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Abstract: Geotechnical investigation and static
analysis of deep excavation walls — a case study
of metro station construction in Warsaw. The pa-
per presents detailed analysis of the case — a con-
struction of deep excavation of metro station
in Warsaw. Basing on this example, the great
impact of the accuracy of the geotechnical in-
vestigation on the static analysis of diaphragm
walls is discussed. Geotechnical studies for the
construction of the central section of the second
metro line were carried out in stages. Basic geo-
technical soil investigation took place in the first
stage of investment process, e.g. building permit
and tender design stages in 2003-2004, 2007
and 2010. In subsequent years, complementary
soil investigations have been performed by the
contractor, and the results occurred to differ
significantly. In the first part of the paper de-
tailed description of the case is introduced. The
geological conditions in the area of the station
and the interpretation of the results of the three
successive stages of geotechnical investigation
are presented. As a result, two locations were
selected with a great diversity of the soil pro-
file depending on the stage of investigation. For
each location, detailed, multiple static analysis
of diaphragm walls were performed, taking into
account changes in the soil profile. In the paper,
one selected location is described in detail. The
discussion of calculation results for this location
in relation to the changing geotechnical data is
presented and final conclusions are provided.
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INTRODUCTION

In Warsaw, nowadays, a great scope of
underground works are in progress. The
central part of the 2™ metro line has
just been completed and the tender for
its extension in east and west direction
was announced. The case, which will
be further discussed, is a 24.70 m deep
excavation for the construction of C11
“Swigtokrzyska” metro station, one of
the deepest stations within the central
part of the 2™ metro line (Fig. 1), ex-
ecuted in a very complex geotechnical
conditions (various soft Quaternary soils
and high water pressure) (Mitew-Cza-
jewska 2014a).

Cut and cover method was used for
the construction of the station; the sta-
bility of 30-33 m deep diaphragm walls
during excavation was ensured by three
levels of underground slabs. In the first
stage of investment process, i.e. build-
ing permit design stage, the primary soil
investigation was performed. Basing on
the results of this investigation calcula-
tions of supporting system and the de-
sign of diaphragm walls were made. In
the subsequent investment stages — ten-
der design and technical design stages —
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FIGURE 1. Location of C11 the “Swigtokrzyska” Station; central part of the 2" metro line in Warsaw

complementary soil investigations were
performed and the results were taken
into account in the final diaphragm walls
analysis, design and dimensioning. Sig-
nificant differences were observed in the
results of numerical analysis (displace-
ments and internal forces) made at each
investment stage.

In the paper, numerical analysis of
the case with variation of soil profiles is
presented in details and the discussion
of the results in relation to the changing
geotechnical data is performed.

DESCRIPTION OF THE CASE
Geometry and construction stages

The approximate length of C11 the
“Swigtokrzyska” Station is 137 m and
its width — 23.6 m. Maximum excavation
depth was 24.70 m. The typical cross-sec-
tion of a station is shown in Figure 2.

The Station was built using cut
and cover and top down method (ILF
Consulting Engineers Polska Sp. z o.0.
2011). The following construction stag-
es were applied after the construction of
peripheral diaphragm walls:

e Stage 1 — excavation to the level of
32.30 m above “0” level of Vistula
river (i.e. 3.2 m below ground sur-
face);

e Stage 2 — construction of the roof
slab of the upper station (top surface
at 33.50 m above “0” level of Vistula
river);

e Stage 3 — excavation to the level of
27.60 m above “0” level of Vistula
river (i.e. 7.9 m below ground sur-
face);

e Stage 4 — construction of the first/
/top intermediate slab (top surface at
28.20 m above “0” level of Vistula
river);
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FIGURE 2. Typical cross-section of C11 the “Swigtokrzyska” Station

e Stage 5 — excavation to the level of
19.20 m above “0” level of Vistula
river (i.e. 16.3 m below ground sur-
face);

e Stage 6 — construction of the third/
/bottom intermediate slab (top sur-
face at 19.80 m above “0” level of
Vistula river);

e Stage 7 — excavation to the level
10.80 m above “0” level of Vistula
river (i.e. 24.70 m below ground sur-
face);

e Stage 8 — construction of the founda-
tion slab;

Geotechnical conditions

In central Poland, in the region of War-
saw there are very complex geologi-
cal conditions. In general the subsoil is
composed of Tertiary deposits topped
with a complex of Quaternary forma-
tions from the Pleistocene and Holocene
periods  (Mitew-Czajewska 2014b,
Sieminska-Lewandowska and Mitew-
-Czajewska 2014). The top surface of
Tertiary, Pliocene layer is very uneven
and irregular in the effect of three glacia-
tions, which occurred after this period.
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This irregularity may be observed at the
geotechnical cross-section drawn along
a station (Fig. 3). Soil conditions at the
construction site of C11 Station are as
follows:

directly under the surface, 3-5 m
thick anthropogenic soils (so-called
artificial fills, AF) occur;

mainly in form of medium to coarse
sands and/or locally — clays and
sandy clays;

under the moraine layer Tertiary
Pliocene clays are found, which oc-
cur as clays, silty clays or stiff silty
clays. This layer is divided into two
layers (I Plc and I Pld) taking into

e below the layer of fills, from 0 up to account the change in its parameters
34 m thick glacial formations occur with depth.
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FIGURE 3. Geotechnical cross-section along C11 the “Swictokrzyska” Station
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The main groundwater level is lo-
cated at 25.50 m above the “0” level of
Vistula river (approximately 10 m below
the ground surface).

Basic geotechnical soil parameters of
all soil layers specified above are com-
piled in Table 1.

TABLE 1. Basic geotechnical parameters

Soil layer ! @ <
kN/m3 ° kPa

AF 18 25 0

Sand 20 36

Clay 20.5 31 3

I1PId 21 18 15

During the investment process there
were several soil investigation cam-
paigns performed. The first geotechni-
cal investigation was performed at early
investment stages, before the tender de-
sign stage 2003—-2004 and 2007. There
was a geotechnical report issued at that
stage (Geoteko 2007). During the con-
struction a complementary investigation
was performed and the final geotechni-
cal report was issued (Geoteko 2010). In
subsequent years, complementary soil
investigations have been performed by
the contractor, and the results occurred
to differ significantly. Two locations
were selected with the greatest diversity
of the soil profile depending on the stage
of investigation BH-1 and BH-14. The
interpretation of the results of the three
successive stages of geotechnical inves-
tigation for selected locations is present-
ed at Figure 4.
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NUMERICAL ANALYSIS
Basic assumptions

Calculations were made using dependent

pressures method — GEOS5 Sheeting check

software, which was also applied for the
design of diaphragm walls at the building
permit design stage. The modulus of sub-
soil reaction (K,) was calculated accord-
ing to the theory of Chadeisson (Chadeis-
son 1961). Both selected locations were
modeled (BH-1 and BH-14), concerning
three soil profiles in each case. As the
results of analysis did not differ signifi-
cantly (BH-1 versus BH-14), only one
location (BH-1) is presented in detail.

The following basic assumptions
were adopted:

e final excavation depth — 24.7 m;

e diaphragm wall height — 30.5 m;

e diaphragm wall thickness — 1.2 m;

e 3 slabs supporting the diaphragm
wall; thickness of slabs (from top to
bottom respectively): 1.2, 0.6, 0.6 m;

e foundation slab thickness — 1.2 m;

e construction stages as specified in the
Description of the case section above.

The geometry of the model and geo-
technical conditions considered in the
analysis are presented in Figure 5.

Results of analysis

The results of all calculation series
(varying soil profiles), i.e. maximum
values of horizontal displacements and
bending moments, are compiled in Ta-
ble 2 and shown in Figures 6 and 7, re-
spectively.
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C11-BH-14

FIGURE 4. Geotechnical profiles drawn at different stages of geotechnical investigation, boreholes

BH-1 and BH-14

Calculation series based on soil pro-
files 1 and 2, evaluated at early invest-
ment stages showed huge displacements
of the bottom of the diaphragm wall (Fig.
6) as well as unrealistic values of bending
moments up to 24,000 kNm/m (Fig. 7).

Which means that the wall is unstable,
not fixed at the bottom, and should be
significantly extended (Baranski 2014).
In these calculation series (profiles 1
and 2) Tertiary, Pliocene clays layer is
dominating in the soil profile. Whereas,
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FIGURE 5. Numerical model — location BH-1
TABLE 2. The results of numerical analysis
Profile 1 Profile 2 Profile 3
Item umax Mnax min Z'{max Mmax / Mmin umax Mmax / Mnin
mm kNm/m mm kNm/m mm kNm/m
BH-1 546.7 3115/24,120 548.9 3188 /24,179 16.5 2618 /2293
[mm]  Profile 1 Profile 2 Profile 3
—-548.9

FIGURE 6. Results of numerical analysis — displacements
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FIGURE 7. Results of numerical analysis — bending moments

in the final soil profile, evaluated basing
on several complementary soil investi-
gation reports, it turned out that the top
level of Pliocene clays is suddenly drop-
ping down (Figs 3 and 4). The analysis
of the third soil profile proved to give
realistic results — maximum horizontal
displacement of the wall reached 16.5
mm and maximum bending moment
2618 kNm/m.

CONCLUSIONS

In the paper, numerical analysis of the
deep excavation wall with variation of
soil profiles basing on several investiga-
tion reports, are presented in detail. The
analysis proved that there is a significant
impact of the variation of soil profile,
especially when changing the extent
of Tertiary, Pliocene clays layer, on the
resulting values of the theoretical dis-
placements and bending moments in the
diaphragm wall. It should be underlined
that, the top surface of Tertiary, Pliocene
layer is very uneven and irregular in

Warsaw, which often causes problems in
proper soil profiles evaluation.

The results of analysis of two soil
profiles drawn basing on preliminary
soil investigation data showed exten-
sive displacement of the bottom of the
wall (insufficient length of the wall)
and unrealistic values of internal forces.
Whereas, the analysis of the third profile
(final profile), created after complemen-
tary geotechnical investigation, proved
to give realistic results in terms of both
lateral wall displacements and internal
forces.

That allows the author to emphasize
the importance of detailed soil investiga-
tion for the design of underground struc-
tures, such as deep excavations.
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Streszczenie: Rozpoznanie geotechniczne a anali-
za statyczna Scian glebokiego wykopu na przykita-
dzie budowy stacji metra w Warszawie. W artykule
przedstawiono szczegbtowa analizg¢ przypadku
— glebokiego wykopu stacji metra w Warszawie.

Omoéwiono przyktad wptywu doktadnosci roz-
poznania geotechnicznego na wyniki analizy
statycznej S$cian szczelinowych stanowiacych
obudowg¢ wykopu. Badania geotechniczne na po-
trzeby budowy centralnego odcinka II linii metra
byly wykonywane etapowo. Podstawowe roz-
poznanie geotechniczne miato miejsce na etapie
projektu budowlanego i tworzenia dokumentacji
przetargowej w latach 2003-2004, 2007 i 2010.
W kolejnych latach badania byly uzupeliane
przez wykonawce inwestycji. Wyniki kolej-
nych etapdéw rozpoznania roznily si¢ znaczaco.
W pierwszej czg$ci zawarto szczegdtowy opis
analizowanego obiektu. Przedstawiono budo-
we geologiczna w rejonie stacji oraz pokazano
interpretacj¢ wynikow trzech kolejnych etapow
rozpoznania geotechnicznego. Po przeanalizo-
waniu przekrojow geotechnicznych wydzielo-
nych wzdtuz $cian zewngtrznych stacji wybrano
dwa punkty badawcze o bardzo zré6znicowanym
profilu w zalezno$ci od etapu rozpoznania. Dla
kazdego z wytypowanych w ten sposob punktow
wykonano wariantowe analizy statyczne §cian
szczelinowych z uwzglednieniem zmian profilu
gruntowego. W referacie omowiono szczegdto-
wo jeden wybrany przypadek charakterystyczny,
przedstawiono wyniki obliczen oraz przeprowa-
dzono ich dyskusj¢ w odniesieniu do zmienno$ci
warunkow geotechnicznych.

Stowa  kluczowe: rozpoznanie geotechniczne,
Sciany szczelinowe, analiza numeryczna, glgbo-
kie wykopy
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