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Abstract: In 2020, Croatia was struck by two catastrophic earthquakes, resulting in more than
50,000 damaged structures. The majority of these are masonry buildings, but there are a number
of reinforced concrete structures that suffered moderate to extensive damage. In this paper, the
seismic condition assessment and upgrading of existing RC structures are presented with a case study
building in Zagreb. The assessment procedure includes initial visual inspection, rapid preliminary
evaluation, detailed in situ measurements, and non- and semi-destructive methods. New technologies
were applied and followed by numerical modeling and verifications. Strengthening proposals are
made that respect owner needs and the needs for the energy retrofitting of the existing RC building.
As the integrated approach should be respected in the renovation of existing buildings, this case
study can represent an example of good practice in the process of seismic and energy retrofitting.

Keywords: assessment; RC; earthquake; Zagreb; case study; NDT; seismic analysis

1. Introduction

Southern Europe was recently struck by devastating earthquakes, and the same prob-
lems regarding the vulnerability of the building stock appeared in Italy [1,2], Albania [3],
Greece [4], Turkey [5], and Croatia [6]. In 2020, Croatia was struck by two severe earth-
quakes. Since those earthquakes, the area of the City of Zagreb and its surroundings have
been hit by a series of minor and moderate earthquakes. As the vast number of buildings in
Croatia were built before any seismic norms, the mentioned earthquakes raised awareness
of people related to seismic activities and the load-bearing capacity of the existing building
stock. After the Zagreb earthquake, around 25,000 buildings were estimated to have been
damaged, with most of them being in the historic city center. After the Petrinja earthquake,
around 56,000 buildings were estimated to have been damaged, causing additional damage
to the buildings in the historic city center of Zagreb. The World Bank estimated the total
value of the financial damage from the Zagreb earthquake to be EUR 11.3 billion, and that
from the Petrinja earthquake to be EUR 5.5 billion [7].

The majority of damaged objects are older masonry buildings that were built according
to older codes without proper consideration of seismic loads [8-10]. Nevertheless, several
reinforced concrete structures also suffered significant damage, as shown in Figures 1 and 2.
These are mainly buildings from the 1960s, which were built with plain bar reinforcement
and lightly reinforced shear walls. Plastic hinges formed on RC frames without additional
stirrups for the confinement of the reinforcement in the beam-column joint (Figure 1),
resulting in the buckling of the longitudinal column reinforcement. Diagonal cracks are
typical for lightly reinforced shear walls with non-symmetrical horizontal and vertical
reinforcement (Figure 2).
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Figure 2. Diagonal cracks in the lightly reinforced RC shear wall.

In the report, Croatin Earthquake—Rapid Assessment of Damage and Needs 2020 [7],
prepared for the World Bank, the Government of the Republic of Croatia emphasizes that
the reconstruction process should be guided by the principles of “build back better,” i.e.,
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repair and improve damaged buildings to reduce the risk of future earthquakes and enable
functional improvements, including the application of energy efficiency principles.

In June 2020, the Croatian Technical regulation for building structures [11] was
amended by a provision that more precisely regulates the reconstruction after an earth-
quake. The Technical regulation defines four renovation levels, depending on the degree of
damage, intended use of the building, and the financial capabilities of the investor. Level 1
refers to re-establishing the initial resistance of the structure as it was before the earth-
quake, while levels 2, 3, and 4 achieve satisfactory earthquake resistance for the reference
return period.

The highest level of seismic safety is achieved with Level 4. Accordingly, strengthening
measures and their range must be tailored to achieve the mechanical resistance and stability
of the building in relation to seismic action for a comparative probability of exceeding 10%
in 50 years (return period 475 years).

The idea of this manuscript is to show the benefits of seismically upgrading existing
building stocks to the “full Eurocode”, and to discuss assessment methods of RC structures
and the implementation of new technologies in the assessment process. The processes are
shown using a particular case study and the detailed plan of activities for the particular
case study is given in Figure 3. The research is a part of a bigger scientific project that is
dealing with both energy and seismic retrofitting of existing buildings. This paper is an
introduction to the seismic assessment and upgrading of existing RC buildings.

PROGRESS
1St PERIOD 2"d Period 3rd Period

Archive documentation

Non-destructive measurement

Semi-destructive measurements

Laser scanning and measurements

2D in AutoCAD
Point cloud from laser scanning

BIM model

Structural modeling

~

Complex seismic analyses

Structural and seismic updating

Figure 3. Obtained activities for the assessment of case study building (AR = augmented reality).

Poor energy performance of public buildings in Croatia has been addressed in the
key energy policy documents, the National Energy and Climate Plan (NECP) for period
2021-2030 (adopted at the end of 2019) [12] and the long-term strategy for energy reno-
vation of national building stock until 2050 (adopted at the end of 2020) [13]. The latter
document introduced the concept of comprehensive renovation, which not only includes
energy renovation measures but also optimal measures to improve the overall regulatory
requirements of the building. Instructions were published on how to assess the existing
condition, and the measures that should be considered to increase fire safety, measures
to ensure a healthy indoor climate, and measures to improve mechanical resistance and
stability of the building, especially to reduce operational earthquake risk. This analysis was
introduced as an obligatory document to be submitted for public grant application. It is
up to the building owner to decide on the scope of refurbishment and the saving target.
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A higher saving target and a wider scope of improvements enables a higher investment
cost funding percentage. This leads to one of the concerning issues in Croatia today that is
impeding the nZEB renovation potential, which is how to efficiently transfer the respective
regulations and the recently developed methodologies regarding nZEB standards to all
the key stakeholders involved in the processes of renovation of the existing building stock.
nZEB projects result in complex partnerships, where there is not only a single investor, but
require active participation of the local government and the neighborhood community.

A comprehensive renovation pilot project of a public office building was initiated in
2021 to apply the nZEB standard (Figure 4). The entire process of development of design
documentation, and the steps of the administrative approval process and the construction
works, will be thoroughly documented and monitored by the group of experts, and have
the role of a living lab for all stakeholder groups. The overall objective of the project is to
enhance knowledge of the professionals dealing with buildings and raise the awareness
among other respective stakeholders regarding all the aspects of the building renovation
by adopting innovative technical solutions fitted to the nZEB requirements. This will be
done by establishing the national training center for nZEB.

2023
f  nZEB + smart

EPC rating A*

2050

EPC rating F

conditioners

Start of application of thermal
insulation, glazing without
shading, district heating, air

Additional thermal insulation, geothermal
heat pump, photovoltaics and batteries,
electro-mobility, digitization, mechanical
resistance and stability

1st renovation N nZEN + smart
21N

EPC rating B
Additional thermal insulation,

district heating, heat pump for 4_ i
cooling, central monitoring and wanunn
control system I. sens

Figure 4. nZEB vision.

2. Materials and Methods
2.1. Case Study
2.1.1. Overview of the Building and Identification of the Process

The office building was built in 1975 and was refurbished for the first time in 2001.
The total building area is 2471 m? and the useful heated area is 2061 m?. It accommodates
85 employees and is used for 8 to 10 h a day during 5 days a week. The building has three
structural and functional units, the northern and southern volumes in which the office
spaces are located, and the central communication part with the staircase. The building
consists of a basement, ground floor, and four floors.

Energy consumption, energy cost, and the related CO; emission for the existing
systems were analyzed. The specific annual electricity consumption is 90.51 kWh/m?, the
district heating consumption is 65 kWh/m?, and the CO, emission is 90 tCO,. Total annual
energy cost is EUR 30,775 or 14.93 EUR/m?. All energy efficiency indicators show high
energy and cost saving potential
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A complete geometrical survey of the building with analyses of the existing docu-
mentation and previous construction phases should be undertaken. In addition to regular
condition assessment methods, new technologies will be used. Laser scanning and pho-
togrammetry inspection will be implemented in the traditional methods to obtain better
insight into both material properties and the global behavior of the building. Detailed 2D
drawings will be produced together with the BIM model of the current building. Point
clouds and photogrammetry will be used for a better representation of the building and
faults in the building.

A detailed energy study to define the energy refurbishment concept will be performed
in the 2nd stage of the project. This will include building energy demand modeling, the
energy performance assessment, and the identification and analyses of cost-effective and
technically feasible energy efficiency measures and integration of renewable energy systems
that are suitable to achieve the nZEB target. The maximum saving potential is estimated
at 10 times lower energy consumption and CO, emission, and five times lower energy
consumption, compared to the current energy and cost balance of a building. Feasibility
studies will be undertaken for specific technical systems (incl. subsystems) such as heating,
ventilation, and air-conditioning (HVAC) systems, building digitalization, and energy
storage systems.

Regarding the seismic performance of the case study, a condition assessment of the
existing building should be performed—assessing and defining the condition of mate-
rial characteristics with non-destructive and semi-destructive methods. Special attention
should be given to the assessment of key structural and material properties (especially for
main structural components and materials). Non-structural elements (i.e., masonry) should
also be checked. The seismic behavior of buildings generally depends on several important
factors, such as material properties, the geometry of the structure, additional non-linear
effects, conceptual design, and stiffness properties. In addition to regular condition as-
sessment, the estimation of the seismic resistance will be provided. Complex numerical
modeling of the building should be obtained showing how the level of prior knowledge
can lead to more economical and sustainable design.

It is assumed that the build back better (BBB) principle will be used in the rehabilitation
and reconstruction of the building. The proposal of the structural reinforcement and
upgrading of seismic resistance will be designed, which will also satisfy the state-of-the-art
requirements in the field of seismic upgrading. As the building was constructed before
the valid seismic codes, the new design project will comply with the new norms and
standards (Eurocode 8). In other words, the strengthened building will meet the valid
standards for new structures. Moreover, the project will comply with the law on the
reconstruction of the city of Zagreb after the earthquakes which struck Zagreb on 22 March
and 29 December 2020 [14].

2.1.2. Structural System

The case study building is divided into three structural sections, labeled as sections
A to C. Each section is a structural system of its own, with a 7 cm joint between them, in
accordance with the seismic joint condition, part 4.4.2.7. in EN 1998-1 [15]. The structural
system of sections A and C is a combination of uncoupled shear walls and frames, while
section B is comprised only of shear walls, as shown on the characteristic floorplan in
Figure 5. Reinforced concrete walls are 20 cm thick (except in the basement where the
walls are 30 cm thick), and the columns have a cross-section of 30 x 40 cm on which the
beams with a height of 40 cm are supported. Floor structures are RC slabs, with a thickness
of 14 cm. There are a total of six stories, including the basement and attic, with a total
height of 18.53 m. The foundations are constructed as pad foundations for the columns and
foundation beams for the shear walls.
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Figure 5. Characteristic floorplan of the case study building (all units in cm).

Unfortunately, the original documentation and design projects were not available, but
the assessment and strengthening projects (from 2000) were retrieved from the archives
and were used for visual confirmation of the load-carrying elements.

During the seismic assessment, conducted in 2000, the analysis showed that sections
A and C are lacking lateral stiffness in the direction of the frames (direction X in Figure 5).
The addition of steel braces in the spans adjacent to Section B was chosen as a seismic
mitigation measure. The braces are added on each floor except the attic, comprised of two
steel tube profiles. In the basement and ground floor, the profiles are & 101.6 x 7.1, while
on the remaining floors the profiles of J 88.9 x 7.1 are used. The characteristic section of
the floor plan, along with steel braces, is given in Figure 6.

A VN VP SN
A (B C) (D)
T SECTION A T SECTIONB T SECTION C T
e [} . | | 1| JL L. I
\ |

|
\ |
| |

,,,,, [ —1 e— ) p— | N | | w—  — E— R

\ | \ |
T 400 4Q 390 %Q 417 | 430 ) 415 gLO 390 %O 398 |
| 1287 | 430 | 1282 |
\ | \ |

Figure 6. Sectional plan of case study building with visible steel braces.
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Although the case study building has been strengthened, the assessment and design
procedures were conducted using older codes, in which the seismic loads were not taken
into account as they are in the current Eurocode 8 design codes. Therefore, after the recent
earthquakes in Croatia, small cracks and negligible damages occurred to the structure, and
a new analysis was performed, as presented in Section 3. Preliminary visual inspection
and overview of the 2000 seismic assessment procedure showed that the lateral stiffness of
the frames (along with braces) is not satisfactory for the Peak Ground Acceleration (PGA)
in Zagreb. As the idea is to BBB, the decision was made to strengthen the building to the
requirements from EN1998 [15].

2.2. Assessment Procedure
2.2.1. Seismic Assessment of Existing RC Structures—Overview

The current European design codes, Eurocodes, cover the seismic design in the scope
of EN 1998, which addresses both the design of new (EN 1998-1 [15]), and the assessment
of existing (EN 1998-3 [16]), RC structures. In general, seismic evaluation is performed
similarly to the design of new structures, but with a modified approach to analysis, target
reliability, and partial factors. The most important step of the seismic assessment is the
collection of the data about the structure, which includes both the review of existing
available documentation, and various in situ and laboratory measurements and tests.

The seismic resilience of the RC structures is related to the ductility and capacity
of its load-bearing elements (shear walls, frames, etc.), which are provided by sufficient
reinforcement and adequate floor distribution of elements (to avoid torsional effects).
Therefore, to perform a successful seismic assessment of the existing RC structure, the
first step is to obtain the amounts and positions of the built-in reinforcement. This can
be done using original design plans (if available), but it is necessary to validate them
on-site. Unfortunately, for older structures, documentation is often not available, and both
non-destructive and destructive testing methods are required. There are several available
methods, such as Ground Penetrating Radar (GPR) or Profometer, which are described in
more detail in Table 1.

When all available data are collected, the next step in the assessment is the selection
of the analysis method, which can be divided into linear and non-linear types. Methods
recommended in EN 1998-3 are given in Table 2 [17].

The selection of the analysis method is based on the complexity of the structure and
the seismic demand it has to fulfill. Seismic demands for linear analysis are, in general,
defined by the Peak Ground Acceleration (PGA), soil category, and behavior factor. For new
structures, the PGA is defined for a return period of 475 years [15], while for the existing
structures, it can be reduced to a minimum of 95 years, as detailed in [16]. Behavior factor
is used for correction of elastic response spectrum and is calculated based on the prevailing
failure mode of the inspected structure. For the torsional sensitive structures (such as the
case study building), in which the lateral stiffness differs greatly for two main directions, it
is taken as a minimum of 1.5.

By comparison, for non-linear analysis, the seismic demand is obtained based on the
M- curve and target displacements. Therefore, to perform non-linear numerical analysis,
it is necessary to model all built-in reinforcement and to define the expected locations of
plastic joints.

When the assessment is performed, the engineers often develop a simple numerical
model, in which the stiffness is reduced by 50% to take into account the cracking of the
concrete, and perform a linear analysis based on the response spectrum. As a result, natural
periods, eigenmodes, displacements, and lateral forces are obtained. If the displacements
are lower than the threshold values (H/500), the load-bearing elements (walls, frames)
are evaluated based on obtained lateral forces. If they do not have sufficient capacity,
the analysis can be conducted again using a lower return period. If the structure is not
validated in this step, the non-linear static analysis, based on the pushover method, can be
performed, in order to obtain target displacements and capacity of the elements. In general,
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the time history and more sophisticated analysis methods are not often used in practice, as
they require data sets from realistic earthquakes [17].

Table 1. Available non-destructive testing (NDT) assessment methods for existing RC structures.

NDT Method Devices/Test What Is Measured? How Is It Measured? References
Damage degree, Without a device, using
Visual inspection / usability of the qualitative analysis Penelis and Penelis [18]
building and experience
. . Concrete cover is removed
Reinforcement Impact drill Location and type of till the reinforcement /

location and type

reinforcement

is visible

Stress wave
transmission

Ultrasonic Pulse
Velocity (UPV)
test/Resonant

frequency (RF) test

Compressive strength
of concrete

UPV—two transducers are
placed on two sides of the
specimen after which the
time of wave travel is
measured; RF—a
piezometric sensor is used
with different attachment
techniques to obtain
resonant frequency

Sajid et al. [19]

Ultrasonic velocity
testing

Impact hammer and
accelerometer

Characterization of
wall homogeneity and
variability

On opposite sides of the
wall, an impact hammer
and an accelerometer are
placed. The mechanical
impulse is generated by the
hammer striking the
material and the signal is
then received by the
accelerometer.

Mesquita et al. [20]

Surface penetrating

Ground Penetrating

Location (depth) of
reinforcement,
thickness of elements,

The device is placed on the
measured surface and
moved along a linear axis
(with a calibration needed)

Martini et al. [21]
Wai-Lok Lai, Dérobert

radar Radar (GPR) position of voids and transmitting radio wave and Annan [22]
moisture content signals into a structure and
detecting echoes
Defects in the building
Thermography envelope, the The element is under
Infrared cameras monitoring of thermal stimulation and its M
. . . . eola [23]
thermography Visual IR reinforcing steel in surface temperature
thermometers concrete, the detection variation is monitored
of moisture etc.
Cylindrical specimens are
Drilling equipment, extracted from the
Compression Test compression testing Compressive strength  structure and tested in the Santini et al. [24]
machine laboratory with the

compression machine

Tensile test

Drilling equipment,
Tensile testing
machine

Tensile test of steel
reinforcement

Steel reinforcement is
extracted from the
structure and tested in the
laboratory

Santini et al. [24]

Pull-out method

Pull-out equipment

Cubic compression
strength

Force needed to extract a
small conical concrete
sample by the pull-out

equipment

Santini et al. [24]




Buildings 2022, 12, 1489

9 of 28

Table 1. Cont.

NDT Method

Devices/Test

What Is Measured?

How Is It Measured?

References

Half-cell potential
measurement
(Profometer)

Open circuit potential
measurement of
reinforcing steel

Concrete cover depth
and location of the
reinforcement; half cell
potential (indicator for
corrosion of
reinforcement)

The electrode is connected
to the uncoated rebar, and
the electrical circuit is
completed with the
saturated solution on the
concrete surface

Kuster Maric et al. [25]

Wenner probe

Non-destructive—on
the surface of the
concrete

Surface electrical
resistivity of
concrete—used for
evaluation of
reinforcement
corrosion

The device is based on the
Wenner probe
principle—four electrodes
are in contact with the
surface, closing the
electrical circuit

Kuster Maric et al. [25]

Schmidt hammer

Non-destructive—on
the surface of the
concrete

The compression

strength of the concrete

The device is placed on the
surface of the concrete and
the rebound of the hammer
is measured for the
compression strength
estimation

Kuster Mari¢ et al. [25]

Acoustic emission

The damage evolution
and crack formation in
concrete or masonry

A group of transducers are
set to record signals, then
locate the precise area of
their origin by measuring

Carpintier et al. [26]

the time for the sound to
reach different transducers.

Table 2. Analysis methods for seismic assessment of existing RC structures.

Analysis Method Type Advantages Disadvantages
Response spectrum method Easy to use Conservative for regular structures
Fundamental mode method Linear analysis Prov@e periods and qus pot t.ake into accotlmt %oad

eigenmodes redistribution after plastic hinges
Time series analysis Provides base shear are formed
Complex

Pushover analysis
Time history analysis

Probabilistic and
sampling methods

Requires M- ¢ curve for
each element
Does not define prevailing failure
mode for higher eigenmodes

Provide capacity of the structure

Non-linear analysis Provides limit displacements

2.2.2. In Situ Measurements—Case Study Building

As part of the inspection of the building and determining the dimensions, the object
was scanned in detail with a laser scanner and a preliminary cloud of points was created.
Laser scanning was conducted over several weeks to create a 3D cloud of points inside and
outside of the building. The laser scanner used was a compact Leica BLK360 3D imaging
laser scanner with an integrated spherical imaging system and thermography panorama
sensor system. Three-dimensional point clouds are delivered with an accuracy of 4 mm at
a distance of 10 m with the help of three spherical, panoramic HDR cameras with a thermal
imaging camera. To create a precise point cloud, it was necessary to perform one or more
scans in each room of the building, i.e., several positions in large spaces such as the roof
structure. The laser scanner created a point cloud of the inner part of the building and
then a point cloud of the outer part of the building. Eventually, the two point clouds were
merged through the Cyclone Field 360 and Register 360 software. To create a precise digital
twin using LiDAR technology, the scanner captures 360,000 dots per second from multiple
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6. Repeat for
every floor

locations within each room with a certain percentage of overlap. With the help of laser
scanning, the time spent on documenting and reviewing geometry, especially on large and
complex buildings, is significantly shorter. The point cloud was further used to create an
accurate 3D model, to create a precise 2D floor plan. To ensure the best results possible,
it is favorable to avoid weather conditions for scanning such as rain, snow, fog, or even
illumination by the sun. Moreover, highly reflective (polished metal, gloss paint), highly
absorbent (black), and translucent (clear glass) surfaces are unfavorable for scanning and
should be taped, powdered, or colored if necessary and possible. The whole procedure
consists of several steps as seen in Figure 7. When creating point clouds in the field, the
Cyclone Field 360 software stores the data, including a 360° image, laser scanning point
cloud, and a thermal image. After two scans have been recorded in an adjacent or the same
room, making sure that they overlap sufficiently, they should be automatically connected
in the field software; if not, they are manually adjusted in the Cyclone Register software.
When this step was repeated enough times in all the necessary positions, i.e., on all the
floors (Figure 8) with a sufficient percentage of overlap, we obtained a point cloud for the
whole building that we could use to create a BIM model. The final point cloud consisted of
225 scans and 2 billion and 300 million points. By obtaining point cloud data we were able
to create a precise digital twin.

2. Thermal image
ANV

-
\ \
: $

e

1. 360° image ,

0. Laser
scanner

5. Scanning locations 4. Merging point

on one floor cloud of two scans

7. Final point cloud

Figure 7. Cont.
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Figure 8. Laser scanning locations by floors.
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In order to determine the material mechanical properties of the constructive elements,
a detailed visual inspection, and non-destructive and semi-destructive investigative works,
were required.

Determination of the compressive strength of concrete was carried out with the stan-
dard test method for obtaining and testing drilled cylindrical specimens. The test was
carried out in two positions: a concrete column on the ground floor (Figure 9a) and a
reinforced concrete wall on the second floor (Figure 9b). Determination of the compressive
strength of concrete was performed on extracted samples with a diameter of {100 mm
(Figure 10a—c). Extraction, inspection, preparation, testing, and assessment of compressive
strength of installed concrete were carried out in accordance with the current Croatian
standards [27-30]. Results of the testing are seen in Table 3. In 2000, the building was
tested, and 12 specimens were taken out. In this particular assessment in 2022, just two
investigations were carried out and compared to the results from 2000. The results are the
almost same. As the building is in heavy use, in consultations with the property owner it
was decided that this number of specimens will be enough due to the higher number of
specimens in 2000.

(a) | (b)

Figure 9. Extracting concrete samples in the column on the ground floor (a) and a wall on the 2nd
floor (b).

To determine the type and amount of reinforcement installed in reinforced concrete,
parts of the structures were inspected. Two different methods were used: GPR and remov-
ing the concrete cover. Determination of the amount and location of reinforcement was
performed with a Profometer 650 Al reinforcement tracker, manufactured by Proceq in
Switzerland, and a StructureScan Mini XT georadar, manufactured by GSSI (Figure 11).
The operation of the georadar is based on the emission of electromagnetic waves into the
material, with the aim of determining the position of objects below the surface. It consists
of a transmitting antenna that emits electromagnetic waves, which are then reflected when
they encounter an object. The reflected wave is registered by the receiving antenna. A
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reinforcement finder is a device intended for localization of reinforcement in concrete. In
the coil located in the probe of the device, an alternating current is induced which generates
an alternating magnetic field. The presence of reinforcing steel in an alternating magnetic
field results in the appearance of eddy currents, which also form a magnetic field. This
leads to a change in the impedance of the coil, on the basis of which the thickness of the
concrete cover and the diameter of the reinforcement are determined.

Figure 10. Samples after removal (a), after preparation for testing (b), and after testing (c).

Table 3. Compressive strength of concrete in a column and a wall.

Position Breaking Force [kN] Compressive Strength [Mpal
Column ground floor 238.50 31.27
Wall second floor 203.50 26.75

Figure 11. GPR and Profometer used for measurements.

This method was used in six different positions: column on the ground floor, wall on
the first floor, wall (two positions), column, and beam on the second floor. Locations of the
reinforcement were detected with the GPR as seen in Figure 12. The spikes in the radargram
indicate the location of reinforcements. Too much noise interfered with the detection of the
diameter of reinforcement with the Profometer; so, to account for the uncertainty, another
method was used to confirm the results.
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Figure 12. Radargram of built-in reinforcement.

In the columns on the ground floor and the second floor, and the reinforced concrete
beam above, the second-floor concrete cover was removed to inspect the reinforcements
(Figure 13).

(@) (b) (©)

Figure 13. Column on the ground floor (a), second floor (b), and a beam on the 2nd floor (c).

2.3. BIM Model

Building Information Modeling (BIM) is an innovation that is driving a revolution
in modern construction, architecture and engineering. This methodology brings together
processes, policies, and technologies that enable collaborative building in virtual space.
The implementation of BIM in buildings and infrastructure has been more favorable com-
pared to the traditional procedure, allowing for a reduction in errors and alterations, and
improved cost and time analysis. One of BIM's biggest challenges is managing and sharing
large amounts of information between numerous sides involved in a project. BIM allows
an organized workflow during the different stages of the project: design, construction,
operation, and demolition [31]. As a result, BIM maximizes coordination and, subsequently,
productivity [32]. The economic crisis has affected many sectors, including the construction
sector. This technology can also play a great role and give attention to adaptive reuse
projects, in addition to conservation and restoration projects [33]. Energy efficient poli-
cies could also be implemented to modernize old structures with expected reductions in



Buildings 2022, 12, 1489

15 of 28

greenhouse gas emissions, energy, electricity and water consumption. The creation of
the 3D model requires precise geometric data, which can be measured in a traditional
way with tools such as measuring tapes, or in a modern way with advanced instruments
and techniques. The most commonly used modern techniques are photogrammetry and
laser scanning [34,35]. The use of huge laser scanning point clouds in BIM software is
very attractive and has become a reality for software such as Autodesk Revit. With the
additional plugins, editing time can be reduced for simple objects, such as walls, windows,
beams, etc. One of the issues with BIM is that commercial packages are mostly developed
for modern buildings having regular geometry, whereas historic buildings usually have a
more complex geometry that cannot be perfectly reconstructed in BIM software. Additional
issues concern the distribution of the model between the multiple stakeholders involved
in the project. This requires the use of interoperable formats (e.g., IFC) that can provide
missing data or smaller conflicts due to incorrect exchange of information.

Each building element must contain certain data and detail requirements to be in-
cluded in the design, construction, and operation models. To create the most accurate
BIM model in Revit (Figures 14 and 15), we used data obtained by laser scanning of the
building. The process of creating BIM from laser-scanned data is also known as scan-to-BIM.
Although laser scanning shows substantial advantages over other techniques of acquiring
a building’s geometry, a critical issue with scan-to-BIM is the large amounts (often millions
to billions) of data points in laser scan data. For this reason, once the point clouds are
acquired, methodical pre-processing operations are vital to ensure the point clouds finally
are of high quality. The point cloud served as the basis for the architectural image combined
with the available documentation that was collected and reviewed. One additional use of
the BIM model can be in an emerging field of technology, augmented reality (AR). This
is an interactive experience of a real-world environment where the computer-generated
objects can be seen in the real world. It has continued to develop and has become more
pervasive among a wide range of applications. With this technology we can easily monitor
a building site in real-time.

Figure 14. BIM model of the case study building.
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Figure 15. Three different sections of the case study building.

The model can be scaled from a smaller size (Figure 16 to a real-size object that can be
inspected and compared to an existing building.

Figure 16. Scaled-down BIM model in augmented reality.

3. Seismic Analysis and Assessment—Numerical Modeling
3.1. Development of the Numerical Model

The numerical model for the case study building was developed in the SCIA soft-
ware [36] for static analysis, using the finite element method (FEM). All load-bearing
elements were defined in the model, including RC shear walls, columns, beams, slabs,
and the steel structure of the roof. Additional non-bearing elements, such as the fagade,
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roof covers, and windows, were taken into account as an additional dead load (both in
kN/m? and kN/m’). The numerical model includes all three sections (A, B, and C), and
is presented in Figure 17, but additional individual models were defined as the sections
are structurally independent. The basement was also defined in the model, as it is only
partially underground on the east facade, due to denivelation of the terrain.

Figure 17. Numerical FEM model of the case study building (each section is colorized differently).

Walls and slabs were defined as shell elements, with a mesh size of 20 x 20 cm, while
the 1D elements were defined with corresponding cross-sections and divided into fragments
based on their length to take into account the realistic behavior of the structure. Shear
walls and columns were placed on rigid supports on the basement level, in accordance
with the guidelines from EN 1998-1. Concrete class C25/30 was used, based on original
documentation and in situ tests, with elasticity modulus reduced by 50% to take into
account the cracking of existing concrete. All steel elements (roof and additional bracing)
were modeled with a steel class of 5235 without any modifications to the material properties
(all steel elements were added in 2000). Steel braces were defined as “truss” elements,
which transfer only axial loads.

3.1.1. Definition of Seismic Load

A total of four load groups were defined in the model, including permanent load
(self-weight and additional dead load), soil pressure (on basement walls based on terrain
level), variable loads (wind, snow, and variable imposed load for office buildings), and
seismic loads. Over 50 load combinations were created for Ultimate Limit State (ULS),
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30 combinations were created for Serviceability Limit State (SLS), and 8 seismic combina-
tions were used.

Seismic load was defined with seismic response spectrums, developed using PGA and
soil type. As there were no geotechnical measurements and available data, the soil category
(according to EN 1998-1) was assumed as C, based on the previous experience and data
sets for Zagreb. PGAs on the location were obtained using the seismic map of Croatia, for
three different return periods as given in Table 4. For each of the three PGAs, the seismic
response spectrum was defined, using behavior factor 1.00 for a 95-year return period, and
1.5 for 225- and 475-year return periods.

Table 4. Peak Ground Acceleration for case study building location.

Return Period PGA Explanation
Used for validation of displacements for new and
95 years 0128 existing structures.
295 vears 018 Used for seismic assessment based on Croatian standard
y 08 for post-earthquake assessment and strengthening
475 years 024¢g Used for ULS validation

Linear modal analysis was performed for each of the three defined spectrums, taking
into account 20 eigenmodes, using the Lanczos calculation method. The analysis was
performed on each of the three individual models as the behavior of each section is inde-
pendent (they are not physically connected). By doing so, the maximum displacement of
each section was obtained, and could be used for validation of the seismic joint between
them. The problem with this type of analysis is that it does not take into account the
structures adjacent to the case study building,

3.1.2. Modal Analysis—Eigenmodes and Displacements

Complete results of the modal analysis are not given, as they would exceed the scope
of this paper. As Sections A and C are similar and have almost identical results, only
sections A and B are presented with graphic representations of the eigenmodes. Figure 18
presents the three dominant modes for Section A, while Section B is given in Figure 19.

X b oo 3 "

(b)

Figure 18. Eigenmodes of Section A: (a) translation X; (b) translation Y; (c) rotation (Z).

The results for Section A (similar to C) show that the first natural period is in the
direction of the frames and steel braces (direction X). Section B consists only of shear walls,
but those in direction Y are much longer and, therefore, its first period is also in direction
X. These preliminary results prove the initial assumptions that all three sections have
insufficient lateral stiffness in the dominant translational direction (X). The analysis for
Sections A and C was performed without the steel braces to validate the numerical model.
Results proved that the addition of the braces increased the lateral stiffness, but not enough
to satisfy the requirements of EN 1998-3.
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Figure 19. Eigenmodes of Section B: (a) translation X; (b) translation Y; (c) rotation (Z).

In addition to the analysis of eigenmodes and the behavior of the structure, the global
analysis of displacements was conducted, using the response spectrum for 95 years and
behavior factor 1. The results are given in Tables 5-7, for global displacements (EN 1990),
inter-story drift (EN 1998), and seismic joints (EN 1998). All global validations regarding
displacement for all three sections were verified.

Table 5. Validation of global displacements (EN 1990).

Displacement for

Section 95 Years [mm] Limit Displacement = H/500 [mm] Utilization
A 20.18 58%
B 26.22 34.70 75%
C 22.73 65%

Table 6. Validation of inter-story drift (EN 1998)—presented only for Section B.

Story H [m] Ux [mm] Uy [mm] Utotal [mm]  U;-U;q [mm]  U;/200 [mm] Utilization
0 0.00 0.00 0.00 0.00 / / /
1 3.73 6.00 0.30 6.01 591 18.65 32%
2 6.61 11.10 0.50 11.11 5.10 14.40 35%
3 9.49 16.60 0.70 16.61 5.50 14.40 38%
4 12.37 21.80 0.80 21.81 5.20 14.40 36%
5 15.25 26.22 1.22 27.13 4.61 14.40 32%

Table 7. Validation of seismic joints (EN 1998).

Section

Total Displacement 2 ( A)+U2 (B) [mm] u-2(B) +U2(C) [mm] Limitation [mm] Utilization

U(@i) [mm]
A 20.18 33.09 66%
B 26.22 33.09 34.71 50.00 69%
C 22.73 34.71 69%

3.1.3. Modal Analysis—ULS Verifications

Shear walls and frames (columns and beams) were validated using the obtained base
shear forces induced by the seismic load in two main directions (X and Y). The verifications
were conducted using the EN 1998-3 guidelines.

As the natural period in direction of shear walls is lower for Sections A and C, these
walls transfer the majority of seismic forces to the foundations. Due to their dimensions,
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they could be assessed as squat walls (according to EN 1998-3), and were validated only
for normalized axial force and shear failure. The described procedure was conducted on all
walls, but only axis A (direction Y) is presented here. Obtained load effects for the wall in
axis A, along with its material characteristics, are given in Table 8.

Table 8. Load effects and material characteristics for the shear wall in axis A.

Ngg,max [kN] Nd,min [kNI] Fx ga [kN] Fygq [kN] My gq [kNm] Mygq [kNm]
4531.32 2377.75 43.51 1327.20 7455.07 31.05
L [cm] b [cm] h [cm] d=0.9 X L[cm] h/L f.q [kN/cm?]
1255.00 20.00 (30.00 in the basement) 1840.00 1129.50 1.45 1.667

The condition for shear walls with middle ductility (DCM) is that the maximum
normalized axial force should not be over 40%. If the amount is over the threshold, the
ductility of the shear wall is reduced and needs to be taken into account in the assessment.
The validation is given with Equation (1).

Neg 4531.32

- - — 0.046 = 4.60% < 40% 1
VRd = pT, - fa  30-1255- 1667 0046 60% < 40% )

Required ductility of the wall (jy) can be obtained using the behavior factor (qp) and
first period (T1):

(g0—DTc _; 2(15-1)-060

T, 0.50 =220 @

2
po =1+

As the reinforcing steel is plain bars with the steel class of GA 240/330, the required
ductility is increased by 50% and is taken into account as 3.30.

Shear failure verification for squat walls was obtained using total shear resistance
VRd,s, given in Equation (3) as the sum of Vyq, Viq, and V4, which represent the resistance
of the vertical reinforcement, the resistance of the skewed reinforcement, and the resistance
due to friction, respectively.

WRd,s = Vad + Via + Via

13X Agjy/ feafya
0.25f,4 & Ay

Via = ¥ Asjfyacose

Vig = mii’l{‘uf [(ZAsjfyd + NEd)@ + MEd/Z}
0.57 feaGlwbwo

Vdd = mm{
®)

In situ testing (Section 3.1.3.) showed that the shear walls are reinforced with an
uneven mesh on each side of the wall, consisting of (J8 bars spaced 15 cm in the vertical
direction and 25 cm in the horizontal direction. It is assumed that the corners of each wall
are reinforced with four @20 plain bars. The shear failure verification was conducted for
each wall on each story, and an example of the results is given in Table 9 for axis A on the
basement level. As the shear force Vg4 exceeds Vg ¢, the wall was not validated as safe.

Results for other walls on all stories showed that for a PGA with a return period of
475 years, all walls were validated for the maximum normalized axial force, but not the
shear failure (the majority of walls were validated only on the top two floors).
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Table 9. Shear failure—validation for wall A on basement level.

z=09 x d

foq [kN/em?] fya [kN/cm?] 1[cm] b [em] [cm] Ag [em?] u Utilization
1.667 23.48 1285.00 30.00 1028.00 98.69 0.60
NEd,min [kN] MX,Ed [kNm] Vdd [kN] Vid [kN] Vfd [kN] VRd,s [kN] VEd [kN] 143%
1255.00 7455.07 579.29 0.00 346.95 926.24 1327.20

Validation of RC frames was conducted separately for columns and beams, which were
assessed for both bending and hogging moment, shear, and axial force (only columns). Only
the results for the frame in Section A are presented, as they are similar to those of Section C.
Load effects were obtained from the calculation, as shown in Table 10. Built-in reinforcement
was obtained from in situ measurements (Section 3.1.3.); columns are reinforced with 10 @25
plain bars in the basement and ground floor, and 4 @25 on upper floors, with 8 stirrups
every 25 cm. As beams are connected to the slabs, only reinforcement in a lower zone was
obtained, as 2 J25 bars with 8 stirrups ranging from 8 cm on the support to 25 cm in the
middle of the span.

Table 10. Load effects for validation of RC frame (Section A).

Bending Hogging Shear
Moment—Span Moment—Support Force—Support
Beam [kNm] [kNm] [kN]
71.61 118.54 118.32
Axial force Shear Force Bending moment
Column [kN] [kNI [kNm]
1348.85 63.18 122.83

ULS verifications were conducted and are presented (Table 11) in the form of utiliza-
tion [%] for each check; utilization for hogging moment on the beam is not given as the
reinforcement in the upper zone was not available from the measurements. It is clear that
the column lacks stirrups for the confinement of the longitudinal reinforcement, as the
required spacing is around 14 cm while the measured value is 25 cm. For the beam, the
shear force on the support is around the threshold, with the required spacing of 7.77 cm,
while 8 cm was obtained with measurements.

Table 11. ULS verifications of the RC frame (Section A).

Bending Hogging Shear
Beam Moment—Span Moment—Support Force—Support
92% N/A 103%
Axial force Shear Force Bending moment
Column
63% 173% 52%

Steel bracings in the edge spans of the frames were also validated, with the utilization
of around 55%, proving that they can transfer the portion of the seismic force, but the
strengthened frame still lacks adequate lateral stiffness.

The presented procedure for the ULV verifications was re-performed for PGA values
obtained for both 225- and 95-year return periods. In accordance with Level 3 of the
Croatian standard for post-earthquake reconstruction [14], the PGA for 225 years was
chosen as the required seismic demand for the case study building.

The summary of the results showed that the shear failure of walls (basement and
ground floor), and shear failure of columns, are the main issues that need to be addressed
with the strengthening project. Additionally, global modal analysis proved that all three
sections lack lateral stiffness in direction X.
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3.2. Strengthening Proposals—Case Study Building

In accordance with the results, several preliminary solutions for strengthening are
given. The first solution, using FRP laminating [37] of beams and columns addresses
only the local ULS verifications (beams and columns), while the global behavior of the
structure remains the same. This solution is similar to FRP jacketing, which, unlike the RC
or steel jacketing, does not influence the stiffness of the elements. An example of the FRP
laminating of the existing R frames and beam—column joints is given in [38], along with
experimental and analytical verifications. Frames that require FRP jacketing are presented
in Figure 20. In addition to FRP, shear walls in the basement and ground floor also require
strengthening, which can be done using shotcreting. This method is based on applying
a new layer of reinforcement (mesh) on the face of the wall, anchoring the reinforcement
both to the existing concrete and existing (or new) foundation. After the reinforcement is
positioned, the concrete is applied to the wall using a high—pressure spray gun, typically
with a thickness of 5 to 8 cm. By doing so, the cross-section and ductility of the shear wall
are increased.

Figure 20. Concrete frames (red) that require FRP jacketing.

An alternative solution for strengthening is the installation of additional steel bracing
in the RC frames. The bracing is defined similarly to the existing bracing, but in the opposite
span, as presented in Figure 21. By doing so, both the global and local issues are addressed.
The bracings increase the stiffness of the structure in direction X, while at the same time
transferring the portion of the force to the foundations, and reducing the span of the beams.
Nevertheless, preliminary calculations showed that the additional bracings should have
stronger steel profiles than the existing bracing. In this solution, shear walls also require
shotcrete strengthening.

In addition to the steel bracing used to transfer the seismic forces to the foundations,
an alternative is to use dissipative bracings, which have the ability to dissipate the lateral
forces using dampers. An example of dissipative bracings can be found in [39], where the
fluid viscous dampers (FVDs) are used in braces on multistory timber structures. This
solution requires more advanced non-linear analysis and will therefore be considered in
the second phase of the project.
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a) B)

Figure 21. Additional steel bracings: (a) both Sections A and C; (b) detail on Section A.

The only proposed solution which does not interfere with the interior is the construc-
tion of the new perimeter RC walls in direction X on all sections. In this approach, the
global behavior of the structure would change completely, as the first natural period would
now be in direction Y, due to the increased stiffness of direction X. By doing so, the structure
would have more evenly distributed stiffness and the eigenmodes would be more regular.
Furthermore, the perimeter RC walls (shown in Figure 22) would transfer the majority
of the seismic force, and the existing frames would fulfill ULS verifications without any
measures. However, this solution is the most expensive, as it requires total reconstruction
of the east and west facade.

Figure 22. Additional RC perimeter walls.
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The final strengthening proposition can be compared to that with additional steel
bracings, but it is based on the installation of the new steel frames within the existing RC
frames. The visual representation is given in Figure 23. The main idea is to provide a steel
exoskeleton that would transfer the majority of the lateral forces directly to the foundations.
By doing so, the stiffness of the structure in direction X is increased, and the existing RC
beams and columns transfer only vertical loads, meaning that they do not require any
seismic verification. The challenge with this type of strengthening is the connection of steel
frames along with the stories, as the connection should be constructed through the existing
RC slab. New frames consist of two vertical columns, connected to the RC columns, one
horizontal profile, connected to the RC beam, and steel tube bracings. Preliminary analysis
shows that the approximate increase in stiffness is around 30% in direction X.

é
b

Figure 23. New steel frames (red) installed as an infill of existing RC frames.
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4. Discussion and Conclusions

Standards and codes for the design of RC structures have been continuously devel-
oping throughout history, and from a layman’s point of view, their evolution can be seen
as increasingly strict structural requirements. This trend is most pronounced in the stan-
dards for seismic design. It was often the case that the seismic standards were revised
and updated after catastrophic earthquakes, for example, in Japan after the Great Hanshin
Earthquake, or in the USA after the Loma Prieta earthquake [17]. A similar trend is obvi-
ous in Croatia, an earthquake-prone region, and the case study building is an excellent
example. It was designed and built in the 1970s, then revised and strengthened according
to the updated codes from the end of the century. Finally, a new assessment showed
that, even with the strengthening, it does not meet the requirements of the current design
and assessment codes. In addition to the structural analysis, a preliminary cost-benefit
analysis was conducted for each of the strengthening proposals, which are summarized
in Table 12. Taking into account global and local effects, total costs, and availability of
the structure during construction works, the proposal with new steel frames (No. 4 in
Table 12) was chosen as the optimal solution for the case study building. This choice will be
validated with a more complex analysis and detailed cost-benefit study in the next phase
of the project.

Table 12. Summary of the proposed strengthening methods.

Proposed Method Explanation Advantages Disadvantages

Increase in the cross-sectional

FRP jacketing—RC beams capacity of existing RC frames, Cost effectlv.e, No e.ffegt on lateral stlffr}ess,
does not require majority of walls require
and columns no effect on global .
complete closure shotcrete strengthening

stiffness distribution

Does not require
complete closure;
similar to the previous

Dimension of the new bracing;
slight increase in stiffness;
walls require shotcrete

Slight increase in the lateral
Additional steel bracing stiffness, reduction in the load
effects in beams

strengthening
Significant increase in the . .
& . Complete redistribution Very expensive;
. . lateral stiffness, global . . .
New RC perimeter walls in . of stiffness; requires new windows
. . behavior of the structure ..
direction X .. no additional and facade;
changed, reduction in load . . . .
strengthening required requires new foundations

effects in RC frames

Steel frames transfer complete Lateral stiffness increased Challenging connection
lateral force to the through the RC slabs;

by 30%
New steel frames connected to foundations, RC frames do cost }; ffoctive: requires new foundation pads
the existing RC frames not require seismic L in the basement;
e o does not require heavy
verification, redistribution of . basement walls
. demolition work .
global stiffness require shotcrete

With the use of modern technologies, condition assessment and seismic upgrading
can become more cost beneficial than before. Laser scanning and BIM implementation have
helped in decreasing the time spent on gathering information and, most importantly, will
aid future strategies for renovation. In this project, scan-to-BIM was used to generate a
digital twin, which was later used by multiple stakeholders involved in this project. Further
possibilities in using modern technologies are developing cloud-to-BIM-to-FEM [40] or
scan-to-FEM [41] software. They further reduce the time spent gathering information
and designing. The idea is to use a semi-automatic procedure [42] which can be used to
transform three-dimensional point clouds of complex objects into three-dimensional finite
element models. The procedure aims to solve problems connected to generating finite
element models of complex structures with a model ready to be used for structural analysis.

In addition to seismic upgrading, the nZEB target requires an integrated improvement
of both the building elements and systems. The external walls will be insulated with
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additional thermal insulation from the inside. This will reduce the heating demand and the
peak heating and cooling load, and thus contribute to energy cost saving. Decarbonized
energy will be used, generated on-site from renewable sources. Heating and cooling energy
will be generated in a heat pump using underground water, and electricity will be generated
by photovoltaic system. A new LED lighting system will be installed and electric vehicle
chargers will be available. All building systems will be fully digitalized, enabling smart
building services. These are aimed at energy consumption and cost management, indoor
comfort improvement, grid flexibility, and energy storage.

The presented integrated approach, which includes both seismic and energy consump-
tion upgrading, should be used as a model approach when dealing with existing structures
(both public and residential). From the structural point of view, the case study building
did not suffer extensive damage during the recent earthquakes. However, it should be
seen as a warning, because the City of Zagreb is located in a seismic area where stronger
earthquakes can be expected in the future.

The first part of the seismic assessment procedure is presented in this paper, along with
the numerical modeling based on laser scanning and BIM implementation. These are to be
followed with more complex analyses, including the non-linear pushover method, and the
strengthening proposals will be updated accordingly. The project team has been chosen
and the design documentation for the specific building systems is under development.
The design process has been documented, for use in the training of designers for nZEB
refurbishments. The aim of this project is also to promote the nZEB standards to local
government, so that the strategic value and environmental benefits of such projects can
be recognized and the governance responsibility can be taken on, with local governments
becoming initiators and stakeholders in improving the built environment.
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