conditions, where rectangular plan view is
considered for ratios: a) 0O p and b) 0¥O ¢& (whereas 0 is the excavation
length).
The analyses consist of the construction and simulation of the retaining structure,
foll owed by serviceability statesd exami

linear constitutive model Hardening Soil. Elastic-perfectly plastic (LE-PL) Mohr-
Coulomb models are also employed for comparison. Particular attention has been
given to the excavation geometry as well as the definition of the surrounding soil and
the structures characteristics.
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2. DESIGN PROCEDURE

The displacementsé parametric investigation by F.E models requires a well-defined
geometry, well-simulated retaining structure and specific assumptions for the
anchorages. Therefore, the design procedure, as a preliminary stage, consists of the
a) geometry, b) material properties and c) influence parameters under which the
comparisons are held.

2.1 Geometry
The geometry model of Figure 1 has taken into account an arbitrary preliminary
simulation of rectangular excavations of two types:

1 Rectangular excavation: 076 p

1 Rectangular excavation: 076 ¢&

where L: the length of excavation and B: the width of excavation

PLAN VIEW - RECTANGULAR EXCAVATION L/B=1 PLAN VIEW - RECTANGULAR EXCAVATION L/B=2.5
. L :
|
|
‘ |
= srmonas | sEemonas
|
|
‘ ‘ ‘ ‘
| |
SECTION a-a' - RECTANGULAR EXCAVATION L/B=1 SECTION a-a' - RECTANGULAR EXCAVATION L/B=2.5

| |
| |
| |
| |
I }
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4+ 4+
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Figure 1: Plan view of the examined geometry.
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Figure 2: Imported geometry for 2D analysis.

For the rectangular excavation with ratio 076 ¢®, 2D F.E models have been taken
into account (Figure 2) supposing that plain strain conditions could adequately
correspond to the existing conditions, whilst for the ratio 076  p, triaxial conditions
are necessarily recommended. Particularly, two types of rectangular plan views are
considered given the pre-defined height of excavation™©O p u:

17T O0FO »p

T O0FO &
whereas 0 is the excavation length.



The selection of such has been made, so that integer number of piles could fit in the
width and length of excavation none of which on the boundaries as shown in Figure

3.

3D MODEL GEOMETRY (L/H=1) 3D MODEL GEOMETRY (L/H=2.5)
L

Concrete Piles Prestressed anchors
Prestressed anchors

i

Shotcrete H Concrete Piles
v ) i

Shoterete

v =

X.

Figure 3: Imported geometry for 3D analyses.

The geometry is being imported rigorously into the F.E software (Figure 4a, 4b, 4c).

a) 2D

ic version cademic version Academic ve

b) L/Ha1
L 1 L
) L/H&2.5

Figure 4: 2D and 3D FE models.

2.2 Material properties
The retaining bulkhead characteristics have been derived by geotechnical parametric
investigation. Particularly, two soil stratifications have been considered:
1 Soil,1: weather conglomerate with overlying weathering mantle of clayey sand
& gravel of maximum thickness 3.5 meters , in which the soil behavior can be
assumed -ashésabwmneo

\



1 Soil,2: overconsolidated clay, in which the soil behavior can be modelled as
purely cohesive

a) GEOTECHNICAL DESIGN SECTION - PROFILE 1 b) GEOTECHNICAL DESIGN SECTION - PROFILE 2

0.00 0.00
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Figure 5: Geotechnical design sections, a) soil profile 1, b) soil profile 2.

,whilst the retaining system consists of a series of concrete piles and a thin layer of
shotcrete in-between them. Particularly, piles of q80cm piles with 3 meters of
spacing along the transversal direction have been modelled.

PILE RETAINING WALL - PLAN VIEW

REINFORCED SHOTCRETE
C2025

. T
;
1
Figure 6: Plan view of the retaining piles.
Table 1: Pile design characteristics.
Description Symbol (unit of Value
measurement )
Excavation height H (m) 15
Embedded pile length f(m) 3
Pile diameter g (m) 0.80
Pile spacing s (m) 3.0
Stiffness A GPa) 30
Poisson ratio 3 -)( 0.15

The prestressed anchorages are placed in 4 rows with equivalent length along the
excavation height and designed with pre-defined fixed anchor length of 6 meters.
Then, the free length could derive from the active failure plan as proposed by
Rankine (1857).



The prestressing forces can be obtained as a percentage of the design resistance of
anchors, since no pull-out tests had been carried out. For the current study the
prestressing forces or lock-off forces are assumed, as follows:

0  TEzYj
,where 'Y j : the design resistance of anchors obtained by a pre-defined spectrum of
bond stress.

TYPICAL LAYOYT OF PRESTRESSED ANCHORAGES

- ]

/

.

/_ Active failure plan (Rankine!
/ plan ( )

/ ®

4 VAL

Figure 7: Typical layout of prestressed anchorages.

Table 2: Anchors design characteristics.

Symbol (unit of

Description measurement ) Value
Number of anchors per row n(-) 4
Drilling hole diameter Dg (cm) 12
Vertical distance of anchorages I (m) 3.0
Inclination angle of the anchors U (deg 20°
Horizontal distance of anchors Lspacing (M) 3.0
Free anchor length Lt (m)
Fixed anchor length Lg (m) 6,0
Design resistance of anchors Rad (kN) Influence parameter

2.3 Factors affecting the displacement distribution

As mentioned above, the present study is focused on the parametric investigation of
the ground surface displacements adjacent to deep excavations in the spectrum of
specific geotechnical parameters using the FE method. Particularly, two soil types
with two constitutive models:

f Linear elastic i Plastic Mohr-Coulomb with parameters: [ fr toHOR AY
i Non-linear Hardening Soill model with parameters:
rk OO RO R ORAY
and three prestressing conditions are settled:
M LockT off force I: 0 0

M LockT off force Il: © co
M Locki off force lll: 0 o0

for three representative values of coefficient at rest:



T 0 »p
q 0

[ "@¥ripst for soil type |

@ fpdt for soil type I

The analyses have been carried out in both 2D and triaxial conditions for ratios a)
0F0O pandb) OO ¢&, according to the geometries shown in Figure 2 & 3.

3. OUTPUT RESULTS

The output results are deduced in terms of normalized settlements and lateral
displacements using the fixed excavation height 'O p W as a function of
normalized distance from excavation OrQ

It 6s

rat her

concei vardlieat hag

seéetpbemént b

the non-linear Hardening Soil model, whilst for the LE-PL Mohr-Coulomb heave.

Normalized settlementuy/H(-)

Normalized settlementuy/H (-)

-0,07%

-0,05%
-0,03%

-0,01% |

Settlements distribution for soil type |

Normalized horizontal distance from the face d/H (-)
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_—_—
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2D, K,=0.5, HS

0,20%

0,0 05 1,0 15 2,0 2,5 3,0 3,5 4,0 4,5

Figure 8: Comparison of settlementsédistribution between HS and MC for both soil types.

LE-PL model also indicated basal heave while underestimates the lateral and vertical
movements surrounding the excavation as shown in Figure 8 & 9.

a)

Figure 8: Total displacements for soil type | with: a) MC, b) HS under triaxial conditions

(L/HAL)

dr 8



Figure 8: Total displacements for soil type Il with: a) MC, b) HS under triaxial conditions
(L/H&2.5)

In order to examine the influence of model conditions on the settlementsadistribution,
a series of comparison charts has been conducted for each prestressing force and
coefficient at rest. A few indicative charts are presented below for 0 p8tand 0

co.

From the indicative comparison chartsitcanbenoted t hat t he settl ement s
2D and 3D coincide for the case of soil type Il, while convergence in the maximum

settlement at the crest is observed for the soil type I. Apparently, the narrow

excavation indicates lower settlement profiles and limited influence zone.

a) Settlements distribution for soil type | with HS

Normalized distance from the face d/H (-)
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— 0,00% . ! T T Ao era m o=
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0,01% I
E O —8—7D
z —e—L/H=1
3
L =
s L/H=2.5
= 0,02% [
g
zE A2, K,=1.0

0,03% L

b) Settlements distribution for soil type Il with HS
Normalized distance from the face d/H (-)

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
— 0,00% ; : : : : |
T W
ES
>
= 0,10% ‘
5 -<-=
g —8—2D
ﬁ 0,20% —a—L/H=1
g L/H=2.5
.T; 10,
£ 0,30% A2, Kp=1.0
2

0,40%

Figure 9:Set t l ement sé di stribution comparifeon charts f
maximum value of coefficient at rest for: a) soil type I, b) soil type Il

The objective of the initial analysis has been set to the ground surface displacement
profiles, which can be part of the general Serviceability Limit States (SLS).Though,
implicitly, Ultimate Limit States (ULS) still lie within the analysis, providing details
regarding the design of the retaining wall and the prestressed anchorages. Hence,
safety factor (SF) charts are also presented.



Safety factor for soil type Soil,;
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Figure 10: Bilinear variation of the safety factor with respect to the prestressing forces in the
model conditions domain for: a) soil type I, b) soil type II.

4. DISCUSSION AND CONCLUSION
The conclusions of the current analysis can be deduced in the following bullets:

9 It is highly recommended using the tangent stiffness for unloading reloading
as in Hardening Soil model. Comparative analyses with the LE-PL Mohr-
Coulomb have indicated ground surface heave instead of settlements and
negligible effect of the prestressing forces.

T Settl ement s B grehilysaffectad byuhe isail type (either cohesive or
non-cohesive), the prestressing forces 0 and the ratio 07O under triaxial
model conditions. On the contrary, the influence of the coefficient at rest 0
seems rather negligible as the ground movements are mostly depending on
the wall stiffness, the tangent stiffness for unloading-reloading and the
increase on the prestressing force.

1 Primary influence zone (PIZ) is located among @ T& p8& ‘O and for w

p& p® Ofor soil type | and Il respectively, while it is rather limited for the

lower values of ratio 0¥Q. In comparison with semi-empirical studies, results
suggest a limited PIZ (w ¢Oaccording to Clough & O6Rour
Hsieh & Ou (1998).

1 Output results have also indicated the maximum settlement point, which
varies @ v T 'Ofrom the face of the retaining wall. Apparently, this
corresponds to soil type Il, where concave type prevails. For the spandrel
type (soil type 1) the maximum surface settlement develops at the crest.

1 Regarding the magnitude of the settlements, the latter has been determined

within the range —~ 18t p vhBt 0 v land — N T 1T A v Pfor soil type |
and Il respectively, which is actually lower than the one suggested by Peck
(1969), — pbPand comparable with one- sdgested b
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LEPL Linear elastig plastic
MC: Mohr-Coulomb

NC: Normal consolidation
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