INTERNATIONAL SOCIETY FO
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERIN

SIMSG [} ISSMGE

s

This paper was downloaded from the Online Library of

the International Society for Soil Mechanics and

Geotechnical Engineering (ISSMGE). The library is
available here:

https://www.issmge.org/publications/online-library

This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.



https://www.issmge.org/publications/online-library

Geotechnical Aspects of Underground Construction in Soft Ground — Yoo, Park, Kim & Ban (Eds)
© 2014 Korean Geotechnical Society, Seoul, Korea, ISBN 978-1-138-02700-8

Numerical analysis of a 36 m deep diaphragm wall — parametric study

M. Mitew-Czajewska
Institute of Roads and Bridges Warsaw University of Technology, Warsaw, Poland

ABSTRACT: Last year a deep excavation for the construction of a metro station in Warsaw was executed
in complex geotechnical conditions. In the first stage of the investment process the primary soil investigation
was performed. Basing on the results of this investigation calculations of supporting system and the design of
casing were carried out. In the subsequent investment stages complementary soil investigations were performed
and the results were taken into account in the final analysis, design and dimensioning. Significant differences
were observed in the results of analysis made at each investment stage. In the paper, description of the case
and multiple numerical analysis of the case with variation of soil parameters are presented. The discussion of
calculation results in relation to the changing geotechnical data is presented. At the end comparison of theoretical
displacements and the displacements of the wall measured on site is given and final conclusions are provided.

1 INTRODUCTION process, i.e. building permit design stage, the primary

soil investigation was performed. Basing on the results
In Warsaw, nowadays, a great scope of undergroundf this investigation calculations of supporting sys-
works are in progress mostly in connection withtem and the design of diaphragm walls were made. In
the central part of the 2nd metro line constructionthe subsequent investment stages — tender design and
(Grodecki et all. 2009). Last year a 25.5 m deep excatechnical design stages — complementary soil inves-
vation for the construction of C12 “NOW)‘BWiat” tigations were performed and the results were taken
metro station was executed in a very complex geotectinto account in the final diaphragm walls analysis,
nical conditions (various soft Quaternary soils anddesign and dimensioning. Significant differences were
high water pressure). Location of the Station C12observed inthe results of numerical analysis (displace-
(previously, in the early design stages, called S10) isnents and internal forces) made at each investment
shown in Figure 1. stage.

Cut and cover method was used for the construction In the paper, numerical analysis of the case with
of the station; the stability of 36 m deep diaphragmvariation of soil parameters are presented in details
walls during excavation was ensured by 3 levels ofind the discussion of the results in comparison to the
underground slabs. In the first stage of investmendisplacements measured on site is performed.

2 DESCRIPTION OF THE CASE

2.1 Geometry

The approximate length of the Station C12 “Nowy
Swiat” is 140 meters and its width — 23 meters. The
layout of the Station is shown in Figure 2 and its
typical cross section in Figure 3.

2.2 Geotechnical conditions

In central Poland, in the region of Warsaw there
are very complex geological conditions. In general
the subsoil is composed of Tertiary deposits topped
with a complex of Quaternary formations from the

) Pleistocene and Holocene periods (Mitew-Czajewska,
Figure 1. Location of the C12 “Now$wiat” Station. 2014).
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Figure 2. Layout of C12 “Nowyswiat” Station.

Figure 4. Geotechnical cross section along C12 Station.

Table 1. Basic geotechnical parameters.

c

Soil layer KN/n¥ kPa

AF 18 25 0

VIl Qf3c 19 34 0

111 Qg2c 21 31 3

I Plc 20 9-18* 11-64*
I Pld 21 11-25* 11-77*

*Values differ according to different soil reports.

Figure 3. Typical cross section of C12 “Nowgwiat”  groups of experts were appointed in order to evaluate
Station. soil parameters for the design of the station. Because
of the significant depth of the excavation as well as
Soil conditions at the construction site of C12due to the difficult layer of Pliocene clays dominat-
Station are shown in Figure 4 and are as follows:  ing in the soil base it was essential to set proper
soil parameters in order to obtain realistic values of
bending moments for the dimensioning of diaphragm
walls. It was also crucial for the safety of construc-
tion works and the restriction of displacements of

— directly under the surface, 3-5m thick anthro-
pogenic soils (so called artificial fills, AF) occur,

— below the layer of fills, 6—7 m thick fluvioglacial
formations occur in the form of medium to coarse

sands (VIII Qf3c), su_rroundln_g structures (Siemihska-Lewandowska &
. . . Mitew-Czajewska 2008).
— then there is a 5-6m thick layer of glacial sandy The first geotechnical investigation was performed
clays (Il Qg2c),

t early investment stages, before the tender design
tage. There was a geotechnical report issued at that
stage (Geoteko 2007).

Then, two groups of experts were appointed for the
evaluation of geotechnical conditions, and presented
their reports — foreign (Erol 2010) and Polish (Mitew-

The main groundwater table is located at 25.50 nCzajewska & Siemihska-Lewandowska 2010).
above the “0” level of the Vistula River (8.5m below  During the construction a complementary inves-

— under the clay layer Quaternary Pliocene clays ar
found, which occur as clays, silty clays or stiff silty
clays. This layer is divided into 2 layers (I Plc
and | PId) taking into account the change in its
parameters with depth.

the surface of the ground). tigation was performed and the final geotechnical
Basic geotechnical soil parameters of all soil layergeport was issued (Geoteko 2010). At the end, again,
specified above are compiled in Table 1. foreign experts presented their opinion included in

During the investment process there were severdhe final technical design of the C12 Station (ILF
soil investigation campaigns performed and severaConsulting Engineers Polska Sp. z 0.0. 2011).
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Figure5. Maximum (final) displacements of the diaphragm
wall measured during construction [mm].
Figure 6. Analysis scheme (geotechnics and geometry).

2.3 Construction stages

The Station was built using cut and cover and top3 NUMERICAL ANALYSIS

down method (ILF Consulting Engineers Polska Sp : ;

Z 0.0. 2011). The following construction stages weres'1 Basic assumptions
applied after the construction of peripheral diaphragnalculations were made using dependent pressures
walls; method — GEOS5 Sheeting check software, which was
also applied for the design of diaphragm walls at the
%uilding permit design stage. The modulus of subsoil
reaction (K) was calculated according to the the-
ory of Chadeisson (Chadeisson 1961). One, typical

— Stage 2 - Construction of the roof slab of the uppegg e chnical cross section was modeled, closest to the
station (29.33 m above “0” level of Vistula river); inclinometer

— Stage 3 — Excavation to the level of 23.20 m above ; ; ; .
“0” level of Vistula river (i.e. 9.8 m below ground The following basic assumptions were adopted:

— Stage 1 — Excavation to the level of 28.10 m abow:
“0” level of Vistula river (i.e. 4.9 m below ground
surface);

surface); — Final excavation depth — 25.5m,
— Stage 4 — Construction of the first/top intermediate— Diaphragm wall height — 36 m,
slab (23.785m above “0” level of Vistula river); ~ — Diaphragm wall thickness — 1.2 m,

— Stage 5 — Excavation to the level of 15.80 m above— 3 slabs supporting the diaphragm wall; thickness
“0” level of Vistula river (i.e. 17.2 m below ground ~ of slabs (from top to bottom respectively): 1.2m,
surface); 0.6m, 0.5m,

— Stage 6 — Construction of the third/bottom — Foundation slab thickness —1.2m,
intermediate slab (16.385m above “0” level of — Construction stages as specified in chapter 2.3.

Vistula river); : }
— Stage 7 — Excavation to the level 7.50 m above “0” The geometry of the model and geotechnical con

) ; A ition nsidered in the analysis are presen in
level of Vistula river (i.e.S25.5m below ground ditions considered e analysis are presented

surface); Figure 6.
' . ) In ition followin mption ncernin
— Stage 8 — Construction of the foundation slab. aadition following assumptions concerning

underground water modelling were adopted in accor-
dance with construction methods:

2.4 Measurements results — Peripheral diaphragm walls embedded in clays cut
the inflow of water into the excavation,

— No influence of dewatering of the excavation into
the surrounding structures,

— The water level inside the excavation was lowered

in accordance with the excavation depth (always

1 m below the current excavation level).

During the construction of C12 Station continuous
monitoring of displacements of diaphragm walls was
performed by means of automatic inclinometers.
Readings from the inclinometer, closest to the
calculation cross section, were chosen for the veri-
fication of analysis. The location of the inclinometer
and final (maximum) displacements curve measured Calculations were made in 9 series with variation

during construction are shown in Figure 5. of mechanical parameters of clays only (i.e. layers |
The maximum measured value of the horizontaPIc and | Pld) assuming, in most of the cases, effective
displacement was 15.6 mm. stress state, effective cohesior) @nd effective angle
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of friction ( ). In some calculations total stresses The calculation series were the following (changes
state and total parameters were used. consider only parameters of clay layers | Plc, | PId):

Finally, in the last calculation series, the combina- _ g e 1 _ mrameters derived from geotechnical
tion (_)f ef_fectlve stresses state and total parameters was report (Geoteko 2007) issued at tender design stage
applied in order to present problems resulting from (effective parameters, effective stress state)
misapplication of total soil parameters in effective _ Series 2 — Interpretétion of parameters b’y for-

stress state, which is acommon practice among design- _. .
ersin Poland. That is due to the fact that Polish former eign experts at early design stages (Erol 2010),

Code (PN-81 B-03020. 1981), valid before Eurocode 7 (éaﬁgctlv?? pzlar?metetr St’- eﬁe?lve Strests St%te)f’ :
PN-EN 1997-1:2008) was introduced, but still in use, eres o - ‘nterpretation of parametets oy foreign
( ives recommendations on typical tot:':\I arameters 6f experts at the technical design stage (ILF Consuit-
g e typical, P ; ing Engineers Polska Sp. z 0. 0. 2011), (effective
soils, not mentioning effective parameters, which are

- . o parameters, effective stress state),
usually required for the design of retaining structures._ go 054" nterpretation of parameters by Polish
While there is no sufficient data on soil parameters

for a given project, designers tend to use parame- experts at early design stages and polish (Mitew-
ters from the Code (PN-81 B-03020, 1981) or from C2ewska & Siemifska-Lewandowska 2010),

. . - . . (effective parameters, effective stress state),
L specil geatectnical eport ncudng SIakaLon Ser 5 - farameters derved from th fina
P geotechnical report issued during construction

1st metro line in Warsaw (BP Metroprojekt 1987). . .
The final series of analysis (7—9) were therefore tak- (Geoteko 2010), (effective parameters, effective
A . A stress state),

ing into account clay parameters given in this report

(BP Metroprojekt 1987).

Table 2. Parameters of clays (IPlc, IPId) in calculation

Series.

IPlc IPId
Calculation ¢ c
Series kPa kPa
Series 1 11 16 11 16
Series 2 11 16 15 25
Series 3 64 12.6 77 12.6
Series 4 11 18 20 18
Series 5 10 18 15 18

Series 6 &t = 30* ot = 13* Gyt = 30* tot = 13*
Series 7 et=45% 1= 9%  Cyor= 50*  or= 11*

Series 8 25 16 30 17

Series 9 45 9 50 11 ) ) ) ) )
Figure 7. Theoretical horizontal displacements in all

*Cyor — total cohesion, y; — total angel of friction. calculation Series [mm].

Table 3. Comparison of the results of analysis — all calculation Series.

Series IPlc IPId
o] Cc Umax Mmax/Mmin
kPa kPa mm kNm/m
Series1l 11 16 11 16 —*
Series 2 11 16 15 25 8.7 1130/1000
Series 3 64 12.6 77 12.6 2.8 525/465
Series4 11 18 20 18 14 1670/1300
Series 5 10 18 15 18 17.7 1885/1635

Series 6 fot = 30 tot = 13 Got = 30 tot — 13 —*
Series 7 et= 45 ot=9 Got = 50 wot= 11 —*
Series8 25 16 30 17 10 1300/1050
Series9 45 9 50 11 8.2 1295/1150

* The diaphragm wall is not stable (not fixed) at the bottom.
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Figure 9. Theoretical displacements in series 4 and 5 [mm].

Figure 8. Theoretical horizontal displacements in Series 2,
3,4,5,8,9 [mm].

— Seriess 6 — Rirameters derived from the Polish Code
(PN-81 B-03020. 1981), (total parameters and
total stress state),

— Series 7 — Rarameters derived form the geotechni-
cal report issued for the 1st metro line construction
(BP Metroprojekt 1987), (total parameters, total
stress state),

— Series 8 — Rarameters derived form the geotech-
nical report issued for the 1st metro line construc-
tion (BP Metroprojekt 1987), (effective parameters,
effective stress state),

— Series 9 — Rarameters derived form the geotechni-
cal reportissued during 1st metro line construction
(BP Metroprojekt 1987), (total parameters, effec-
tive stress state).

Parameters of clays, in all calculation Series are
compiled in Table 2. Other soil parameters in all

calculation Series were assumed as given in Table 1Figure 10. Bending moments in Series 2, 3, 4, 5, 8, 9

[KNm/m].
3.2 Results of analysis

The results of all calculation Series, i.e. values of hor- Best fitting theoretical curves of horizontal dis-
izontal displacements and bending moments, togeth@acements in comparison with measurement results
with corresponding values of soil parameters, arévere obtained in Series 5 and 4, these are presented in
compiled in Table 3. Figure 9. o . .
Calculation Series 1, 6 and 7 showed huge displace- Figure 10 shows significant differences in result-
ments of the bottom of the diaphragm wall (Figure 7)ing bending moments: maximum momentranges from
as well as unrealistic values of bending moments u§25 to 1885 kNm/m and minimum moment from 465
to 53000 kNm/m. Which means that the wall is unstaf0 1635 kNm/m.
ble and cannot be designed using these sets of clay
parameters. Series 1, 6 and 7 are therefore excluded
from further considerations. 4 CONCLUSIONS
The results of remaining calculation Series, i.e.
Series: 2, 3, 4, 5, 8, 9 are shown in Figure 8 and 9ln the paper, numerical analysis of the deep excavation
Maximum theoretical displacements in these Seriewalls with variation of soil parameters are presented in
range from 2.8 to 17.7 mm. The black thick line in detail. In nine calculation series values of mechanical
Figure 8 represents maximum, final displacementparameters (c,) of clays dominating in the soil base
curve measured during construction. were changed according to several sources of data.
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The results were verified in relation to the diaphragmChadeisson, R., 1961. Parois continues moulées dans le

wall displacements measurements performed during Sols.Proceedings of the 5th European Conerence on Soil

construction. Mechanics and Foundation Engineeringl. 2: 563-568.
The analysis proved that there is a significantimpacy._Paris: Dunod. . .

of clay parameters on the resulting values of th rol, O. 2010. A view-point report on soil parameters for

. . . . Warsaw metro project.
theoretical displacements and bending moments in th@eoteko Ltd. 2007. Geological-engineering and hydrological

diaphragm wall. documentation for the Il subway line in Warsaw.

The results of calculation Series 6 and 7 proved thageoteko Ltd. 2010. Geotechnical documentation for the
the use of total stresses state and total parameters forll subway line from “Rondo Daszyhskiego” station to
the design of deep excavation walls is not correct. “Dworzec Wilehski” station in Warsaw.

Using data (soil parameters) from several diversérodecki, W, Siemifiska-Lewandowska, A.sRi S. 2009.
sources (national Code, similar experience — local and acr?gsé;“e%tgiir(‘)nozqufsgmzcg‘ldmggoog"tfe —35%0?'&”15
international), calculation Series: 1, 2, 3, 8, 9, led to : . i
an underesti)mation of theoretical displacements and AITES World Tunnel Congress, Singapore 2009 2:

bendi Thi | 1210-1214; Rotterdam: Balkema.
ending moments. IS may, as a result, cause qﬂEConsuIting Engineers Polska Sp. z 0.0.2011. C12 “Nowy

incorrect design of the wall, dimensioning of the  §yjat” station structural design. Report and calculations.
structure, etc. Mitew-Czajewska, M. 2014. Uncertainty of geotechnical
The best results were achieved in Series 5, applying conditions in the construction process — a case study
clay parameters from the final geotechnical reportand of metro tunnel constructiorinizynieria i Budownictwo
in Series 4 using clay parameters from the interpreta- 6/2014: (inpolish).
tion report performed by polish experts. Mitew-Czajewska, M. & Siemihska-Lewandowska, A. 2010.
That allows the author to emphasize the impor- i"aluatio’] of ge‘]i't‘;‘:h”icak')par""lmet?rs for the design of
. s o . the central part of the Il subway line in Warsaw.
tance of detailed soil investigation for the deS|gn_ OfPN-EN 1097-1:2008. 2008. Geotechnical design. General
underground structures, such as deep excavations. es (in polish)
Also it may be stated that in order to evaluate propepn-g1 B-03020. PKN 1981. Spread foundations. Static
design parameters of soils (interpretation of geotech- calculations and design (in polish).
nical investigation report) it is crucial to appoint local Siemihska-Lewandowska, A. & Mitew-Czajewska, M. 2008.
geotechnical experts. The effect of deep excavation on surrounding ground
and nearby structures. In Charles W.W. Ng, H.W. Huang,
G.B. Liu (eds),Geotechnical Aspects of Underground
REFERENCES Construction in Soft Ground. Proceedings of the 6th
International Symposium (IS-Shanghai 2008), Shanghai
BP Metroprojekt. 1987. Summary of soil parameters for the 1012 April 2008. Rotterdam: Balkema.
geotechnical layers occurring along the 1st metro line in
Warsaw (in polish).
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