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Abstract: This article describes the construction of a building with four aboveground floors and one
underground floor as part of the ongoing development of Warsaw’s city center. A 3D numerical
model was developed to reflect the spatial and structural solutions of the new building based on
the design documentation with regard to the outcomes of geotechnical tests, the actual phases of
work completed, the results of the geodetic measurements carried out in individual phases of the
building implementation, and the characteristics of the existing adjacent buildings. The 3D numerical
model was calibrated taking into account the results of the geodetic measurements of the benchmarks
stabilized on the adjacent buildings. The numerical models of the building were used to analyze a
number of multiple-step variants, taking into account the increase in the number of aboveground
floors (from 1 to 4) and underground floors (by 1), as well as the increase in the projected area of the
underground part compared to the area of the site designated for development. The paper presents
the conclusions of our analyses, which may be helpful to others designing buildings in intensively
urbanized areas and guide them in selecting the best solution.

Keywords: 3D numerical modeling; conceptual design; shaping building structures; spatial shaping
of buildings

1. Introduction
1.1. Background

Due to the shortage and high costs of construction land, urban center zones of cities
usually seek to fully utilize the parcel area for development—i.e., to construct supplemen-
tary infill buildings directly adjacent to the existing development [1–5].

In view of the impact of the construction of new buildings on the displacement of
subsoil in the vicinity and the facilities located there [6–9], it is necessary to determine
the impact range of this investment [10–21] and then subject the buildings located in the
affected area to diagnostics [22,23].

In order to evaluate the technical state of buildings located in the zone of impact and
determine the permissible ground subsoil displacements for this development, decisions
need to be made. These decisions concern factors such as the selection of a design solution
for the construction of a new building and the technology to be used in the underground
section, as well as whether it is necessary to strengthen the structures of buildings existing
in the zone of impact. In buildings with high cultural and historic value, this type of work is
challenging, and it requires, among other things, conservation conditioning [24,25]. These
buildings require the analysis of various different structural design concepts, as well as
the analysis of options relating to the spatial arrangement of the underground section, the
foundation depth, etc., of the new building. The solution that best satisfies the conditions
of a particular investment must be selected, while the impact of this investment on the
existing buildings in the area must be reduced. In addition, the necessity of strengthening
these existing structures must be evaluated.
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The zone of impact of the construction of a new building on the displacement of subsoil
in the vicinity and on the structures already located there depends on a number of factors,
including the depth of the foundation of the new building (depth of the underground
excavation), the hydrogeological conditions, the strength and deformation properties of
the soil, the type of excavation support structure needed, the method of excavation support
used at height, the technology used for constructing the underground part of the new
building, and the necessity of groundwater lowering. Many papers [4,10,11,13–16,26–31]
have sought to analyze such elements as the determination of empirical relationships
to enable a preliminary estimation of the zone of impact, taking into account, as core
values, the depth of the underground excavation needed for the new building and the
characteristics of the foundation soil. The construction process of a new building involves
changes in the state of loading over time and, consequently, changes in the state of subsoil
deformation resulting from various phases of construction, including the construction of
systems for excavation support and excavation support at height, carrying out earthworks,
the erection of an underground structure, the construction of the aboveground part, and
the operation of the building. For these reasons, the zone of impact also depends on the
stage of the investment. This issue has been the subject of inter alia publications [4,5].

Projecting the zone of impact of the construction of a deeply set building in a compact
urban setting and the vertical displacements of the land surface is usually simplified to
allow it to be analyzed by 2D numerical models—e.g., [1,4,12,25]. Nevertheless, it is also
important to mention that the location of the existing development and the projected
building—i.e., the location of the load on the subsoil and its characterization over time in a
manner that reflects its actual existence—has a major impact on the prediction of the value
and nature (subsidence, uplift) of displacements of the subsoil. Two-dimensional models
usually concern one cross-section, often located in the central (middle) part of the building;
thus, they do not take into account all the conditions resulting from, i.e., the load of the
existing buildings within the entire scope of construction.

In the case of construction works carried out in dense urban developments, it is
advantageous to develop a 3D numerical model with the use of dedicated numerical
software based on the finite element method [32–35]. The model should include the
modeling of the designed building across all basic phases of construction in accordance
with the actual schedule and consider the actual hydrogeological conditions and strength
and deformation parameters of the soil, as obtained from geotechnical tests [36–42], as well
as the existing development. The numerical model should be calibrated. This calibration
is usually performed using backward analysis and consists of a multi-stage modeling of
the subsoil parameters [43–47]. The modification of the subsoil parameters in the zone
below the foundation slab level is carried out until the displacement values from the
numerical model are consistent with the actual values of vertical displacements obtained
from geodetic measurements [4,32]. The main factor with the greatest impact on the
approximation of the actual soil deformation is the primary soil deformation module E0
below the level of the object’s foundation slab [4,32]. Due to the strengthening (increase)
of the primary deformation modulus E0 along with the depth of the soil, the assumption
of the incremental change in this parameter is usually adopted as the basis for calibrating
numerical models [1,4,24,25,32].

The spatial shaping of the underground and aboveground parts of such investments
requires the analysis of various design concepts to determine the best spatial solution, in
which—apart from satisfying the conditions of applicable legal acts or requirements of
current standards, etc.—it is important to obtain the largest possible usable area of the
aboveground and underground parts of the new building [48,49]. For these reasons, it is
advantageous to develop a numerical model that enables the computational simulation of
various options for a building’s spatial solution. This constitutes the basis for selecting the
best spatial concept for a new building that satisfies the abovementioned conditions.
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1.2. Goals and Scope

The presentation of the investment case at 1A Ludna Street in Warsaw results mainly
from the conclusions of the authors of this article, who participated in various stages of the
preparation and implementation of this investment. It was found that having the results of
analyses of various solutions during the development of the concept for the spatial solution
of the underground part of the designed building (taking into account the consequences
in terms of soil displacement and the impact on existing buildings) would substantially
improve the design process. This would help designers to obtain a larger usable area for
this part of the building.

Due to the close proximity of existing buildings, such investment projects additionally
require the adoption of appropriate construction solutions and technology for the imple-
mentation of the underground section of new buildings to reduce the impact of the new
construction on the existing buildings. The aim of this article is to present various possible
solutions for the shaping of the underground part of a building that can be implemented in
the given design conditions, including:

• The foundation depth of the new building, including the number of underground floors;
• The layout of the underground part projection at the levels of individual floors;
• The arrangement of the projection of the underground part of the new building in

relation to the external walls of existing buildings—e.g., in close proximity or at a
given distance (this is usually carried out when existing buildings are identified as
being in poor technical condition) from the external walls of the existing development;

• The construction and technology used for the implementation of the underground part.

This article describes the construction of a building with four aboveground floors and
one underground floor in the development of Warsaw’s city center. A numerical model
was developed for this investment, reflecting the spatial and structural solutions of the
new building from the design documentation, the results of geotechnical tests constituting
the basis for the design study, the actual phases of implementation, the results of geodetic
surveys carried out at individual stages of the investment, and the characteristics of the
neighboring buildings based on technical expertise. The numerical model was calibrated
taking into account the actual outcomes of geodetic measurements of vertical displacements
of the stabilized benchmarks on the adjacent buildings [4,24,25,32].

This numerical model of the building was used to carry out a number of analyses
taking into account an increase in the number of aboveground floors (from 1 to 4), an
increase in the number of underground floors (by one), and an increase in the area of the
underground plan that partially or fully covered the ground floor plan. This paper sets out
our conclusions following these analyses, confirming the possibility of using 3D numerical
modeling as a tool to facilitate decision making to shape the underground parts of new
buildings erected in highly urbanized areas.

2. Materials and Methods
2.1. Materials—General Characteristics of the Investment

The subject of our research is the commercial, service, and office building D located at
1A Ludna Street in Warsaw (Figure 1) [50].

In the vicinity of this building, there is (Figure 1b):

• a historic, modernist tenement house with 5 overground floors dating from 1935 at 3
Ludna Street;

• a multi-family residential building with 17 aboveground floors at 1B Ludna Street;
• a residential and service building with 4 overground floors at 4 Ludna Street.
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Figure 1. Building D with adjacent buildings (a) and location sketch (b). 

In the vicinity of this building, there is (Figure 1b): 
• a historic, modernist tenement house with 5 overground floors dating from 1935 at 3 

Ludna Street; 
• a multi-family residential building with 17 aboveground floors at 1B Ludna Street; 
• a residential and service building with 4 overground floors at 4 Ludna Street. 

2.1.1. Building D 
The aboveground structure is made of reinforced concrete with a monolithic, col-

umn-wall-slab skeleton. The building has four overground floors and one underground 
floor which is below the part of the building intended for technical and storage rooms 
[Domurad, J., Kościuch, P., Domurad, J., Karwan, R. Structural design of diaphragm 
walls, temporary strutting, and Solec/Ludna/Wilanowska piles. Warszawa 2016]. 

The overground part of the building is directly adjacent to the one at 3 Ludna Street, 
while the underground part is separated from the outer walls of the basement in the 
building at 3 Ludna Street by a distance of around 9.3 m (Figure 2). 

 

 

(a) (b) 

Figure 2. Longitudinal section of building D (a) and level −1 (b) projection (own drawing based on—Kuryłowicz, S., 
Kuryłowicz, E., Gientka, T., Krześniak, M., Miklaszewska, K., Pianko, M., Tęskny, M., Kuczyński, P. Architectural and 
construction design of residential buildings with an underground garage and commercial premises 
Solec/Ludna/Wilanowska Streets. Warszawa 2010–2017). 

The foundation slab with slopes towards the channel drainage was designed and 
made from waterproof concrete. 

2.1.2. Adjacent Development 

Figure 1. Building D with adjacent buildings (a) and location sketch (b).

2.1.1. Building D

The aboveground structure is made of reinforced concrete with a monolithic, column-
wall-slab skeleton. The building has four overground floors and one underground floor
which is below the part of the building intended for technical and storage rooms [Domurad,
J., Kościuch, P., Domurad, J., Karwan, R. Structural design of diaphragm walls, temporary
strutting, and Solec/Ludna/Wilanowska piles. Warszawa 2016].

The overground part of the building is directly adjacent to the one at 3 Ludna Street,
while the underground part is separated from the outer walls of the basement in the
building at 3 Ludna Street by a distance of around 9.3 m (Figure 2).
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Figure 2. Longitudinal section of building D (a) and level −1 (b) projection (own drawing based on—Kuryłowicz, S.,
Kuryłowicz, E., Gientka, T., Krześniak, M., Miklaszewska, K., Pianko, M., Tęskny, M., Kuczyński, P. Architectural and con-
struction design of residential buildings with an underground garage and commercial premises Solec/Ludna/Wilanowska
Streets. Warszawa 2010–2017).

The foundation slab with slopes towards the channel drainage was designed and
made from waterproof concrete.

2.1.2. Adjacent Development

The investment preparation phase involved an assessment of the technical condition
of the buildings situated in the vicinity of the target building. Below are listed some
relevant design factors (Szulborski, K., Majewska, A., Michalak, H., Paziewski, T., Pęski, S.,
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Przybysz, P., Pyrak, S.). Technical expertise of the adjacent development and assessment of
the impact of the SBM TORWAR residential complex at Solec/Ludna/Wilanowska Streets
in Warsaw, Warsaw 2010.

Tenement house, 3 Ludna Street: The modernist tenement house dating from 1935 at 3
Ludna Street (Figure 3) is listed in the municipal monuments’ register. The tenement house
has a basement and five overground floors. It has a structure made from solid ceramic
bricks, a longitudinal load-bearing wall system, Klein ceilings supported by steel beams
(above the basement and attic), and “Polonia” monolithic closely ribbed ceilings. The
ceilings are filled with hollow brick.
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Figure 3. Building at 3 Ludna Street; on the left, part of the directly adjacent building D is visible.

The shape of the building resembles a rectangle with the following dimensions:
length—25.80 m (dimension parallel to the axis of Ludna Street, see Figure 1); width—
14.32 m. The height of the building, measured from the ground level to the ridgepole, is
19 m. The external structural walls are made of ceramic brick, full thickness, with 2 bricks
used on the basement and ground floor levels and 1 brick used on the fourth floor and
attic levels.

The building is set directly on the foundation footings, which are probably made
from brick. The foundation level has been estimated to be 3.7 m below the level of the
surrounding area at the entrance.

The building has one circulation path located in the middle and a refractory structure.
There is a gable roof and a wooden rafter-purlin framework.

Residential building at 1B Ludna Street: The building is over 50 m high, as measured
from the ground surface, and is one of the highest in this part of Śródmieście (city center)
(Figure 4). The structure is made of reinforced monolithic concrete, wall-type, with a
transverse arrangement of load-bearing walls and inter-story multi-rib ceilings. It is
stiffened with rims situated at the ceiling level, lintels, downstand beams, and wind walls.

The foundation level is 3.91 m below the level of the surrounding area. It is made of
30 cm-thick reinforced concrete slabs with ribs with a section height of 140 cm.

The load-bearing walls are made from reinforced concrete monolithic structures with
a thickness of 35 cm that are spaced transversely every 3.60 m and at the staircase every
5.40 m. The load-bearing walls in the basement and ground floor are 35 cm thick, the outer
walls of the underground floor are 30 cm-thick reinforced concrete monolithic structures,
and the load-bearing walls on other floors and in the lift shafts are 20 cm thick.

The basement, ground floor, and 16th floor are covered with DZ-3 ceilings, while the
remaining parts are covered with 18 + 3 cm-thick Ackerman ceilings. The structure of the
flat roof consists of prefabricated hollow core-reinforced concrete plates.
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Residential building at 4 Ludna Street: This building was erected after 1935 as a
residential building for employees of the Ministry of Post and Telegraphs. A post office is
situated on the ground floor. It has 4 overground floors and a basement. The building is
made of traditional brick (Figure 5).
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2.1.3. Ground

The Solec/Ludna/Wilanowska building complex is located approximately 150 m from
the Vistula riverbed. Geotechnical studies have revealed that the first level of groundwater
occurs at a depth of 3.5 to 5.5 m below sea level.

The ground in the area of this development is composed of the following geotechnical
layers (from the top):

• rubble stone embankments with an admixture of sand and clays with a thickness of
1.0 to 3.8 m;

• a discontinuous layer of clay and sandy loam with an admixture of organic parts in
both hard and plastic states (IL = 0.1 ÷ 0.2; angle of internal friction ϕ = 15◦; volume
density γ = 21.5 kN/m3; Poisson’s constant ν = 0.32; cohesion cu = 17 kPa, primary
deformation modulus E = 10,500 kPa) and locally in a plastic state (IL = 0.3), with a
thickness of up to 2.0 m;

• medium and coarse sands in a medium compacted state, with a thickness of 2.5 to
5.5 m; locally, there are fine sands and medium-compacted dusty sands as well as
semi-compact dusty formations (ID = 0.4 ÷ 0.6; ϕ = 34◦; γ = 19.0 kN/m3; ν = 0.25;
E = 91 700 kPa);

• Pliocene clays in both hard-plastic and semi-compact states, occurring from a depth of
5.0 to 8.0 m below sea level (ϕ = 13◦; γ = 21.0 kN/m3; ν = 0.37; cohesion cu = 60 kPa,
primary deformation modulus E = 17,000 kPa).

Building D is situated in a layer of medium-compacted sands, about 2.0 m below the
maximum level of the groundwater table.

2.1.4. General Characteristics of the Design Concept of the Underground Part of Building
D at 1A Ludna Street

The development of this building was preceded by the gathering of expertise regarding
the technical condition of the neighboring buildings. The above, paired with the results of
geotechnical research, was used to gain technical insight regarding the potential impacts of
the construction of the underground part of a new building on the adjacent developments
(Szulborski, K., Majewska, A., Michalak, H., Paziewski, T., Pęski, S., Przybysz, P., Pyrak, S.
Technical expertise of the adjacent development and assessment of the impact of the SBM
TORWAR residential complex at Solec/Ludna/Wilanowska Streets in Warsaw, Warsaw
2010). The soil-water conditions, the excavation of the diaphragm walls, and the depth
of excavation for the underground part of building D (amounting to about 4.15 m below
ground level) were considered to determine the ranges of the excavation’s possible zones
of impact [4,10,15]. In the case of zone I, i.e., the direct impact of the excavation, this range
was determined to be 2.30 m from the face of the diaphragm wall, while in the case of zone
II, i.e., the indirect impact, this range was determined to be 9.20 m (Figure 6).

The building at 1B Ludna Street is situated in zone II. The maximum vertical displace-
ments of subsoil which would not require the structures of the existing buildings to be
reinforced were determined to be 12 mm in zone I and 8 mm in zone II.

With respect to the construction of the discussed complex in a dense downtown
development, the historic character of a major part of this development, and the soil-water
conditions in the area, 60 cm-thick diaphragm walls were used for excavation support
as well as for the external walls of the underground section (Figure 7). The depth of the
diaphragm walls of building D varied from 8.0 to 9.5 m below the ground; the walls were
adapted to the ground conditions, loads, and the geometry of the foundation slab. The
diaphragm walls were sunk into cohesive soil in order to prevent the inflow of groundwater
to the interior of the excavation. In order to ensure the safety of the buildings closest to the
excavation, the diaphragm wall was constructed in 2.8 m-long sections.

No underground part was built on the side facing the tenement house at 3 Ludna
Street (see Figure 2); instead, this part of the building without a cellar was placed on CFA
piles with a diameter of 40 cm (see Figure 7b) and length of 8.0 to 9.0 m.
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The stability of the diaphragm wall during the sinking of the excavation to the bottom
of the foundation slab was ensured by using support struts made of 502/12.5 mm steel
pipes and HEB 300 I-sections. After the foundation slab was constructed and the concrete
had achieved the designed strength, the struts were dismantled, and the diaphragm walls
were used as cantilevers until the ceiling was constructed above the level of −1.
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2.1.5. Geodetic Monitoring

During the construction works, we carried out geodetic and visual observations of
the neighboring buildings located in the 2nd zone of impact, as well as observations of the
diaphragm walls. The vertical displacements of benchmarks located on adjacent buildings,
the horizontal displacements of stabilized benchmarks on selected buildings, and the
horizontal displacements of diaphragm walls and scratches with respect to the buildings
were measured. The frequency of measurements depended on the stage the construction
work was in.

2.2. Methods—3D Numerical Model of the System “Subsoil—New Building—
Adjacent Development”
2.2.1. Basic Assumptions

For the numerical modeling of the “subsoil—new building D—adjacent development”
system, we structured the phases of work according to the actual stage the building con-
struction was in. The values of the loads of the buildings and the method and placement of
their application were determined on the basis of the analysis of the design documentation
and our own experience.

The spatial numerical models of the “subsoil—new building D—adjacent develop-
ment” system, including building D and the adjacent development, were built in the ZSoil
2016 program by ZACE Services Ltd. [51–53].

The numerical model mapped a total area of 120 × 90 m, including the new building
D and the adjacent developments—tenement houses at 3 Ludna Street (see Figure 3) and 4
Ludna Street (see Figure 5) and the building at 1B Ludna Street (cf. Figure 4). The subsoil
was modeled to a depth of 30 m.

One calculation file contains a model of all the construction phases of building D. This
model was created using two-dimensional surface and bar finite elements, which were
used to recreate the diaphragm walls, diaphragm wall strutting, internal walls, foundation
slab, and ceiling above level −1. The elements were given thicknesses and material
characteristics consistent with the design assumptions.

The aboveground part was mapped as three-dimensional finite elements [32–34],
which were given the value of the reduced modulus of elasticity, taking into account the
stiffness of the buildings’ aboveground parts resulting from the construction materials
and material data used, including the Poisson’s ratio. The method used for modeling
the aboveground parts of the buildings resulted in a simplification of the model and a
reduction in the number of finite elements involved, calculating this model producible for
the computational capabilities of the equipment used.

The dimensions used for the finite elements of the underground part of this building
were 1.0 × 1.0 × 1.0 and 2.0 × 2.0 × 1.0 m, while the dimensions of the finite elements of
the aboveground part were 1.0 × 1.0 × 1.0 m.

The building load was calculated taking into account the actual dead loads of the
structures and the finishing elements, as well as useful loads.

This load, relating to the individual phases of works, was modeled as a variable in
time and included in the calculations according to their actual application based on the
building’s construction schedule. These loads in the model were applied on the level of the
“roof” surfaces.

The neighboring buildings were fully modeled (together with the underground parts)
using three-dimensional finite elements. As in the case of the aboveground part of the
building in question, these elements were given the value of the reduced modulus of
elasticity, taking into account the stiffness of the buildings. The adopted dimensions of the
finite elements were up to 1.0 × 1.0 × 3.0 m.

The spaces between the individual buildings of the modeled area were filled with
dilatation elements according to the location of their actual occurrence, enabling the
independent deformation of these buildings in this respect [32].
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The subsoil under the buildings was modeled to a depth of 30 m below ground level.
For the analysis, we used the Mohr–Coulomb substrate nonlinear model. The spatial
arrangement of the soil layers was modeled on the basis of the results of soil tests from
exploratory wells. The strength parameters of the soil layers below the exploration level
were extrapolated. The numerical model of the subsoil was calibrated on the basis of the
results of geodetic measurements [4,32–34].

2.2.2. Shape Variants of the Underground Part of Building D at 1A Ludna Street

Modeling was carried out in 4 shape variants of the underground part of building D
(Figure 8).
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• Variant A

The first variant A (see Figure 8a) reflects the completed investment. It was assumed
that one underground floor was built under part of the building at a distance of about 9.3 m
from the outer underground walls of the tenement house at 3 Ludna Street (cf. Figure 3).
The underground part of the building would have a 60 cm-thick diaphragm wall based on
a 60 cm-thick reinforced concrete slab. During excavation, the stability of the diaphragm
walls would be ensured by the use of steel struts. In the part constructed without a cellar,
we assumed that the foundation of the new building would be based on drilled CFA piles
with a diameter of 40 cm.

• Variant B

This theoretical variant assumed that one underground floor would be built under-
neath the entire building (cf. Figure 8b). It was presumed that the underground part would
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be constructed with the support of diaphragm walls with a thickness of 60 cm and that the
foundation would rest on a reinforced concrete foundation slab with a thickness of 60 cm.
During excavation, the stability of the diaphragm walls would be provided by steel struts.

• Variant C

This theoretical variant assumes the construction of two underground floors under
the main part of the building and no underground section on the side facing the tenement
house at 3 Ludna Street (cf. Figure 8c). The underground part would be designed with a
60 cm-thick diaphragm wall and set on a 60 cm-thick reinforced concrete slab. Due to the
foundation being below the groundwater level, drainage was assumed to occur from the
area surrounded by diaphragm walls anchored in the layer of impermeable clay. During
excavation, the stability of the diaphragm walls would be ensured by the use of steel struts
at level 0 and above the ceiling of level −2. In the part without cellars, the foundation of
the new building was assumed to be based on drilled CFA piles with a diameter of 40 cm.

• Variant D

This theoretical variant assumes that two underground floors would be built under-
neath the entire building (see Figure 8d). The underground part of the building would be
designed with a 60 cm-thick diaphragm wall and set on a 60 cm-thick reinforced concrete
slab. As it has a foundation below the groundwater level, it was assumed that water would
be pumped from the area enclosed by diaphragm walls anchored in the layer of imperme-
able clay. During excavation, the stability of the diaphragm walls would be ensured by the
use of steel struts at level 0 and above the ceiling of level −2.

3. Results
3.1. Results of Numerical Analyses of Four Shape Variants of the Underground Part

Three-dimensional numerical analyses of the model reproducing the actual phases of
the work implementation were carried out (Figure 9). Variant A and the values of vertical
displacements obtained from the geodetic measurement of benchmarks on neighboring
buildings were compared. Due to the accuracy of the measurements of vertical displace-
ments being ±0.3 mm, the results of the measured values of vertical displacements and
the displacements calculated in the numerical analyses, which differed by no more than
0.6 mm, were considered convergent [4].

Detailed comparative analyses were carried out for the part with an underground floor
made with one technology (i.e., in an excavation pit protected by diaphragm walls stretched
at a certain height) in the vicinity of a high-rise building at 1B Ludna Street. Comparative
analyses of the measured vertical displacements (Figure 10) and those obtained from
numerical analyses in variant A (Tables 1 and 2) revealed the conformity of the results.
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Figure 9. Numerical model of variant A in the selected implementation phase: initial state (a), excavation to full depth (b),
execution of the aboveground part (c,d).
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Figure 10. Results of geodetic measurements of vertical displacements (in mm) for benchmarks
located on a high-rise building at 1B Ludna Street; benchmark Rp30 was stabilized on the western
wall of the building at a distance 6.1 m from the wall of new building D; benchmark Rp27 was located
at a distance 20.6 m away (see Figure 6). Source: own study based on (Korczak, P. Documentation of
surveying Solec/Ludna/Wilanowska. Displacement measurements. Warszawa 2016–2018).
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Table 1. Comparison of the results of geodetic measurements of vertical displacements of benchmark Rp30 situated on the western wall of the high-rise building at 1B Ludna Street in
individual phases of investment implementation with the values of vertical displacements obtained from numerical analyses.

Phase Description of Construction Phase

Distance of Benchmark from
the Outer Edge of the
Excavation—Variant

A, B, C, D

Rp30 Variant A Variant B Variant C Variant D

[m] [mm] [mm] [mm] [mm] [mm]

0 Initial state

6.1

0.0 0.0 0.0 0.0 0.0

1 Guide walls −0.1 0.0 0.0 0.0 0.0

2 Diaphragm walls −0.4 −0.9 −1.0 −1.8 −1.5

3 Initial excavation 0.3 −0.4 −0.4 −2.5 −2.4

4 Assembly of strutting in level 0 0.3 −0.4 −0.5 −2.5 −2.4

5 Excavation to level −1 0.4 0.2 0.1 −2.5 −3.1

6 Assembly of strutting in level −1 (1) not applicable not applicable not applicable −2.6 −3.1

7 Excavation to level −2 (1) not applicable not applicable not applicable −2.4 −3.6

8 Formation of foundation slab 0.1 −0.5 −0.6 −2.9 −4.2

9 Walls of level −2 (1) not applicable not applicable not applicable −3.0 −4.3

10 Ceiling over −2 (1) not applicable not applicable not applicable −3.2 −4.5

11 Disassembly of struts in level –1 (1) not applicable not applicable not applicable −3.2 −4.4

12 Walls of level; −1 and disassembly
of struts in level 0 −0.2 −0.6 −0.7 −3.3 −4.5

13 Ceiling slab in level 0 0.0 −1.3 −1.3 −3.5 −4.8

14 Execution of the aboveground part −0.4 −2.5 −2.6 −3.9 −4.8

15 Loads −1.1 −3.0 −3.1 −4.3 −5.3
(1)—work phases which occur only in variants C and D.
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Table 2. Comparison of the results of geodetic measurements of vertical displacements of benchmark Rp27 situated on the eastern wall of the high-rise building at 1B Ludna Street in
individual phases of investment implementation with the values of vertical displacements obtained from numerical analyses.

Phase Description of Construction Phase

Distance of the Benchmark
from the Outer Edge of the

Excavation—Variant A, B, C, D
Rp27 Variant A Variant B Variant C Variant D

[m] [mm] [mm] [mm] [mm] [mm]

0 Initial state

20.6

0.0 0.0 0.0 0.0 0.0

1 Guide walls −0.3 0.0 0.0 0.0 0.0

2 Diaphragm walls −0.4 0.2 0.1 0.0 −0.1

3 Initial excavation 0.6 0.0 −0.1 −0.4 −0.7

4 Assembly of strutting in level 0 0.6 0.0 −0.1 -0.4 −0.7

5 Excavation to level −1 0.9 −0.4 −0.6 −0.7 −0.9

6 Assembly of struts in level −1 (1) not applicable not applicable not applicable −0.7 −0.9

7 Excavation to level −2 (1) not applicable not applicable not applicable −1.1 −1.4

8 Formation of foundation slab 1.1 −0.2 −0.4 −1.0 −1.3

9 Walls of level −2 (1) not applicable not applicable not applicable −1.0 −1.2

10 Ceiling over −2 (1) not applicable not applicable not applicable −0.9 −1.2

11 Disassembly of struts in level −1 (1) not applicable not applicable not applicable −0.9 −1.2

12 Walls of level; −1 and disassembly
of struts in level 0 0.0 −0.1 −0.3 −0.9 −1.1

13 Ceiling slab in level 0 0.9 0.0 −0.2 −0.9 −1.1

14 Execution of the aboveground part 0.0 0.3 0.1 −0.4 −0.5

15 Loads – 0.4 0.2 −0.3 −0.5
(1)—work phases which occur only in variants C and D.
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The measurement results for the implementation of the aboveground part and the
application of the full payload are characterized by a greater difference in value than the
assumed value of −0.6 mm. There is a direct link with the lack of a geodetic measurement
corresponding to the stabilization of vertical displacements applied to the inhomogeneous
subsoil, which occurs in the period 1–3 years from the application of the full load [4]. The
geodetic measurement was performed immediately after the application of this load (see
Figure 10).

It follows from the comparative analysis of the geodetic results for the measurements
of vertical displacements of the Rp30 benchmark located 6.1 m from the edge of the
excavation with the values of these displacements obtained from the actual implementation
of the numerical model in variant A that (cf. Table 1) the noticeable subsidence (measured
value −0.4 mm) occurred in the phase related to the construction of the diaphragm walls.
Then, during the phases related to the execution of the excavation 4.15 m below the ground
level, there were vertical displacements in the opposite direction upwards—i.e., uplift
(measured value 0.4 mm). The subsequent phases of works related to the construction
of the underground and aboveground parts and the application of the operational load
resulted in the subsidence of the subsoil (measured value: −1.1 mm).

In a comparative analysis of the results of geodetic measurements of vertical dis-
placements of the Rp27 benchmark situated at a distance 20.6 m from the edge of the
excavation with the values of these displacements obtained from the actual implementation
of the numerical model in variant A, it follows (cf. Table 2) that noticeable subsidence
(measured value −0.4 mm) occurred in the phase related to the execution of the diaphragm
walls. Then, the phases related to the execution of the excavation at a depth of 4.15 m
below ground level were followed by vertical displacements in the opposite direction
(upwards)—i.e., uplift (measured value 0.9 mm). The subsequent phases of works related
to the construction of the underground and aboveground parts and after the application of
operational load resulted in the slight subsidence of the soil subbase and, consequently,
the balancing of the previously existing upheavals. It is recalled that the eastern part of
the building (benchmark Rp27)—classified as situated outside zone II—showed slight dis-
placements in the phase of the greatest impacts related to the deepening of the excavation.
In the remaining phases, these displacements did not exceed the twofold error of geodetic
measurements.

Taking into account the reservations and remarks presented above regarding the scope
of compliance of the results obtained from the numerical model in variant A and geodetic
measurements during the investment implementation, it was found that this may constitute
the basis for the further analysis of various suggestions for shaping the underground part
of the new building, including the diversification of the number of underground floors.

3.2. Variants of the Aboveground Part of Building D at 1A Ludna Street

We carried out 3D numerical analyses of the shape of the aboveground part of the
analyzed building D, which presented an increase in the number of aboveground floors
by one, two, three, and four floors in relation to the implemented case (Figure 11). These
analyses were carried out in all shape variants of the underground part—i.e., variants
A, B, C, and D. The essential purpose of these theoretical analyses was to determine (in
the case of the legal conditions of the investment area in question, the construction of a
building with a greater height that is more favorable in terms of the usable area will also be
achieved) the impact of the investment on the existing development and the possibility of
implementation without the need to strengthen its structure.
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3.3. Variants Results of Numerical Analyses of Four Shape Variants of the Aboveground Part

A tabular listing of the vertical displacements of the new building D on Ludna Street
can be seen in Table 1. From the results obtained from the numerical model, it can be
concluded that the vertical displacements at this point in each of the analyzed shape
variants of the underground and aboveground parts of the building D have a subsidence
character.

These subsidence values obtained from numerical models in the case of the actual
variant of the underground part—i.e., variant A—are −3.0 mm; in theoretical cases of
increasing the number of aboveground floors, they are from −3.8 mm (one additional
aboveground floor) to −5.9 mm (four additional overground floors).

In the subsequent analyzed theoretical cases of the shape of the underground part
(variants B, C, and D) and the aboveground part of new building D, the building subsidence
in the analyzed point of the nearest wall of the adjacent high building at 1B Ludna Street
for the aboveground part is, respectively (Table 3):

• Realized with the actual height from −3.1 (variant B) to −5.3 mm (variant D);
• With an additional floor from −3.8 (variant B) to −5.9 mm (variant D);
• With two additional floors from −4.5 (variant B) to −6.4 mm (variant D);
• With three additional floors from −5.3 (variant B) to −7.0 mm (variant D);
• With additional four floors from −6.0 (variant B) to −7.4 mm (variant D).

The vertical displacements of the building at 1B Ludna Street at the site of benchmark
27 (see Figure 6) located 20.6 m from new building D have small values ranging from +0.8
to −0.5 mm and have the nature of uplifts in variants A and B as well as subsidence in the
case of variants C and D.
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Table 3. The results for the final vertical displacements of the building at 1B Ludna Street at the site
of benchmark Rp30 in the case of actual variant A of the underground part in the cases of virtual
variants B, C, and D and increasing the number of additional overground floors from 0 to 4.

Variant

Number of Additional Overground Floors

+0 +1 +2 +3 +4

[mm] [mm] [mm] [mm] [mm]

Variant A −3.0 −3.8 −4.5 −5.2 −5.9

Variant B −3.1 −3.8 −4.5 −5.3 −6.0

Variant C −4.3 −4.9 −5.5 −6.1 −6.6

Variant D −5.3 −5.9 −6.4 −7.0 −7.4

These vertical displacements in the variant have values of:

• A: +0.4 mm (actual height of the new building D); +0.4 mm (additional 1 floor) to
+0.8 mm (additional 4 aboveground floors);

• B: +0.2 mm (actual height of the new building D); +0.4 mm (additional 1 floor) to
+0.8 mm (additional 4 aboveground floors);

• C: −0.3 mm (actual height of the new building D); −0.2 mm (additional 1 floor) to
0.0 mm (additional 4 aboveground floors);

• D: −0.5 mm (actual height of the new building D); −0.4 mm (additional 1 floor) to
−0.1 mm (additional 4 aboveground floors).

4. Discussion

Comparing variants A and B of the investment, taking into account the differentiation
of the outline of the underground part, it can be concluded that the construction of the
underground floor beneath the entire site of the building using one technology (in the
vicinity of the high-rise building at 1B Ludna Street) causes no noticeable changes in the
values of the vertical displacements of the subsoil, which do not exceed the value of twofold
error of geodetic measurement. It can therefore be concluded that it is possible to build the
underground part beneath the entire plan of the building and, Consequently, increase the
cubature of its underground part in variant B in relation to the realized (actual) variant A.

A comparative analysis of the results obtained from the numerical models for variants
A and C—i.e., increasing the number of underground floors in the same part of the building
from 1, in the case of implemented variant A, to 2 floors (as in variant C)—revealed, among
other things:

• An increase in the depth of the excavation from 4.15 to 8.0 m and, consequently, an
increase in the range of the impact of zone I of the excavation to about 4.4 m on the
face of the diaphragm wall and of zone II to about 17.7 m;

• An increase in the height of diaphragm walls from 8.0–9.5 m (variant A) to 14 m
(variant C);

• In the case of the western wall of the building, there was a significant increase in the
vertical displacements in the phases (cf. Table 1): the execution of the diaphragm
walls—from −0.9 mm (variant A) to −1.8 mm (variant C); the execution of the ex-
cavation to the designed depth from 0.2 mm (variant A, one underground floor) to
−2.4 mm (variant C, two underground floors); the erection of the aboveground part of
the new building from −2.5 mm (variant A) to −3.9 mm (variant C); the application
of the payload from −3.0 mm (variant A) to −4.3 mm (variant C);

• In the case of the eastern wall of the building, there were slight increases/changes in
vertical displacements in the phases (cf. Table 2): the execution of the excavation to
the designed depth from −0.4 mm (variant A, one underground floor) to −1.1 mm
(variant C, two underground levels); the erection of the aboveground part of the new
building from 0.3 mm (variant A) to −0.4 mm (variant C); the application of the live
load from 0.4 mm (variant A) to −0.3 mm (variant C).
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Comparing variants A and D of the investment, taking into account the differentiation
of the outline of the plan of the underground part and the depth of the foundation, it can
be concluded that:

• The increase in the depth of the excavation and the zone of impact of the new imple-
mentation (within the part of the analyzed investment with the underground part
implemented using one technology—diaphragm walls) is identical in variants D and
C (as presented above);

• In the case of the western wall of the building, there was a significant increase in
vertical displacements in the phases (cf. Table 1): the execution of the diaphragm walls
from −0.9 mm (variant A) to −1.5 mm (variant D); the execution of the excavation to
the designed depth from 0.2 mm (variant A, one underground floor) to the value of
−3.6 mm (variant D, two underground levels); the erection of the aboveground part of
the new building from −2.5 mm (variant A) to −4.8 mm (variant D); the application
of a live load from −3.0 mm (variant A) to −5.3 mm (variant D);

• In the case of the eastern wall of the building, there were slight increases/changes in
vertical displacements in the phases (cf. Table 2): the execution of the excavation to
the designed depth from −0.4 mm (variant A, one underground floor) to −1.4 mm
(variant D, two underground floors); the erection of the aboveground part of the
new building from 0.3 mm (variant A) to −0.5 mm (variant D); the application of the
payload from 0.4 mm (variant A) to −0.5 mm (variant D).

By conducting a comparative analysis of the variability range of vertical displacements
concerning the western wall of the building (located 6.1 m from the new building at 1A
Ludna Street), it can be concluded that the results were:

• Actual geodetic measurements (benchmark Rp30)—from 0.4 to −1.1 mm;
• Numerical model variant A—from 0.2 to −3.0 mm;
• Numerical model variant B—from 0.1 to −3.1 mm;
• Numerical model variant C—from 0.0 to −4.3 mm;
• Numerical model variant D—from 0.0 to −5.3 mm.

The investment preparation phase involved the performance of diagnostics of build-
ings situated within the range of impact (in zones I and II). The result enabled us to
establish the permissible vertical displacements of these buildings—i.e., when located in
zone I (building at 3 Ludna Street), 12 mm, and when located in zone II (building at 1B
Ludna Street), 8 mm. During the design and static calculation of the excavation support for
the underground part of the new building, the horizontal displacements of the lining were
determined and the possible vertical displacement of the subsoil in the immediate vicinity
was estimated. The basis for this was the results of the research and observations included
in [4,10,18]. The values of the predicted displacements did not exceed the permissible
values of vertical displacements specified for the building in question (Szulborski, K.,
Majewska, A., Michalak, H., Paziewski, T., Pęski, S., Przybysz, P., Pyrak S.). Technical
expertise of the neighboring buildings and assessment of the impact of the complex SBM
TORWAR housing at Solec/Ludna/Wilanowska Streets in Warsaw. Warsaw 2010. For
these reasons, during the implementation of the investment it was only recommended that
we conduct geodetic and visual monitoring to control the displacement of the excavation
support as well as for the buildings located within the zones of impact.

The vertical displacements of the subsoil and the neighboring buildings determined
in all analyzed variants A–D of the 3D numerical models showed values lower than those
considered acceptable due for the safety of use of this building. For these reasons, the
analyses could form the basis for the selection of the best solution, taking into account the
criterion adopted by the investor.

Based on the obtained results for the vertical displacements of the existing build-
ing at 1B Ludna Street, it can be concluded that, in the case of all shape variants of the
underground part and the body of the aboveground part of the new building, The displace-
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ments obtained were within the permissible range (up to 8 mm) specified in the technical
requirements of the existing buildings.

Due to the aforementioned factors and in the absence of legal conditions, including
legal restrictions on the possible expansion of the body of the new building in the design
concept phase, the presented variants could constitute the basis for selecting the most
favorable development—e.g., due to the criterion of obtaining the largest usable area for
the underground and aboveground parts of the new building.

5. Conclusions

In this paper, the authors presented the results of their research concerning the use of
3D numerical models and verified them taking into account the actual results of geodetic
measurements for shaping the underground parts of the designed buildings in a dense
urban development.

Appropriately designed 3D numerical models make it possible to forecast the impacts
within the newly designed buildings and adjacent development, and, after their appropriate
calibration, reflect the displacements of the subsoil in the area of the planned investment.
Knowledge of the anticipated displacements of the subsoil related to the new development
is necessary in the investment design and implementation phases due to the need to ensure
the safety of erection and use of a new building, as well as the use of facilities located in
the zones of impact.

Three-dimensional numerical models enriched with a number of variants for shaping
the underground and aboveground parts of the new building in a compact urban allow for
a more complete reflection of the impact of a new development and help to determine the
technical conditions required for its implementation.

For these reasons, after analyzing the existing technical conditions the basis for choos-
ing the most advantageous solution may be criteria important for the investor—e.g., the
biggest usable area of the underground and aboveground parts of the new building.

The proposed topic is based on the need to outline the necessity and appropriateness
of the extension of studies and analyses relating to construction projects involving the
development of a new building in a compact urban area.

This type of study allows the developer and designer to make the most favorable
decisions concerning the proper design of the underground part of the building. At the
same time, it helps to point out the consequences of such a development, including the
risks involved, the limitations, and the possible claims of the owners of existing buildings
in the neighborhood resulting from damage caused by the new structure. It identifies the
factors that are necessary to consider when preparing the construction of a structure with a
deep foundation in a compact urban area, helping ensure that the implementation of the
project can be appropriately completed.

The authors consider it advisable to continue and extend this research to include
analyses—within the scope presented in the article—of new cases of constructions carried
out in dense urban developments with different foundation depths corresponding to 1 to 5
underground stories.
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42. Jendryś, M.; Duży, S.; Dyduch, G. Analysis of Stress-Strain States in the Vicinity of Mining Excavations in a Rock Mass with
Variable Mechanical Properties. Energies 2020, 13, 5567. [CrossRef]

43. Józefiak, K.; Zbiciak, A. Numerical Analysis of Diaphragm Wall Model Executed in Poznań Clay Formation Applying Selected
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