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1. Introduction

From the mid-1990s, the demand for deep excavations necessary for the construction of
underground garages or underground infrastructures, such as metro stations, has increased
considerably. The design of excavation walls and the prognosis and monitoring of
deformations induced by deep excavation works are primarily geotechnical design task
(Manninger et al. 2019). The quality and the reliability of the design and deformation
prognosis depend on

- the quantity and the quality of ground explorations,

- the characteristics and the realization accuracy of the modelling procedure(s),

- the consideration of past monitoring experience on similar deep excavation works.

Majority of the deep excavation projects in Hungary in recent decades were done in the
centre of Budapest, where demand is still not expected to decrease. Majority of these projects
(on the Buda side near the riverbank, and on the Pest side between the Danube and Hungaria
road) were executed in similar geotechnical conditions. The man-made ground of typically 2-
5 meters thickness is underlain by finer and in deeper levels coarser-grained fluvial sediments
of the Danube. The bedrock is the Oligocene clay with low permeability and favourable
mechanical properties, which appears between 8-15 meters depths, (Gordg 2008, Barsi, Gorog
and Torok 2011) or the typically more heterogeneous Miocene clay interbedded with more

permeable granular bands (Kocsisné Bodnar, 2015).

The most typical retaining wall solution of such excavations are diaphragm walls
embedded in the Tertiary clay layer with temporary supports (R. Szepeshéazi, Meszlényi and
Radvanyi 2009). Up to a maximum pit depth of 15-18 meters, temporary support of the
diaphragm walls is feasible by temporary ground anchors and potentially steel struts at the
corners (Figure 1) as this way the related displacements can be limited to an acceptable range.
Deeper excavations could only be safely supported by steel props interconnecting the opposite

sides of the excavations and/or using top-down construction method.

Many projects have been constructed using such technical solutions, but no comprehensive
study has been published to summarize local design experiences and deformation monitoring
results apart from a few case studies (Deli, Kaltenbacher and Havas, 2009). Local design
offices only publish their experiences to a limited extent therefore the development of design

processes is not integrated.




ATTILA SZEPESHAZI
THREE-DIMENSIONAL NUMERICAL SOIL-STRUCTURE
INTERACTION ANALYSIS OF DEEP EXCAVATIONS

man made fill \ 4 GWL 2-5m

5-18m
sediments of the Danube
silts at top

sand & gravel below 3-13m

y

Lowered GWL

low permeability
clay bedrock 1-3 level of
drilled. injected. prestressed
ground anchors

RC diaphragm wall L2

=50-80cm
Figure 1. Typical geotechnical conditions and deep excavation solution in the centre of Budapest

Geotechnical finite element software products that enable the application of complex
material models (Benz 2008) and three-dimensional geometry (Koch 2022) became available
about fifteen years ago. Despite the promising international research studies (Ou et al. 1996,
Zdravkovic 2009), these procedures are still not widespread in practice and did not replace the
two-dimensional subgrade reaction (Winkler-type) models. However, it is also true that even
these latter, more simple procedures and typical solutions served the industrial demands well

and deep excavations were built without serious damages.

In the absence of comparative experience, the use of simpler procedures raises numerous
uncertainties in case of different geotechnical conditions or more complex geometry. In such
scenarios, finite element procedures could provide more reliable solutions. These reasons
governed this research to summarize and analyse the experiences of many past projects built
in the above explained circumstances and to analyse the applicability of modern modelling

procedures.

The choice of this research topic was also motivated by the fact that my professional
engineering activities were mainly related to deep excavation projects in Budapest. I hope that
these experiences in conceptual and detailed design, construction and monitoring of such deep

excavations support the research to provide results which can be used by practitioners.

2. Research objectives

The main objectives of the research were to answer the following questions:

- Based on the evaluation of deformation monitoring results of deep excavations in
Budapest, can such empirical correlations be established that can predict horizontal wall
deformations and the related surface settlements in function of the pit geometry when

above-described typical geotechnical conditions of Budapest are valid?
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Are the widely used two-dimensional Winkler-type modelling procedures adequately
reliable to model typical deep excavations in Budapest in the light of monitoring results?
Can two-dimensional finite element models become a practical tool for modelling deep
excavations by considering the small-strain stiffness of the soil?

Is it profitable to create three-dimensional models for the analysis of deep excavations?
Can recommendations be formulated on how to simply convert the results of two-
dimensional models with spatial effects and therefore avoid the application of time-

consuming three-dimensional models?

3. Structure of the dissertation

The dissertation is divided into three main chapters between the introduction, literature

overview and the summary of the scientific results:

Compilation of a database containing the inclinometer results of 20 wall sections of 9
different deep excavations in Budapest and associated deformation monitoring results of
the adjacent buildings (see Table 1). Presentation of the conclusions and recommendations
made based on the evaluation of the database.

Conclusions of the two- and three-dimensional back-analysis of 10 wall sections of 4
different deep excavations with ground anchored supported diaphragm walls where
inclinometer results were available (see Table 1).

Numerical parametric study of typical 3-, 4- and 5-level underground garages solutions by
ground anchored diaphragm walls in typical geotechnical conditions of Budapest. The
varied parameters are the relevant geometrical characteristics of the excavation pits. The

numerical analyses are performed using two- and three-dimensional finite element models.

4. Methodology
Methodology used in the research:

Desk study and review of literature.

Collection, screening and statistical assessment of the monitoring results in MS Excel.
Numerical back-analysis using the two-dimensional Winkler-type PARIS software
developed by Soletanche Bachy, and the two- and three-dimensional software of PLAXIS
2D and 3D using the Hardening Soil Small (HSS) material model.

Numerical parametric study using the software of PLAXIS 2D and 3D with Hardening Soil
Small (HSS) material model.

Assessment and comparison of the numerical results using MS Excel.

5.
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Table 1. Monitoring database and projects used for back-analysis

Deep excavation Number | Surface Back-analysis
Project Year of of settlement D
construction | Depth inclino | monitorin, : 2D 3D
Wall type | Support type € | Winkler
[m] P pporttiyp meters points type FEM FEM
Office building at
Bajcsy-Zsilinszky diaphragm | 2 rows of
road 2012 16.2 wall anchors 1 - yes yes yes
District V.
Office building at the
corner of Vaci road diaphragm 1 row of
and Robert K. road 2017-2018 | 134 wall anchor 4 ) yes yes .
District XIII.
Mixed-use building at diaphraem | 3 rows of
Szervita Square 2018-2019 | 17.8 | ¢Phrag W 3 41 yes yes yes
. wall anchor
District V.
Mixed-use building at diaphraem 1 row of
Pozsonyi road 2019-2020 8.7 P allg anchor 2 - yes yes -
District XITI. W o
Hotel building at .
Fiumei road 2021 | 74 |dePhragm ) 2rowsof | 67 - -
District VIIL e
Szent Gellért Sqaure 2007-2008 | 36.1 diaphragm top-dow_n 5 2 ) )
Metro4 wall construction
II. Janos P4l Papa diaphraem top-down
Sqaure 2007-2009 | 24.9 | APNAEM | ongtruction | 4 10 - .
wall
Metro4 and props
Moricz Zsigmond diaphraem top-down
Square 2006-2009 | 27 PRIAEM |- onstruction - 27 - -
wall
Metro4 and props
v . . top-down
Févam Square | 5507 2908 | 37 |diaPhragm | oo cruction | - 24 - -
Metro4 wall
and props

5. Research studies

5.1. Evaluation of the deformation monitoring database of deep excavations in
Budapest

The deformation monitoring results of diaphragm walls and adjacent buildings of 9 deep
excavation projects in Budapest were compiled, statistically evaluated considering their

technical characteristics.
Related statements: Statement 1. and 2.1-2.3.
Related publication:

Attila Szepeshazi, Dr. Balazs Moczar (2022): Deep excavation works in Budapest -
Evaluation of deformation monitoring results. Concrete Structures - Journal of Hungarian

Group of fib. 2022:1, pp. 40-51., 12 p. DOI: 10.32969/VB.2021.2.3. (In Hungarian.)
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5.2. Numerical back-analysis of anchor supported deep excavations in Budapest

A total of 4 deep excavations realized with ground anchor supported diaphragm walls in
typical geotechnical conditions of Budapest were chosen from the compiled monitoring
dataset. The depth of these excavations’ ranges from 9 to 18 m and length of the excavation
pits is at least 2.5 times their depth. Numerical back-analyses were performed on 10
inclinometer monitored wall sections at maximum excavation phase using two-dimensional
Winkler-type model and two- and- three-dimensional finite element models (for the latter, as
an example see Figure 2). During the back-analysis, stiffness of the soil was iteratively

refined to obtain a good match between the measured and calculated deformations.

Primarily, the stiffness of the clay bedrock was changed assuming drained behaviour and
keeping the following principles for all excavations. The widely accepted relationship of
Eoea=Es0=Eu/3 was considered valid in every model. The small-strain stiffness parameters
were estimated using the relationships recommended by Kramer (1996) and Benz (2008).
After comprehensive evaluation of the 10 different sections of these 4 projects to find the best
fit of the measured and calculated deformation, it was also assessed how the calculation

results change if undrained behaviour is assumed in the clay.
Related statements: Statements 3.1., 3.2. and 4.
Related publication:

Attila Szepeshazi, Dr. Baldzs Moczar (2023) Two- and three-dimensional numerical back-
analysis of deep excavation case studies from Budapest, Hungary. Periodica Polytechnica

Civil Engineering 2023, 12 p. DOI: 10.3311/PPci.21829

Figure 2. Three-dimensional model of one of the excavations

5.3. Numerical parametric study of deep excavations using two- and three-dimensional
finite element models

Two- and three-dimensional models of typical deep excavations were built with the typical
geotechnical conditions of Budapest to assess the behaviour of diaphragm walls. The models

comprise excavations with depths of Hui=10, 13 and 16 m, i.e. three-, four- and five-level

7.
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deep underground garages, supported by drilled, grouted and pre-stressed temporary ground
anchors in 1, 2 and 4 rows. Sections of the excavations are shown in Figure 3. Small-strain
behaviour of the soil was also considered in the models. The three-dimensional models were
created with a rectangular pit shape, but the length of the pit was varied: L=Hru, 25, 50, 75
and 100 m.

Models with H=10m excavation depth

+0,00 [
-0,30 GWL -1,50
i Y FILL/SILT pah 22,00

10,0m

200

Gravelly SAND

10,00
7 GWL-9,00
50m Impermeable CLAY
|1 <7-13,00
-
0,60m
Models with H=13m excavation depth +2.00
+0,00
0,30 / GWL -1,50
S Y FILL/SILT < 22,00

H — r=

Gravelly SAND

13,0m

-11,00
e —————
v
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“«»>
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Figure 3. Sections of the three-, four- and five-level underground garages used for the parameter analysis
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Comparison of the two- and three-dimensional model results were done following the
procedure published by Ou et al. (1996) using the plane strain ratio (PSR), which can be

determined as follows:

PSR — Maximum wall deformation in a section of the 3D model

Maximum wall deformation in the 2D model

It was analysed how the value of PSR changes in the three-dimensional model as a function of
the distance "d" measured from the corner of the pit. The "d" distance was typically

normalized by the total “L” length of the excavation.

Additional models were also made to assess the relevance of the horizontal stiffness of the
wall element which is neglected in two-dimensional models and to investigate behaviour of
the excavation if steel props are used instead of ground anchors in the corners. It was also
analysed how does the variability of the soil mechanical parameters influence the deformation

of the wall within a realistic range.

Related statements: Statements 5-6.
Related publication:

Attila Szepeshazi (2019): Comparison of 2D and 3D finite element modelling results of deep
excavations. In: T. Huszék (ed.): Proceedings of the 5th Kézdi Conference, Pécs, Hungary,

Hungarian Geotechnical Society, ISBN: 978-615-00-5281-6, pp. 112-130. (In Hungarian.)

6. New scientific results

Statement #1
The following conclusions were drawn about the relationship between the depth of the
excavations and horizontal deformation of the diaphragm wall based on deformation
monitoring results of ground anchor supported deep excavations constructed in typical
geotechnical conditions of Budapest with depths of 7-18 m and rigidly supported excavations

(top-down construction or steel struts) with depths of 24-37 m:

- Horizontal deformation of rigidly supported diaphragm walls doesn’t exceed 1%o of the
excavation depth (Figure 4 and 5).

- Horizontal deformation of ground anchor supported diaphragm walls linearly increases
with the excavation depth. Based on the compiled dataset, the horizontal deformation does
not exceed 3%o of the depth of the excavation but a minimum horizontal wall deformation

of 5-10 mm should be expected regardless of the depth (Figure 5-6).
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- Maximum horizontal deformation of ground anchor supported diaphragm walls can be
approximated with the following formula as a function of excavation depth below ground
level:

- Uy, max [mm] = 1.92 = Hgyy [m] — 1.75

- The above empirical relationship has a coefficient of determination of R?>=0.41.

50,0 . 1
rigidly supp OGround anchor supported
45,0 0.25-0.84%o ® Rigidly supported
avg.: 0.49%o
. 40,0 : :
E 35.0 .. oe ground anchor supp.
: 0.77-2.79%o
4 avg.: 1.76%o
2 30,0
]
,j:v:
= 25,0 °
% 20,0
g m|
2 150 o 0
= ]
=}
£ 0 o ]
= 10,0
S (m] o
B
= s
0,0 : B :
0,0 0,5 1,0 1.5 2,0 2.5 3,0

Maximum horizontal wall deformations
normalized with excavation depth
/ 0,
Uy max/Hiuit [%0]

Figure 4. Normalized maximum horizontal deformation of diaphragm walls in function of excavation depth

Maximalis horizontal wall deformations uy ,,,c [mm]

O Ground anchor supported

e Rigidly supported

00 50 10,0 15,0 200 250 300 350 40,0 450 500

Excavation depth below surface level Hgy, [m]

Figure 5. Maximum horizontal deformation of diaphragm walls in function of excavation depth

10.
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Figure 6. Maximum horizontal deformation of ground anchor supported diaphragm
in function of excavation depth

Statement #2
The following conclusions were drawn about the surface settlements adjacent to diaphragm
walls based on deformation monitoring results of anchored deep excavations constructed in
typical geotechnical conditions of Budapest with depths of 7-18 m and rigidly supported

excavations (top-down construction or steel struts) with depths of 24-37 m.

Statement #2.1
Settlement of buildings adjacent to ground anchor supported deep excavations doesn’t exceed
2%o of the excavation depth. The settlements higher than 1%o of the excavation depth can only
be observed on structural elements located directly next to the diaphragm wall (Figure 7).
Maximum settlement of buildings adjacent to rigidly supported diaphragm walls doesn’t

exceed 0.7%o of the excavation depth (Figure 8).

Statement #2.2
Surface settlements induced by deep excavations extends laterally to maximum three times
the excavation depth, but settlements exceeding the order of £1-2 mm, which is a typical
accuracy of geodetic measurements, generally develop only within two times the excavation

depth from the excavation wall (Figure 7 and 8).

Statement #2.3
Surface settlements induced by the realization of ground anchor supported deep excavations

arise by the final excavation stage. After the removal of temporary ground anchors, additional

11.
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1-2 millimetres of settlements are expected which is in the range of the accuracy of geodetic
measurements. The only exceptions are structural elements that are built directly next to the
excavation wall; these may suffer more considerable settlement after the removal of

temporary ground anchors (Figure 9).

Ground anchor supported excavation walls
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Figure 7. Surface settlements around ground anchor supported deep excavations
in function of distance from the diaphragm wall

Rigidly supported excavation walls

0,2
) [m] (m]
0,0 .“ & A yAY
£ o v Lo A Ap
= ° A
(5] [ ] A
T §-0,2 o % m payE
8 g o O o ¢ .
>
g5 ®rp AA
E804| © 0 H
S8 * AA
g A
£ e oA A
2
2 0 A L]
g .N-0,6
=R A o -
g ® Szent Gellért square Metro4
o
= 0.8 ONépszinhaz street Metro4
AMobricz Zs square Metro4
Lo ¢ Fovam square Metro4
0 50 100 150 200 250 300 350

Distance from excavation wall
normalized with excavation depth [%]
Figure 8. Surface settlements around rigidly supported deep excavations
in function of distance from the diaphragm wall
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Figure 9. Ground movement (settlement) next to anchored deep excavations
when the excavation reaches its maximum depth

Statement #3
The following conclusions were drawn based on the results of numerical back-analysis of
ground anchor supported deep excavations in typical geotechnical conditions of Budapest
with depths of 9-18 m and with the length of at least two and a half times the depth. The back-
analysis performed with two-dimensional Winkler-type and two- and- three-dimensional

finite element models.

Statement #3.1
In typical geotechnical conditions of Budapest, the subgrade reaction modulus of the clay
bedrock in the embedded passive zone of ground anchor supported diaphragm walls can be

estimated from CPTu test results using the following relationship:
k [MPa/m] = 2.5 + 3 - q c ayg[MPa]
The relationship is considered valid in the range of qc.avg=3+20 MPa.

Statement #3.2
In typical geotechnical conditions of Budapest, the unloading-reloading stiffness modulus of
the clay bedrock on the embedded passive zone of ground anchored supported diaphragm
walls can be estimated from CPTu test results using the following relationship if drained

behaviour is assumed:
Eyr [MPa] =2.5+3-q c.avg[MPa]

The relationship is considered valid in the range of qc.avg=3+20 MPa.

13.
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Statement #4
The following conclusions were drawn based on the results of numerical back-analysis of
ground anchor supported deep excavations constructed in typical geotechnical conditions of
Budapest with depths of 9-18 m and with the length of at least two and a half times the depth.
The back-analysis performed with two-dimensional Winkler-type and two- and- three-

dimensional finite element models.

- The two-dimensional Winkler-type models and the two- and- three-dimensional finite
element models can provide results with adequate accuracy for design purposes.

- Horizontal wall deformation given by three-dimensional finite element models are lower in
all cases compared to the results of two-dimensional finite element models with the same
soil model settings and they provide results better approximate the measured deformation.

- The ground anchors support of diaphragm walls were found more realistic by Winkler-type
models with the definition of the apparent end point of the ground anchor at the midpoint
of its grouted section compared to modelling by finite element models following software
guidelines. The latter provides lower axial stiffness of ground anchors considering the wall

deformation monitoring results.

Statement #5
The following conclusions were drawn based on the numerical parametric study of ground
anchor supported diaphragm walls frequently applied for excavation works of 3-, 4- and 5-
level deep underground garages in typical geotechnical conditions of Budapest. The
numerical investigation was carried out using two- and- three-dimensional finite element

models.

- The plain strain ratio of the horizontal deformations and bending moments is highly
influenced by the variability of the geotechnical parameters besides the geometry of the
excavation. The lower the strength and stiffness parameters of the soil, the smaller the ratio
of the horizontal wall deformation of the three- and two-dimensional models (Figure 10).

- Consequently, it is not possible to form such a general mathematical relationship based
solely on the geometry of the excavation that modifies the deformations and moments

given by a two-dimensional model to match the results of a three-dimensional model.

14.
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Figure 10. PSR-U factor of the diaphragm wall of a Hyy=10m deep excavation for with different soil
settings in function of distance from excavation corner
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Statement #6
The following correlations between the plain strain ratio and the excavation geometry were
drawn based on the numerical parametric study of ground anchor supported diaphragm walls
frequently applied for excavation works of 3-, 4- and 5-level deep underground garages in
typical geotechnical conditions of Budapest. The numerical investigation was carried out

using two- and- three-dimensional finite element models.

Statement #6.1
The deeper and narrower a deep excavation is, the smaller the plane strain ratio and the wider
the influence zone around the excavation corner where the arching effect reduces the
deformations and moments (Figure 11). The plane strain ratio (PSR Unmax [-]) can be estimated
using the following formula with a coefficient of determination of R?=0.93 as a function of

the depth (Hsn [m]) and length (L [m]) of the excavation:

—130x(Lully
PSR U,y [=] = 1.28 # e~ 130°C ]

Similarly precise empirical correlation cannot be formed for the plain strain ratio of bending

moments, as it is significantly influenced by the excavation depth, as well.

Statement #6.2
It was concluded that the normalized plain strain ratio of maximum horizontal wall

deformations is less dependent on excavation depth than on excavation length (Figure 12).

15.
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7. Utilization of the scientific results

Results of the research presented in the dissertation can be primarily used by geotechnical and

structural engineers dealing with deep excavation projects:

The correlations derived from monitoring result database provide an opportunity to predict
deformations or verify calculation results of diaphragm walls for future deep excavations
in the city centre of Budapest or in similar geotechnical conditions.

The compiled dataset gives an opportunity for engineers to further refine the presented
correlations by adding data from their own projects.

The presented empirical relationships provide an opportunity to determine the stiffness
parameters or the subgrade reaction modulus of Budapest clay bedrock from CPT test
results to set in FEM or Winkler-type models.

The numerical back-analysis and the numerical parametric analysis of the three-
dimensional model can help to determine the input parameters of a small-strain material
model in case of the studied geotechnical conditions, and they can also help in the

assessment if it is profitable or necessary to use three-dimensional models.

8. Future research

Several opportunities can be listed, how this research can be continued in the future:

By expanding the monitoring database with the results of future deep excavations, the
shown correlations can be reformulated to obtain higher coefficient of determination and
therefore allow better prediction of the expected deformations.

Collection and evaluation the horizontal components of building deformations adjacent to
deep excavations and assess them with respect to the associated building damages.
Supplement the database with the structural properties of monitored buildings and
potentially with associated building damages.

Perform in-situ geophysical and laboratory tests to determine the small-strain geotechnical
parameters of the clay bedrock in Budapest.

Develop ground anchor finite element modelling methodology to improve fit of excavation
walls measured and calculated movements.

Development of a three-dimensional modelling procedure for deep and narrow propped or
cantilever type deep excavation walls.

Development of an efficient procedure to ease the complex and time-consuming work of
geometry setting in three-dimensional finite element models, even automatically

combining it with rapidly developing BIM models.
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