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Abstract

The article presents the use of BIM design method in geotechnical issues. BIM was used in the
modeling of high building “Mogilska Tower” in Cracow. The object, as one of the few in Cracow, will
have three underground storeys. High building with underground levels requires checking the impact
of the implementation of a deep excavation on existing buildings. Analysis of settlement impact
caused by deep excavation and the planned load of the building is based on the guidelines contained in
the ITB (KorLicki, WysokiNski 2002) standards by the simplified method and detailed method
determined on the basis of numerical analysis. The article presents the results of the vertical
deformation of ground adjacent to the existing object. The results of the calculations were compared
with the limit values shown in ITB and PN-81/B-03020 (1985). Numerical analysis was performed in
the spatial state of stress and strain model. It takes into account the spatial layout of the geotechnical
subgrade and the terrain shape obtained by the measurement of terrestrial laser scanner. Subgrade
was modeled elastic-plastic model of Mohr-Coulomb with linear condition of plasticity. Identified the
influence and range of deep excavation and loads of the planned high building on existing
development.

Correspondence: Dariusz Szwarkowski, Wydzial Inzynierii Ladowej, Politechnika Krakowska im.
Tadeusza Ko$ciuszki, ul. Warszawska 24, 31-155 Krakéw, phone: 12 628 25 66, e-mail: dszwar-
kowski@pk.edu.pl



298 Dariusz Szwarkowski, Elzbieta Pilecka

Introductions
Building Information Modeling assumptions

The use of Building Information Modeling (BIM) in the construction
industry, is currently the fastest growing new concept of obtaining and
collecting data at every stage of design, modeling and implementation of
buildings. The resulting data is used to update the assumptions during the
construction projects. A new feature of the approach, assumptions using BIM
methods, is another way of collecting data. The data are collected not only from
the cycle of design and construction of the object, but also after its construction
and during the exploitation until the decommissioning of buildings (ToMALA
2016). It means that, data set in the conceptof the method of BIM relate to each
object lifecycle. These are not only parametric data model elements, taking into
account the design, material and geometry of a particular item, for example
characteristic of 3D modeling reinforced concrete beam. Also, it may be data on
time execution of individual tasks on a construction site related by the stages of
the object (4D models). BIM models allow to take into account cost manage-
ment object (5D models). In the concept of BIM methods, deserve attention the
information provided directly from the construction site (6D models), or
during exploitation of a building (7D models) (TOMALA 2016). BIM is a compre-
hensive set of information about the building. Its containing a huge amount of
data. They are made available to the various participants in the construction
process: designers, engineers, managers, and contractors. The large number of
entities involved in the provision of data to the model, must be based on
common standards of design. This allows combine partial models developed by
specialists of specific industries in a global model. The condition is compatibil-
ity model files to each other. It is important a common format for data storage,
which allows the same interpretation of the models supplied by the various
participants of a construction project. IFC is the basic standard for the
recording format. Its used in the modeling project using BIM methods.

Building Information Modeling in geotechnical projects

Building Information Modeling is a record model in the form of elements in
combination, represented in a parametric way of a specific identification
number (ID). This allows explicit assignment of the properties the geometric
elements, strength parameters, or material (TOMALA 2016).

In the cycle of collecting and transmitting data to the global database BIM
model, data from the geotechnical industry are made available to the planning
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stage. These include geotechnical data layers of soil, the soil strength par-
ameters: the angle of interior friction and cohesion. Geometric data related to
course of geotechnical layers, developed on the basis of profiles of the research
and prepared geotechnical sections. Application of BIM enables the acquisition
of terrain data to project. It is obtained terrestrial laser scanning. Comprehen-
sive data on the terrain shape and the course of geotechnical layers, are used to
calculate the behavior of a building in the next stages of its implementation
(ZHANG et al 2016). BIM data collection does not end at the design stage, but
also includes, for example, data obtained from construction site. This allows
update the assumptions made at the design stage.

In current practice of engineering, geotechnical project had closed source
data. Modeling of the object using the assumptions of the BIM method enables
connection geotechnical data and their use over the lifecycle of a building. The
use of geotechnical data as part of the project BIM reduces the risk of the
project, in the form of unexpected costs or extend the investment execution.
Geotechnical data in the concept of BIM are not a new issue. In 1989 AGS
(Association of Geotechnical and Geoenvironmental Specialists) created a data
format for processing and use in other industries construction. Despite the
many advantages implemented standard has not been widely used. The
fundamental drawback was the inability to interpretation of the data, in the
form of eg. surface course of geotechnical layers (MORIN et al. 2014). BIM
solves problem with the interpretation of spatial geotechnical data. Adjust-
ment of spatial geological models for use in the construction industry creates
huge opportunities to take into account the behavior of complex object.
Currently, the practice of engineering is based on the assumption that the
layout of geotechnical layers is uniform along length and is not substantially
changed. Hence, most of the analysis is based on the assumption of plane
strain and stress state of geotechnical models. Application of BIM method in
geotechnical design is necessary. Research conducted by HM Government
(KESSLER et al. 2015) have shown that the construction sector, in 2025 will be
dominated by the new approach BIM in 70%. In addition, in the UK since 2016
all investments in the system of public procurement (Industrial Strategy
2012), have to be aligned with existing standards BIM. Implementing BIM in
the construction industry has the largest share in the US. Projects executed in
this method, account for over 70% of the total number of ongoing contracts
(Value of BIM in North America 2012). In Europe, the largest share of use BIM
in the design focuses on three countries: Germany, France and UK. It
represents a total of approximately 35% of all projects (KIvINIEMI 2010). The
legal status of BIM adapting in the world is as follows (D1 GIACOMO 2015):

a) Great Britain — required BIM technology in government projects. Pro-
jects implemented at BIM represent 39% of all;
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b) Norway, Finland — Introduced regulations that allow BIM design;

¢) Central and Southern European countries 14% of BIM projects, 60% of
designers do not use this technology to design;

d) China — 5% implementation of BIM, a big upward trend;

e) Japan —almost 5% of BIM use in construction, 80% of participants in the
construction process are aware of the use of this technology;

f) Austria — strong BIM adoption;

g) Singapore — 50% use BIM in construction;

h) US - largest share of the discussed technology. Special legal regulations:
BIM standards, GSA & US Army BIM mandates.

In Polish conditions use of BIM method is not widely used. There are no
legal solutions or standards precisely specifying the framework and extent of
BIM method used in the construction industry (Building Information
Modeling. BIM in Poland 2016).

The use of geoengineering in BIM is usually taken into account in the form
of a load of pressure coming from the geotechnical layers layout. Often objects
are modeled on the ground elastic behaviour. This assumptions omitting
plastic properties of ground. This causes multiple errors at the stage of project
design. Research conducted in the UK (KESSLER et al. 2015) have shown that
more than 70% of investments in the public procurement system have ex-
ceeded the budget. The reason was poor recognition of geotechnical layers
property. The article focuses on showing the use of BIM design method in
geotechnical engineering. The use of that method will be presented in the
context of the impact of a tall building “Mogilska Tower” in Cracow on existing
buildings located in the vicinity of the planned investment. Building model was
developed using Midas nGEN software based on the concept of BIM. In order
to evaluate the impact of an object on the neighboring buildings, used data of
geotechnical parameters (e.g strength parameters or the course of geotechnical
layers). In addition, used terrestrial laser scanner in order to reflect the actual
terrain shape. The resulting data were used to generate a numerical model of
the area. In model used the loads results obtained from a model based on the
BIM. The results were used to evaluate the influence of high building on
neighboring buildings as specified (KOTLICKI, WYSOKINSKI 2002).

Materials and methods

Numerical analysis of high building model was carried out in the CAE/CAD
Midas nGEN. Parametric building model consisted of 15 storeys above ground
and 3 underground storeys. The total height of the building is equal 45 m. The
object was fixed at a depth of -10 m below ground level. The building was
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realized in the frame construction, made of reinforced concrete load-bearing
walls and partition walls from silicate blocks (PILECKA, SZWARKOWSKI 2017).
Slabs, balconies, stairs were modeled as reinforced concrete elements. Figure
1 shows the visualization of the object (SEMACO INVESTMENT GROUP).
The following assumptions for modeling tall building:

— the dimensions of the building plan: length: 51 m, width: 19.5 m;

— the dimensions of the underground building plan: length: 51 m, width:
19.5 m;

— the thickness of the monolithic elements, slabs and stairs: 15 cm;

— bearing walls of reinforced concrete with a thickness: 15 em, 20 cm, 30
cm, 60 cm;

— thickness walls of silicate blocks: 10 cm and 15 cm.

Fig. 1. The concept of high building “Mogilska Tower” in Cracow
Source: www.semaco-ig.pl

Loads has been selected on the basis of standard (LENDUSZKO 2014).
Adopted use loads for residential rooms, category A, equal to 2.0 kN m2 for
stairs 4.0 kN m~ and balconies 2.0 kN/m? Material parameter of construction
components and filling selected in standards (LENDUSZKO 2014). To determine
the characteristic snow load on the model used standard (PAWEOSKI, CALA
2013). Assumed load value equal to 0.96 kN/m?. Detailed calculations of the
load given in article (PIECKA, SZWARKOWSKI 2017). Figure 2 shows the pressure
peaks of wind speed, together with the distribution of external pressure cpe,10
for high building.

Structural factor determined on the based on the logarithmic formula (EN
1991-1-4 2008) and the algorithm calculations presented in the article (ZURA-
WSKI, GACZEK 2010). For building was chosen category 4 of the urban area.
Logarithmic decrement of damping was equal to § = 0.10 for analyzed object.
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Fig. 2. Pressure peaks of wind speed, together with the distribution of external pressure cpe 10
Source: PILECKA, SZWARKOWSKI (2017).

Eigenvalues determined in the article (PILECKA, SZWARKOWSKI 2017) were
equal: for first the form of vibration f; = 2.70 Hz, for the second form of
vibration f; = 3.01 Hz. Numerical model adopted on the level of detail LOD300
(ToMALA 2016). Numerical analysis was conducted based on flat finite el-
ements. The mesh size was set equal to 0.5 m. Adopted unmovable boundary
conditions at the base of the model. Numerical analysis was used to generate
the reaction forces of the base model for next stages of raising the object. The
individual values of the reaction forces used in the numerical model of the
subgrade. It allowed to determine the impact of the implementation object to
the existing buildings.

The spatial model of geotechnical layers of area in the vicinity of the
planned building, made on the basis of geological engineering documentation
(LENDUSZKO 2014). Linear change the course of geotechnical layers was
adopted between the research profiles.

Subgrade of consider area is characterized by a complex geological struc-
ture. Anthropogenic soils occur below a depth of 1.6 m from ground level.
Layer of gravel is from -1.6 m to -12 m below the ground level. Miocene clays
are located at a depth of -13.3 m to -14.8 m. The numerical model of the
subgrade takes into account the three layers of geotechnical. Table 1 shows the
parameters of the layers included in the numerical model (SZWARKOWSKI 2017).

Geotechnical layers modeled elastic-plastic model of Mohr-Coulomb with
linear plasticity condition. Area of land numerical model was generated based
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Table 1
Geotechnical parameters of layers adopted in numerical modeling
Soil name ® [°] ¢ [kPa] y [kN/m?®] E, [MPa] v [-]* I/Ip
Ia1(saclSi) 13.00 13.50 20.50 16.50 0.25 0.30
IIa (MSa) 30.50 0.00 19.00 50.00 0.25 0.55
IIc (Gr saGr) 39.00 0.00 20.50 146.00 0.25 0.55
ITIa (CD) 13.00 60.00 21.50 22.00 0.25 0.00

* information from CarA and Frisiak (2000), GrIrFriTHS and LANE (1999).

on the measurement of terrastrial laser scanning. Terrain model was created
by combining triangular elements for point cloud. The cloud consists of several
dozen millions of points obtained as a result of the measurement the laser
beam. A detailed description of the research procedure using terrestrial laser
scanning to generate the surface of the terrain for the numerical models are
included in the article (SZWARKOWSKI, ZIEBA 2017). A similar use of laser
scanner in BIM was used in the modeling of a historic building in city Sondrio
of Italy (BARAZZETTI et al. 2015).

Evaluation of the impact of high building “Mogilska Tower” in Cracow on
existing buildings, in the context of the use BIM methods in geotechnical
engineering, is based on the following stages of modeling:

— Stage I: Initial analysis model before executing the excavation. Linear
static analysis;

— Stage II: Driving steel sheet piles to a depth of 16m below ground level to
layer Miocene clays. Nonlinear static analysis;

— Stage III: Execution of a deep excavation to a depth of 10 m below ground
level, along with the installed HP320 profiles. Nonlinear static analysis.
Details in the article (SZWARKOWSKI 2017);

— Stage IV: Comparison of the results of vertical displacements obtained
from numerical modeling of deep excavation with deformations obtained from
measurements of terrestrial laser scanner and geodesic measurements
(PILECKA, SZWARKOWSKI 2015);

— Stage V: Execution of underground storeys. Load implementation from
the model of the building, to the level of the bottom of excavation. Nonlinear
static analysis;

— Stage VI: The underground storeys backfilled with soil. Nonlinear static
analysis;

— Stage VII: Execution of 6 floors above ground building. Nonlinear static
analysis;

— Stage VIII: The loads from the self weight of the building model includes
all 14 floors above ground. Nonlinear static analysis;

— Stage IX: Full load building model: loads: self weight, use load, weight of
snow, wind pressure. Nonlinear static analysis;
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— Stage X: Comparison of the results of vertical displacements in the
vicinity of the existing building with the limit values set out in the specifica-
tions ITB (KOTLICKI, WYSOKINSKI 2002, PN-81/B-03020 1985).

Numerical model of the subgrade located in a deep excavation. It was
modeled hexagonal finite elements of size 1 m. Subgrade close to excavation
divided of finite elements mesh of size 2 m. Steel sheet, constituting the casing
of excavation was modeled quadrangular finite elements of type shell. The size
of shell elements is 1 m. Elements for the top beam and steel profiles matched
the size of the finite elements of type beam equal to 1 m. Movements of the soil
model is blocked at the horizontal direction, allowing freedom of displacement
in the vertical direction. The basis of the model immobilized in three direc-
tions. Between elements of shell casing excavation and subgrade modeled
contact, based on the Coulomb law (SZWARKOWSKI 2017). Results of vertical
displacements, compared with the limit values for existing buildings situated
in the vicinity of a deep excavation (KOTLICKI, WYSOKINSKI 2002). On the basis
of the guidelines drawn up zone of direct influence of deep excavation on
existing buildings and the zone of secondary impact, including the maximum
range of influence of deep excavation. Figure 3 shows the range of impact zones
of deep excavation on the existing building. Zone SI refers to the immediate
effect of deep excavation on the existing development building and its range is
7 m. SII zone is associated with a secondary impact of the deep excavation and
the proposed high building on the existing construction. Its range is not more
than 20 m from the edge of the excavation.

= existing luilding development
excavation boundary

zones boundary of direct
influence of settlement S4

[ oosndery of secondary infsence

of excavation S11

Fig. 3. The development plan with marked zones of influence of deep excavation
Source: SZWARKOWSKI (2017).

Technical Sciences 20(3) 2017



BIM Technology in Geotechnical Engineering... 305

Maximum allowable settlement for the existing building structure should
not exceed 8 cm, according to norm PN-81/B-03020 (1985). Figure 4 shows the
procedure for assessing the impact of a tall building on existing development.

Spatial terrain obtained from the measurements
of terrestrial laser scannin

Geological documentation of the sections

- ) Constitutive modelof soilu
and profiles of geoechnical layers

-M-C model

Model geometry:
1 — spatial layout of geotechnical layers
e — spatial terrain

— MorrCadme
(8 comstet )

sl

&

U

oL H BRI e e Numerical model of analyzed area

Compare results

Assumptions correction
Results of ground displacements obtained @ Results of building displaceménts
from the numerical analysis CONCLUSIONS obtained from terrestrial laser scanning

Fig. 4. Algorithm for determination of the impact the execution deep excavation on settlement
neighboring building
Source: SZWARKOWSKI (2017).

Results and discussion

The impact of high building “Mogilska Tower” in Krakow was determined
on the basis of numerical analysis of the subsoil, made of deep excavation in the
neighbor of the existing buildings. The numerical model determined areas
corresponding to the zone of direct impact of building settlements Sy, and to
change the vertical displacements in the area Sy of secondary impact on
building development. The analysis took into account total loads of building
model in fundation level of excavation. Figure 5 and Figure 6 shows the
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vertical displacements obtained in step IX with marked zones of influence of S;
and Sy. Displacements determined using the simplified method given in the
specification ITB (KOTLICKI, WYSOKINSKI 2002). Vertical displacements deter-
mined for 18 measuring points spaced every 4 m (Fig. 5).
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Fig. 5. Vertical displacements in the vicinity of the existing building for stage IX of numerical analysis
Source: SZWARKOWSKI (2017).
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Fig. 6. Vertical displacements in the vicinity of the existing building in deep excavation section; stage

IX numerical analysis
Source: SZWARKOWSKI (2017).
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Vertical displacements [mm] in zones of influence the planned object on existing building development
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Fig. 7. Vertical displacements in zones of influence the planned object on existing building develop-
ment

Source: SZWARKOWSKI (2017).
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Fig. 8. Plasticity zones of ground in the vicinity of deep excavation
Source: SZwARKOWSKI (2017).

Displacement obtained for each affected zones of high building on neigh-
boring buildings, for the last numerical analysis (stage IX), are equal: zone S;
direct impact of deep excavation for building S; = 12 mm, zone Sy is equal to
almost 6 mm. The largest displacements are located at distance no greater than
4 m from the edge of excavation. Beginning edge of the building is located
8 m from the edge excavation. It corresponds to the vertical displacements of
the order of 4-6 mm. For the building portion, it located in the zone of vertical
deformation Sy and not exceed 3 mm. The remaining part of the building is
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sited on area where not required simplified analysis. The maximum displace-
ment does not exceed 1 mm. Figure 8 shows a plastic deformation area of
ground in the vicinity of deep excavation.

Figure 8 shows regions exceeding the maximum soil shear strength give
rise the formation of zones plasticity of ground, according to Mohr-Coulomb
model with linear plasticity condition. Maximum effects of the impact of the
deep excavation loaded with forces of the planned building on existing building
development shows in Figure 8.

Conslusions

The values obtained for the maximum deformation numerical model of the
subgrade subjected to the influence of a deep excavation loaded high building,
showed that the vertical displacements do not exceed the limit specified in the
specification ITB and standard PN-81/B-03020. Displacement values do not
exceed the limit values 8cm. The deep excavation with a planned investment in
the form of a 15-storeys high building “Mogilska Tower” will not adversely
affect the work of construction of the existing building. Measurement conduc-
ted using terrestrial laser scanning and geodesic measurements showed dis-
placements of the building equal 3 mm. In article summarizes the results of
soils deformation only due execution of deep excavation. The obtained data
have been developed for the typical model of the soil based on the Mohr-
Coulomb hypothesis with linear plasticity condition. The proximity of the
location of the object with the existing buildings would require to carry out
detailed numerical calculations, taking into account the full model the plastic
behavior of ground, eg. using a model Cam-Clay for layers of Miocene clays.
However, this requires additional, time-consuming laboratory tests using
triaxial or oedometer apparatures. This is related to a problem to increase
spending on geotechnical researches and a better recognition of the subsoil.
Obtained additional parameters can be used to model the soil, taking into
account the full plasticity of the considered medium (eg. mentioned earlier
Cam Clay model or Modified Mohr-Coulomb model). This is particularly
important for modeling the behavior of plastic soils: clays, silits. As mentioned
in the introduction of article, the better recognition and numerical analysis
with the use of numerical modeling based on the method of BIM enables
probably reduce the negative effects, which may occur during implementation
of the investment. They can have an impact on the increase in investment
costs. BIM technology in geotechnical engineering, use of complex data from
field studies, laboratory and numerical modeling of the planned investments,
allows more accurate way to predict the behavior of the planned investments
and reduce costs.
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