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EDITORIAL - Preface to Volume 13 Issue 2 of the
Scientific Journal of Civil Engineering (SJCE)

Vladimir Vitanov EDITOR - IN - CHIEF

Dear Readers,

The Scientific Journal of Civil Engineering
(SJCE) is an internationally peer-reviewed,
open-access journal that commenced publi-
cation in December 2012 and operates on a
biannual release schedule. Since December
2021, the journal has transitioned to a fully
digital platform encompassing submission,
review, and publication processes. For more
details on the digital journal edition, visit
www.sjce.gf.ukim.edu.mk.

SJCE upholds a commitment to the dissemi-
nation of high-quality, innovative scientific re-
search across the expansive domain of engi-
neering sciences. The journal's primary ob-
jective is to advance technical knowledge and
foster groundbreaking engineering solutions
in areas including civil engineering, geotech-
nics, surveying and geospatial engineering,
environmental protection, construction man-
agement, and related disciplines. By adhering
to an open-access model, SJCE ensures
transparent and comprehensive availability of
original research papers, offering a platform
for contributions that address both theoretical
and practical dimensions of civil engineering
and its associated fields.

As Editor-in-Chief, it is my privilege to intro-
duce the second issue of Volume 13, which
encompasses eight meticulously peer-re-
viewed research articles. This edition repre-
sents an open-subject collection and features
contributions that have successfully fulfilled
the rigorous review standards established by
the journal. These articles encompass a di-
verse array of advanced scientific topics.

The first article systematically compares con-
ventional steel moment-resisting frames and
self-centering steel frames through seismic
analyses, focusing on the latter's ability to
minimize damage and residual displacements

while maintaining equivalent peak story dis-
placements. The second article investigates
the use of machine learning tools, specifically
the SOLDIER application and HEC ResSim
software, to optimize and manage complex
water systems within the Crna Reka basin in
North Macedonia. The third article examines
the use of sensors and automated algorithms
to assess building sensitivity to traffic-induced
vibrations, with potential integration into real-
time smart monitoring systems. The fourth ar-
ticle discusses the use of PSInSAR, a satel-
lite-based technique, to measure displace-
ments in the Skopje region using Sentinel-1
images. The fifth article describes the appli-
cation of the Least Squares Modification of
the Stokes integral with Additive corrections
(LSMSA) to geoid determination in western
North Macedonia, noting its precision despite
limited terrestrial gravity data. The sixth article
examines the resistance and ductility of
headed stud connectors in steel-concrete
composite beams through experimental test-
ing and elastic-plastic analysis using 3D/FM
models. The seventh article presents findings
that repointing masonry structures using ad-
vanced materials enhances their compres-
sive strength, seismic resistance, and long-
term stability while remaining cost-effective.
The eighth article outlines a methodology for
assessing the seismic vulnerability of existing
masonry structures in the city of Gostivar to
evaluate the risk posed by earthquakes.

Finally, | extend my thanks to all our contribu-
tors, reviewers, and readers for their involve-
ment in this issue.

Sincerely,

Vladimir Vitanov, Editor-in-Chief
December 2024
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Comparison of conventional and self-centering steel frame with bracings

COMPARISON OF
CONVENTIONAL AND
SELF-CENTERING STEEL
FRAME WITH BRACINGS

DOI: https://www.doi.org/10.55302/SJCE2421307p

This paper focuses on seismic design,
assessment and comparison of conventional
steel moment-resisting frame with bracings and
self-centering steel frame with bracings. A
prototype building was selected and designed
as a conventional frame according to Eurocode
8 and as a self-centering frame. The self-
centering frame is designed to utilize the same
cross-section as the conventional one, while
the post-tensioning connection is developed
based on an iterative pushover analysis,
conducted at the early phase of the design
process to estimate rotations and axial forces in
post-tensioned (PT) connections and to provide
comparable shear strength to the conventional
frame. To compare the performance of the both
systems, a nonlinear dynamic analysis is
conducted using a set of 30 ground motions,
scaled to represent the frequently occurring
earthquake (FOE), design-based earthquake
(DBE), and maximum considered earthquake
(MCE). Seismic analyses results show that the
conventional and the self-centering frame have
comparable peak story displacements and
highlight the potential of the second one to
eliminate or reduce damage and residual
displacements.

Keywords: Conventional steel systems, self-
centering systems, residual displacement.

1. INTRODUCTION

Conventional seismic-resistant systems such
as steel moment resisting frames (MRFs) or
concentrically braced frames (CBFs) are
currently designed to develop significant
inelastic deformations in the main structural
members (i.e., beams and columns and/or
braces) under strong earthquakes [1]. This
design approach offers certain advantages,
such as achieving acceptable seismic
performance in terms of life safety and cost-
effectiveness. Designing a structure to remain
elastic during a strong earthquake would
require oversized structural components,
making elastic systems not justified both
economically and due to increased
acceleration. However, allowing inelastic
deformations in main structural elements can
lead to challenges in repairing damage,

7|Page
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Figure 1. Formation of a flag-shaped hysteresis loop [10]

residual drifts, and consequently, higher repair
costs and extended downtime while the building
is out of service. A study conducted in Japan by
McCormick et al. [2] which examined 12 steel-
framed buildings affected by the 1995
Hyogoken-Nanbu earthquake, concluded that
in cases where residual inter-story drifts
exceeded 0.5% it was more cost-effective to
demolish and rebuild the structures rather than
repair them due to the high repair costs and the
financial losses associated with keeping the
building closed during repairs. These losses
emphasize the importance of implementing
more resilient structures that are less
vulnerable and easier to repair after strong
earthquakes, with the aim of minimizing or even
preventing economic seismic losses. Steel self-
centering frames with post-tensioned (PT)
beam-column connections are a type of
resilient seismic-resistant structure that prevent
inelastic deformations in beams and reduce or
eliminate residual drifts. These systems usually
use energy dissipation devices which are
activated when gaps open and can be easily
replaced if damaged.

In this paper, a comparison between the
conventional steel frame and self-centering
steel frame where the dissipation of the energy
is designed to be through the braces under
tension is presented. For this purpose, a
prototype steel building is designed with two
different lateral load-resisting systems, i.e.
conventional MRF with bracings and
corresponding self-centering steel frame. To
achieve a fair comparison, both seismic
resistant frames are designed using the same
structural member dimensions which results in
two systems having very similar initial stiffness
and periods of vibration.

8|Page

2. SELF-CENTERING SYSTEMS

In seismic design, while life safety remains a
priority, modern expectations, particularly in
developed countries, demand buildings to
maintain almost full functionality after an
earthquake. It's been discussed that residual
deformations are commonly seen as an
unwanted effect of seismic loads, prompting
researchers to develop methods to predict and
reduce them. However, a more ambitious goal
is to eliminate these residual deformations and
return the structure to its original position after
the end of a seismic action. This idea has led to
the development of systems that return the
structure to its original position, or the so-called
self-centering systems. These systems are
characterized with post-tensioned steel strands
that remain elastic throughout seismic loading,
providing an elastic restoring force and energy
dissipation mechanism. Energy dissipation
occurs through specialized dissipaters or
elements designed to undergo inelastic
behavior during rocking, while the beams and
columns remain elastic. The combination of
these two hysteretic behaviors creates the
"flag-shaped" hysteresis loop, offering both
energy dissipation and self-centering during
cyclic loading, Figure 1.

Furthermore, if we compare the nonlinear
response of the conventional yielding system
and self-centering system, Figure 2 there are
few main differences, 1) the flag-shaped
hysteresis inherently has less energy
dissipation per cycle, half at most; 2) the flag-
shaped hysteresis has more frequent stiffness
changes within one nonlinear cycle than the
elastoplastic hysteresis and 3) The flag-shaped
hysteresis returns to the zero-force, zero-
displacement point at every cycle whereas
yielding of the elastoplastic system at every
cycle may lead to cumulative "crawling" of the
response in one direction.
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3. PROTOTYPE BUILDING AND
DESIGN OF SEISMIC-RESISTANT
FRAMES

The case study is a four-story building with a
square plan of four bay by four bay, and a total
length of 24.00 m x 24.00 m. The story height
is equal to 3.0 m except for the first floor, which
is 4.00 m high. The lateral force resisting
system is placed at the perimeter of the plan of
the buildings, consisting of two seismic frames
in longitudinal direction and 2 in transverse
direction. The interior frames are assumed to
be gravity frames, and their lateral load
resisting capacity is neglected. Consequently,
the tributary area for seismic masses defers
from the tributary area for the gravity loads in a
way that the first one takes into account half the
mass whereas the second takes into
consideration the half bay mass, as described
on figure 3. The perimeter frame is designed as
a steel MRF with braces and as a self-centering
frame with braces.

3.1 DESIGN OF A CONVENTIONAL
FRAME

The design of the structure is done according to
the provisions of EN 1993 and EN 1998-1 and
it is carried out using commercial software. The
model represents the distribution of stiffness
and mass so that all significant deformation
shapes and inertia forces are properly
accounted for under seismic action. The
models used to perform the designs are based
on the centerline dimensions of the steel MRFs
without accounting for the finite panel zone
dimensions. The columns are considered
continuous through each floor beam whereas
the braces are pinned. All beam-column
connections have been considered fully
strength and fully rigid while all floors are
assumed made of composite slabs with profiled
steel sheeting that should be designed to resist
the vertical loads and to behave as horizontal
rigid diaphragms able to transmit the seismic
actions to the seismic resistant frames. Masses
were considered lumped in a selected master
joint for each floor, because the floor
diaphragms may be taken as rigid in their
planes. The building satisfies the criteria for
regularity both in plan and in elevation.

For the spectrum analysis, it is required to
consider a number of vibration modes that
satisfy either of the conditions of EC8. In this
case, the first two mode shapes are considered
(Tx1=0.6 sec and Tx2=0.17 sec). The SRSS
(Square Root of the Sum of the Squares)
method is used to combine the modal maxima,

Comparison of conventional and self-centering steel frame with bracings
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Figure 2. Idealized seismic response of yielding
system (up) and self-centering system (down)
[4]

since the first and the second modes of
vibration in X direction are independent (T2 <
0.9T1).

The steel MRF is designed as medium-ductility
class according to EC8 [1]. The material for all
frame elements is S275 steel with an over-
strength factor yov = 1.25. The chosen member
sections are standard metric sections which are
commercially available. The gravity loads are
taken as  approximative  values  for
administrative/residential building, 5.50 kN/m?
and 3.0 kN/m?, for the dead and live load,
respectively.

The DBE (10% probability of exceedance in 50
years) is expressed by the type 1 EC8 design
spectrum for peak ground acceleration equal to
0.3g, ground type B, importance factor Il, and
behavior factor q equal to 4 (for moment
resisting frames combined with concentric
bracings). To meet the damage limitation
requirement given ductile non-structural
elements, the allowable peak story drift, Bmax,
under the frequently occurred earthquake (10%
probability of exceedance in 10 years) is equal
to 0.75% according to Eurocode [1]. The
frequently occurred earthquake has an intensity
of 40% the DBE, i.e. the v reduction factor is
equal to 0.4 according to EC8 [1]. For all the
steel MRFs, the story drift sensitivity coefficient
8 that accounts for P-A effects is limited below
0.20. The maximum considered earthquake is
assumed to have an intensity equal to 150% the
DBE intensity.

9|Page
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resistance frame

Both flexural and shear checks are done for the
verification of the beams belonging to external
and internal bays according to the following
equations (Eq.1 - Eq.3).

Mgq
_Ed

MpiLrd 1 (1)
LEd < 0,50 2)
VpLRd
NEd < 0,15 3)
NpLRd

The columns are also checked against axial
forces, bending moments and shear forces
calculated according to [1] and Eq.4 - Eq.6:

Mpg = Mgg g+ L1 %y x 2 x Mgy g (4)
Vea = Veag + L1 x ¥y x 2 % Vggp )]
Ngg = Nggg + 1.1 %Yoy * 0 % Ngg (6)

where NEd,G, MEd,G, and VEd,G are the
design values of the axial force, bending
moment, and shear force due to non-seismic
actions; yov is the material overstrength factor
that is equal to 1.25; and Q is an overstrength
factor which is calculated as the minimum of the
ratios of the plastic moment resistance to the
internal bending moment under the seismic
action of all beams. Design details of the

10|Page

loads

resistance

Table 1. Cross-section of the steel frame elements

Story Structural elements Pro

Columns Beams | Braces | [kN]

1 HE200B IPE 160.160. 580

HE220B 300 12.5

HE200B IPE 140.140.

2 | HE2208 | 300 10 |80
IPE 140.140.

3 HE200B 300 8 580
IPE 120.120.

4 HE200B 270 6 540

conventional frame are provided in Table 1. The
braces are designed according to the rules
described in Eurocodes.

The weak beam-strong column capacity design
rule is enforced by satisfying the following
condition:

IMre 5 13 7)

YMgp —

3.2 DESIGN OF A SELF-CENTERING
FRAME

As mentioned before, the PT connection of the
self-centring frame is designed using the same
cross-sections for the structural elements as
the conventional frame. In such a way, frame
with the same or very close initial stiffness and
period of vibration as the conventional one is
obtained, but with different type of lateral-load
resisting system and consequently with
different structural performance under strong
ground motions.

The main accent in the design of a self-
centering frames is in the design of the post-
tensioning connection between the column and
the beam which is designed to "open" for a
certain moment known as moment of
decompresion. To achive this, the PT force in
the cables that are supposed to replace the
moment connection at the initial condition
shoud be properly designed. According to the
equations and recommendations of Garlock [5],
the ratio of the decompression moment and the
plastic moment of the beam should have value
less than one and higher than 0.5 so that the
self-centering will be posible, Eq.8.

An iterative procedure (trial and error) was
made to obtain ratio of these moments and a
ratio of 0.55 was defined. For this purpose, a
pushover analysis was conducted at the early
phase of the design process and the pushover
curves of the two frames were compared, so
that the self-centering frame has base share
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strength comparable to that of the conventional
frame. It should be mention that when
calculating the decompression moment, the
contribution of the two prestressed cables is
taken into account.

05<—4 <1 (8)
Mpip
Md = PTO * bz_h = 0.55 * Mpl,b (9)

After decompression, the gap opening results
in an increase in the post-tensioning force, PT,
which can be calculated from the equations
derive by Christopoulos [4].

Q=1+—b (11)
Kc+2Kpr

Where: K, K. and Kpr are the axial stiffness’s
of the beam, column and PT elements,
respectively (AE/L).

The diameter of the cable is calculated
according to the Eq.10-12, where f, pr is 1770
MPa. The required cross-section of the
diameter can be assumed so that the value of
the initial prestressing force is half the value of
the yield force of the cables (Pro/Pr, =~ 0.5)
which approximately ensures that PT bars
avoid yielding under large rotations in the PT
connections [7]. Also, the area of the cables
should be verified for the designed drift demand
for the frame.

PTy = 0.5 * fy,PT*n*dIZJT (12)

25

15

4. NONLINEAR MODELS OF THE
FRAME

To investigate the seismic performance, two-
dimensional nonlinear analytical models of the
conventional and of the self-centering frame
were developed for nonlinear dynamic
analyses in OpenSees [11]. The conventional
frame is modelled according to the guidelines
for conventional frames [11] whereas for the
modeling of the self-centering frame
experimental results were used [3][10]. The SC
model uses force-based non-linear beam-
column elements to represent the braces,
columns and beams. An initial camber was
applied at the mid-point of the brace to simulate
the effects of buckling, whereas the beam and
the columns remain in elastic range. The PT
connection is modeled using truss elements
with applied initial PT force utilizing the
“initStrain” material. For simulating the rocking
connection ENT (“elastic no-tension”) material
is used.

5. NONLINEAR DYNAMIC
ANALYSIS AND COMPARISON OF
THE RESULTS

5.1 GROUND MOTIONS AND
PROCEDURE FOR DYNAMIC
ANALYSES

A set of 30 recorded ground motions,
developed by the INNOSEIS project [9] was
used for nonlinear dynamic time-history

—_—GM1
—GM2
—GM3
—GM4
—GM5
—GM6
—GM7
—GM8
—GMY
—GM10
—_—GM11
—_—GM12
—GM13
GM14
——GM15
—_—GM16
—_—GM17
GM18
—GM19
—GM20
—_—GM21
—GM22
—_—GM23
—GM24
—GM25
GM26
GM27
GM28
—GM29
GM30
4.5 —FEC8
=——EC8-EL
Time /s/

Figure 4. Acceleration response spectra of the ground motions considered in this study (unscaled)

Comparison of conventional and self-centering steel frame with bracings
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Figure 6. Time history plot of top displacement for MCE for self-cantering frame

analyses. The ground motions were scaled to
FOE, DBE (Figure 4) and MCE, where the
seismic intensity was represented by the 5%
spectral acceleration, Sa, at T (0.6sec) of the
frame models.

The Newmark method with constant
acceleration is used to integrate the equations
of motion. The Newton method with tangent
stiffness is used to minimize the unbalanced
forces within each integration time step. A
Rayleigh damping matrix is used to model the
inherent 3.3% critical damping at the first two
modes of vibration. Each dynamic analysis was
extended beyond the actual earthquake time to
allow for damped free vibration decay and
accurate residual drifts calculation.

5.2 SESMIC ASSESSMENT

The results of the 90 nonlinear response-history
analyses for the two design cases were post-
processed and the results are presented as the
mean, median and standard deviation values
for the maximum displacement and residual
displacement, in table 2 and table 3, for the
conventional and for the self-centering frame,
respectively. A comparison is shown for one
earthquake excitation — ground motion 27
(Figure 5 and 6), which reflects the statistical
trend, which is that the self-centering system
plays a role generally only during the maximum
expected earthquake (MCE) and in that case it
eliminates or reduces the residual deformations
more than 50%.
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Table 2. Mean, median and STD for the maximum

and residual displacement for conventional frame
Mean | Median | STD
Max. disp.
g (mm 33.8 33.4 2.6
IL | Res. disp. 0.4 0.4 0.2
[mm]
N Max. disp. 85.6 83.3 17.0
g | Imm]
O | Res.disp. | 444 11.6 7.0
[mm]
N Max. disp. 163.5 | 137.7 99.7
3] [mm]
= | Res.disp. | 3,4 | 200 | 359
[mm]

Table 3. Mean, median and STD for the maximum

and residual displacement for conventional frame

Mean | Median | STD
Max. disp.

w [mm] 33.1 32.6 24
8 Res. dis

~dISP- g 1.1 0.9
[mm]

L | Max-disp-t g gl 4041 | 454
W | [mm]
0O | Res. disp.

[mm] 12.0 9.6 9.2

L | Mexdisp- | 5048 | 1805 | 123.7
W [mm]

= |Res.disp. | 457 | 91 | 165
[mm]
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6. SUMMARY AND CONCLUSIONS

In this paper, a comparison between a
conventional moment resisting frame with
braces and self-centering frame with braces is
presented. For that purpose, the design
procedure according to Eurocode 3 and 8 is
given for the conventional frame. The design of
the self-centering frame is carried out so that
the same cross-section of the conventional
frame is used, and a design for the
posttensioning connection is done according to
the recent research and guidelines for PT
connections. In such a way, frame with the
same or very close initial stiffness and period of
vibration as the conventional one is obtained,
but with different type of lateral-load resisting.
Thus, the frames will have different structural
performance under strong ground motions. To
compare the different behavior, nonlinear
dynamic analysis is performed for a set of 30
ground motions, scaled for FOE, DBE and
MCE.

The results show that self-centering
mechanism plays a significant role only for the
case of maximum considered earthquake and it
generally eliminates or reduce the residual
displacement for at least 50% and
consequently decrease the probability for non-
repairability. The reason why this applies only
for MCE is the conservative design of ECS,
particularly the FOE design drift limits. Thus, for
low to moderate earthquakes the frames
behave almost elastic, and the energy
dissipation and self-centering mechanisms do
not make a difference.

Also, the maximum displacements for the SC
frame are slightly higher. The results confirmed
findings of previous studies regarding peak and
residual displacements (Karavasilis and Seo
2011) indicating that for structures with a period
exceeding 0.5 seconds, energy dissipation
does not play a significant role [6]. Furthermore,
the conventional frame experience damage in
the beams for DBE and MCE, whereas the self-
centering frame is damage free in the beam
because of the rocking mechanism, but
experience damage in the braces.

Based on aforementioned outcomes and
previous work showing that self-centering and
conventional systems of the same strength and
period of vibration have similar seismic drifts
when the self-centering system is designed with
increased energy dissipation capacity and post
yield stiffness [6], it can be concluded that the
self-centering frame with braces may have
better performance if equipped with energy

Comparison of conventional and self-centering steel frame with bracings

dissipation devices acting as fuses for the
braces.
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AND MODELS BASED ON
MACHINE LEARNING
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Throughout the history of humankind, in parallel
with the progress of civilizations, the techniques
and methods for analyzing structures in
construction have undoubtedly progressed. As
a tool of the latest date that finds application in
undoubtedly every sector of construction, is the
use of tools from machine learning - a branch
of artificial intelligence. The tool offers
opportunities for use in construction for
optimization of structures, safety analysis, cost
analysis and construction cost optimization, as
well as help in their real time daily
management. Undoubtedly, these machine-
learning tools can be applied to dam and
reservoir engineering as well as water
management. As complex systems with
deterministic output and stochastic input,
machine-learning tools can help in all phases —
from planning, construction, and operation to
management of water systems. In this paper,
the application of machine learning tools with
analyses in the SOLDIER application in
decision-making in the management of a
complex water management system is
described. A case study has been prepared for
a part of the Crna Reka basin in RN Macedonia.
In addition to the SOLDIER application, the
HEC ResSim software was used to generate
input and output data in the management of the
systems — data used to train the model in
SOLDIER.

Keywords: water management systems,
reservoirs, hydropower, simulation model,
machine learning, SOLDIER, HEC ResSim.

1. INTRODUCTION

Throughout the history of humankind, in parallel
with the progress of civilizations, the techniques
and methods for analysis of civil engineering
structures have undoubtedly progressed. From
the Stone Age, to the construction of the
pyramids in Egypt, the construction of the
Tower of Babylon, the sewers and water supply
in Rome, the Great Wall of China, the Acropolis
in Athens, to the construction of the Three

Management of water resources system with use of simulation model

and models based on machine learning
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Gorges Dam in China with an incredible height
of 181m and a crown length of 2335m , we have
come at a moment in civil engineering history
where structures reached incredible sizes, with
new materials of carbon fiber, steel and
concrete, maintaining their stability, defying the
weather, gravity and natural stochastic incident
occurrences (earthquake and flood).

From an engineering point of view, machine
learning represents a process of forming a
mathematical correlation between certain
variables that are of interest in the analysis of
the structures.

Undoubtedly, these machine-learning tools can
be applied to dam engineering as well as water
resources management. Water resources
systems are complex systems with stochastic
input and deterministic output and machine-
learning tools can be applied in all stages —
from planning, designing, construction and
management of such systems.

In this paper, the application of machine
learning tools with carried out analyses in the
application SOLDIER in decision-making in the
management of a complex water management
system is described. A case study has been
prepared for a part of the Crna Reka basin in
RN Macedonia. In addition to the SOLDIER
application, the HEC ResSim software was
used to generate input and output data in the
water management of the system — data used
to train the model in SOLDIER.

SOLDIER application is developed by CIMNE —
International center for numerical methods in
engineering [2] based in Barcelona, Spain. The
main goal of the CIMNE application is to
analyze the relationship between different
variables using machine learning. The main
application of this software is focused in the
field of technical monitoring of dams and
appurtenant structures [3]. In the case study, it
is applied to the analysis of operational rules for
management of a complex hydropower multi
storage system, by observing the correlation of
the power production and the variables of the
mathematical model, obtained with HEC
ResSim.

HEC ResSim [4] software is open source,
developed by the USACE Army Corps of
Engineers. Itis used for mathematical modeling
of complex water management systems for
determining operational management rules and
for determining the physical parameters of the
system.
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2. CASE STUDY - CRNA REKA
BASIN

As a case study, mathematical modeling was
performed to determine operational parameters
for the management of a complex hydropower
system in the Crna Reka basin, specifically the
gorge of the Crna Reka, where, according to
the Water master plan from 1973, Chebren and
Galishte reservoirs are planned for construction
in addition to the existing Tikvesh reservaoir.

Crna Reka is a right tributary of the Vardar
River and it is one of the largest rivers in the
Vardar River Basin with nearly V2 of the total
basin area, which is 5,890 km?. The river flows
through the Pelagonia and Tikvesh valleyes -
both areas burdened with serious water
management problems.

The course of the Crna Reka, from the spring
to the confluence in the Vardar River passes
through a mountainous, lowland and gorge part
with a total length of 229 km. Along its course,
Crna Reka receives several tributaries, the
largest of which are: Shemnica river, on which
hydro system Strezhevo is also built, Dragor
river, Konjarka, Bela, Buturkica, BleSica, Raec
and others. The average height above sea level
of the Crna Reka basin is 863 masl. According
to the Water Master plan of 1973, the course of
Crna Reka can be divided into three parts:

- Spring, which is characterized by large
falls and mountainous character of the
basin;

- The middle course, which is
characterized by small falls and is
mostly flat - the part in which the
Pelagonia valley is located;

- The gorge in the lower course of Crna
Reka, which is characterized by large
falls, distinctly mountainous terrain -
very favorable for energy use of the
water.

In the spring part of Crna Reka, as well as in the
middle course, there are no favorable
conditions for energy utilization of the water.
Only the gorge in the lower course of the river
provides solid opportunities for energy
production. The gorge part of the course
stretches from the town of Skochivir (108 km
from the mouth of the Vardar River) to Tikvesh
valley, near the village of Vozarci (26.3 km from
the mouth of the Vardar River). In this part, with
a total length of 81.7 km, the difference in
terrain elevation is 400 m. On this stretch, the
Tikvesh dam was built, with operational level of
265masl, with Tikvesh HPP, in which 4 Francis
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hydro turbines were installed with a total
installed power of 113MW and installed turbine
flow of 144 m3/s. After the construction of the
Tikvesh dam, there are still about 300m of
potential energy height and a length of 52.5km
from Crna Reka, which have very favorable
possibilities  for  hydropower utilization.
According to the Water Master plan from 1973,
the most favorable scheme for energy
production is construction of two dams
upstream of Tikvesh dam, both with
hydropower plants - HPP Galiste at 53,6km with
operational level of 392masl and HPP Chebren
at 81km with operational level of 565masl
(Figure 1).

Priepsko
Dabnica ezerd cohisrica

Kochishte

(Zhwan Zhurche
i 4 Gajshte =
Buchiri™ - s -+

Crna reka
watarshed ; L Aot

Opednix

Orlov Xatén caprap

Figure 1. Planned and constructed reservoirs in
the Crna Reka river basin, map created with
Copernicus data [1]

The scheme for hydropower utilization of Crna
reka in the gorge stretch consists of: 1)
Chebren reservoir as the upstream reservoir
and pumped-storage hydropower plant, 2)
Orlov Kamen reservoir which will serve as a
lower reservoir in pumping regime for HPP
Chebren, 3) Galishte reservoir in the middle,
and 3) Tikvesh reservoir as the downstream
reservoir (Figure 2). HPP Galishte is planned as
conventional hydropower plant.

Figure 2. Schematic view of the analyzed
scheme [2]

The dam profile for Chebren reservoir i the
narrowest part of the Crna Reka course, with
very favorable geotechnical and geological
characteristics for the construction of a high

dam. The dam site is located near the village of
Manastir. The operational level in the reservoir
is limited by the topography - up to 565masl -
due to the danger of flooding of the Pelagonia
valley. The volume of the formed reservoir up
to the elevation of 565masl is 915x108m3, of
which 555x108m3 are active volume. The
reservoir is planned exclusively for the power
production through HPP Chebren, and the size
of the reservoir is sufficient for an annual
leveling of the natural flows of Crna Reka. HPP
Chebren will be located downstream of
Chebren dam. If built with conventional units,
the annual production of this plant with Francis
hydro turbines is 352x108 kWh/year [3]. As a
pumped-storage unit, the production s
expected to be doubled — approximately
600x108 kWh/year [4].

Downstream of Chebren reservoir, Orlov
Kamen reservoir is planned, as the lower basin
for the pump regime of work of HPP Chebren.
The operational level in this reservoir is
400masl.

The Galishte reservoir starts downstream from
Orlov Kamen dam, all the way to the dam
profile, which is located 56.3 km from the
confluence of Crna Reka in the Vardar river.
With the construction of the Galishte dam, a
reservoir will form with operational level at 392
masl and a total capacity of 344x10% m3 and
active volume of 256x108 m3. This hydropower
plant is expected to deliver over of 224x108
kWh/year [5].

The next in line down the cascade of the river
is the existing Tikvesh reservoir with HPP
Tikvesh located downstream of Tikvesh dam.
This plant delivers over 137x108 kWh/year [6].
The reservoir is also used for irrigation of
Tikvesh valley - the primary water user in this
scheme.

In the case study for which the water
management planning was developed, the
results of which are elaborated in this paper, the
Chebren reservoirs with the Orlov Kamen and
Galishte reservoirs were taken into account - as
newly planned reservoirs, and the Tikvesh
reservoir, as an existing reservoir.

3. APPLIED CODES

3.1. SOLDIER APP

The SOLDIER app is created by the CIMNE
Institute in Barcelona, Spain, is a tool
developed for machine learning application for
dams and hydropower. The application works

Management of water resources system with use of simulation model

and models based on machine learning

17|Page



Scientific Journal of Civil Engineering « Volume 13 ¢ Issue 2 - December 2024

by applying regression sequences, ie. creation
of mathematical correlation between multiple
variables based on previously known data [7].

The application has so far been used for the
development of models for the analysis of the
structural behavior of several dams in Europe,
it is actively used within the framework of the
DOLMEN project, which is focused on the
application of methodologies for defining
dynamic warning thresholds in the operation of
dams with reservoirs for different purposes [8].
The application also won the Verbund prize in
a competition for innovative challenges in 2017
[8].

3.2. HEC RESSIM SOFTWARE

HEC-ResSim is a software used to model
complex water management systems in order
to comply with the demands of one or more
water users. With the help of the software, it is
possible to model water resources systems by
creating simulation models, that include multi-
dimensional and multipurpose aspects (flood
protection, meeting of water supply and
irrigation demands, determining the capacity of
reservoirs for hydropower production, as well
as combinations of operational policies and
prioritizing more water users according to the
demands).

HEC-ResSim consists of: (1) user interface
(GUI-Graphical User Interface), (2) a
mathematical background program that
simulates reservoir management, (3) files for
saving data from the simulations, and (4) tools
for processing the output results. HEC-ResSim
uses a data storage system HEC-DSS (Data
Storage System), through which data is
provided for the system as time series (inflow in
the reservoir, water level, water quantities for
different needs, etc.) [9].

HEC-ResSim offers three modules through
which the simulation model is defined:

- Module for defining the elements
present in the simulation model and
their interrelationship — setting up a
watershed area Watershed Setup
(defining rivers, tributaries, reservoirs,
embankments, canals) ;

- Module for defining the physical
parameters of the elements -
Reservoir Network;

- Module for simulating the defined
system — Simulation.

For the needs of the research work, with the
help of HEC ResSim, a large number of input
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and output data were created, which are used
as data that feeds the model in SOLDIER ,
which will create a dependency between the
various variables - inflow into the reservoir,
water level, water needs, discharge from
reservoir, energy production, etc.

4. INPUT DATA FOR THE MACHINE
LEARNING MODELS

The main goal of this research is the
determination of correlation between the
parameters that impact the water management
of the abovementioned reservoirs. As main
variables, they include:

- Hydrological series of inflows in
reservoirs, defined as hydrographs of
inflows for the period 2020 - 2050

- Outflow from reservoirs, defined as
runoff hydrographs for the period 2020
— 2050

- Delivered irrigation water, defined as
an irrigation hydrograph for the period
from 2020 to 2050, for the Tikvesh
reservoir

- Hydropower production for the period
from 2020 to 2050,

- Operation in pumping mode at the
Chebren reservoir for the period from
2020 to 2050,

- Variations of the water level in the
reservoirs for the period from 2020 to
2050.

The specified hydrographs were obtained by
simulation model created in HEC ResSim
software, with a time step in the models of 1
day.

To create the simulation model, it is necessary
to define: (1) inflow hydrograph in each
reservoir, (2) physical characteristics of the
reservoir, (3) water needs, and (4) operational
rules for managing the system. In addition to
the listed steps, the models also need to define
the location of the reservoirs and their
mathematical connection in order to perform
rational and effective water management.
Namely, the outflow from the upstream
reservoir is inflow into the downstream
reservoir. This connection is defined according
to Figure 2, and it can be seen how it is set up
with the HEC ResSim application in Figure 3.
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Figure 3. Schematic representation of the
reservoirs in the study case apropos created
model in HEC ResSim.

The hydrological input to the Chebren reservoir
is taken from a historical series of measured
mean monthly flows for the hydrological station
Rasimbegov Most (Figure 4), for the Galishte
reservoir - data from the hydrological station
Galishte (Figure 6) and for the Tikvesh reservoir
- data from the hydrological station Tikvesh
(Figure 7). The time period of analysis is 30
years — from 2020 to 2050. The hydrological
series of inflows correspond to the measured
data from the period 1946 to 1976.
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Figure 4. Inflow hydrograph for Chebren
reservoir
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Figure 5. Inflow hydrograph for Orlov Kamen
reservoir
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Figure 6. Inflow hydrograph for Galishte reservoir
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Figure 7. Inflow hydrograph for Tikvesh reservoir

As follows, the technical data for each reservoir
is given in Tab. 1. Itis a configuration consisting
of a cascade system with four reservoirs on
Crna Reka.

Table 1. Physical parameters of the reservoirs

Reservoir Physical parameters

Tikvesh Normal operating level 265 masl
Minimum operating level 233 masl

Active volume 310 x 108 m3

Dam crest elevation 269 masl

Installed power 115.32 MW
Installed turbine flow 144 m3/s
Galishte Normal operating level 392 masl
Minimum operating level 342 masl

Active volume 256 x 10° m3
Dam crest elevation 398 masl

Installed power 190.83 MW
Installed turbine flow 180 m3/s
Chebren Normal operating level 565 masl
Minimum operating level 515 masl

Active volume 555 x 108 m3
Dam crest elevation 567.5 masl

Installed power 458 MW
Installed turbine flow 333 m3/s
Installed pump flow 150 m3/s
Orlov Kamen Normal operating level 400 masl
Minimum operating level 393 masl

Active volume 149x106 m3
Dam crest elevation 408 masl

The variation of water level in each reservoir is
also used as a variable for making of correlation
for management of the system, as well as the
discharge from the reservoir. These data are
shown for each reservoir in Figure 8, 9, 10 and
Figure 11.

Management of water resources system with use of simulation model
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Figure 8. Variation of the water level in Chebren
reservoir (upper graph), with a hydrograph of
inflows and outflows (lower graph).
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Figure 9. Variation of the water level in Orlov
Kamen (top graph), with a hydrograph of inflows
and outflows (bottom graph).
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Figure 10. Variation of the water level in Galishte
(top graph), with a hydrograph of inflows and
outflows (bottom graph).

At the Tikvesh reservoir, in addition to power
production, it is necessary to take in to
account the quantities of delivered water for
irrigation demands, for the analyzed period.
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This is a seasonal variation of the flows, for a
period of 30 years (Figure 12).
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Figure 11. Variation of the water level in Tikvesh
(top graph), with a hydrograph of inflows and
outflows (bottom graph).
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Figure 12. Hydrograph of supplied irrigation
water from Tikvesh reservoir.

The primary purpose of each reservoir in the
analysis is power production. Below are the
output results of the power production in each
hydropower plant, as a series of data for the
analyzed period (Figure 13, 14 and 15).
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Figure 13. Time series of power production from
HPP Chebren
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Figure 15. Time series of power production from
HPP Tikvesh

5. OUTPUT RESULTS FROM THE
MACHINE LEARNING MODELS

As follows, the output results from the models
with machine learning are given. The model is
fed with data obtained with the simulation
models, for time series data for 30 years, in 1
day time step.

With the ML models, we will be able to observe
the following correlations:

1. The hydropower production in correlation
with the hydrological series of inflow into the
reservoirs and the variations of the water level
in the reservoir,

2. The overflow and downstream discharge for
environmental flow in correlation with the
hydropower production,

In the models, the principle of using 75% of the
data for model training and 25% for testing the
obtained results was applied.

To evaluate the suitability of the models, the
mean absolute error (MAE) was calculated:

MAE = z{iﬂyliv—nxi)l 1

where N represents the number of data in the
training zone or the validation zone, y; are the
observed outputs and F(x;) are the predicted
values. This coefficient is measured in the
same measurement units as the hypothesized
variable, and it represents an intuitive measure
of the model's accuracy [10].

In addition to the mean absolute error, the
coefficient R?2 - coefficient of determination
which is defined for a set of n - elements with y,
...Yn results and their assumed values y'...y»"

"N _ Zivz (Yi_ylj’)z ;1
R*(y,y)=1- (W V' = ;Zlivﬂyl' (@)

The target value for the coefficient R2is 1, i.e. a
score close to 1 indicates that the model made
a solid mathematical correlation between the
variables, and a score of 0 indicates that the
model cannot establish any correlation
between the variables [11].

5.1. CORRELATION BETWEEN POWER
PRODUCTION, INFLOWS AND
DISCHARGE FROM THE CHEBREN
RESERVOIR

In order to understand the relationship between
the hydropower production at Chebren HPP, a
model has been prepared in the SOLDIER
application in which the connection of the
variables is analyzed: water level in the
Chebren reservoir, inflows in the Chebren
reservoir, hydropower production, overflow
through the spillway, the released water
through the bottom outlet and pump operation
for return of water from the Orlov Kamen
reservoir to the Chebren reservoir.

The target parameter in the analysis is
hydropower production.

According to the output results, the MAE for the
subject model is 9.68 for the learning period of
the model, while it is 31.68 for the testing
period. The coefficient R? is 1 for the model
learning period, and 0.99 for the model testing
period. The coefficients indicate a well-formed
correlation between the variables and the target
variable, and this can be seen in the graphic
display of the adjustment of the target variable
in Figure 16.

Management of water resources system with use of simulation model
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Figure 16. Adjustment of the variable — power
production, in the learning zone of the model,
and in the testing zone of the model at the
Chebren reservoir.

The largest influence of the entered variables
on the target variable is the HPP flow (Figure
17). The remaining variables have an
insignificant influence on the formation of the
mathematical relationship between the input
variables and the target variable.

Chebren_bottom_outlet

Chebren_spilway

Vatiable: HPP_flow_Chebren
HPP_flow_Chebren Influence: 99.34

Inflow_Chebren

WL_Chebren

0 20 40 60 80 100
Relative Influence %

Figure 17. Relative influence of each variable in
the target variable at Chebren reservoir

From Figures 18-21 it can be concluded that a
higher inflow into the reservoir and a higher
level of water in the reservoir generated higher
hydropower production. Also, greater flow
through the hydro plant and a higher level of
water in the reservoir, generates increased
hydropower production. These are logical and
expected outcomes, by which it can be judged
that the model provides realistic data and
information regarding the correlation of the
variables.
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Figure 18. Partial dependence between the HPP
flow, reservoir inflow and produced hydropower.
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Figure 19. Partial dependence between the HPP
flow, reservoir elevations and produced

hydropower.
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Figure 20. Partial dependence between inflows in
the reservoir, reservoir level and hydropower

production.
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Figure 21. Partial dependence between inflow in
the reservoir, bottom outlet flow produced
hydropower.

5.2. CORRELATION BETWEEN
PUMPED FLOW AND WATER LEVEL IN
CHEBREN RESERVOIR

It is also of interest to see the correlation of the
operation of HPP Chebren in pumping mode,
ie. the operation of the pumps for filling the
upper pool, for which a model has been
prepared where the target variable is the
operation of the pumps.

In this model, as variables that form the
dependency for the target variable, the
following are entered: water level in the
Chebren reservoir and in Orlov Kamen, the
produced hydropower, inflow into the Chebren
reservoir and HPP flow.

According to the results, the MAE for the
subject model is 0.19 for the learning period of
the model, while it is 0.21 for the testing period.
The coefficient R? is 1 for the model learning
period, and 1 for the model testing period. The
coefficients indicate a well-formed correlation
between the variables and the target variable,
and this can be seen in the graphic display of
the adjustment of the target variable in Figure
22.

From the obtained results it can be concluded
that the lower the water level in the Chebren
reservoir, the more water is pumped into the
upper pool, and the more the difference
between the level in the upper and lower pool
increases, the smaller the quantity of water that
needs to be pumped (Figure 23 and 24). These
are expected and logical results, which indicate

a well-formed relationship between the
variables in the model.
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Figure 22. Adjusting the variable — the amount of
water to be pumped into the upper basin in the
learning zone of the model, and in the testing
zone of the model.
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Figure 23. Partial dependence of the elevations

in the Chebren and Orlov Kamen reservoirs on

the amount of water pumped from the lower to
the upper pool
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Figure 24. Partial dependence of the elevations
in the Chebren reservoir with the produced
hydropower and the required flow to be pumped
into the upper pool.
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5.3. CORRELATION BETWEEN
HYDROPOWER PRODUCTION,
INFLOW AND DISCHARGE FROM
GALISHTE RESERVOIR

In order to understand the effect of hydropower
production from HPP Galishte, a model has
been prepared in the SOLDIER application in
which the correlation of the variables is
analyzed: water level in the Galishte reservoir,
inflow in Galishte reservoir, hydropower
production, spillway overflow and the flow
through the bottom outlet.

The target variable in the analysis is

hydropower production.

According to the results, the MAE for the
subject model is 13.97 for the learning period of
the model, while it is 19.94 for the testing
period. The coefficient R? is 1 for the model
learning period, and 0.99 for the model testing
period . The coefficients indicate a well-formed
correlation between the variables and the target
variable, and this can be seen in the graphic
display of the adjustment of the target variable
in Figure 25.
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Figure 25. Adjustment of the variable — power
production, in the learning zone of the model,
and in the testing zone of the model at the
Galishte reservoir.

Of the entered variables, the flow through HPP
Galishte has the greatest relative influence on
the target variable, with over 85% impact
(Figure 26). Furthermore, it can be seen in
Figure 26 that the spillway overflow also has a
certain influence on the formation of the
relationship between the variables and the
target variable, as well as the water level in the
Galishte reservoir. Inflow in the reservoir has an
insignificant influence on the formation of the
mathematical correlation.
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Figure 26. Relative influence of each variable in
the target variable at Galishte reservoir.
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Figure 27. Partial dependence between inflow,
spillway overflow and hydropower production at
HPP Galishte.
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Figure 28. Partial dependence between the
elevations in the Galishte reservoir, spillway
overflow and hydropower production.
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Figure 29. Partial dependence between the
inflow, elevations in the reservoir and
hydropower production at HPP Galishte.
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Figure 30. Partial dependence between the
elevations in the Galishte reservoir, the HPP flow
and hydropower production.

5.4. CORRELATION BETWEEN
HYDROPOWER PRODUCTION,
INFLOW AND DISCHARGE FROM
TIKVESH RESERVOIR

In order to study the relationship between the
hydropower production at HPP Tikvesh, a
model has been prepared in the SOLDIER
application in which the connection of the
following variables is analyzed: water level in
the Tikvesh reservoir, inflow in Tikvesh
reservoir, hydropower production, spillway
overflow, outflow in the bottom outlet and
provided water for irrigation.

The target variable in the analysis is

hydropower production.

According to the results, the MAE for the subject
model is 7.36 for the learning period of the model,
while it is 12.7 for the testing period. The
coefficient R? is 1 for the model learning period,
and 0.94 for the model testing period. The
coefficients indicate a well-formed correlation
between the inputs and the target variable, and
this can be seen in the graphic display of the
adjustment of the target variable in Fig. 31.
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Figure 31. Adjustment of the variable —
hydropower production at the HPP Tikvesh.

Of the entered variables, the spillway
overflow has the greatest impact on the formation of
the mathematical correlation, second is flow through
the HPP and the reservoir inflow (Fig. 32).
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Figure 32. Relative influence of each variable in
the target variable at Tikvesh reservoir.
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Figure 33. Partial dependence between the

elevations in the Tikvesh reservoir, the reservoir
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Figure 34. Partial dependence between the

reservoir elevations, HPP flow and hydropower

pilway

Tikvesh_s

145,34

production at HPP Tikvesh.

| Power_MWH_Tikvesh
1000

750

500

242.6 249 255.4
‘WL_Tikvesh

Figure 35. Partial dependence between the
spillway overflow, reservoir elevations and
hydropower production.
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Figure 36. Partial dependence between reservoir
inflow, HPP flow and hydropower production at
HPP Tikvesh.

From the output results, it can be concluded
that the higher the level in the reservoir, and the
higher the inflow, the power production also
increases. Also, the correlation between the
flow through a hydropower plant and the
elevations in the reservoir is similar — as they
increase, the production of power also
increases (Figure 33 and 34). In Figure 35 and
36 the correlation between the HPP flow and
the inflow into the reservoir can be seen, in
relation to the hydropower production. It is a
non-linear connection, where for higher values
of the flow through the hydropower plant; the
highest values for power production are
obtained.

CONCLUSION

Within the scope of the paper, the procedures
for creating a simulation model and models with
machine learning are described, with the aim of
understanding the correlation of the target
parameters on the variables in the
management process of a complex hydropower
system, with a "case study" of the Crna Reka
basin, for the planned pump storage HPP
Chebren and HPP Galishte.

To understand the impact on the target
parameters of the management variables with
the individual reservoirs, machine learning
models were built using the SOLDIER
application, developed by the CIMNE Institute
in Barcelona, Spain.

To form a sequence of data to train the model
with machine learning, a simulation model was
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prepared in HEC ResSim for the complex
hydropower system Chebren-Galishte. From
the model, the hydrographs of inflow into the
reservoirs, reservoir outflow, delivered water for
irrigation and time series of hydropower
production were calculated, in order to form
dependencies for the water management of the
reservoirs with the help of the SOLDIER
application.

Four reservoirs are included in the models:
Chebren, Orlov Kamen, Galishte and Tikvesh.
Of the specified reservoirs, the Tikvesh
reservoir is existing, while the rest are planned
reservoirs with hydropower plants. HPP
Chebren is planned as a pumped-storage plant,
and as such it is included in the study case.

For each reservoir, a separate model was
created in SOLDIER, through which the impact
of the individual variables on the target
parameter — hydropower production is
perceived.

From the conducted analyses, it can be
concluded that in all models a solid relationship
was established between the variables and the
target parameter, and as an indicator of the
relationship is the R? coefficient, which in all
models is approximately 1, i.e. it ranges from
0.94 - 1 in the different models.

According to the carried out analytical
procedure, at the PSHPP Chebren for the
hydropower production, it can be concluded
that there is a dominant correlation with the
parameter hydropower plant flow. Also, logical
results can be seen from the obtained
dependencies — with an increase in the water
level in the Chebren reservoir and with an
increase in the inflow into the reservoir, the
power production increases, while the overflow
decreases. The water that is required to be
pumped from the lower pool (Orlov Kamen
reservoir) to the upper pool (Chebren reservoir)
increases with the lowering of the water level in
the Chebren reservoir.

At the Galishte reservoir, the dependencies are
similar — the higher the water levels in the
reservoir, the higher the power production, and
the overflow decreases with the increase in
power production.

The situation is identical with the Tikvesh
reservoir - with an increase in the water level in
the reservoir, a greater amount of power is
generated.

In this initial phase of the research, the
sensitivity of the target parameters from the

simulation models by changing the variables is
investigated, and it can be concluded that solid
correlative dependencies have been
established, which contribute to an improved
study and understanding of the variables
dependence in a complex hydropower system.
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Human Comfort in Buildings: Automation of the Vibration Dose Value Method

HUMAN COMFORT IN
BUILDINGS: AUTOMATION
OF THE VIBRATION DOSE
VALUE METHOD
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Smart buildings, as dynamic ecosystems,
integrate cross-dependent sensors to enhance
structural serviceability, optimize efficiency,
and improve safety. This research employs a
custom-designed sensor prototype to explore
the feasibility of developing an automated
system for evaluating building sensitivity to
traffic-induced vibrations. The methodology
involves collecting acceleration data from a full-
scale structure subjected to traffic vibrations,
processing it through an automated algorithm,
and categorizing buildings qualitatively based
on vibration levels and human perception, as
defined by the Vibration Dose Value (VDV)
method in the BS 6472-1 standard.
Comparative analyses reveal the method’s
sensitivity to signal duration and amplitude
variations, highlighting its potential for
integration into real-time smart monitoring
systems.

Keywords: traffic-induced vibrations, vibration
dose value, vibration measurement, human
comfort, acceleration amplitude, smart
monitoring systems.

1. INTRODUCTION

In modern urban environments, vibrations
caused by traffic — both from road and railway
systems — are a common issue that can
significantly impact building structures and
occupant comfort. Vibrations in buildings often
lead to negative effects, including cracks,
plaster detachment, and in extreme cases,
structural damage. In  addition, the
simultaneous presence of noise and vibrations
can further disrupt occupant comfort, affecting
both acoustic and visual well-being. According
to studies such as [16], human perception of
vibrations is influenced by factors like
resonance frequencies, which are critical for
understanding how  building  occupants
experience these disturbances.

Numerous studies have analyzed traffic-
induced vibrations, focusing on their
measurement and impact in high-traffic urban
areas [1], [2], [10], [11]. These investigations
emphasize the importance of minimizing
dynamic loading to meet the threshold levels
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set by various standards, such as the British
Standard BS 6472-1 and ISO standards [8], [9].
Measures proposed to mitigate vibration effects
include retrofitting buildings with appropriate
insulation [13], [15], and wusing in-situ
measurements to assess ground-level
vibrations, which are then incorporated into
structural design models [12], [7], [14]. These
approaches ensure that structures meet
serviceability requirements and safeguard
occupant comfort.

Various standards, including the ISO and
British standards, focus on evaluating the
sensitivity of buildings to vibrations and their
impact on occupant comfort. These guidelines
are primarily based on the calculation of a
weighted acceleration value derived from
measured time records. Other standards, such
as the NBC 2005, provide specific
recommendations for maximum acceleration
limits based on the type of building [4]. The
European Standard EN 1990, which addresses
the dynamic effects of vibrations, suggests that
the natural frequency of a structure be limited
to prevent exceeding the serviceability limit
state, with further detailed assessments
available through 1SO standards [5], [6].

This paper investigates the vibration levels in a
building exposed to traffic-induced vibrations,
analyzing the effects on occupants based on
recorded acceleration signals. Specifically, it
examines the British Standard BS 6472-1 [3]
and the robustness of the Vibration Dose Value
(VDV) method for vibration assessment. Two
key factors are studied: (1) the impact of signal
duration and (2) the influence of peak amplitude
on vibration perception. The findings offer
valuable insights into the potential for
automating the analysis within real-time smart
monitoring systems.

The prototype sensor used in this study could
be further developed into a "smart" sensor,
capable of monitoring a range of environmental
factors such as temperature, humidity, and
vibrations. This advancement would enhance
the role of such sensors in "smart" buildings,
ultimately improving structural serviceability,
efficiency, and occupant safety.

2. OVERVIEW OF THE BRITISH
STANDARD BS 6472-1
METHODOLOGY

The British Standard BS 6472-1 [3] offers a
systematic approach for predicting and
assessing human responses to vibrations
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within the frequency range of 0.5 Hz to 80 Hz.
By categorizing vibration time histories, the
standard accommodates diverse scenarios:

e Continuous vibrations - sustained
vibrations over extended periods, such
as those caused by consistent traffic
flow.

e Periodic vibrations — vibrations
occurring at regular intervals, often
associated with industrial machinery.

e QOccasional vibrations — irregular or
infrequent vibrations, such as those
caused by sporadic construction
activities.

Traffic-induced  vibrations are  typically
classified as continuous, characterized by
fluctuating  amplitudes  throughout the
measurement period.

To account for human perceptual sensitivity,
the standard [3] incorporates frequency-
dependent weighting factors. These factors
adjust recorded acceleration signals to reflect
the human body's differential sensitivity to
vibrations. For vertical movements, the Wb
factor is applied, emphasizing the range of 4 to
12.5 Hz. For horizontal movements, the Wd
factor is used, capturing sensitivity within 1 to 2
Hz. These adjustments, presented in one-third
octave bands, align with the physiological
perception thresholds of vibration. Their linear
values are graphically represented in Figure 1.

The primary parameter for assessing the
effects of vibrations on occupants is the
Vibration Dose Value (VDV). This parameter
considers the cumulative effect of vibration
amplitude over time and is particularly sensitive
to peak amplitudes due to its reliance on a
fourth-power calculation. The VDV is defined
as:

T 4 0.25
VDVb/d,day/night = (fo a (t)dt) (1)

Here, VDVy /4 day/night represents the vibration
dose value for the specified weighting and time
period (day or night), expressed in m/s'7® for
translational vibrations or rad/s" 7> for rotational
vibrations; a(t) represents the weighted
acceleration as a function of time, expressed in
m/s? for translational vibrations or rad/s? for
rotational vibrations; T represents the duration
of a measurement period during which vibration
can occur, expressed in s.
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Figure 1. Weighting factors according to BS 6472-1
If the vibration signal consists of multiple
intervals with varying durations (e.g., traffic- 1.Time-history of 1.Preprocessing
induced vibrations), the total VDV is calculated a vibration of the signal
as: signal, measured (centralizing,
during daytime [—>| noise reduction,
0.25 16 hours) or trend removal,
VDVb/d.d:':ly/night = (ZLlVDV{‘;) () (nighttime)(8 resampling or
hours) interpolation)
where N represents the total number of time |
intervals; VDV, represents the vibration dose WV
value for the time interval t,, expressed in
m/s'75 for translational vibrations or rad/s-7% for 1.Dividing the
rotational vibrations; t,, represents the duration time-history into 1.Calculating the
of nintime interval, expressed in s. time segments | | one-third octave
with a duration of bands for each
The process of calculating the VDV is outlined t, (vibration vibration event
in the accompanying block diagram (Figure 2). events)
Once the VDV is calculated, the standard [3] N !
provides threshold values to interpret its
significance. These thresholds categorize the -
likelihood of adverse commenjts from bqilgiing 1.Calculating the :rﬁhgtgggglgr%tﬁgﬁ
occupants. Lower VDV values indicate minimal rms acceleration by the linear
risk of negative feedback, while higher values for each one- — value of the
suggest a higher probability of dissatisfaction. third octave band corresponding
The variability in human sensitivity and weighting factor
expectations accounts for the broad ranges
specified in the standard, which inherently limits |
the precision of the assessment. v
By integrating these guidelines, the British 1.Evaluation of
Standard BS 6472-1 provides a robust 1.Calculation of the final
framework for quantifying and mitigating VDV, foreach |—=>| VDVyyq gaymignt fOr
vibration effects on building occupants. This vibration event the whole
study leverages its methodology to assess the measured signal
sensitivity of an exposed structure, with
implications  for  advancing  automated

monitoring systems.

Figure 2. Step by step methodology

Human Comfort in Buildings: Automation of the Vibration Dose Value Method
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3. EXPERIMENTAL CASE STUDY
ON BUILDING VIBRATION
RESPONSE TO TRAFFIC STIMULI

3.1. CONCEPT DEVELOPMENT

This concept, which forms part of the
SmartBuild research project supported by the
University of Ss. Cyril and Methodius in Skopje,
explores the development of methodologies for
utilizing sensor technology in the smart
monitoring of various environmental
parameters, including temperature, humidity,
and vibration levels in buildings. Such a
methodology aims to enhance insights into
building performance and facilitate data-driven
decision-making through real-time monitoring
and analysis.

The vibration-based monitoring system
proposed in this study focuses on creating a
methodology for an automatic system that is
triggered when vibration amplitudes surpass
predefined acceleration threshold values. Upon
activation, the system would record the
corresponding vibration events, storing the
acceleration histories. These recorded signals
would be automatically processed through an
algorithm that estimates the Vibration Dose
Value (VDV) and provides the user with a
qualitative assessment of the vibration levels.
The procedure is outlined schematically in
Figure 3, and can be divided into four primary
phases: (1) measuring of vibrations and time-
history acquisition; (2) preprocessing of the
signal and preparing the raw data for more
detailed analysis; (3) processing of the signal in
time domain and frequency domain; (4)
obtaining of final results and evaluation. This
algorithm could be fully automated via a

Acceleration
monitoring

Record with
preset cut-in and
cut-off values for
vibration events

/‘,—“
PSR
@
l‘ 11
AN

based

tool

Cloud -

processing

programming platform, allowing users to adjust
input parameters such as the duration of time
intervals (tn) or the acceleration amplitude cut-
off threshold. Additionally, constants could be
used for values such as one-third octave bands'
frequencies, linear weighting factors, and the
limit values for qualitative evaluation.

3.2. DESCRIPTION OF THE
EXPERIMENTAL SETUP

The experimental setup in this study involved
the use of a custom-designed prototype by
Digitex Systems [17], representing a smart
structural monitoring system composed of two
main components.

The first component is the measuring
instrument — a prototype three-axis
accelerometer called Pulse (Figure 4). This
device features three channels, two for
horizontal axes and one for the vertical axis.
The accelerometer has a sensitivity of 900
mV/g and is equipped with an analog low-pass
anti-aliasing filter to reduce band noise and limit
the bandwidth. This filter provides a fixed 3 dB
bandwidth of approximately 1 kHz (selectable).
The Pulse device requires electrical power,
which is supplied via a USB connection.

The second component of the system is
Voyager, a cloud-based software platform for
data collection and processing (Figure 4).
Voyager facilitates real-time data collection,
management, and analysis from all sensor units
connected in the monitoring system. Data
communication between Pulse and Voyager is
established via Wi-Fi, ensuring continuous data
transfer and remote monitoring.

Pre-processing;
weighted
acceleration and
VDV values

Inform
users

Send natification
according to
evaluation
system

Figure 3. Concept for the automated algorithm for calculating the VDV parameter
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Pulse

|
‘ Voyager
1

Web D Client

Client

Following the guidelines outlined in the British
Standard [3], the accelerometer was positioned
at floor level within a room of the building
exposed to traffic-induced vibrations (Figure 5).
The building is located along a boulevard with
high traffic frequency. The sensor was placed
directly on the floor (without being fixed) and
connected to the cloud-based software via Wi-
Fi for real-time data transmission. During the
monitoring period, the building was unoccupied
and not in use.

Figure 5. Placement of measuring instrument

To assess the sensitivity of the applied methods
and tools regarding measurement duration and
exposure time, a 16-hour daytime period was
selected based on the recommendations from
the standard [3]. In total, 96 acceleration time
histories, each lasting 10 minutes, were
collected. The recording frequency was set to
200 samples per second, allowing for the
extraction of frequencies below 100 Hz. The
recorded data was subsequently processed
using a custom algorithm developed in the
MATLAB programming environment.

Human Comfort in Buildings: Automation of the Vibration Dose Value Method

| I Client PC ﬁ Reporting
=

Figure 4. Pulse - Voyager system (adopted from [17])

3.3. IMPACT OF TIME DURATION AND
SIGNAL AMPLITUDE ON VIBRATION
ANALYSIS

Determining how the length and amplitude of
the measured acceleration signal affect the
estimated VDV parameter is crucial for an
effective autonomous algorithm, especially in
defining the threshold values for cut-in and cut-
out amplitude levels that determine vibration
events (step 3 of the proposed methodology in
Figure 2).

Regarding the time length of the vibration
events tn, three different analyses were
conducted for each direction, using signals that
include the identified peak acceleration
amplitude. The durations analyzed were: 600
seconds (the duration of the entire 10-minute
signal), 100 seconds, and 20 seconds. For
clarity, only the results from the X and Z
directions will be presented here. In the results
shown in Figure 6, the three vibration events
correspond to the periods during which the
maximum acceleration amplitude (from the
entire 16-hour signal) occurs.

20 sec 0.045
. 0.004
w100 sec 0.048
o . 0.004
0.048

600 sec
. 0.006

0.00 0.01 0.02 0.03 0.04 0.05 0.06
VDV,, [m/s'75]

VDV L VDV
(Direction Z) (Direction X)

Figure 6. Results for parameter VDV, depending on
direction and time of integration
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The linear values of the applied weighting
factors (compared to those proposed in the ISO
standards), along with the frequency domain
representation of the signal, are shown in
Figure 7 for direction X and Figure 8 for
direction Z.

A possible simplification is to automatically
preset the algorithm to assess time slots with
identified absolute maximum accelerations
within a 16-hour monitoring period. To examine
how the magnitude of the amplitude affects the
VDVin parameter in relation to the length of
vibration events, all 10-minute records from the
16-hour measurement period were assessed
using the three time-lengths: 600 seconds, 100
seconds, and 20 seconds, each of which
included the maximum peak occurring in the
corresponding record. The graphical
representations of these results are shown in

Figures 9 and 10, where the maximum VDV
values are also marked.

The linear trendlines show that, generally, the
VDV values increase as the maximum
acceleration in the vibration event increases.
However, it is noteworthy that in some pairs of
adjacent amplitudes on the graphs, the VDV
value is lower when analyzing the time record
with the larger amplitude (as observed in the X
direction, the maximum VDV value is
calculated for a vibration event in which the
maximum acceleration is lower than the
greatest peak in entire signal). This occurs
because other significant peaks are present in
the time segment of the analyzed record, in
addition to the one with the greatest value.
These additional peaks have considerably high
acceleration  values, which  contribute
significantly to the final integration of values

when  determining the VDVw  value.
Frequency domain representation of signal in direction X and linear values of
weighting factors for horizontal axes
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Figure 7. Linear values of weighting factors for horizontal axes and frequency domain representation of signal

in direction X

Frequency domain representation of signal in direction Z and linear values of
weighting factors for vertical axis
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Figure 8. Linear values of weighting factors for vertical axis and frequency domain representation of signal in
direction Z
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Thus, although the records may contain
accelerations that are slightly lower than the
maximum, the final result shows a higher VDVin
value compared to cases where only one
amplitude is considered, accompanied by much
lower accelerations.

(e]e)]
0.024 oV
0.005 m/s1-75Oo S
% 0019 S
E ° o&:o
. o
g 0.014 s
<
3
S 0.009
0.004
0.000 0.002 0.004

VDV, [m/s'75]

VDV, =
o 0.007 m/s'75
o T=20sec
0©
/ o T=100 sec
VDV,, = T=600 sec
0.008 m/s*75 .
Linear (T=20 sec)
Linear (T=100 sec)
Linear (T=600 sec)
0.006 0.008

Figure 9. Impact of the length and the amplitude of the time signal on the VDV value, direction X

0.150
0.130

0.0125

0.0250

VDV, [m/s'75]

q
VDV, = j
0.048 m/s175
(?\

< VDV, =

©_-0710.045 m/s' 75

0.0375

o T=20 sec
o T=100 sec
T=600 sec

Linear (T=20 sec)

Linear (T=100 sec)
Linear (T=600 sec)
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Figure 10. Impact of the length and the amplitude of the time signal on the VDV, value, direction Z

3.4. IMPACT ASSESSMENT BASED ON
PROBABILITY OF ADVERSE HUMAN
RESPONSE

Based on the calculated VDViwn values for
th=600 s (which produced the highest values
compared to the shorter time slots), and
applying equation (2), a final evaluation of the
results for the 16-hour daytime exposure period
is provided in Table 1.

This shows that according to the standard [3],
no negative effects occur from the examined
stimulus.

Table 1. Evaluation according to BS 6472-1

Direction X Z
Place and Residential Residential
eriod of buildings, buildings,
P t 16 hours- 16 hours-
measuremen daytime daytime
Calculated 175 175
VDV 0.013 m/s 0.071 m/s
Lowestlimit |, ysi7s | 02 mist7
value
No adverse No adverse
Effect comments comments
expected expected

Human Comfort in Buildings: Automation of the Vibration Dose Value Method

35|Page




Scientific Journal of Civil Engineering « Volume 13 ¢ Issue 2 - December 2024

4. CONCLUSIONS

This study investigates the application of the
British Standard BS 6472-1 for assessing the
impact of traffic-induced vibrations on buildings,
with a focus on developing an autonomous
monitoring methodology. Using a prototype
triaxial accelerometer, a 16-hour monitoring
period was conducted on a building floor
exposed to vibrations from nearby traffic. The
measured time histories were analyzed to
calculate the Vibration Dose Value (VDV) for
various vibration events of different durations.

The results demonstrated that the VDV values
were not significantly influenced by the various
duration of the vibration events, suggesting that
the methodology robust across different time
intervals. The final assessment indicated no
adverse effects from the vibrations, with all
values falling below the prescribed limits in the
standard. This supports the potential of the
proposed methodology for assessing human
response to building vibrations in real-time.

Future work will expand on this concept by
incorporating multiple accelerometers for more
comprehensive data collection, long-term
monitoring to build a larger dataset, and
controlled traffic exposure to better simulate
real-world  conditions.  Additionally, the
development of a refined algorithm with pre-set
thresholds for automatic detection of vibration
events will further enhance the efficiency and
accuracy of the system.
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PSInSAR-Based Deformation Analysis in the Skopje Area

PSINSAR-BASED
DEFORMATION ANALYSIS
IN THE SKOPJE AREA
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PSINSAR is a multi-interferogram InSAR
technique used to determine  small
displacements in urban environments, utilizing
satellite SAR images.

This paper presents the fundamental
characteristics of the PSInSAR technique and
its application for determining displacements in
the Skopje region using 101 Sentinel-1 images.

Keywords: PSINSAR, Skopje area, Sentinel-1,
deformation, geodynamics.

1. INTRODUCTION

The monitoring of Earth's crust deformations,
resulting from constant seismic processes
impacting its surface, is a crucial and
increasingly popular field within geodesy,
known as geodynamics. Geodynamics has
emerged as a distinct discipline focusing on the
dynamic changes in the Earth's crust and
mantle. The application of traditional geodetic
methods for this purpose is often limited, as
these methods are not always suited for
detailed and frequent monitoring over large
areas.

Advances in satellite technology have opened
up new possibilities for overcoming previous
limitations in  monitoring Earth’s  crust
deformations. One well-known geodetic
approach for this is GNSS. However, in recent
years, SAR (Synthetic Aperture Radar) has
gained prominence as a modern technology in
remote sensing. SAR captures images that can
be used to assess deformations through SAR
Interferometry  (INSAR), a radar-based
technique. INSAR techniques rely on identifying
phase differences, or the interferometric phase,
in pixels from two SAR images taken at different
times to measure surface deformation.

The interferometric phase consists of multiple
components, among which the deformation and
topographic components are the most
important for modeling. However, these are
often masked by phase influences caused by
atmospheric effects and various signal noises.
The topographic component can be modeled
using a Digital Elevation Model (DEM), a
technique known as Differential InSAR
(DInSAR). However, to monitor subtle 'silent
displacements' of seismic origin, other
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components must also be considered,
complicating the process further.

One of the most well-known InSAR techniques,
which addresses the additional components of
the interferometric phase and offers the highest
accuracy in  measuring Earth’s  crust
deformations, is PSINnSAR (Permanent
Scatterer INSAR). This paper presents the
fundamental characteristics of the PSINSAR
approach, supported by a real analysis of the
Skopje basin using 101 Sentinel-1 SAR images
from 2016 to 2024.

2. ADVANCED MULTI-
INTERFEROGRAM TECHNIQUE
PSINSAR

2.1. FUNDAMENTAL INSAR CONCEPT

The interferometric phase consists of several
components, as expressed in relation (1):

Ap = A(pflat + A@eier, + A(pdisp. + A@pgim. + Ly (1)

The first component, Ag,,,,, is not a significant
issue for modern SAR satellites, as it can be
relatively easily modeled and removed from the
interferometric phase. The elevation
component, Ag,,.., is generally corrected using
a DEM, however, errors in the DEM or the
limited sensitivity of SAR images to this
component can still affect the interferometric
phase, leading to potential inaccuracies.[2] [10]

The deformation component, Agg;,, is the
primary focus of this research. However,
various atmospheric conditions during the
acquisition of SAR images (A@.:,. ), as well as
noise (Ag,) in the images leading to
decorrelation, have a significant impact on the
interferometric phase [10].

2.2. THE NEED FOR MULTI-
INTERFEROGRAM TECHNIQUE

In [4], we presented the fundamental
characteristics of SAR interferometry, which is
a relatively new acquisition method. Due to its
unique features, it stands out as the only
method capable of accurately determining
deformations over large areas.

SAR interferometry is a very promising
technology, however, it is affected by a series
of important problems. Firstly, interferograms
are prone to decorrelation, either temporal or
geometrical. Secondly, the interferometric
phase is wrapped, making it difficult to unwrap
accurately using a single interferogram.
Additionally, if the topography of the area of
interest is not known with sufficient precision,
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distinguishing between residual topography
and actual terrain displacement becomes a
challenging task. Finally, even when these
issues are addressed, atmospheric artifacts
can severely bias the detected signals,
undermining the overall analysis. [7]

These challenges highlight the need for
advanced approaches, such as multi-
Interferogram InSAR techniques like PSINSAR,
which provide a robust framework to overcome
these limitations and enhance the accuracy of
deformation measurements.

2.2. PERMANENT SCATTERER INSAR

The Permanent Scatterer INSAR technique is
based on the assumption that atmospheric
effects on phase values are spatially correlated
in each acquisition, while the deformation
component is temporally correlated. This allows
for the estimation and removal of the
Atmospheric Phase Screen (APS) from each
SAR acquisition, thanks to the network of PS
points. [9]

The technique consists of the following steps:
1. Creation of differential interferograms;
2. Selection of PS candidates;
3. Spatial-temporal modeling;
4. Phase demodulation and network
adjustment of PS points.
2.2.1 Creation of differential interferograms

Since this is a multi-interferogram technique,
the first step is to create N interferograms from
N+1 SAR acquisitions.

A

Spatial Baseline [m]

! ! I I I | | | ! I >
Temporal Baseline [d]

Figure 1. Schematic representation of interferogram
generation in PSINSAR. [1]

All interferograms are generated using the
same reference image. The choice of the
reference image is determined by the need to
create interferograms with the smallest
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possible spatial and temporal baselines (Figure
1).

The spatial baselines refer to the normal
baseline distance between the satellite
positions during the two acquisitions. The
temporal baseline refers to the time interval
between the two acquisitions. In each
interferogram, the topographic component is
modeled and removed using a digital elevation
model (DEM). This type of interferogram is
called a differential interferogram, and the
technique is known as DInSAR.

2.2.2 Selection of PS candidates

A Permanent Scatterer (PS) point refers to a
scatterer within the resolution cell whose
scattering vector has the highest intensity. This
results in the resolution cell having a high
Signal-to-Noise Ratio (SNR) and a stable
phase value over time. As shown in Figure 2,
one of the scatterers exhibits a high amplitude
value, which is attributed to a high level of
reflection.

0

u

I

Figure 2. Representation of a Permanent Scatterer
within the resolution cell [5]

High amplitude values are observed in
scatterers within the resolution cell where
dihedral scattering occurs. In this case, almost
all the energy reaching that resolution cell is
reflected back toward the sensor (Figure3A).

B I

Figure 3. A) Dihedral Scattering B) Specular
Scattering

Dihedral scattering most commonly occurs in
urban areas, as this type of scattering is
characteristic of objects such as buildings.

PSInSAR-Based Deformation Analysis in the Skopje Area
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Therefore, PS points are predominantly found
in urban environments. However, it can also
occasionally occur in rocky terrains.

A very important characteristic of PS points is
that they have a stable phase over time, which
is not the case with other pixels, such as DS
(Distributed Scatterers). (Figure 4)

A DS pixel A PS pixel

One Scatterer
dominates

Figure 4. Representation of phase variation in PS
and DS pixels. [5]

In the PSInSAR algorithm, a simple solution is
proposed for detecting PS points in all N
interferograms, based on the determination of
the Amplitude Dispersion Index (DAI), which
is calculated according to relation (2).

Dy = _Z_: (2)

Where:

o — The standard deviation of the amplitude of
pixel P across all N interferograms.
ua— The mean amplitude of pixel P across all N
interferograms.

The Amplitude Dispersion Index is calculated
for each pixel across all N interferograms. In
this process, all SAR images, specifically the
layer of the image containing all amplitude
values, must be radiometrically calibrated. The
selection of PS candidates refers to those
pixels with an Amplitude Dispersion Index
greater than 0.4 (when using the STaMPS
algorithm). To obtain reliable values, at least 30
SAR images are required.

2.2.3 Spatial-temporal modeling

The selection of PS points refers to the process
of choosing pixels where the interferometric
phase in all created differential interferograms
is significantly freed from the systematic
influence of phase decorrelation (n), which is
reduced to random error (A, ).

On the other hand, the topographic component
(A@,ep ) has already been modeled and largely
removed in the creation of differential
interferograms. However, errors in elevation
must still be considered, and this component
will be further treated as a systematic influence,
which will depend on the size of the
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interferogram's baseline. As for the deformation
component it is important to note that its
determination is only possible if it is assumed
that the displacement is linear over time. This
assumption limits the application of this
technique to areas where deformations follow a
linear trend over time. In general, the total
deformation is decomposed into two
components: linear and nonlinear deformation,
where the assumption is that the nonlinear
deformation has minimal impact on the overall
interferometric phase.

According to the above, the interferometric
phase in the i-th interferogram for each PS point
is determined according to relation (3):

4 41 B
(pi:W{T'V'At_‘_T'F:(g)herr_l_dNL+a+nres} (3)
S —

QPdef Ptopo
Where:

W — Modulated interferometric phase with a 21
modulus (Wrapping operator).

47" — Wavelength conversion factor (A) into a 21

modulus, multiplied by 2 due to the round-trip
signal path from the sensor to the Earth's
surface and back.

v — Speed of displacement of the deformation
vector (usually expressed in mm/year).

At— Temporal baseline of the i-th interferogram.

B,—Normal baseline distance between the
satellite positions in the two acquisitions. For
modern satellites, it is calculated with very high
accuracy. (Figure 1)

he»—Mean elevation error of the PS (taken from
the DEM).

R — Distance from the sensor to the Earth's
surface.

6 — Acquisition angle.

dy,—Component related to nonlinear

deformation.

a—Component related to non-identical
atmospheric effects in the two acquisitions.

n..s—Component related to residual phase
decorrelation. It is typically a small, insignificant
value after selecting the PS points.

According to one of the assumptions of the
PSInSAR technique, which involves the spatial
correlation of atmospheric influences, this
means that the atmospheric components of the
interferometric phases at two neighboring PS
points will have identical or very similar values.
Their difference will be largely free from
atmospheric effects. Moreover, this difference
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will reflect the relative speed of the linear
deformation component and the relative
elevation errors at the two points. Therefore,
the difference in the interferometric phases
between neighboring PS points A and B in the
i-th interferogram is expressed according t&)

relation (4):
20 =w | ac-avB 4 C-B, - Bh,,,"
(plA 1 A n errg

Where:

def Ptopo
AvE — Relative displacement speed between
the two PS points.

+ Ady, + Aa + Anres}

phase residual (Aw)

C — A constant value for each interferogram,

. 4T
which refers to the product TRsn(@)

Ahmi — Relative mean elevation error between
the PS pair.

Ady; — Value of the nonlinear deformation
component.

Aa — Difference in atmospheric components
between two neighboring PS. If the distance
between the PS points is <1 km, it is estimated
that Aa < 0.1 RAD.

The determination of the spatially dependent
component of atmospheric influence is
determined by at least 3 to 4 PS points within 1
km2. Failure to meet this condition is an
additional limiting factor for applying the
PSInSAR technique in non-urban areas, where
vegetated surfaces predominate. In urban
environments, typically, the number of PS
points exceeds 50 within 1 km?2. [3]
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Figure 5. A) Periodogram showing the spatial-
temporal dependence; B) Best-fitting 2D plane,
whose slopes represent the linear values of the PS
pair. [3]

It should be emphasized that the difference in
interferometric phase between two points
(4¢;%) still has a modulated phase value within
2. According to relation (4), the problem is
reduced to an equation with two dependent
unknowns between the two neighboring PS
points, namely:

e Relative speed of the linear deformation
component (Av%), which depends on the
temporal baseline At;
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e Relative elevation error (Ahmﬁ), which

depends on the normal baseline distance
(Bn).

Assuming that the values for Av? and Ahmﬁ
are known, the phase residual (Aw) in relation
(4) must satisfy the condition (Aw < 0.6).

After determining the values for Avf and
Ahwﬁ, these values are substituted into
relation (4), and the phase residual (Aw) is
obtained. Based on this, the temporal
coherence (y) is calculated, which must be
higher than the minimum allowed value (yo =
0.9), satisfying the condition (y > yo). The multi-
interferogram coherence ranges from 0 to 1 and
is calculated according to relation (5):

N .
21’:1 e]Aw

®)

All PS pairs that, after determining the relative
deformation velocities and relative elevation
errors, do not satisfy the condition (y > yo) will
not proceed to the next step. However, those
pairs that meet the condition will participate in
the next integration step with a y-weight.

Y= N

2.2.4 Phase demodulation and network
adjustment of PS points

After determining the values of Av and Ahefor
each pair in the PS point network, these values
need to be phase unwrapped according to one
of the phase unwrapping algorithms. The most
commonly used phase unwrapping algorithm is
the SNAPHU algorithm.

Once the unwrapped values of Av and Ahgfor
each PS pair are determined, they need to be
integrated to obtain absolute values. The
process of obtaining the absolute values of the
deformation velocity and elevation error for
each PS point is done using one of the geodetic
network adjustment methods with a datum at a
single point (the reference PS point). The most
commonly used method is the indirect
adjustment using the least squares method.

Figure 6. PS network integration [6]

Two separate adjustments are made: one to
determine the deformation velocity of the PS

PSInSAR-Based Deformation Analysis in the Skopje Area

points and another to determine the mean
elevation errors of the PS points. In the indirect
adjustment, the number of measurements
equals the number of PS pairs, which represent
relative deformation velocity or relative
elevation error measurements.

3. PSINSAR FOR THE SKOPJE
AREA

3.1. ACQUISITION OF SAR IMAGES

The first step in conducting a PSINSAR analysis
is obtaining SAR images. Sentinel-1 images,
which are part of the Copernicus program of the
European Space Agency (ESA), provide global
coverage and are freely available, making them
ideal for large-area analysis and long-term
deformation monitoring. Users can easily
access these data through platforms such as
ASF DAAC Vertex or Copernicus Open Access
Hub, where the images can be downloaded in
various formats.

Given the circumstances, the choice was
limited to using exclusively Sentinel-1 SAR
images. For this purpose, a total of 101 images
were downloaded from the ASF DAAC Vertex
platform for the territory of Skopje, from a
descending orbit, covering the period from
November 11, 2015, to March 16, 2024.

Additionally, the following parameters were
used when selecting the images.

Table 1. Parameters used for obtaining SAR

images
Orbit type Descending
SAR image type L1SLC
Beam mode w
Polarization vv
Orbital path number 80
Frame number 453

4.2. SELECTION OF THE REFERENCE
IMAGE AND CREATION OF
DIFFERENTIAL INTERFEROGRAMS

In the PSINSAR analysis process, the selection
of the reference image plays a crucial role in the
accuracy of the final results. For the purposes
of this analysis, the image from October 27,
2019, was selected based on several criteria,
such as the stability of atmospheric conditions
and the quality of the image. Additionally, when
selecting the reference image, -careful
consideration was given to the effects of the
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temporal and normal baseline vectors between
the reference and secondary images. (Figure 7)

used to detect deformations. Additionally,
reflectivity maps are created for the amplitude
values of each secondary image. These maps
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Figure 7. PSINSAR graph of the connection between the reference and secondary images.

It is primarily important to note that for the
PSInNSAR analysis, the STaMPS (Stanford
Method for Persistent Scatterers) algorithm,
developed by Stanford University, was used.
This algorithm is specialized for identifying and
analyzing PS points. However, for the creation
of differential interferograms, the SNAP
(Sentinel Application Platform) software was
used, which allows for SAR image processing
and data preparation for further analysis with
STaMPS.

The process of creating differential
interferograms  begins with loading the
reference and secondary SAR images into the
SNAP software, from which a total of 100
differential interferograms will be generated.
The first step in the processing is
preprocessing, which involves selecting one of
the three sub-swaths of the Sentinel-1 images,
as well as selecting a precise orbit for the
acquisition of the images. The choice of sub-
swath is significant as it facilitates processing,
since the processing will not be performed on
the entire image.

The next step is geocoding each image, where
the images are transformed from pixel
coordinates to geographic coordinates,
enabling their accurate spatial alignment.
Radiometric corrections are then applied to
improve the spectral characteristics of the
images, which is important for further analysis
and for reducing noise and some atmospheric
effects.

After geocoding and enhancing the spectral
characteristics, differential interferograms are
generated by comparing each secondary
image with the reference image. This enables
the calculation of phase differences, which are
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are utilized to calculate the amplitude
dispersion index, which aids in selecting stable
ground points (Persistent Scatterers - PS) for
analysis.

Since Sentinel-1 images are captured across
multiple sub-swaths and bursts, a debursting
process is required to synthesize all the strips
from each sub-swath into a single continuous
image. Furthermore, it is possible to select
specific strips to further simplify processing.

The aforementioned process is computationally
and time-intensive, as it needs to be performed
for all 100 differential interferograms. To
streamline and automate the workflow, Python
scripts from the snap2stamps package were
employed. This enabled the automatic
generation and processing of differential
interferograms. As a result, the entire process
was consolidated into two graphs, significantly
simplifying the generation of differential
interferograms.

It is important to emphasize that the differential
interferograms were not created for the entire
area of the SAR images, but rather for the
region defined by the following WGS 84
ellipsoidal coordinates, listed in Table 2.

Table 2. WGS84 Coordinates of the Area of Interest
Subject to PSINSAR Analysis

Longitude minimum 21°19°15”
Latitude minimum 41° 56’ 05”
Longitude maximum 21° 39’107
Latitude maximum 42° 03’ 35”
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4.3. PSINSAR USING THE STAMPS
ALGORITHM

We have already defined that the PSInSAR
technique consists of four steps. Through the
previous activities in the SNAP software, we
generated the differential interferograms,
where the interferometric phase includes the
components from relation (3).

The PS approach begins by utilizing only those
pixels with a high coefficient of the Amplitude
Dispersion Index (ADI), defined by relation (2).
Since this ADI ranges from 0 to 1, high
coefficients are considered to be values above
0.7, indicating a high likelihood of stable phase
values. However, this approach may exclude
many other pixels with stable phase values but
lower ADI coefficients. Therefore, when using
the STaMPS algorithm, it is recommended that
PS candidates have an ADI of at least 0.4.

The STaMPS algorithm begins precisely with
this activity: defining PS candidates, where the
A@,oise COMponent is either eliminated or has
an insignificant influence in relation (3). This is
achieved using the mt_prep_snap command in
a Linux environment. With this command, the
algorithm calculates the ADI coefficient for each
pixel in the defined area and retains only those
pixels with a value above 0.4, referred to as PS
candidates.

The STaMPS algorithm is MATLAB-oriented
and consists of eight steps:

1. Loading PS candidates: Initial processing of
identified PS candidates.

2. Temporal coherence calculation:
Calculating the temporal coherence for each
PS candidate.

3. PS point selection: Final selection of PS
points based on coherence and stability.

4. PS point filtering (PS weeding): Removing
redundant or low-quality PS points.

5. Phase correction: Addressing potential
phase inconsistencies.

6. Phase unwrapping: Resolving phase
ambiguities for the selected PS points.

7. Determination of spatially correlated error
components: Correcting errors related to the
acquisition angle.

8. Atmospheric filtering of secondary images:
Mitigating atmospheric effects across the
processed images. [8]

....

Figure 8. Deformation Results from the Conducted PSINSAR Analysis for the Skopje Basin Displayed in the
STaMPS Visualizer Software

PSInSAR-Based Deformation Analysis in the Skopje Area
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After processing all the aforementioned
stepsthe Agg;;, was isolated from the other
components in the interferometric phase across
all 26 384 PS points. It is important to note that
only linear displacements over time are
determined, modeled by the following equation:

4
A(pdisp = TTEAUBT (6)

From equation (6), it can be observed that the
linear deformations are determined as the
displacement velocity (Av) in millimeters per
year in the acquisition direction.

From Figure 8, the displacements in the Line of
Sight (LOS) direction are clearly shown, which
in essence slightly differ from the vertical
displacements. The results of the PSInSAR
analysis indicate that the PS points are mainly
positioned in the urban area of the city, as the
objects exhibit the characteristics of permanent
scatterers (PS). According to Figure 8, in the
western part of the Skopje basin, PS points with
light blue color dominate, indicating an uplift of
1mm/year, while in the eastern part of the
Skopje basin, PS points with a yellowish color
prevail, indicating a subsidence of 1mm/year.

4. CONCLUSION

This paper briefly presents the fundamental
characteristics of INSAR, with an emphasis on
PSINSAR, as the most accurate InSAR
technique for determining surface
deformations. All of this is supported by a
PSINnSAR analysis for the territory of Skopje.
The results of the PSINSAR analysis clearly
show that there is a slight relative displacement
between the western and eastern parts of the
city, in opposite directions. The western part is
moving towards the satellite, indicating a slow
uplift of the surface with an average velocity of
approximately 1mm/year for the PS points,
while the eastern part is moving in the opposite
direction, indicating slow subsidence of the
surface with an average velocity of around
1mm/year for the PS points. These results
provide additional motivation to continue
research in the field of INSAR, using additional
SAR images, applying different PSInSAR
algorithms, and certainly adopting a
multidisciplinary approach to interpret the
causes of such displacements.

Additionally, further investigation into the long-
term trends and potential correlations with other
geophysical data could lead to a more
comprehensive understanding of the
underlying factors contributing to these surface
deformations, such as geological activity, urban
expansion, or human-induced changes.
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This paper presents the fundamental
components of the Least Squares Modification
of the Stokes integral with Additive corrections
(LSMSA) to geoid determination. This method
also known as the KTH method is theoretically
described, then it is applied to the western part
of North Macedonia. In this regard, input data is
firstly explained, and then various geoid models
are created in the test area. Finally, all geoid
models are evaluated against the ground truth
to get a final geoid model. Numerical results
indicate that despite of limited terrestrial gravity
data, a precise geoid model by LSMSA method
is computed in the test area.

Keywords: additive corrections, digital elevation
model, geopotential model, gravity anomalies,
KTH method

1. INTRODUCTION

Along with Earth’s topographic surface and
ellipsoid, the geoid is one of the three main
surfaces in geodesy. The geoid is the reference
surface for physical heights. It can be described
with many definitions and one of them is: “The
geoid is the equipotential surface of the Earth’s
gravity field that most closely coincides with the
undisturbed mean sea level (and its
continuation through the continents).
Disturbances are caused by ocean tides,
streams, winds, variations in salinity and
temperature, of the order of + 2 m” [1].

The geoid is a physical surface, and its best
approximation is the mean sea level. The geoid
model plays an essential role in many
engineering and scientific applications, such
as:

Reference surface for leveling,
Vertical datum for orthometric heights,

o Transformation of ellipsoidal (geometrical)
to orthometric heights (physical),

¢ Studies of the Earth’s interior and ocean,

e Research for deposits of oil and gas etc.

One of the main uses of geoid model is for
transformation of ellipsoidal heights obtained
by GNSS (Global Navigation Satellite System)
to physically meaningful orthometric heights by,
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H=h-N (1)

The geoid undulations N are defining the geoid
model and they can be interpreted as the
differences between the orthometric height
(measured along the plumb line from the geoid)
and ellipsoidal height (measured along the
ellipsoidal normal line from reference ellipsoid).
The type of measurement method for obtaining
height differences which consists of measuring
ellipsoidal heights h using GNSS and geoid
undulations N from geoid model is called GNSS
levelling. This method is intended as a
replacement to the classical levelling using a
pair of rods and it could save time and cost (Fig.

1).

\V4 h
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Figure 1. Determination of height differences using
classical levelling and GNSS levelling
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The main aim of this paper is to obtain a local
gravimetric geoid model as accurate as
possible. To the best of our knowledge, there
has not been any precise gravimetric geoid
model in our test area.

The methodology and input data for
determining a geoid model will be explained in
the next sections. Then, numerical applications
will be realized in the western part of
Makedonia. Lastly, comparison results will be
discussed in the final section.

2. BASIC CHARACTERISTICS OF
THE LSMSA METHOD

Least Squares Modification of Stokes formula
with Additive corrections (LSMSA) is developed
at the Royal Institute of Technology in Sweden
by L. E. Sjoberg [9]. It is one of frequently used
methods for determination of a geoid model
[1,6,7,13]. In this approach, terrestrial free-air
anomalies and global geopotential models are
combined for calculation of the approximate
geoid undulations. Then, the additive
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corrections are computed separately and
added to the previously computed approximate
undulations to get the final geoid model.

Let's start with the fundamental equation in the
physical geodesy, which is the Stokes formula
for determining geoid undulations:

N = 7 [f, SW)dgdo @

This is the Stokes kernel to determine the
undulation on a sphere as a body that
approximates the Earth, but the Earth is not a
sphere. Thus, Sjoberg [8,12] did some
modifications and the eq. (2) is rewritten as:

S, (Y)Agdo +
4HVIL0 W)Agdo -
Z =2 bnd gy

where Ag is the free-air anomaly, o0 is the cap
with a spherical radius ¥, S; is modified Stokes
kernel, Ag, is the free-air anomaly from GGM
(Global Geopotential Models).

Since the integration should be done to the
whole sphere according to Stokes formula, we
need the gravity anomalies for whole Earth.
Eventually, we only have the gravity
measurements for specific target area, while
the other gravity anomalies are gathered from
the GGMs. Therefore, the modification of the
original Stokes kernel was needed.

Considering assumptions above, the final geoid
model is given as follows:

N =N+ 8NEZ™ + 8Npwe + ONaem + 6Ny (4)

where N represents the approximate geoid
undulations (eq. 3), 8N§°mb represents the
combined topographic correction, SNpwc
represents the downward continuation
correction, 8N, is the atmospheric correction
and SN is the ellipsoidal correction.

The combined topographic correction [11] is
carried out by the orthometric height of the
point,

5NT0P —

comb —

21tGpH2 (1 N 2H) @)

y 3R
This correction has the largest impact of all four
corrections and its value can be in the range of
decimeters. Moreover, interested reader can
exploit actual topographic density instead of the
standard density (2670 kg/m3) to gain more
precise results [e.g. 1].
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The downward continuation correction [10] of
the gravity anomalies can be expressed as,

Ag 1 dAg

N
SN =Ly, 43_H,———2| HZ (3
dwc y p 7 P 2y or R P ( )
AF R n+2
1, —
5Ndwcar - 2y 2%:2 bn [(;) - 1] Agn (4)

R d04g
SNgie = 4—nyff%5L(llJ) [?Lz (Hp - HQ)] do, (5)

The value of this correction is in the range of
several centimeters.

The atmospheric correction is computed by [8]:

6NAtm —

comb

e f f Sl Hed, ()

The ellipsoidal correction [3] due to the Earth’s
approximation with a sphere, can be simply
calculated by,

8N,y ~ [(0.0036 — 0.0109sin? @)Ag )
+0.0050Ncos? ¢]Q}

The atmospheric and ellipsoidal corrections are
in the range of a few millimeters.

We can conclude several aspects about the
calculations:

e The approximate geoid undulations are
dependent of the terrestrial gravity
anomalies and GGM,

e Topographic correction depends on the
digital elevation model (DEM),

e Downward correction depends on DEM
GGM, terrestrial gravity anomalies,

e Atmospheric correction depends on DEM,

o Ellipsoidal correction is dependable on the
approximate geoid undulations and free-air
anomalies.

3. STUDY AREA FOR LOCAL GEOID

The study area for determination of geoid
model is located in the western part of the
Republic of North Macedonia. The target area
is bounded by the points in Tab. 1.

The study area is characterized with a dynamic
topography. The minimum, maximum, and
average heights are 594, 2102, and 1264 m,
respectively.

Local Geoid Determination in Western Macedonia by LSMSA Method

Table 1: Target area boundaries

Point o) A
Southwest 41°18'18" 20°39'18"
Northwest 41°38'42" 20°39'18"
Southeast 41°18'18" 20°59'42"
Northeast 41°38'42" 20°59'42"

For the determination of a local geoid model,
three datasets are needed (terrestrial gravity
anomalies, GGM, DEM). Some of the data are
accessed with the permission from state
authorities, namely the National Agency for
Cadastre which provides the gravity surveys,
GNSS and high precision levelling data. GGM
and DEM are publicly available via the
webpages ICGEM [4] and Earth Explorer [14],
respectively.

The total number of gravity points over the
target area is 165, which derivates the
terrestrial free-air gravity anomalies (Fig. 2).
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Figure 2: Distribution of terrestrial gravity points in
the target area

According to the boundaries, the length of the
area is the same as the width of the area, which
is 20°24” (total area equals to 1000 km?2). The
density of the gravity data is 1 point per 6 km?,
which is better than a couple of studies showing
that good density is approximately 1 point per
10 km2. From Fig. 2, the gravity data is regularly
distributed around the target area.

On the other hand, we have 46 GNSS-levelling
benchmarks which can help us derive
geometrical geoid undulations using the eq. (1).
GNSS-levelling data will be used for fitting the
gravimetric geoid model to local vertical datum.
In the following sub-sections, GGMs and DEMs
which are employed in this study will be treated.
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3.1 GLOBAL GEOPOTENTIAL MODELS

Global geopotential models represent the long
wavelength information of the Earth’s gravity
field. The models are represented by a series
of spherical harmonics with different degree (n)
and order (m). While the maximum harmonic
expansion was around 30-40 degrees in the
past, today the most detailed models are
produced by degree expansion up to 5500 [4].
They are created by the different satellite
missions (GRACE, GOCE, CHAMP), terrestrial
gravity data as well as topography.

When a geoid model is calculated, the question
of which GGM to use always arise. In this
situation, there are no restraints on which
model to use, but in order to get more accurate
model, the GGM that is intended for use should
be evaluated by the ground truth in form of
gravity anomalies or geometrical geoid
undulations. The LSMSA method mostly uses
satellite-only GGM. Thus, in our case, the
evaluation is carried out on eight satellite-only
GGMs (Tab. 2). The choice of these eight
models is done by the most recent releases and
derivation from two missions such as GRACE,
GOCE or GRACE+GOCE models.

Table 2: GGMs used in this study

Max.
Name Year | degree of
expansion
Tongji-Grace02k 2018 180
HUST-Grace2016s | 2016 160
GOSG02s 2023 300
GO_CONS_GCF_2
TIM R6 2019 300
GOSG01S 2018 220
WHU-SWPU-
GOGR2022s | 2023 | 300
Tongji-GMMG2021S | 2022 300
ITU GGC16 2016 280

From Tab. 2, the maximal expansion for the
GGMs is ranging from 160 to 300 degrees. For
the validation of the GGMs, we need the
gravimetric geoid undulations from the ICGEM
calculation center [4] using full expansion for
each GGM and the geometrical geoid
undulations derived from GNSS-levelling data.
The comparison results are listed in Tab. 3.
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Table 3: Validation of GGMs on GNSS-levelling

points
Name Absolute validation [cm]
Min. Max. RMS
Tongji-
Grace02k -105.48 | 2.92 | 30.06
HUST-
Grace2016s | ~174-38 | -82.78 | 25.22
GOSG02S -39.88 39.61 21.20
GO _CONS G
CF 2 TIM R6 -41.38 41.02 | 22.08
GOSG01S -62.48 15.88 | 21.60
WHU-SWPU-
GOGR20225 | 4068 | 3871 | 21.21
Tongji-
GMMG2021s | #4818 | 32.01 | 21.30

ITU GGC16 -59.48 23.82 | 22.21

From Tab. 3, we can conclude which GGM is
the best suitable for use in the computation of
the geoid model based on the RMS (root mean
square error) of the differences between
gravimetric (GGM) and geometric (GNSS
derived) geoid undulations. Based on the table,
we can see that the values are similar to each
other. The model that gives smallest RMS is
GOSG02S. The worst one is Tongji-Grace02k
with RMS of 30.06 cm. In order to eliminate
possibly systematic bias in the comparison, we
employ corrector surfaces [5, 7]. In this case, 4
parameter is used in this study and results are
given in Tab. 4.

Table 4: Fitting of GGMs to GNSS points (4 par. fit)

4 parameter fit [cm]
Name Min. Max. RMS
Tongji-
Grace02k -17.15 | 20.39 | 6.44
HUST-
Grace2016s -17.10 | 20.69 | 6.49
GOSG02S | -17.20 | 20.37 | 6.45
GO_CONS_G
CF 2 TIM Re | ~1720 | 20.26 | 6.41
GOSG01S | -17.20 | 20.29 | 6.39
WHU-SWPU-
GOGR2022s | ~17-18 | 20.40 | 6.44
Tongji-
GMMG2021s | 1721 | 2070 | 6.51
ITU_GGC16 | 1718 | 2026 | 6.41

From Tab. 4, we can see that all GGMs give
precise results comparing them with GNSS-
levelling points. The GGM that derives smallest
RMS is GOSGO01S.
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3.2 DIGITAL ELEVATION MODELS

Digital elevation model (DEM) is the
representation of the Earth’s topography as well
as the short wavelength variations in the Earth’s
gravity field. In our case, two mostly used DEMs
are employed: SRTM (Shuttle Radar
Topography Mission) and ASTER (Advanced
Space-borne Thermal Emission and Reflection
Radiometer). The technical specifications of the
DEMs are available in Tab. 5

Table 5: SRTM and ASTER data [14,15]

Type of info SRTM ASTER
Institution NASA | NASA, METI
Resolution 1”7 1”7
Horizontal WGS84 WGS84

datum
Vertical EGM96 EGM96
datum

Before using any DEM, it should be evaluated
with the ground truth, which means comparison
with the 46 levelling points in our case. We
need to check the differences between the
orthometric heights derived from the DEMs and
those measured with classical levelling. The
results are shown in the Tab. 6 using the 4-
parameter fit because of the different vertical
datum between the DEMs (EGM96) and the
levelling points (mean sea level).

Table 6: Comparison results of DEMs

Absolute validation — 4 par. fit
Model [cm]

Min. Max. RMS
SRTM -131.02 134.7 61.21
ASTER | -131.53 134.31 61.22

The numerical results present same agreement
after 4-parameter fitting between both DEMs
and levelling points.

4. PRACTICAL COMPUTATION OF
LOCAL GEOID MODEL

The input data is gathered in form of terrestrial
free-air anomalies, global geopotential models
and digital terrain models. In geoid modelling
studies, we need the data for the target area
and surrounding area. The data area will be
within these boundaries in Tab. 7. The data
area is 1 degree wider on each side from the
boundaries of the target area.

Local Geoid Determination in Western Macedonia by LSMSA Method

Table 7: Boundaries of data area

Point o) A
Southwest 40°18'18" 19°39'18"
Northwest 42°38'42" 19°39'18"
Southeast 40°18'18" 21°59'42"
Northeast 42°38'42" 21°59'42"
434 2 ;

e 't;(} RES
G =
42 {

41+

40.5+

Figure 3: Data and target area

Fig. 3 shows the data area marked with red line,
target area with green line, and terrestrial free-
air anomalies marked with blue color. Whereas
the data coverage is well on the eastern side of
the target area, the other parts will be fulfilled
with anomalies derived from EGM2008,
because it is difficult to obtain the gravity data
from the neighboring countries.

For the practical computation of geoid model,
LSMSSOFT will be used in this study [1]. The
LSMSSOFT starts with three files:

e First one is the GGM file in GFC format that
is obtained from ICGEM web page. This file
contains the spherical harmonic coefficients
up the maximum expansion degree for the
selected GGM,;

e Second one is the free-air gravity anomaly
file. For this one, we have to interpolate
gravity anomalies on grid centers using the
Bjerhammer rule and nearest neighbor
technique. The grid resolution plays an
important role since higher resolution is
better approximation. Therefore, the
resolution of 36 arc-second which equals to
0.01 arc-degrees was chosen in our case.

e Third one is the elevation file consisting of
the orthometric heights from DEM.
Averaged heights on the grid centers were
created for both DEMs. Both the resolution
and coverage of elevation data must match
the gravity anomaly data.

The LSMSSOFT coded with C++ programming
language can be executed on Linux platform
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[2]. Several parameters can be chosen
arbitrarily to create a geoid model:

o Firstly, we need to determine the maximum
degree of expansion for the GGM (e. g. 100,
150, 200, 250, 300)-GOSG02S;

e Secondly, we need to choose the spherical
integration cap size (i. e. 0.5 or 1 degree);

e Finally, variance of terrestrial gravity
anomalies (e. g. 1, 2, ... 30).

Considering these parameters, a wide range of
geoid models can be created, and one must be
chosen among them. The geoid model giving
the smallest RMS is chosen as final geoid
model, comparing with the geometric geoid
derived from GNSS-leveling points. In our case,
the final parameters of maximum expansion
degree, cap size and variance of terrestrial
gravity anomalies are 300, 1 degree, and 30
mgal?, respectively.

Table 6: Comparison of gravimetric and geometric
geoid models

Absolute comparison [cm]
Min. Max. RMS
No fit 56.11 104.26 10.92
4 par. fit -25.66 11.11 6.16

After comparing the gravimetric and geometric
geoid models, we can conclude that the
improvement of geoid model using fitting
surface is significant from 21.20 cm (Tab. 3) to
10.92 cm (Tab. 7).

Furthermore, after using 4 parameter fitting
surface, we can see a remarkable improvement
from 10.92 to 6.16 cm. Finally, the hybrid geoid
model (gravimetric geoid is fitted to the
geometric geoid) is portrayed in Fig. 4.

5. CONCLUSIONS

Based on the presented analysis in the
previous sections, the following conclusions
can be drawn:

e The more gravity data used in the
calculation gives the better results. The
aspiration should be to have at least 1 point
per 4 km2.

e The recent satellite GGMs yields the precise
results.

e Better and
included.

e Dozens of geoid models are calculated
changing the input parameters.

improved DEMs should be
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Figure 4: Hybrid geoid model by LSMSA

The gravimetric geoid model is checked with
geometric geoid for the final solution.
Hybrid geoid model created by parametric
surface gives systematic error free model
which is usable directly in the test region.
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The paper presents the results of experimental
and analytical research on steel-concrete
composite beams of floor structures with the
application of steel profiled sheet. The parallel
and transversal position of the ribs of the
profiled sheet in relation to the axis of the steel
beam is considered.

A test of the resistance and ductility of the
headed stud connectors for parallel and
transversal position of profiled sheet was
carried out according to a standardized test
procedure [4],[5] (EC 4, part 1-1, annex B2).

The main part of the research was carried out
with a full-scale testing of two models of a
simple beam with a span of 5750 mm, with
longitudinal and transversal ribs of the profiled
sheet.

For comparison with the experimentally
obtained results, an elastic-plastic analysis was
applied, carried out with 3D/FM models in the
"Abaqus 6.14" software package, using
material nonlinearity modeled on the basis of
the previously determined behavior of the
constituent materials.

Keywords: composite beams, headed stud
connectors, steel profiled sheet

1. INTRODUCTION

In the modern construction of multi-story
buildings, everywhere in the world, the
application of steel structures is frequent. In
combination with them, a concrete slab cast on
a steel profiled sheet is used as a floor slab.

The slab composed of concrete and steel
profiled sheet has several advantages over the
classic reinforced concrete slab: the sheet in
the concreting phase serves as a formwork for
the fresh concrete, the steel sheet can be
bonded to the concrete and replaces a good
part, or entire required reinforcements in the
lower zone of the slab. The profiled sheet can
be placed with ribs parallel to the beam, or with
ribs transversal to the span of the beam.
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The supporting beams from the floor structure,
on which the profiled sheet is directly placed,
are usually bonded to the floor slab with headed
stud connectors. The headed stud connectors
are welded to the steel girder with specialized
equipment [7]. There are two general
approaches in welding them, directly to the
steel beam with holes in the sheet, and welding
through the sheet.

A composite simple beam, with a span of
5,75m, made of IPE240 with a concrete slab
(d=100mm) cast on a steel profiled sheet
(FR38/158 d=1,0mm) placed in the first case
parallel to the span of the beam, and in the
second case perpendicular to the span of the
beam, was considered. For both alternatives, a
full-scale model was tested. The testing was
carried out in the laboratory for testing of
constructions at the Faculty of Civil Engineering
from the University "St. Cyril and Methodius" in
Skopje.

Headed stud connectors (d=19mm,
hc=100mm) type Nelson, without a protective
layer of concrete above the head of the
connector, were used as means of connection.
The resistant of the connectors, which depends
on many factors, was examined with a "push”
standardized test according to the procedure of
EC 4: Part 1-1: Annex B2.

In both tests, modern equipment was used to
register the parameters of the structural
behaviour under the influence of the test load
(force, deformations, strains), as well as for the
acquisition of the measured values.

In addition to the experimental investigation of
the composite effects, an analytical
investigation was also carried out with
computer modelling of the test beams in the
Abaqus software package. The values obtained
from the examination of the constitutive
materials (steel and concrete), i.e. the declared
values from the attestation documentation
(connectors, reinforcement and profiled sheet)
were used in the modelling.

The obtained experimental and analytical
results in terms of ultimate limit resistance and
deformability are compared for the two test
models and presented in the form of diagrams,
graphs and tables.

The load-bearing capacity of composite beams,
using profiled sheet as a formwork for the fresh
concrete, depends on a number of factors and
is the subject of analytical and experimental
investigations. Eurocode 4, part 1-1, provides
principles and rules for the design of the
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ultimate bearing capacity, that is, the plastic
bending moment in a characteristic section [4].
The stiffness of the coupled beams is of
essential importance for serviceability. Using of
elastic shear connectors leads to relevant
displacements in the contact plane even for
relatively low values of the load [6]. This
phenomenon can be determined by
experimental investigation, or through complex
computer models in which the calibration of
parameters are based on experimental results.

2. TESTS ON SHEAR CONNECTORS

When shear connectors are used in T-beams
with a constant-thickness concrete slab, or with
haunches, the standard push test may be used
[2], [8]- In other cases, with longitudinal or
transverse placement of profiled steel sheet, a
specific push test should be used. In this case,
an ordinary sheet was used without
indentations or embossments that are used to
connect the slab to the sheet [9], [11], [13].
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Figure 1. Test specimens for standard push test

Figure 2. Test equipment
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During the test, the applied force and the
longitudinal slip between each concrete slab
and the steel section are measured, as well as
the transverse separation between the steel
section and each slab (Fig. 1).

The expected breaking load is obtained by
multiplying the design load capacity of the
headed stud connector, according to paragraph
6.6.3.1 of EC4-1.1 (1), by the number of applied
connectors.
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v

which is smaller, with a=1 for hsc/d=100/19 > 4.

The partial safety factor yv is taken equal to 1,0,
the specified ultimate tensile strength of the
connector material fu=500MPa, the
characteristic cylinder compressive strength of
the aged concrete f«=30MPa, the secant
modulus of elasticity of concrete
Ecm=33000MPa.
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Figure 3. Characteristic geometric values

The shear resistance of the headed stud
connector, with the values given in expression
(1), is:

~0,8-500-(n-19%/4)

Pgy = 0 =11335kN or (2)
- 0,29-1,0- 19243033000

- =104,16kN (3)

1,0

When using a profiled steel sheet with ribs
parallel to the beam, the shear resistance
should be multiplied by the reduction factor k
(4), (Fig. 3a).

Experimental and analytical study of composite beams
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k,=0,6-20 | eyl @)
h, | h

When using a profiled steel sheet with ribs
transversal to the beam, the shear resistance
should be multiplied by the reduction factor ki
(5), (Fig. 3b).

L ﬂb_[h_lJ -

Where nr is the number of connectors in one rib
of the cross section of the beam. Upper limit
ktmax for ki is: kimax=0,85, for nr=1 and welding
through the sheet. The values obtained with the
standardized test are given in tab. 1.

Table 1. Measured and calculated forces

Disposition Welding Pmax Pry

Samp. L parallel | TD through deck | (measured) EC4
Nb. T transver. | H through holes [kN] [kN]
1.1 L H 570,3 625,0
1.2 L H 486,5 625,0
1.3 L H 520,3 625,0
2.1 T D 4629 531,2
22 T D 431,8 531,2
2.3 T D 399,9 531,2

The following graphs present the measured
maximum force for each sample and the P-3
relation.
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Figure 4. P-3 diagrams of the tested samples
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The horizontal line shows the expected
maximum force. The ductile behaviour of the
headed stud connectors, according to EC4,
requires a sliding capacity of at least 6mm in a
push test at a characteristic load level
(0,9Pmax).

The measured maximum forces for type 1
specimens are approximately 16% lower than
the corresponding value according to EC4. The
required ductility is not satisfied. The failure
appeared in the concrete.

The measured maximum forces for type 2
specimens are approximately 19% lower than
the corresponding value according to EC4. The
required ductility is met in samples 2.1 and 2.3
by the occurrence of failure through the
concrete. A shear failure of the connectors
occurred in specimen 2.2.

3. TESTS ON COMPOSITE BEAMS

The experimental research is based on a full-
scale testing of two test beams which,
according to the static system, represent simple
beams with a length of 6,00m and span of
5,75m (Fig. 5).

Figure 5. Test beams and load application
equipment
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The cross-section of the two beams is steel
profile IPE240 with a reinforced concrete slab
100mm thick and 1200mm wide. In the first
beam, the reinforced concrete slab is cast on
the formwork of profiled steel sheet FR38/158
d=1mm placed parallel to the beam, and in the
second beam the sheet is placed transversal.

The connection between the steel beam and
the reinforced concrete slab is made by headed
stud connectors with d=19mm, Nelson type.
The studs are placed at a distance of 158mm
between each rib in the transversal position.
The same raster is adopted for beam 1, for
comparative reasons.

The loading is applied by four concentrated
forces placed at a distance of L/4 (1450mm).
Two by two of the concentrated forces are
applied through two secondary traverses, and
the aggregate force (P=4*P1) is applied with a
hydraulic jack of 1000kN through the primary
traverse. The concentrated forces (P1) are
applied as a linear load along the width of the
reinforced concrete slab of the test beam
(1200mm). For this purpose, U120...1200
profiles are welded to the secondary traverses,
which rest on wooden beams 10/12cm.

The deflections were measured at 3 points at
L/4 of the beam with displacement transducers;
the strains were measured in the middle of the
beam with strain gauges (3 on the concrete, 3
on the reinforcement, 5 on the steel section and
6 on the headed studs); the slips in the contact
plane were measured in 6 points with two
mechanical comparators and four inductive
displacements transducers. The force is
registered with a dynamometer built in the
hydraulic jack.

The measurement signals are registered and
processed by two data loggers, Quantum and
Controls, with a measurement frequency of
2Hz, and the measured values are stored and
transferred to a personal computer.

4. ANALYTICAL MODELS

3D FE models have been developed by using
software ABAQUS explicit 2024. The models
fully correspond with the previously described
test models, both in terms of geometry and in
terms of loading method. An elastic-plastic
analysis with material nonlinearity was carried
out [10], [12].

The FE model consists of five constituent
materials: steel, concrete, reinforcement,
connectors and profiled sheet. 3D solid
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elements with eight nodes (C3D8R) are used to
model the steel beam, connectors and concrete
slab. The profiled sheet is modelled with
surface (shell) elements with 4 nodes (S4R),
and the reinforcement is modelled with two-
node lattice elements (T3D2).
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Figure 6. Finite element mesh

An elastoplastic relation o-¢ with a hardening
zone for structural steel was used in the
modelling of the beam steel. For the profiled
sheet, considering the cold forming, an elastic
ideally plastic o-€ diagram was used.

Failure of the connectors exposed to shear and
bending are very common. On the basis of this,
a o—¢ relation in full range was used for the
connectors, where the failure phase is also
defined (eu=25¢y, €u2=90¢y).

During the loading phase, it is common part of
the concrete slab to be exposed to tension, and
the other part to pressure. That is why a
concrete damaged plasticity (CDP) module is
used. With this module, tension cracks and
possible compressive crushing of concrete can
be covered.

5. ANALYSIS OF THE RESULTS

Obtained results of the relation force-deflection
in the middle of the beam in the Figure 7 are
presented. The designation AM refers to an
analytical model, and the designation EM to an
experimental model.

A high degree of coincidence of the obtained
results can be observed, especially for beam 2.
The black line represents the relationship for
assumed ideal elastic behavior through the
idealized parameters of the cross section. It is

Experimental and analytical study of composite beams
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evident that, even for relatively low load values,
there is a deviation from the idealized line. Main
reason is application of elastic shear
connectors, in which relevant deformation
occurs at an early stage of loadings [1], [3].
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Figure 8. Experimentally determined relation M-¢

The experimentally determined relation M-¢
given in Figure. 8 leads to the same conclusion.
The actual stiffness of the composite beam is
lower than the expected value obtained by
applying elastic behavior to an idealized
section.

6. CONCLUSION

Based on the conducted experimental
determination of the resistance of the headed
stud connectors with the standard test, it can be
concluded that their resistance is lower than the
recommended value in EC4. For the studs
welded directly to the steel flange, in the case
of longitudinal ribs of the profiled sheet, the
difference is about 16%. For studs welded
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through the sheet, in the case of transversal
ribs of the profiled sheet, the difference is about
19%.

The resistance of headed stud connectors
without a protective layer of concrete above the
stud head is not specifically regulated. The test
results show that there is no significant
resistance decrease. Also, the decrease in
resistance might be addressed to other factors.

Based on the experimental and analytical study
of the composite beam with a profiled sheet
with ribs placed longitudinally and transversally,
it can be concluded that the stiffness of the
composite beam is lower than the designed
stiffness for an ideal section. This should be
taken into consideration during serviceability
control, both in terms of maximum deformation
and in terms of dynamic behaviour (period of
oscillation).

In general, composite beam with transversal
position of profiled sheet ribs has a lower load-
bearing capacity. In terms of stiffness, there are
no significant differences related to the
disposition of the profiled sheet in the zone of
linear elastic behaviour.
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Seismic strengthening of masonry structures
through repointing has been recognized as an
efficient and low-cost technique for increasing
structural stability, particularly in regions of high
seismic activity. This paper shows the results
from the research program that involved
laboratory tests of the mechanical properties of
masonry. The objective of the research was to
evaluate the effectiveness of repointing as a
method of strengthening existing structures,
providing greater resistance to compression
and dynamic loads.

The results show that repointing, particularly
when advanced materials are used,
considerably increases the compressive
strength of masonry structures as well as their
ability to sustain seismic forces. Additionally,
the method contributes to the improvement of
their long-term stability, which makes it
applicable to a wide spectrum of structures.
The economic analysis of the application of
repointing shows that this approach is not only
effective but also financially viable which makes
it a practical choice in civil engineering, being
able to provide a considerable contribution to
the seismic safety of structures.

Keywords: seismic strengthening, masonry
structures, polypropylene strips, repointing.

1. INTRODUCTION

Unreinforced masonry buildings were of
interest to be built centuries ago. Most of these
buildings that still exist in our country were built
at the beginning of the twentieth century. These
types of buildings include individual houses,
religious buildings, residential buildings, but
also larger buildings that house public
institutions (hospitals, schools, sports halls,
museums, etc.).

Masonry has withstood the test of time as a
durable and reliable construction technique, but
with the evolving challenges posed by seismic
activity and aging infrastructure, it is imperative
that we develop effective retrofitting methods to
improve the resilience of these structures.

In contemporary practice, scientists and

engineers are actively exploring the potential of
repointing as a seismic retrofitting technique for
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existing structures. Research indicates that
proper repointing with advanced materials,
such as fiber-reinforced polymer (FRP)
systems, can enhance the capacity of walls to
withstand dynamic forces induced by
earthquakes. Both Ilaboratory and field
investigations have demonstrated this method's
efficacy as a critical component in seismic
strengthening strategies, enabling improved
risk assessment and mitigation of catastrophic
damage [1].

2. EXPERIMENTAL PROGRAMME
FOR TESTING THE EFFECTS OF
REPOINTING

To define the effects of repointing on behavior
of bearing walls, it was proposed to carry out
an experimental program involving laboratory
testing of the bearing capacity of masonry in
which repointing was applied in the following
three different ways:

- Strengthened masonry repointed with
lime mortar and with horizontally
placed polypropylene strips (Figure 1
and Figure 3).

- Strengthened masonry repointed with
lime mortar and with diagonally placed
polypropylene strips Figure 2 and
Figure 4).

- Strengthened masonry repointed with
repair mortar FS4 and with horizontally
placed polypropylene strips.

ES4NE

Figure 1. Horizontal application of PP strip and

repointing.
I I L:
| N 1
]

Figure 2. Diagonal application of PP strip and
repointing
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Figure 3. Horizontal application of PP strip and
repointing.
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Figure 4. Diagonal application of PP strip and
repointing.

Taking into account that masonry is a
composite material, the experimental program
consisted of three parts: testing of the
mechanical characteristics of the constituent
materials, bricks and mortar, testing of the
compressive strength and testing of the shear
strength of masonry. To quantify the proposed
repointing procedures, the results from testing
of unreinforced masonry were used as referent
values. Further in the text, a brief description of
the performed tests, the obtained results and
the corresponding conclusions is given.

2.1 TESTS ON CONSTITUENT
MATERIALS

Tests on constituent materials represent a key
step in assessing their durability and suitability
for use in engineering structures. The
mechanical and physical properties of the
materials are defined through different tests,
enabling analysis of their behavior under
different loads [2]. The presented research
involved tests on solid clayey bricks, mortars
and polypropylene strips for the purpose of
obtaining data on their strength, density, water
absorption and other characteristics that are
important for optimization of structural systems
and improvement of safety of structures. Table
1 shows the obtained mechanical
characteristics of the constituent materials.
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Table 1. Mechanical characteristics of constituent

materials.
Material Density | Compres. Flexural
Yd strength tensile
fm,comp strength
fm,flex
(kg/m3) (MPa) (MPa)
Clay 1750.50 9.54 2.05
brick
Lime 0.73 0.42
mortar
Repair 50.40 11.97
mortar

2.2 TESTS ON MASONRY AS
CONSTITUENT MATERIAL

For the needs of the investigation, two special
setups were developed. They were designed to
test the compressive strength and the shear
strength of masonry. These setups enabled a
precise and controlled analysis of different
types of walls, including unreinforced and
strengthened structures for the purpose of
defining their mechanical properties and
behavior under different loads. This provided
the basis for comparison of the results and
optimization of the strengthening methods in
engineering practice [3].

2.2.1 Setup for Testing Compressive
Strength of Masonry

Testing of compressive strength was carried
out by a special setup consisting of two metal
columns (steel columns) fixed to a reinforced
concrete floor by steel anchors, connected to
an upper steel beam (steel beam “l 160”) that
served to provide stability and support to the
hydraulic actuator. The testing wall was placed
between the columns of the steel beam (“I 300”)
through a rubber layer with a thickness of 10
mm for better contact. Placed on the top of the
wall was an additional rubber layer and a steel
beam (“I 160”) for transfer of the force to the
load cell connected to the hydraulic actuator.
This setup enabled precise measurements of
compressive strength under strictly controlled
laboratory conditions.

Seismic Retrofit of Masonry Walls Using Repointing
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Figure 5. Setup for testing the compressive strength
of masonry.

2.2.2 Setup for Testing Shear Strength of
Masonry

The setup for testing of shear strength
consisted of four metal columns fixed to the
reinforced-concrete floor, connected with steel
beams. The walls were placed upon a steel
beam (‘1 200”) and were stabilized with a
reinforced concrete beam, whereas rubber
layers with a thickness of 10 mm were used for
better contact between the materials.
Horizontal force was generated by the hydraulic
actuator that transferred the force to the walls
through roller bearings. A deflection meter
(strain gauge) was placed for precise
measurement of strains caused by horizontal
loads.

-

Figure 6. Setup for testing of shear strength of
masonry.

These two setups enabled precise and
controlled assessment of the performances of
different types of walls, including unreinforced
and strengthened structures. The results
obtained provided important data on the
mechanical properties of masonry to be applied
in the design and optimization of engineering
structures.
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2.3 TESTS FOR DEFINITION OF
COMPRESSIVE STRENGTH OF
MASONRY

Within the frames of the investigation of the
mechanical properties of masonry, several wall
specimens were tested to define their
compressive strength. The specimens were
composed of 10 clayey bricks and mortar (lime
mortar and repair mortar) that functioned as a
composite material. The proportions of the
bricks were 250 x 120 x 60 mm, whereas those
of the walls were 510 x 390 x 120 mm. Tested
were eight walls, distributed into four categories
with two specimens each: unreinforced walls,
walls strengthened with lime mortar and PP
strip in horizontal joints, walls strengthened
diagonally with a PP strip and walls
strengthened with repair mortar FS 4 and PP
strip in horizontal joints.

Figure 7. Testing the compressive strength of
masonry.

Figure 8. Compressive strength - a wall after testing
(under the effect of compressive force).

2.4 TESTS FOR DEFINITION OF SHEAR
STRENGTH OF MASONRY

Within the frames of the investigation of the
mechanical properties of masonry, in addition
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to the tests of compressive strength, tests of
shear strength were also carried out. Each wall
was composed of 56 clayey bricks and mortar
(lime mortar or repair mortar) as a composite
material. The proportions of the bricks were 250
x 120 x 60 mm, while those of the test
specimens were 1030 x 1040 x 120 mm. Tested
were a total of eight walls divided into four
categories, with two specimens each:
unreinforced walls, walls strengthened with
lime mortar and PP strip in horizontal joints,
walls strengthened diagonally with PP strip and
walls strengthened with repair mortar FS4 and
PP strip in horizontal joints.

Figure 10. Shear strength - wall after testing.

3. RESULTS FROM TESTS

The results from the performed tests of
compressive and shear strength of masonry
structures provided a detailed insight into the
mechanical properties of different types of
walls. Through graphic analysis, the force -
deformation relationships and the response of
the walls to different types of loads are
presented. These results are of primer
importance for the assessment of the
effectiveness of the applied strengthening
techniques and their ability to provide structural
stability under static and dynamic forces for
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improvement of safety and durability of
structures [4].

3.1. COMPRESSIVE STRENGTH OF
MASONRY

AP
Wl
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Ws1_AP_2
wsz_ap_1
mmWS2_AP 2
——WS3_AP_L
e WS3 A3

o 1 2 3 . 5 6 7 5
Displazement {mm)

Figure 11. Force-deformation diagram for testing
compressive strength of walls.
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Figure 12. Stress-deformation diagram for testing
compressive strength of walls.

The tests showed important improvements in
the strength of masonry structures by the
application of  different  strengthening
techniques [5]. WS1_AP: Strengthening with
lime mortar and PP strip in horizontal joints
resulted in an increase of maximum strength of
16.1% and final strength of 31.9%, with a
decrease of deformation of 27.6% and 38.5%.
WS2_AP: The diagonal position of the PP strip
led to an increase of maximum strength of
20.6% and final strength of 34.1%, with a
decrease of deformations of 42.5% and 41.9%.
WS3_AP: Strengthening with repair mortar and
PP strip in horizontal joints showed the
highest level of improvement, with an increase
of maximum strength of 41.5% and final
strength of 60.1%, whereas deformations were
reduced for 58.9% and 55.9% The data are
presented in tabular form in Table 2.

Seismic Retrofit of Masonry Walls Using Repointing

Table 2. Values obtained for compressive strength

of walls.

52 7 B £8 | 2§ | 228
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W_AP 3.07 0.0% 2.67 0.0%
WS1_AP | 3.56 16.1% 3.52 31.9%
WS2_AP | 3.70 20.6% 3.58 34.1%
WS3_AP | 4.34 41.5% 4.27 60.1%
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W_AP 0.0246 0.0% 0.0294 0.0%
WS1_AP | 0.0178 -27.6% 0.0181 -38.5%
WS2_AP | 0.0141 -42.5% 0.0171 -41.9%
WS3_AP | 0.0101 -58.9% 0.0130 -55.9%

3.2. SHEAR STRENGTH OF MASONRY
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Figure 13. Shear stress - deformation diagram for
different types of walls.
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Figure 14. Force - displacement diagram for
unreinforced walls and walls strengthened with
different methodologies.
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W_SS 1 and W_SS 2 unreinforced walls
served as the basic line for comparison. They
showed the lowest shear strength and the
greatest deformation under loads. WS1_SS 1
and WS1_SS 2 were strengthened with lime
mortar and a horizontally placed PP strip,
which resulted in an increase of shear strength
of about 25.9% and a decrease of deformation
of 24.5% compared to unreinforced walls.
WS2_SS 1 and WS2_SS 2 with a diagonally
placed PP strip and lime mortar showed an
increase of shear strength of 25.3% and a
decrease of deformation of 6.3% compared to
the basic specimens. WS3_SS 1 and
WS3_SS_2, strengthened with repair mortar
FS4 and horizontally placed PP strips showed
the best results, with an increase of shear
strength of 46.6% and a decrease of
deformation of 6.1%.

Table 3: Values of maximum strength and
deformation at shear for different types of walls.

Peak shear
strain,
Peak shear
strain dec-
rease (%)

rease (%)
smax

(Names)
Peak shear
stress, fmas,test
Peak shear
stress inc-

Walls

=| Types of
| Examined

w
o
N
=
o
o
o
S
o

.0151

o
Q
X

°
o
=
>
N

-24.5%

=
B |
@
0
7

0.265 25.9%

WS2_SS 0.263 25.3% 0.0161 6.3%

WS3_SS 0.308 46.6% 0.0161 6.1%

4. CONCLUSION

The experimental investigations confirmed that
the application of different techniques for
strengthening with repointing considerably
improved the mechanical characteristics of
masonry, particularly from the aspect of its
compressive and shear strength. The results
showed that unreinforced walls were
characterized by the weakest mechanical
properties, with limited bearing capacity and
considerable susceptibility to deformations
under loads.

These walls were identified as a referent point
for the assessment of the effectiveness of
different strengthening techniques.

As to the compressive strength, strengthening
with lime mortar and horizontally placed PP
strips led to an increase of maximum strength
of 16.1% and an increase of final strength of
31.9%, with a considerable decrease of
deformations. Diagonal placement of PP strips

64|Page

showed additional improvement, but the
greatest progress was achieved by use of
repair mortar and horizontal PP strips, resulting
in an increase of maximum strength of 41.5%
and an increase of final strength of 60.1%,
whereat the deformations were considerably
decreased.

Regarding the shear strength, unreinforced
walls again showed the lowest bearing capacity
and the highest susceptibility to deformations.
Strengthening with horizontal PP strips resulted
in an increase of strength of 25.9%, whereas
diagonal placement of PP strips added an
increase of 25.3%. The greatest improvements
were achieved with repair mortar and
horizontally placed PP strips, whereat shear
strength was increased for 46.6%, while
deformations were reduced for 6.1%.

These results pointed out that proper choice
and application of strengthening techniques
could considerably increase bearing capacity,
stability and resistance of masonry structures,
particularly in seismically active regions. The
use of repair mortar in combination with
horizontally placed PP strips was shown as the
most optimal solution, providing maximum
bearing capacity, minimal deformations and
increased safety of structures. This
methodology  represents an  important
contribution to engineering practice, with direct
application in design and advancement of
engineering structures in zones of high seismic
risk.
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Seismic vulnerability assessment of masonry
structures is a very important issue even for
regions with moderate to low seismic hazard.
This is even more important when dealing with
old buildings, such as the buildings located in
the geographical area of interest, where all
masonry structures were built in nineteenth
century and in the first half of the twentieth
century, that is, before the adoption of the
aseismic design regulation. Although most of
the masonry building stock in the researched
region consists of residential buildings, there
are also public and religious buildings. As a
result of the field studies, it was determined that
many people lived in these buildings. The
uncertain behavior of masonry structures
during earthquakes shows that people living in
these residences are at risk. In this context, the
aim of the research is to examine the building
stock of masonry structures to evaluate the
seismic risk in the region. There are different
methods for assessing the vulnerability of
structures. The purpose of the research, scope
of the study, available resources, etc. should be
considered when choosing the appropriate
methodology. This paper presents a
methodology for assessing the seismic
vulnerability of existing masonry structures and
the results obtained from the application of the
methodology for the city of Gostivar.

Keywords: masonry structures, seismic risk,
vulnerability assessment, vulnerability index,
urban areas

1. INTRODUCTION

The high sensitivity of today's technologies,
large cities built in seismic hazard zones are
some of the reasons for the increase in losses
from natural disasters in recent years [1]. All
this has increased interest in the development
of seismic assessment methodologies as well
as solutions for reinforcing existing building
stocks [2].

It is necessary to construct buildings in
accordance with the seismic design rules to
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ensure seismic safety. However, existing
buildings do not meet these rules, which has led
to the need to estimate the vulnerability of
existing buildings [3].

The assessment of the vulnerability of buildings
can be defined as their susceptibility to damage
at a certain earthquake intensity. In the past,
many methods have been proposed to assess
seismic vulnerability [4].

These methods are used from single buildings
to large urban areas. To select the right
method, the purpose of the research, the
available resources, the approach to obtaining
information, the economic situation and the
computational effort should be taken into
consideration [5].

1.1 METHODS FOR VULNERABILITY
ASSESSMENT

To determine the seismic vulnerability of a
building, there is a need to establish a
correlation that can provide the expected
damage level for each seismic intensity level
and define appropriate parameters to measure
damage and severity [6].

Different vulnerability assessment methods
have been proposed and applied in the past.
They can be classified generally into two
groups: empirical and analytical, both groups
can be used in hybrid methods [7].

2. METHODOLOGY FOR SEISMIC
VULNERABILITY ASSESSMENT OF
MASONRY BUILDINGS

The seismic vulnerability assessment of many
buildings in an urban environment is a difficult
and complicated task because it is not rational
to perform nonlinear analysis of all buildings. To
solve this, vulnerability curves obtained by
numerical analysis and statistical processing of
the results for a class of buildings can be
defined. Vulnerability curves relate to the
probability of exceeding a certain damage level
for a given earthquake intensity [8] [9] [10].

Various studies have been conducted using
vulnerability curves to assess seismic
vulnerability and damage scenarios of buildings
in urban centers and to determine basic critical
situations. Empirical methods such as the
vulnerability class method and the vulnerability
index method are widely used methods to
define the vulnerability of buildings in urban
areas. In this research, the Vulnerability Index
(VIM) method was used to assess the
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vulnerability of the selected buildings in
Gostivar. The vulnerability index method (VIM)
is based on the statistical relationship between
macroseismic intensity and apparent or
observed damage observed in previous
earthquakes, as well as the fact that different
structural classes tend to experience the same
or similar types of damage. The vulnerability
index method was originally developed by
Benedetti and Petrini [11] [12].

This method, called an indirect method since
the relationship between seismic action and
response is established through the sensitivity
index, is based on a large amount of data
obtained from the detected damages.
According to this classification, the vulnerability
index of each building is evaluated using the
following formula:

I;f = Ztl=11 Cyi - Py; (1

The vulnerability index (I;¢) is calculated as a
scaled sum of 14 parameters where each
parameter is defined by a weighting factor P,;,
and each parameter is associated with four
classes (C,; — A, B, C, D) from (A — optimal) to
(D - unfavorable). Later, Vicente made
additions and added 3 more parameters to the
existing 11 parameters [5]. Ferreira also made
additions and calibrated according to the data
from the 1998 Azores earthquake [13]. After
these calibrations, the method was used to
assess the seismic vulnerability of different
historical city centers. With the changes made,
the final formula is as follows:

14
Ivf = i:lCVi " Py (2)

The methodology used in this study is based on
the calculation of a vulnerability index for each
building. The vulnerability index is calculated as
the sum of the determined values of the seismic
responses of 14 parameters for each building
(Table1).

Table 1. Parameters for calculating vulnerability
index [5] [13]

Parameters | Class (Cviy | Weight Factor P,;

ABCD Vicente, | Ferreira,
2008 2017

Group 1. Structural building system

P1.Type of | 0 520 50| 0.75 2.50
resisting
system
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P2.Quality of | 0 5 20 50 | 1.00 2.50
resisting
system

P3.Conventi | 0 5 20 50 | 1.50 1.00
onal strength

P4.Maximu 052050 | 050 0.50
m distance
between
walls

P5.Number 052050 ]| 1.50 0.50
of floors

P6.Location 052050 | 0.75 0.50
and soil
conditions

Group 2. Irregularities and interaction

P7. 052050 | 1.50 1.50
Aggregate
position and
interaction

P8. Plan | 0 5 20 50 | 0.75 0.50
configuration

P9. 052050 | 0.75 0.50
Irregularity in
elevation

P10. Wall | 0 520 50 | 0.50 0.50
facade
openings
and
alignments

Group 3. Floor slabs and roofs

P11.Horizon | 0 5 20 50 | 0.75 0.75
tal

diaphragms

P12. Roofing | 0 5 20 50 | 2.00 0.50
system

Group 4. Conservation state and other elements

P13. 0520 50| 1.00 1.00
Conservatio
n state

P14. Non- | 0520 50| 0.75 0.75
structural
elements

For each parameter, a weighting factor P,;, with
a value between 0.5 and 2.5, is determined
according to its contribution to the examined

Methodology for assessing the vulnerability
of existing masonry buildings: case study of Gostivar city

building. The weighting factors P,;, are
evaluated in four vulnerability classes Cvi (A, B,
C, D) where (A — optimal) to (D — unfavorable).

2.1 VERIFICATION FOR THE
PROPOSED METHODOLOGY

The vulnerability index method is like the GNDT
II' (National Group for Earthquake Defense)
proposal. GNDT Il is developed with this
method, but it allows correlation between data
because important parameters are similar [14].
This equivalence allows the validation of the
proposed methodology and its correlation with
the macroseismic methodology of Giovinazzi
and Lagomarsino [15] and allows the
construction of damage and loss scenarios.

The methodology developed by Benedetti and
Petrini (1984) uses the vulnerability index as an
intermediate step in the damage assessment
process for buildings subjected to a certain
level of seismic action. This deterministic
correlation between seismic action (expressed
in terms of PGA) and damage (expressed as a
vulnerability index ranging from 0 to 1)
represents the quotient between the costs of
repairing and replacing the original undamaged
condition, referring to the present value of the
structure. When using the vulnerability curves
of the macroseismic methodology proposed by
Giovinazzi and Lagomarsino [15], it is essential
that they correspond to the GNDT |l
methodology [14], due to its similarity with the
proposed methodology. The macroseismic
methodology is based on the definition of
building typologies belonging to vulnerability
classes, damage classifications and intensity
levels according to the European Macroseismic
Scale EMS-98 defined by Griinthal [16].

In the macroseismic methodology, vulnerability
is also expressed by a numerical value, the
vulnerability index (V), which varies from 0 to 1,
initially  defined according to typological
information (type of construction), which is then
adjusted with scores attributed to the modified
parameters. These parameters depend on the
unique characteristics of buildings [17], such
as: building condition, quality of materials and
construction, number of floors, irregularities,
etc. From this value of the vulnerability index
(V), a vulnerability function is constructed,
translated into an analytical expression of the
building or typology of buildings for different
EMS-98 macroseismic intensities [16]. In this
way, expression (3) is obtained, which allows
the calculation of the average damage level
(up), defined in the range from 0 to 5.
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Up = 2.5 Il + tanh (Hézs%)l,
@)

The value of the intermediate damage level
up = depends on the fragility index (V),
macroseismic intensity (I) and ductility factor
(Q), which can vary from 1 to 4. According to
the latest calibrations, it has been determined
that the most suitable value for masonry
buildings is the ductility factor Q = 2.0 [18].

The damage assessment according to the
Petrini and Benedetti methodology [11] is
expressed as an index of the mean damage
value, table 2. This damage index is correlated
with the mean damage level (), given by the
macroseismic methodology, which represents
the average value of the damage degree (p;)
and is used for the discretized damage degree
(Dy), (Table 2), expressed as:

5
Wp = Z Pk - Dy (4)
k=0

Table 2. Division of damage by factor and average
level of damage

Discretized Damage Medium level
degree of factor DF | of damage u,
damage
DO- No 0.00 [0.00 — 0.50]
damage
D1- Slight 0.01 [0.50 — 1.42]
damage
D2- Moderate 0.10 [1.42 —2.50]
damage
D3 — Major 0.35 [2.50 — 3.50]
damage
D4 — Very 0.75 [3.50 — 4.00]
major damage
D5 - 1.00 [4.00 — 5.00]
Destroyed

For ease of application, the relationship
between the average damage index value (DF)
and the average damage value (u,) is
converted into an analytical expression given
by equation (5), and the correlation of the two
procedures is shown in table 3.

Up = 4 - DFO45 (5)
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Table 3. Correlation between vulnerability index of
two procedures [19]

GNDT I Iv=45 =20 | v=-5
Methodology

Macroseismic | Class A | Class Class
methodology | (V =|B (V=|C (V=
0.88) 0.72) 0.56)

Based on this comparison, it is possible to
define an analytical linear correlation between
the vulnerability indexes of the two
methodologies (V and Iv):

V = 0.592 + 0.0057 -1, (6)

3. APPLICATION OF SEISMIC
VULNERABILITY ASSESSMENT
METHODOLOGY IN GOSTIVAR

According to the proposed methodology of
Vicente, a data collection form for field research
is proposed. The parameters of the vulnerability
index methodology are adapted to the research
area. The aim is to collect more accurate
information needed for the assessment of the
seismic vulnerability of buildings more quickly.
Figures 1 and 2 show the proposed data
collection form, while Figure 3 shows an
example of completed forms from field
research.

BUILDING IDENTIFICATION

Row no:

City
Strest:

Mumber:  Postal Code:

GOOGLE

ear of construction
Arsa (m2)
Purpose:

SKETCH/BASE PHOTOGRAPHY

INFORMATION ABOUT CONSTRUCTION

F1-Masonry Type P2 - Quality of the structural system
3) - Framed Masanry a) - good quality of masonry
b) - Ashlar masonry
) - Brick

d} - Adobe/ Rubble masonry

b) - imegular stone masenry
<) low quality

d ) poor quality

P3- Conventional strength P4-Wall thickness

a) - (L/3) maxs15

Reduced
rigidity b) - 15 < (LS home £18
3) [Framed Cement 1.00 €)- 18 < (L/S)nax $25
b) L
Stone. Lime/Cs e | 0.83 5 5
) [Brck Lime .67 & LBl > 25
d) [Adobs Mud 0.50
P5- Number of floors P&~ Location and conditions for foundations (EN
ot 1988-1)

6)-2 a)-A

c)-2mnmd b)-B

d) - >5 (extensions/supersiructures) ¢-C
d)-D.E

Figure 1. Form - Page 1 (by author)
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P7- Building position in relation to others

a) b) b]

)
Az
than U
] d) d)
P9 -Height irregularity
3)-0%
@- up to % 10
- (10-200%
d)-{20-30) %

Pg- Irregularity in basement
€] upto10%

b) from 10% o 20%

) from 20% to 30%.

d) more then 20%

P10- Layout of openings

) Inline bjHorizontal imegularities

c)Horizontal and vertical
imegularites

d)Large openings on the
ground fisor

P11 - Horizontal diaphragms. P42-Roof construction
a) Roofs with trusses, support columns and other roof elements

bjRoofs with trusses only

3} Rigid and well-bound

b) Flexible and well- bound a withont tnisses with perimeler s

&) Rigid and loosely bound d) Roofs without trusses and perimeter supports

d) Flexible and loosely bound

P13- Damage P14- Non-constructive elements

3) - Good condition
a) - no non-constructive elements

b)- Small cracks (less then 0.5 mm) b) - presence of small non-constructive elements
©) - Cracks (2-3mm) <) - small non-constructive slements - poorly connected
6) - Major damage d) - presence of chimneys and non-constructve

elements outside the structure

P1|P2 |P3 |P4 |P5 |P6 |P7 |P8 | P9 [P10]| P11| P12 P13| P14]

Cu

olo|m| =

Figure 2. Form - Page 2 (by author)

Figure 3. Examples of completed forms in field
research (by author)

The seismic vulnerability assessment is made
by calculating the vulnerability index I, which
is calculated with equation (2). The vulnerability
index Ivf is normalized from 0 to 100. The
weighting factors (pvi) provided by Ferreira were
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used in the calculation of the vulnerability index.
143 buildings were evaluated in the central
urban area of the city of Gostivar. Figure 4
presents the percentage repesresentation of
buildings according to .

60
m[vf

40 -

20 A

0,
o O O o o o o o <o 9
— AN N T O > 0 &N O
R S S L S T T R —
(B e T e T T e T TR B B
—‘NMVW\OI\OO;

Figure 4. Percentage representation of buildings in
Gostivar according v - (by author)

From the obtained values, it can be noted that
most masonry buildings in Gostivar have a
vulnerability index between 21 and 40.
According to Ferreira's weighting factors, 1.3%
of the buildings belong to the interval between
11 and 20, 30.7% to the interval 21-30, 41.9%
to the interval 31-40, 16.7% to the interval 41-
50, 7.6% to the interval 51-60 and 1.3% of the
buildings to the interval 61-70. Figure 5 shows
the spatial distribution of Iv for the current state
of the buildings in Gostivar.

5 NEH
T4 L4 |
LS

LA |
oy SlF_ iy >

Vulnerability Index

[]00-100
[ 101-200
[ 201-300
[ 201-400
[ 401-500
I 50.1-600
I 501-700
I 701-800
I 50.1-000
I 5011000

-~ DH

Figure 5. Spatial distribution of I\t for the current
state of the buildings in Gostivar - (by author)
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Based on the calculated values of the
vulnerability index, using equation (3), the
average damage level (u) was calculated for
different scenarios of macroseismic intensities.
The study calculated 4 different scenarios of
macroseismic intensities between VI and IX
degrees according to the MCS scale. Figure 6
shows the statistical data for the percentage
representation of the obtained average damage
level for each of the four individual scenarios.

140 - -
120 -
100 -

80 H[=6
60 - ul=7
40 - B =%
20 -

0 T T T \_L\ I:9

CRRABO N BN A
& '\'@9’5 Qb‘.v%?)p‘ @b

Figure 6. Percentage of buildings according to the
average level of damage ( p)

According to the analysis of the results, it is
noted that for lower earthquake intensities (VI
and VII degrees), the buildings in Gostivar are
evaluated with scores from 0 to 2.5. For higher
earthquake intensities (VIl and IX degrees), the
buildings receive scores from 2.5 to 5.

Mean damage grade, pD
=6

[] 0.00 -0.50

[ 050-142

[ 142-250

I 250-350

Il 350-400

Il 4.00-5.00

Figure 7. The spatial distribution of the average
level of damage for 1=6, for buildings in Gostivar
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Mean damage grade, pD
1=7

[] 000 -050

[] 050-142

[ 142-250

Il 250-350

Il 350-4.00

Il 400-500

Figure 8. The spatial distribution of the average
level of damage for 1=7, for buildings in Gostivar

A graphical representation of the spatial
distribution of the mean level of damage for
earthquake intensities from 1=6 to =9 for
Gostivar is shown in Figure 7,8,9 and 10.

e gy |
A | <:

N

o

N,
v

r
w"

-y

Mean damage grade, pD
1=8

[]000-050
[]o50-142

[ 142-250

Il 250-350

I 350-400

Ml 100-500

Figure 9. The spatial distribution of the average
level of damage for 1=8, for buildings in Gostivar
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Figure 10. The spatial distribution of the average
level of damage for 1=9, for buildings in Gostivar

According to the seismic vulnerability obtained
of the buildings, vulnerability curves of the
masonry buildings in Gostivar were constructed
depending on different = macroseismic
intensities (Figure 11).

Mean Damage Grade D

5 L] 7 8 1]
Macroseismic Intensity

Figure 11. Vulnerability curves for the existing
condition of the buildings in Gostivar

4. CONCLUSION

The aim of the study is to analyze a larger
number of buildings to examine the vulnerability
of existing masonry structures in urban areas.
From the obtained results, a typological
classification of existing masonry structures
can be used to assess seismic risk at a regional
level. For this purpose, the vulnerability index
methodology was chosen as a methodology for
assessing existing masonry structures. From
the results obtained presented in the paper,
most of the buildings analyzed in Gostivar
would experience very large damage or even

Methodology for assessing the vulnerability
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collapse at the highest earthquake intensity.
From the results obtained, buildings or areas
that are at the highest risk can be identified and
measures can be taken to strengthen them. A
precise assessment of the vulnerability of
existing buildings and the implementation of
appropriate  strengthening  solutions can
significantly reduce physical damage and
economic losses from future seismic events.
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