§ sciendo

Studia Geotechnica et Mechanica, 2021; 43(s1); 479-491

Special Issue Article

Hanna Michalak, Pawet Przybysz*

Open Access

Forecasting the impact of buildings with multi-
storey underground parts on the displacement of
subsoil using modern numerical tools

https://doi.org/10.2478/sgem-2021-0034
received September 7, 2021; accepted October 31, 2021.

Abstract: The paper will analyse and review the experience
to date in determining the impact range of implementation
of deeply founded structures on the displacement of the
subsoil in the vicinity.

With the background of these experiences, primarily
empirical, the present possibilities of using numerical
modelling to forecast the displacements of the terrain
surface in various stages of works, that is, execution of
deep excavation support systems, excavation-deepening
phases with successive adding of struts, construction of
underground levels and erection of the above-ground part
of the building, will be presented.

Based on the results of own research, conclusions
on the use of 3D numerical models in spatial shaping
and designing the structure of underground parts of new
buildings erected in dense urban development will be
presented. The characterised 3D numerical models were
verified, taking into account the actual results of geodetic
measurements of the completed buildings.

Determining the range and forecasting the
displacements of the subsoil are necessary for the design
and implementation of investments due to the need to
ensure the safety of erection and use of a new building
and the buildings located within the area of influence.
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1 Introduction

Owing to the decreasing resources of construction
grounds in cities and the high prices of such areas, a
need arises for rational use of the building plot plan.
Usually, it is entirely intended for development, whereas
the buildings are often placed at the meeting point of
existing neighbouring building development. More and
more often, additional functions of facilities, for example,
garages, warehouses, technical back-up rooms, etc., being
auxiliary in relation to the standard purposes provided for
in the building’s above-ground levels, are introduced in
multi-storey underground levels. For these reasons, new
buildings erected in cities are equipped with numerous
underground levels.

The erection of a low-slung building within the
immediate vicinity of existing building structures impacts
the displacement of the subsoil. It thus influences
the technical condition of the neighbouring building
development.

For these reasons, when preparing this type of
investment, it is necessary to account for the existing
conditions, including technical and legal conditions. It is
also vital that the investment is preceded by determination
of the scope of impact of the designed building on the
subsoil displacement. The building implementation
should be designed and prepared in such a way as to
ensure that the requirements of the ultimate load-bearing
capacity and serviceability limit states are met for the
planned building, as well as for the existing building
structures located within its impact zone.

Displacement of the subsoil depends on a variety of
factors, including, primarily, change in the state of stress
resulting from the relief and load on the subsoil, the
subsoil type, its strength and deformation parameters,
deformation of the foundation excavation casing, possible
lowering of the groundwater mirror, technology applied to
dig the foundation excavation casing and its support at
height, surface area and shape of the planned excavation
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and its depth. The above-mentioned factors also affect

the scope of impact of the new investment on the subsoil

displacement. During the construction of a low-slung
structure, this scope of impact changes depending on the
state of stress, that is, the stage of the construction works.

Dueto the complexity of the issues, a new investment’s
scope of impact had previously been empirically
determined by numerous researchers for specific cases of
subsoils or a particular technology of excavation applied.

Usually, the scope of impact was only defined for the

excavation phase of the trench, depending on its depth

(h). For example:

— in the case of the subsoil formed of the London loam
and glacial tills, Clough and O’Rourke [1] determined
the impact range of the foundation excavation on the
deformation of the land surface as being 2.0-4.0h (h -
excavation depth);

— forthe same type of subsoil formed of the London loam
and glacial tills, Symons and Carder [2] estimated the
impact range of the foundation excavation as 2.0-
2.5h;

— in the case of non-cohesive soils (fine sand, medium
sands and gravel), Breymann [3] assessed the impact
range of the foundation excavation at 1.5-2.0h;

— Simpson [4] defined the impact range on strong
cohesive soils as being, on average, 2.0-3.0h and, in
extreme cases, as 5.0h;

— Smoltczyk [5] estimated the impact range of the
foundation excavation (disappearance of vertical
displacements) on the subsoil to be approximately
0.6-2.0h;

—  Michalak, Peski, Pyrak and Szulborski [6] found that
the greatest range of vertical displacements of the
ground surface occurs in the zone of 0.5-0.75h width
from the trench excavation edge and disappears
within 2.0h, whereas in the case that the groundwater
mirror is lowered, the impact range increases and
amounts to 3.0-4.0h;

— Wysokinski and Kotlicki [7] determined the
range of direct impact area of the foundation
excavation. (Within the immediate vicinity of the
foundation excavation, in exceptional cases, ground
displacements are likely to threaten the bearing
capacity of the building structure.) The researchers
determined the impact area range depending on the
type of soil that makes up the ground. According to
them, the impact area range equals 0.5h in sands,
0.75h in loams and 1.0h in clays. However, the scope
of the secondary impact area (in which the ground
displacements may cause damage to the building,
but do not threaten the load-bearing capacity of the
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structure) was determined at the following values:
2.0h in sands, 2.5h in loams and 3.0-4.0h in clays.
It was also found that this zone range decreases by
about 20% if the groundwater mirror is not lowered.
— In her work [8], Michalak explored the impact zones
of low-slung structure construction on subsoil
displacement within their vicinity. She estimated
these displacements in subsequent implementation
phases, that is, the underground part of the
construction phase (phase II) and the phase related
to constructing the above-ground part of the structure
with the application of service load (phase III).
Based on research concerning objects [8, 9] with
underground parts protected with casings made up of
a slurry wall supported at height with straining beams
or implemented using the Milan (top-slab) method,
the impact zones of the new building in subsequent
phases were determined.
Four zones, thatis, S _, S ., S,,, and S , were determined,
whose range depended on the absolute values of vertical
displacements at the edge of the foundation excavation
v,, which did not exceed 0.75v, 0.50v, 0.25v, and O
(disappearance of displacement), respectively. The range
of impact of the foundation excavation was determined
concerning buildings in which case the subsoil was shaped
by inhomogeneous soils with sands or loams underlying
the level of the bottom slab. It was determined that the
extent of the Soss Soso and S,.s ZOnes in phases II and III
was independent of soil conditions, while the extent of the
S, zone depended on the type of soil underlying the bottom
slab level. In phase II, the ranges of these zones equalled
S,s=0.5h,S . =07h,S ,.=1lhand S =17h (in the case
of sands underlying the bottom slab) or 5.4h (for clays).
In phase III, the ranges of these zones stood at S___= 0.5h,
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Spso = 0.8h, S . =13hand S = 2.8h (in the case of sands
underlying the bottom slab) or 5.4h (in the case of clay).

Depending on the construction work phase, variability
in the range of impact exerted by the construction of a
low-slung facility on the displacement of the land surface
within its vicinity was observed. Given this aspect, the
present article discusses the scope of such changes based
on a case study of a facility implemented in Warsaw. In the
implementation mentioned above, a 3D numerical model
of the facility was developed using Zsoil software [10]. The
model was then calibrated based on the results obtained
from geodetic measurement of the vertical displacements
of the stabilised geodesic benchmarks on the existing
neighbouring buildings, which were taken during the
implementation of the investment (detailed information
is given in [11]).
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The technology applied for foundation excavation
works for low-slung structures and its impact on the
subsoil displacement and determination of the soil
parameters for the design of such buildings have been
the subject of analyses presented in various scientific
publications, including [12-29].

2 Materials and Methods

2.1 General characteristics of the studied
implementation

The present research covers a housing complex in Warsaw
[30-34], which consists of three buildings: A, B and C
(Fig. 1), located upon a common underground part. The
underground part was built on an irregular plan, whose
area totalled about 5,000 m? (Fig. 2). The excavation for
the underground part measured 4.7 m below the ground
level. The casing of the excavation was made of slurry
walls, 60 cm thick, immersed in cohesive soils to cut off
groundwater inflow from 8.0 to 10.0 m below the ground
to the inside of the foundation excavation. The stability of
the slurry wall during the excavation works was ensured
by supporting it at height with straining beams made of
@711/12.5, @502/12.5 steel pipes and HEB 300 beams [30].
A non-dilated foundation slab with slopes in the direction
of linear drainage was designed and installed in the form
of the so-called ‘white tub’ waterproofing construction.
The complex of A, B and C buildings is mainly located
on a layer of medium-compacted sands, about 2.0 m
below the maximum groundwater mirror. Existing
building development is situated within the vicinity of the
investment, including a baroque church with monastery
buildings, a classicist building from 1850, a historic,
modernist five-storey tenement house erected in 1935, a
multi-family residential building with 17 above-ground
levels, as well as five residential buildings of various sizes
with several above-ground levels ranging from five to nine
storeys.

2.2 Soil and water conditions

The building complex is located approximately 150 m away
from the Vistula riverbed. While conducting geotechnical
investigations, it was established that the initial level of
groundwater is observable at a depth of 3.5-5.5 m below
sea level.
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Figure 1: General view of the development (building B).

The following geotechnical layers constitute the
subsoil in the investment area: embankments of rubble
with an admixture of sand and clay, the thickness of
which ranges from 1.0 to 3.8 m (layer I); a discontinuous
layer of clay and sandy clay with an admixture of organic
parts (layer Ila, IIb) in a hard-malleable state and locally
in a malleable form, with a thickness of up to 2.0 m;
medium and coarse sands in a moderately compacted
form, with a thickness of 2.5-5.5 m, constituting a lower
lawyer (layer IIIa, I1Ib); locally fine sands and dusty sands
(layer IV) and moderately compacted, locally found dusty
formations (layer V) in a semi-compact state. At a depth of
5.0-8.0 m below sea level, Pliocene clays (layer VIa, VIb)
in a hard-malleable and semi-compact form are observed
[34].

The building assembly is mostly erected upon a layer
of medium-compacted sands (layer III), about 2.0 m below
the maximum level of the groundwater mirror.

The geotechnical parameters of soils based on the
design documentation are provided in Table 1, whereas
the geotechnical cross section is shown in Fig. 3.

2.3 Numerical model

A spatial numerical model to map an area of 240 x 150 m,
including new A, B, C and adjacent buildings, is illustrated
in Fig. 4. The model was created in the ZSoil 2016 program
by ZACE Services Ltd., while geotechnical parameters were
adopted from the technical documentation of the facility.
Parameters such as the construction work phases resulting
from the actual stages of the investment implementation,
the load values of buildings and the manner and place of
their application were determined based on an analysis of
the design documentation.
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Figure 2: Site plan of the investment and existing neighbouring buildings with determination of the A-A test section placement. The outline
of the underground part of the new housing complex is marked by a dotted line (own study based on [32], [11]).
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Figure 3: Geotechnical cross section [34]
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Table 1: Subsoil parameters adopted in the model of the subsoil on the basis of the documentation [34].

Layer Compaction Plasticity Weight/ Friction Cohesion Dilatancy Poisson Compression Modulus of

No index index unit angle angle ratio modulus based on elasticity based
volume CPT probing on CPT probing

I I s [0] c U] v M E

(kN/m?) () (kPa) ©) (kPa) (kPa)

| - - 16-18 24 - - 0.25 - 15,000

lla - 0.3 20 - - - 0.32 5,000 3,500

Ib - 0.1-0.2 21.5 15 17 - 0.32 15,000 10,500

llla 0.4 - 18.5 32 - 2 0.25 75,000 62,500

IlIb 0.6 - 19.0 34 - 4 0.25 110,000 91,700

I\ 0.4-0.6 - 17.5 31 - 1 0.30 90,000-120,000 78,000

Vv - 0.0 21 22 40 - 0.29 >45,000 34,400

Via - 0.05-0.2 19.5 11 54 - 0.37 20,000-30,000 14,100

Vib - 0.0 21 13 60 - 0.37 >30,000 17,000

BUILDING A

BUILDING B

M
i
i

W

X ‘\‘\\\\\\\\ \

AL

FE MESH
TIME = 14.000[day]
1

k- = -0 Date . 7.82021 11:43

Figure 4: 3D numerical model covering the designed building complex A, B and C, neighbouring buildings and soil.

The subsoil under the buildings was modelled to a
depth of 30 m below the ground level using the Mohr-
Coulomb subsoil model. As characterised in [11], the
model calibration consisted of increasing the value of
the primary deformation modulus of the soil located at
depths below the level recognised in the geotechnical
documentation. The obtained displacement results for
building development presented in the 3D model were

compared with the displacement measurements obtained
during the investment implementation. The displacement
results that differed from the real displacement
measurements obtained from geodetic measurements by
more than double the geodetic measurement error, that is,
+0.6 mm [11], were considered convergent.



484 = Hanna Michalak, Pawet Przybysz

]
]
N
]

A

TTITTTT
LE AR AR

]

T
i |

.......

§
o

RIGHT SIDE

60

n

09

™

58

w

0.6

LEFT SIDE

@

5.5

IC 1}

s

0.4

licensed to WARSAW UNIV.OF TECHNOL. (License: WARC1707)

s

5.3

1Y

P

0.2

¥

o

5.0

cnl

9.9

CONTOURS OF
TIME = 14.000(day]
L 16.1 icen:

Displacement-

WARC1707 Pri Il 18.12.15-0.120| L1 11

2f

8

Figure 5: A numerical model section with the determination of the A-A test section placement.

3 Results and discussion

To analyse the impact exerted by the investment
implementation on the displacement of the area surface,
the A-A cross section (Fig. 5) located in the centre of a
part of the B building was selected from the 3D numerical
model of the investment. To limit the impact of local
changes that occur at the corners of the excavation support
elements (straining beams), as well as to reduce the load
on the ground surface with existing buildings, etc., a
cross section located in the central part of the investment,
outside these buildings, was selected (see Fig. 5).

Curve lines were drawn based on the vertical
displacements determined from the 3D numerical model in
the tested A-A cross section. These curves were intended
to reflect the displacements of the area surface to the left
and right from the edge of the excavation/outer surface of
the slurry wall, being part of the underground level of the
A, B and C building complex, in the major implementation
phases. Vertical displacements at a value greater than
double the geodetic measurement error were assumed as
occurring. The present article discusses only the drawings
and diagrams that cover the phases directly related to the
construction of building B, that is, phases 1, 2, 4-9 and 14.
However, while creating the numerical model, all stages
of construction work in actual locations and during their
occurrence were accounted for.

Phase 1 involved constructing the guide walls of the
slurry walls for the excavation casing and the preliminary
excavation. In this phase, no vertical displacements of the
land surface were found.

Phase 2 was concerned with the creation of excavation
casing slurry walls. The curved lines that define the
vertical displacements of the land surface on both sides
of the foundation excavation are similar in shape, that
is, they form a convex trough and are similar in values.
The highest vertical displacements, namely subsidence,
occur directly behind the slurry walls and amount to 4.8
mm on the left side and —4.9 mm on the right side. The
disappearance of the impact zone was determined at a
distance of 12 and 15 m, respectively (Fig. 6).

Phase 4 consisted in conducting an excavation to a
depth of 4.7 m and supporting the structure at height with
pre-tensioned straining beams (Fig. 7).

Phase 5 was concerned with making the excavation
to the designed depth of 4.7 m below the ground level
(Fig. 8). The highest determined vertical displacement
values, subsidence, occur in the immediate vicinity of
the foundation excavation casing made of slurry walls
and amount to 1.4 mm on both sides, respectively. The
displacement curve forms a concave trough. Vertical
displacements reach the value of double the geodetic
measurement error on the left side, at a distance of 13 m
from the edge of the foundation excavation. In contrast,
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Figure 6: Phase 2 of the implementation — erecting slurry walls; graph of vertical displacements of the land surface in the A-A cross section:

a) on the left, b) on the right.
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Figure 7: Phase 4 of the implementation — conducting foundation excavation and supporting it with straining beams; graph of vertical
displacements of the land surface in the A-A cross section: a) on the left, b) on the right.
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Figure 8: Phase 5 of the implementation — conducting foundation excavation to the full depth; graph of vertical displacements of the land

surface in the A-A cross section: a) on the left, b) on the right

on the right side, the distance stands at 14.5 m. Further,
the subsidence values increase to —2.0 and —2.7 mm at the
model edges, respectively.

Phase 6 involved construction of the bottom slab
of building B (Fig. 9). The trough is convex in shape;
the most significant vertical displacement values, that
is, subsidence, occur directly behind the foundation
excavation casing and amount to -25.6 mm on the
left side and -15.9 mm on the right side. However, the

disappearance of the impact zone on the left and right
sides stands at a value greater than the model dimensions,
that is, at over 50 m. At a distance of 12 m from the edge of
the excavation casing, the values of these displacements
equal —2.0 mm and retain relatively low values, whereas
at the model’s edge, namely at a distance of 50 m, they
amount to —1.8 mm.

The subsequent phase 7 comprised disassembly
of the straining beams in the excavation part and
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Figure 9: Phase 6 of the implementation — implementation of the raft foundation; graph of vertical displacements of the land surface in the

A-A cross section: a) on the left, b) on the right.
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Figure 10: Phase 7 of the implementation — disassembly of straining beams, followed by the construction of walls and columns in the
underground part; graph of vertical displacements of the land surface in the A-A cross section: a) on the left, b) on the right

implementation of the reinforced concrete wall and
column structures for the underground level (Fig. 10). The
highest vertical displacement values, namely subsidence,
determined from the 3D numerical model, occur directly
behind the slurry walls and amount to —25.9 mm on the
left side and —16.4 mm on the right side. In contrast, as
in phase 6, the displacement disappearance exceeds the
model boundaries, that is, it occurs at 50 m. However,
already at a distance of 12 m from the outer edge of slurry
walls, these displacement values are insignificant, as they
amount to —1.9 mm. Moreover, they become stabilised on
both sides of the model, up to the model’s boundary.

Phase 8 was concerned with implementation of the
ceiling above the underground level at the ground level
(Fig. 11). In this case, the settlement curve creates a convex
trough, and the highest values of vertical displacements
occur directly behind the excavation casing and amount
to —27.8 mm on the left and —18.3 mm on the right. At a
distance of 12 m from the outer edge of the slurry walls
on both sides, the displacement values equal -2.1 and
—2.6 mm, respectively, and continue to stabilise at a level
similar to the numerical model boundary.

Phase 9 involved construction of the above-ground
part of building B (Fig. 12). The vertical displacement
curve forms a convex trough. The highest values of these
displacements occur directly behind the slurry walls
and amount to —279 mm on the left side and —-18.3 mm
on the right side. At a distance of 12 m from these walls,
the vertical displacements equal —2.1 and -2.6 mm,
respectively. Further, they slightly decrease to the values of
—-1.9 and —2.2 mm, respectively, at the model’s boundaries.

The final phase (14) comprised all loads applied to
the structure and, consequently, to the subsoil, that is,
loads related to the commissioning of the facility and
applying the full-service load (Fig. 13). In this phase, the
curve of land surface vertical displacements also formed a
convex trough. The highest values of these displacements
occurred directly behind the slurry walls and amounted
to —32.4 on the left, —22.7 mm on the right and about 2.2
mm at a distance of about 20 m on both sides. On the left,
the disappearance of subsidence occurred at a distance
of 29 m, whereas on the right, towards the boundary of
the numerical model, the value of vertical displacements
stood at —1.5 mm.
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Figure 11: Phase 8 of the implementation — construction of the underground part; graph of vertical displacements of the land surface in the
A-A cross section: a) on the left, b) on the right.
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Figure 12: Phase 9 of the implementation — construction of the above-ground part; graph of vertical displacements of the land surface in the
A-A cross section: a) on the left, b) on the right.
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Figure 13: Phase 14 of the implementation — application of the full-service load; graph of vertical displacements of the land surface in the
A-A cross section: a) on the left, b) on the right.

The juxtaposition of the vertical displacement values - according to [7] (see also [6]), the range of the
of the land surface, obtained from the 3D numerical model foundation excavation (in this analysis, it was marked
in the analysed implementation phases, in the case of left as phase 5), including direct impacts, equals 0.5h
side of the A-A test cross section, is presented in Table 2, = 2.35 m (see Tables 2 and 3), whereas the range of
whereas in the case of right side, it is shown in Table 3. secondary impacts is 2h = 9.4 m (compare Tables 2 and

In the case in question, where the subsoil is formed 3);
mainly of sandy formations, with a foundation excavation - according to [8], the scope of the investment’s impact
depth at 4.7 m, the scope of the investment’s impact on the in the phase of construction works related to erecting

displacement of the land surface was determined, that is: the underground part of the facility (in this analysis,
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Table 2: The juxtaposition of the vertical displacement values in [mm] of the land surface. from the 3D numerical model in the analyzed
implementation phases. for the left side of the A-A test cross—section.

Distance 50 46 43 40 37 34 31 29 26 24 21 19 17 15 12 10 8 5 3 2 0
from the

excavation

(m)

Phase 1 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0
Phase 2 0.2 0.2 03 03 03 03 03 03 03 0.2 00 -0.1-0.3-0.7-1.2-1.7 -2.2 -3.0 -3.7 -4.3 -4.8
Phase 3 -0.1 -0.1 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.3 -0.4 -0.5 -0.6 -0.7 -0.9 -1.1 -1.3 -1.2 -1.4 -1.4 -1.2 -1.0
Phase 4 -0.1 -0.1 -0.2 -0.2 -0.2 -0.2 -0.3 -0.3 -0.3 -0.4 -0.5 -0.6 -0.7 -0.9 -1.1 -1.3 -1.2 -1.4 -1.4 -1.3 -1.0
Phase 5 -1.7 -2.0 -2.2 -2.3 -2.3 -2.4 -2.5 -2.6 -2.7 -3.0 -3.1 -3.0 -2.8 -2.5 -1.8 -1.9 -4.0 -7.1 -11.4-17.5-21.0
Phase 6 -1.6 -1.8 -2.0 -2.1 -2.1 -2.2 -2.2 -2.4 -2.5 -2.7 =-2.9 -2.9 -2.7 -2.5 -2.0 -2.8 =5.5 -9.4 -14.5-21.2 -25.6
Phase 7 -1.6 -1.8 -2.0 -2.1 -2.1 -2.1 -2.2 -2.3 -2.4 -2.7 -2.8 -2.8 -2.7 -2.4 -1.9 -2.7 -5.5 -9.4 -14.6 -21.4-25.9
Phase 8 -1.5 -1.7 -1.9 -1.9 -2.0 -2.0 -2.0 -2.2 -2.3 -2.5 -2.8 -2.7 -2.6 -2.4 -2.1 -3.3 -6.4 -10.5 -15.9 -23.1 -27.8
Phase 9 -1.5 -1.7 -1.9 -1.9 -1.9 -2.0 -2.0 -2.2 -2.2 -2.5 -2.7 -2.7 -2.6 -2.4 -2.1 -3.3 -6.4 -10.5 -15.9-23.1 -27.9
Phase 10 -1.4 -1.5 -1.7 -1.7 -1.7 -1.7 -1.8 -1.9 -2.0 -2.3 -2.6 -2.6 -2.5 -2.3 -2.1 -3.3 -6.5 -10.7 -16.2 -23.4 -28.2
Phase 11 -1.3 -1.5 -1.6 -1.7 -1.7 -1.7 -1.7 -1.8 -1.9 -2.2 -2.5 -2.5 -2.4 -2.2 -2.0 -3.3 -6.5 -10.7 -16.2 -23.5-28.3
Phase 12 -1.3 -1.4 -1.5 -1.6 -1.6 -1.6 -1.6 -1.7 -1.8 -2.1 -2.4 -2.4 -2.3 -2.1 -2.0 -3.4 -6.5 -10.8 -16.3 -23.6 —-28.5
Phase 13 -1.2 -1.4 -1.5 -1.6 -1.5 -1.6 -1.6 -1.7 -1.8 -2.1 -2.4 -2.4 -2.3 -2.1 -2.0 -3.4 -6.6 -10.8 -16.4 -23.6 -28.6
Phase 14 -0.9 -1.1 -1.1 -1.1 -1.1 -1.1 -1.1 -1.2 -1.3 -1.7 -2.1 -2.2 -2.3 -2.4 -2.8 -4.9 -8.5 -13.3 -19.4 -27.2 -32.4

Table 3: The juxtaposition of the vertical displacement values in [mm] of the land surface. from the 3D numerical model in the analyzed
implementation phases. for the right side of the A-A test cross—section.

Distance from 0 2 4 6 9 10 12 14 15 17 19 21 25 28 32 35 39
the excavation

(m)

Phase 1 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0.0
Phase 2 -49 -45 -39 -3.1 -24 -2.4 -20 -17 -1.2 -08 -0.6 -03 -0.1 0.1 02 03 0.3
Phase 3 -0.5 -1.0 -1.3 -13 -1.2 -1.4 -13 -13 -1.1 -0.9 -0.8 -0.7 -0.5 -0.4 -0.3 -0.2 -0.2
Phase 4 -05 -1.0 -13 -13 -1.2 -1.4 -13 -13 -1.1 -0.9 -0.8 -0.7 -0.5 -0.4 -0.3 -0.2 -0.2
Phase 5 -10.8 -7.5 -3.3 -1.5 -0.8 -0.7 -1.2 -1.8 -2.2 -2.4 -2.6 -2.8 -3.0 -3.0 -2.9 -2.8 -2.7
Phase 6 -15.9 -11.6 6.7 -41 -2.6 -2.2 -2.2 -2.4 -2.6 -2.6 -2.7 -2.7 -2.7 -2.7 -2.6 -2.5 -2.4
Phase 7 -16.4 -12.0 -7.0 -43 =-2.7 -2.2 -2.1 -2.4 -2.5 -2.5 -2.6 -2.6 -2.6 -2.6 -2.5 -2.4 =-2.3
Phase 8 -18.3 -13.6 -8.3 -5.3 -3.5 -2.9 -2.6 -2.7 -2.7 -2.6 -2.6 -2.5 -2.5 -2.4 -23 -2.2 -2.1
Phase 9 -18.3 -13.6 -8.2 -5.3 -3.4 -2.8 -2.6 -2.6 -2.6 -2.6 -2.5 -2.5 -2.4 -23 -23 -2.2 -2.1
Phase 10 -18.5 -13.7 -8.4 -5.4 -3.5 -2.9 -2.6 -2.6 -2.6 -2.5 -2.4 -2.4 -23 -22 -2.2 -21 -2.0
Phase 11 -18.7 -13.9 -8.5 -5.5 -3.6 -3.0 -2.6 -2.6 -2.6 -2.5 -2.4 -2.4 -23 -22 -21 -2.0 -2.0
Phase 12 -18.8 -14.0 -8.6 -5.5 -3.6 -3.0 -2.7 -2.6 -2.5 -2.5 -2.4 -23 -2.2 -21 -2.0 -2.0 -1.9
Phase 13 -18.9 -14.1 -8.7 -5.6 -3.7 -3.1 -2.7 -2.7 -2.6 -2.5 -2.4 -23 -22 -21 -2.0 -19 -1.9

Phase 14 -22.7 -17.5 -11.4 -7.8 -5.4 -4.7 -4.0 -3.5 -3.0 -2.7 -2.4 -2.2 -20 -18 -1.6 -1.5 -1.5
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it was marked as phase 8) is 1.7h = 8.0 m (see Tables 1
and 2);

— according to [8], the scope of the investment’s impact
in the phase of construction works related to erecting
the above-ground part of the building, including the
application of the full-service load (in this analysis,
it was marked as phase 14), equals 2.8h = 13.2 m (see
Tables 2 and 3).

The nodes of the 3D numerical model grid closest to the
defined ranges are marked in colour in the tables provided.

4 Conclusions

The following can be concluded from the comparative
analysis of the vertical displacement values of the land
surface on both sides of the slurry walls being part of the
foundation excavation support (see Figs 6-13, Tables 2
and 3):

— In all phases of construction works, the shape of
the vertical displacement curve on both sides was
consistent, that is, of convex nature (except for the
convex trough, which emerged in phase 4, related to
the excavation of the trench below the level of support
with straining beams and the installation of straining
beams).

—  Until phase 4 of construction works, full compliance
of the vertical displacement values on both sides of
the test cross section was observed.

— Inphase 5, which involved conducting the foundation
excavation to its full intended depth (earlier
supported by straining beams at the height in phase
4), a significant diversification occurred in terms of
the highest vertical displacement values on both sides
of the test cross section, that is, these displacement
values were approximately twice as high on the left
side as those observed on the right side.

- In subsequent phases (6-9), these displacement
values further increased on both sides of the test cross
section.

— The highest increases in vertical displacement values
were found on both sides of the test section between
phases 4 and 5, as well as between phases 9 and 14.

The following may be concluded from a comparative
analysis of the scope of impact exerted by a new
investment on vertical displacements of the land surface
(see Figs 6-13, Tables 2 and 3):
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— The most significant impact range is related to
the phase in which excavation to the full depth is
made. Within this range, the largest, significant
displacement values occur at a distance of 2.0h (h -
excavation depth) from the foundation excavation
edge. However, displacements of relatively small,
insignificant values occur even further from the edge
of the foundation excavation.

— A tendency to increase the impact range with the
progress of construction works can be observed. The
final phase, referred to in the article as phase 14, is
associated with the highest vertical land displacement
values. These land surface displacement values
occurring immediately behind the excavation casing
are likely to double the vertical displacements during
the excavation phase (phase 5).

The construction of low-slung structures within dense
urban development constitutes a complex investment
project that requires numerous additional analyses
and research to forecast the impact of such facilities
on existing building development within the vicinity.
Forecasting displacements and the range of impact of
such an investment pose particular difficulties when
the designed facilities come with irregular, fragmented
building plans. According to the authors, using empirical
formulas to determine these interactions may provide
a basis for estimating the impact range in the case of
linear objects. However, due to the overlapping of many
interactions and the effects of constructions with irregular
plans, it seems reasonable in their case to supplement the
analysis with the 3D numerical modelling proposed in the
present article. This type of modelling may more accurately
reflect the actual location of the neighbouring building
development and the resulting load on the subsoil, as
well as the loads that emerge under the schedule of the
construction work execution phase.
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