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Abstract Seismic performance evaluation of
masonry structures is of paramount importance for
ensuring the safety and resilience of buildings in
earthquake-prone regions. There are limited number
of studies on pumice elements in the literature. In
addition, there are almost no studies investigating the
earthquake behavior of pumice masonry building as
a whole structure. In this context, a comprehensive
understanding of their seismic response and dynamic
characteristics has been lacking. To address this
knowledge gap, a shake-table experimental campaign
was undertaken, wherein half-scale pumice masonry
building was exposed to simulated seismic forces. To
enhance the experimental findings, numerical simu-
lations were performed to confirm and expand our
comprehension of how the pumice masonry struc-
ture responds to dynamic forces. Integrating both
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experimental and numerical outcomes provides a
holistic understanding of how pumice masonry build-
ings behave during seismic events. At the end of the
experimental study, the frequency values of the pum-
ice model were observed to decrease up to 23.5% in
the modes compared to the undamaged state. In the
numerical model, this value decreases up to 19.85%.
For the undamaged and damaged model, the first
three experimental mode shapes were similar to the
numerical mode shapes. Both experimental and
numerical results show that the expected damages
occur in the same regions. These results show that
nonlinear FE models can be helpful in determining
potential damage model locations. The findings have
implications for the seismic design and retrofitting of
similar traditional masonry buildings, facilitating the
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development of resilient and sustainable engineering
solutions in seismic-prone regions.

Keywords Ambient vibration test - Pumice
concrete - Finite element analysis - Shake table test -
Dynamic characteristics - Damage

List of symbols

TBEC The Turkish building earthquake code
Modulus of elasticity
Acceleration

Velocity

Force

Stress

Strain

Area

Volume

Density

Mass

Energy

Time

Frequency

Damping

Erzincan earthquake

PGA  Peak ground acceleration
PGD  Peak ground displacement
OMA  Operational modal analysis
URM  Unreinforced masonry
DS Damage state

GM Ground motion

EFDD Enhanced frequency domain decomposition
DI Damage index

IDR Inter-story drift ratio

CDP  Concrete damage plasticity
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1 Introduction

Masonry structures have been an integral part of
the building stock for centuries, providing endur-
ing architectural masterpieces and functional build-
ings around the world. As construction materials and
methods evolve, researchers are constantly work-
ing to improve the ability of masonry structures to
withstand seismic events, especially in earthquake-
prone areas. Pumice concrete, known for its favora-
ble strength-to-weight ratio, low bulk density, and
exceptional thermal insulation qualities, is one of
the materials receiving growing interest. Research

@ Springer

in earthquake engineering is particularly focused on
understanding the seismic performance of masonry
structures, including those built with pumice con-
crete. The tensile strengths of masonry units, includ-
ing materials like brick, pumice concrete, and gas
concrete, are observed to be relatively low despite
their high compressive strengths [1]. This character-
istic presents a significant challenge in the design and
structural integrity of masonry constructions, particu-
larly in resisting lateral forces such as those induced
by seismic activity. While these materials excel in
withstanding compressive loads, their limited ability
to resist tension can lead to vulnerabilities, especially
during dynamic events like earthquakes. Therefore,
understanding and mitigating the effects of this inher-
ent weakness is essential in ensuring the overall sta-
bility and safety of masonry structures. Various tech-
niques, including repair/strengthening methods and
seismic retrofitting, are employed to enhance the ten-
sile capacity of masonry elements and improve their
performance under seismic loading conditions [2-8].
Pumice concrete is a lightweight concrete variant
made by incorporating pumice aggregate, a type of
volcanic rock characterized by its porous and light-
weight nature, into the concrete mix. This material
offers several advantages, including reduced weight,
improved insulation properties, and enhanced work-
ability compared to traditional concrete mixes. Pum-
ice concrete finds applications in various construction
projects where lightweight and insulating properties
are desired, such as in building envelopes, insulation
layers, and lightweight fill materials. The use of pum-
ice concrete has been extensively studied and docu-
mented in research literature. For example, research
by Karthika et al. [9] explores the effects of pumice
aggregate on the properties of lightweight concrete,
highlighting its potential for sustainable construction
practices. Additionally, studies by Tran and Ghosh
[10] investigate the mechanical properties and perfor-
mance of pumice concrete in structural applications,
providing valuable insights into its structural behav-
ior and suitability for different construction contexts.
Overall, pumice concrete represents a promising
material option for lightweight and sustainable con-
struction practices, with ongoing research contribut-
ing to its further development and application in the
construction industry. Several investigations, encom-
passing both state-of-the-art analyses and comprehen-
sive reviews [11-14], have thoroughly examined the
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incorporation of pumice in concrete, building upon
earlier research and exploring its diverse applications.
These studies offer valuable insights into the utili-
zation of pumice in various concrete formulations,
considering its wide-ranging benefits and potential
applications. Through a meticulous examination of
previous literature, researchers have elucidated the
role of pumice in enhancing concrete properties and
its effectiveness in fulfilling specific construction
requirements.

The masonry buildings have disadvantages as well
as advantages. There is a tendency for such build-
ings to be damaged in earthquakes. Under earthquake
loads, pumice structures may face cracks and defor-
mations due to its low strength. Especially in high
intensity earthquakes, the structural integrity of pum-
ice buildings can be severely affected and may even
be at risk of collapse. The seismic performance of
masonry buildings constructed with pumice can be
influenced by factors such as local structural condi-
tions, the design and construction practices employed,
as well as the seismic building codes applicable in the
earthquake-prone region. Therefore, appropriate engi-
neering methods and retrofitting solutions are impor-
tant to improve earthquake resilience. In particular,
retrofitting of existing pumice structures to minimize
earthquake damage is an important step in terms of
long-term structural stability.

Shaking table tests have emerged as a power-
ful experimental tool for investigating the dynamic
behavior and seismic behavior of masonry structures
under controlled conditions. By subjecting scaled-
down models to simulated earthquake excitations,
shaking table tests enable researchers to observe
and analyze the structural response, identify fail-
ure modes, and assess the effectiveness of seismic
retrofitting and strengthening measures. In addition
to experimental studies such as shaking table tests,
numerical analyses are frequently used research
methods on masonry structures. After the 1976 Fri-
uli earthquake in Italy, non-linear analysis methods
gained prominence for assessing the seismic resil-
ience of masonry structures [15-19]. Dynamic anal-
yses were subsequently introduced in the literature
and quickly became the standard method for assess-
ing existing buildings, as mandated by several Codes
[20-23], now widely adopted by professionals.

Recently, non-linear dynamic analyses have
emerged as an alternative tool in both research and

practical applications, especially for more intri-
cate buildings. To assess structural resilience, this
approach entails exposing the building to a sufficient
number of earthquake records, whether they are natu-
ral or artificially created, with alignment to the local
seismic spectrum [24]. In these analyses, Finite Ele-
ment (FE) Models and Discrete Element Models
(DEM) are utilized. FE models are well-suited for
representing buildings with what is often referred
to as “box behavior,” where the building behaves
predominantly as a rigid block. On the other hand,
DEM is employed to capture phenomena such as out-
of-plane rocking and the collapse of masonry piers,
offering a more detailed representation of structural
behavior [25-27]. Post-earthquake surveys have pro-
vided insights into the principal collapse mechanisms
of masonry buildings [28, 29]. Scholars have under-
taken extensive research, employing a combination of
numerical simulations and experimental research, to
assess the seismic behavior of diverse masonry mate-
rials, including Unreinforced Masonry (URM) and
pumice concrete structures [30-34].

The integration of experimental and numerical
approaches has proven to be highly valuable in seis-
mic studies of masonry buildings. Experimental data
serves as a means to validate and update numerical
models, while numerical simulations enable extrapo-
lation and analysis that go beyond the constraints
of physical experiments. The combination of these
approaches has enabled researchers to improve design
guidelines, propose innovative retrofitting techniques
and increase the dynamic resistance of masonry
buildings [35, 36].

Apart from shake table testing, ambient vibra-
tion experiments are carried out to analyze and
understand the dynamic characteristics of the
pumice concrete masonry structure. These tests
are performed both before and after exposing the
building to seismic loading, providing valuable
insights into its undamaged and damaged states.
Operational modal analysis (OMA) [37] is a valu-
able technique employed to ascertain fundamen-
tal characteristics of structures, including natural
frequencies, mode shapes, and damping ratios.
These parameters provide essential insights into a
dynamic behavior of structure. In numerous experi-
mental studies, researchers have applied the non-
destructive OMA method to extract the dynamic
properties of masonry buildings [38-42]. OMA
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has become increasingly popular due to its non-
destructive nature, allowing for the assessment
of a dynamic behavior of structure without caus-
ing any harm to the building under investigation.
OMA has been widely applied to various types of
structures, including buildings, bridges, mosques,
churches and minarets, which are often constructed
using masonry materials [43—46]. In this approach,
precise accelerometers are strategically positioned
on the structure in question, and a data acquisition
system is employed to record the vibration signals.
Subsequently, specialized software is utilized to
analyze the collected data and extract the dynamic
characteristics of the building.

It is essential to highlight that there has been a
growing trend towards validating numerical mod-
els by comparing them with dynamic characteris-
tics obtained from experimental seismic tests. The
field of computer graphics has witnessed significant
advancements in the past decade, greatly contribut-
ing to the structural analysis of various structures,
including masonry constructions. In the available
literature, computational modeling techniques, spe-
cifically categorized into continuum and discon-
tinuity models, have been utilized to analyze the
response of masonry structures, providing separate
approaches for evaluating masonry behavior [47-49].
The analysis of dynamic performance in masonry
buildings commonly involves micro and macro mod-
eling approaches. Micro modeling approaches gen-
erate large amounts of computational data, resulting
in complex and resource-intensive analyses. Fur-
thermore, macro modeling methods presume a lin-
ear elastic material behavior, which provides a more
practical framework for assessing extensive and intri-
cate masonry structures. In macro modeling, masonry
components such as masonry units, mortar, and the
interfaces between masonry units and mortar are
treated as a homogenized continuum, combining their
individual characteristics into a unified representation
[50].

The principal aim of this study is to investigate the
response of a pumice concrete building constructed
with lightweight masonry units to seismic forces
and to analyze the mechanisms of damage caused
by these forces. Additionally, the study validates the
precision of numerical models by comparing them
with the results obtained from these experimental
investigations.

@ Springer

2 Experimental program

Conducting tests on full-scale models to explore the
seismic response of masonry buildings is not a com-
mon or feasible practice, mainly due to constraints
related to laboratory resources, construction chal-
lenges, and safety precautions. Instead, experimen-
tal investigations often opt for scaled-down models
or individual structural components to study how
masonry buildings respond to seismic forces. The
primary goal of this study is to examine the seismic
behavior of a lightweight masonry pumice concrete
building, focusing on its performance under seismic
forces and the mechanisms of damage that may occur.
The accuracy of numerical models will also be veri-
fied using the results of these experimental investiga-
tions. To achieve this, a laboratory model was built
using pumice concrete, and shake table tests were
conducted with various ground motions to simulate
scenarios of earthquake damage. This chapter pro-
vides comprehensive details of the test model, the
experimental setup, the measurement systems used,
and the sequence of tests performed. The FE model
verification process and the experimental procedure
are outlined in Fig. 1.

In this study, the shaking table in the Earthquake
and Structural Health Monitoring Laboratory of
Karadeniz Technical University was utilized. This
4.00%x4.00 m shaking table can achieve a maximum
acceleration of +2.00 g. It is capable of displace-
ments up to +400.00 mm and operates within a
frequency range of 0.10-50.00 Hz. Its acceleration
capacity of 628.00 mm/sec enables the use of vari-
ous ground motions from past earthquakes in experi-
ments. The shaking table, which moves in a single
direction, has a dynamic horizontal force capacity of
500.00 kN and a vertical load capacity of 350.00 kN.
Test specimens are fixed to the table using threaded
holes in the table surface.

2.1 Materials and test model

The URM building model was built using filled
pumice concrete, a common choice for low-rise
structures. The filled pumice units, each measuring
100 mm X 195 mm X 90 mm, were chosen in com-
pliance with the Turkish Building Earthquake Code
(TBEC-2018) [51]. The 200 mm wide pumice units
were halved to produce half-scale 100 mm wide
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Fig. 1 Flowchart of the
study

Numerical

Natural frequencies and

Mode shapes
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Numerical Simulations

Table 1 Mechanical characteristics of materials

Pumice concrete unit

Compressive strength (MPa) 54

Density (kg/m) 1290

Size (mm) 100 195%x90
Mortar

Compressive strength (MPa) 14.22

Tensile strength MPa 1.77

units. A 5 mm thick mortar layer was utilized, with
a cement-to-sand ratio of 1:3 to adhere the masonry
units together. The material properties of both the
masonry wall units and the mortar can be found in
Table 1.

i ]
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Differences (=3%) ‘r Natural frequencies|and
ﬂ Mode shapes |
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25% Erzincan Earthquake (0.13g) |

50% Erzincan Earthquake (0.25g) 1+ .~
75% Erzincan Earthquake (0.37g) 1.~
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Sine Wave (5 cycles) (0.5g-1.6Hz) |
Sine Wave (5 cycles) (0.7g-2.7Hz) !

Comparison of the Resuits for
Damaged Situation
(Frequencies, displacement and
acceleration)

The model is a 1/2 scale, single-span, single-story
structure erected on a uniaxial shaking table. Fig-
ure 2 illustrates the layout and measurements of the
test specimen. Thorough experimental investigations
were conducted using the shake table to evaluate the
performance of the model, built with local materi-
als and workmanship. This URM model measures
1800 1800 mm and stands 1600 mm high, repre-
senting a full-scale URM structure with dimensions
of 360036003200 mm. URM walls with a thick-
ness of 100 mm were constructed with running bond
masonry, a masonry technique commonly used in
construction and wall building. Openings for doors
and windows are present in the north and south walls
of the model, while the east and west walls are solid
without any openings. To support the dead load above
the door and window openings, reinforced concrete
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Fig. 2 Dimensions of the specimen and units (all dimensions in centimeters)

lintels were employed. The entire model has a total
weight of 3750 kg. Figure 3 illustrates the various
construction stages of the laboratory model, and a
complete view of the model can be seen in the same
figure. Due to the intricate impact of earthquake
forces on structures, it was imperative to securely fas-
ten the model to the shaking table. To achieve this,
16 rod holes were drilled into the foundation. Fur-
thermore, to replicate a fixed boundary condition, the
walls were securely integrated into the foundation of
the model, ensuring no shearing, or sliding took place
at the junction between the walls and the foundation
during the entire testing process.

2.2 Scaling and designing of URM model

Shake table tests are a dynamic test method that
allows a realistic investigation of the structural
behavior of engineering structures under artificial
or real ground motions. However, the characteristics
of the shaking table and laboratory conditions often
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necessitate the use of scaled specimens. Therefore, it
is important to choose the suitable scaling approach
to accomplish the desired objectives and the desired
structural response in the experiments conducted on
the shaking table. Scaling methods and scaling coef-
ficient are generally preferred (If you’re not using a
1/1 scale model) in shake table testing, depending on
the structural behavior and parameters under inves-
tigation [33, 52, 53]. Harris and Sabnis [54] defined
the scaling methods that can be used in such experi-
ments as true replica model, artificial mass simulation
model, prototype material model in which gravity
effects are neglected.”

The laboratory model was constructed follow-
ing similarity laws, specifically the widely used
Cauchy and Froude similarity laws [33]. Froude
similarity laws establish the relationship between
inertia and gravitational forces, while Cauchy laws
relate inertia to elastic restoring forces [52]. Due
to the Froude similarity laws, additional masses
are necessary. For this research, Froude similarity
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Fig. 3 Images of pumice wall construction stages

laws, commonly preferred in most studies, were
employed [55, 56]. Since the model dimensions
were based on the dimensions and capacity of the
shaking table, 2 scale factors were used. The geo-
metric dimensions and scale factors of the scaled
masonry model in this study were adapted from the
measurements used in the research by Kaya et al.
[33]. An artificial mass simulation approach was
used to determine the masses to be added to the slab
in the shake table tests [57]. The additional mass
to be added to the structure is calculated by Eq. 1.
M,,; is the story mass to be added to the specimen,
M), is the unscaled building weight, S, is the scale
factor, and M, is the mass of the specimen. As a
result of the calculations, the additional masses to
be placed in the slab were determined to be approxi-
mately 2300 kg. These weights were connected to
the experimental specimen slab with steel plates
with dimensions of 250 mmXx 1000 mmX 16 mm
with 14 M14 rods in 6 sections (see Fig. 4).

MP
M, =— —M, 1)
SL

In addition, the dimensions of the pumice units
in the test specimen and the horizontal and verti-
cal thickness of the mortar layer were also reduced
by half scale. The scaling coefficients given in
Table 2 were used to detail the test specimens from
the full-scale building model. In this approach, the
stress scale factor for concrete, mortar and masonry
units was taken as 1. Therefore, unlike other scal-
ing models, the artificial mass model allows the
use of the same materials in the real building and
the scaled building model. For this reason, no scal-
ing was made in the material strengths used for the
whole URM model. As shown in Table 2, the accel-
eration scale of the ground motion data utilized in
the experiments is denoted as “1.0”. However, the
time axis of the ground motion data is scaled by the
square root of the scale coefficient [55, 58]. This
results in lower displacement and velocity values in
the scaled ground motion data. This makes it suit-
able for use on shaking tables where many ground
motion capacities are limited.

@ Springer
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Fig. 4 Additional floor masses on the slabs

Table 2 Scale factors

Parameters Symbol Scale factor
Length 1 MN=A=2
Modulus of elasticity E Ap=1
Acceleration a A, =1
Velocity v A=) 2 =205=1/2
Force F M=Ag M2=A2=4
Stress c As=Ag=A=1
Strain € A.=1.0
Area A M=A2=A2=4
Volume \Y Ww=A=23=8
Density p A =Ag/MA)=A""=0.5
Mass m A=, M =02=4
Energy e A=A AP =23=8
Time t A=) 2= =1/2
Frequency ® Ay=1/ N/

(;\E/}\p)l/z A0Sy \/2
Damping 4 A.=1.0

2.3 Instrumentation

During the shake table tests, the test building was
equipped with a range of sensors and instruments
to capture various aspects of its response. This
instrumentation included three uniaxial acceler-
ometers (B&K 4507 B 005) with+7 g capacity

@ Springer

and a frequency range of 0.3-6000 Hz, seven tri-
axial accelerometers (B&K 4506 B 003) with+14 g
capacity and a frequency range of 0.3-2000 Hz,
and four LVDTs (linear variable differential trans-
former) (RTL400) with a stroke length of 400 mm
(=200 mm), which were strategically placed to
measure displacement and acceleration responses.
Before instrumentation, the test model foundation
was securely fixed to the rigid surface of the shaking
table using four L-steel elements and 16 steel rods.
Raw displacement (mm) and acceleration values (g)
were obtained by multiplying the raw values meas-
ured as voltage with the calibration coefficients of
the devices. Linear baseline correction was applied
to raw displacement and acceleration data in order to
smooth out fluctuation in data. In addition, the raw
data obtained from the accelerometer was filtered
with the range of 0.1-25 Hz by butterworth bandpass
filter method. The occurrence of phase shifts, which
could indicate structural weakening and damage, was
monitored. These phase shifts were identified by ana-
lyzing the signals recorded by the accelerometers.
Specifically, uniaxial accelerometers were affixed
to the west wall to capture out-of-plane responses.
Triaxial accelerometers were carefully positioned,
as illustrated in Fig. 5, to capture responses both in-
plane and out-of-plane. Additionally, to track altera-
tions in relative displacement values and drift ratios



Meccanica (2024) 59:1159-1190

1167

Fig. 5 Instrumentation
setup

along the height of the model during the shaking, four
LVDTs were utilized. Additionally, three video cam-
eras were installed at different positions to observe
and record any damage or torsional behavior of the
structure throughout the shake table tests.

2.4 Seismic data

The earthquake data or sinusoidal waves are used as
acceleration records in shake table tests [52, 53, 59].
The ground motion used during the experiments was
the acceleration record of the East-West component
of the 1992 Erzincan earthquake. The Pacific Earth-
quake Engineering Research Center (PEER, 2022)
[60] data bank was used for acceleration records
obtained from earthquakes that occurred in previ-
ous years. Since scaled test buildings were used dur-
ing the experiments, this acceleration record should
also be scaled according to the scaling principles as
shown in Sect. 2.2. During the experiments, 0.25,
0.50, 0.75 and 1.00 times of the Erzincan earthquake
record were applied incrementally. In this study, the
intended damage condition was not achieved in the
test models using historical earthquake acceleration
records. In situations like this, an alternative approach
involves introducing sine wave excitations into the
test procedures. This is particularly useful when the
chosen historical earthquake acceleration records
push the capabilities of the shaking table to their lim-
its [33, 61]. In this study, sinusoidal waves were used
as input for incremental shake table tests together
with historical earthquake data. Following the incre-
mental shake table tests using the Erzincan earth-
quake ground motion, two sine waves with ampli-
tudes of 0.5 g and 0.7 g, each consisting of 5 cycles,

were used to further increase the damage levels in the
building. Table 3 provides a summary of the experi-
mental sequence and essential features of the chosen
ground motions. Figure 6 illustrates the response
spectra and accelerations of the selected records. The
ERZ earthquake records were applied for 15s. 0.5 g
sine wave 0.7 g sine wave were applied during 7.5
and 5 s respectively. The frequencies of 1.60 Hz and
2.70 Hz were chosen because the limits of the shak-
ing table.

2.5 Ambient vibration tests

Ambient vibration tests were carried out at various
stages of the experiment to determine the natural
frequencies, mode shapes, and damping ratios of
the structural system. OMA was utilized to extract
these parameters. These tests were conducted to
uncover the dynamic characteristics of the structure
along two axes: the in-plane North—South direction
and the out-of-plane East—West direction. The setup

Table 3 Applied test sequence

No Earthquake Code PGA PGD Frequency
g cm Hz

GM-1 25% Erzincan
GM-2 50% Erzincan
GM-3 75% Erzincan
GM-4 100% Erzincan

ERZ25 0.13 350 -
ERZ50 0.25 7.00 -
ERZ75 037 1050 -
ERZ100 0.50 14.00 -

GM-5 Sine Wave (5 - 0.50 5.00 1.60
cycles)

GM-6 Sine Wave (5 - 0.70 250 2.70
cycles)

@ Springer
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Fig. 6 Time history ground motion of selected seismic excita-
tions: a acceleration and b response spectra

for the ambient vibration test is depicted in Fig. 7.
Four triaxial accelerometers with a frequency range
of 0.3-2000 Hz are placed at the top corners of the
model where the vibrations are concentrated. The
signals from the accelerometers are transferred to a
17-channel B&K 3560 data acquisition system. In
parallel with studies in the literature, each OMA test
was taken for 15 min. The signals were then pro-
cessed with OMA [37] and PULSE [62] software.
The mode shapes exhibited by the building type
structures are longitudinal translation, transverse

Fig. 7 The setup and loca-
tion of the accelerometers
for the ambient vibration
test

@ Springer

translation, and torsion. These mode shapes were
taken into consideration in this study.

3 Experimental results
3.1 Assessment of post-earthquake damage

In the shake table test, the changes in the test building
were examined experimentally and visually before
and after each ground motion. Visual observations
include crack propagation and crack widths. The
experimental investigation involved the assessment of
the dynamic characteristics of the structure. Ambient
vibration tests were conducted both prior to and after
the seismic excitations, employing the OMA method.
By comparing the dynamic properties obtained before
and after the tests, alterations in the structural behav-
ior and damage to the model were ascertained.

Griinthal [63] developed the damage classifica-
tion system specified in the European Macroseismic
Scale (EMS-98). In this study, this classification sys-
tem was used to determine the damage conditions of
the model. EMS-98, the damage cases for masonry
buildings are more limited than for reinforced con-
crete buildings. Five damage states (DS) are used for
masonry buildings as shown in Table 4.

3.1.1 Damage propagation

Masonry structures are more rigid structures than
reinforced concrete structures. Therefore, they
exhibit a brittle behavior and are damaged by seis-
mic movements. Considering this model, due to the
high strength of the mortar, the use of solid pumice
elements and the aspect ratio of the model being 1,
it was not damaged in certain seismic excitations and

}1
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Table 4 Damage ratings for masonry buildings according to EMS-98 scale

Damage state Masonry damages

DS-1 There are microcracking in the walls, a few small amounts of plastering and fall
block elements falling from the roofs of the buildings. No structural damage.

DS-2 A building with fissures in numerous walls, large fragments of plastering falling
off and chimneys partially collapse. Slight structural damage.

DS-3 Significant fissures on numerous walls, chimney damage at roof level and col-
lapse of non- structural components. Moderate damage.

DS-4 Severe structural damage and partial collapse. Very severe crack pattern, large
crack expansion, partial roof, and floor collapse.

DS-5 Complete or partial collapse of structural elements.

3 it "\; !
Y sy AN
. ;,~ T

showed brittle fracture in ground motion with high
acceleration levels. In this study, no damage was
observed on the wall surfaces after ERZ 25, ERZ 50,
ERZ 75, ERZ 100 and GM-5 seismic excitations dur-
ing the shake table test. The test building exhibited
a rigid behavior and was suddenly damaged during
the GM-6 five-cycle sine wave excitation and passed
into the DS-5 type structural damage and collapse
state. Figure 8 provides a visual representation of the
crack propagation on the outer surfaces of the model
in both the undamaged and DS-5 damage state. The
blue markings indicate the cracks that were observed
during the experiment. At this point, it is noteworthy
that a substantial portion of the cracks in the east and
west-facing walls exhibited a near-horizontal orien-
tation. These cracks were primarily a result of shear
movements occurring in the first two brick courses
just below the slab level. Furthermore, in-plane

deformations led to the formation of a diagonal crack
in the north-facing wall. This diagonal crack extended
from the upper corners of the door to the slab, as well
as from the four corners of the window to the slab
and foundation. It is worth mentioning that previous
studies have delved into the structural behavior of
masonry structures constructed using brick units [33,
64]. The crack propagation observed in the test build-
ings constructed from both brick and pumice units
exhibited some similarities. Diagonal cracks did not
occur only along the mortar bed joints like the crack
propagation of the brick model. Pumice units, which
have a lower strength than bricks, were damaged by
reaching their strength capacity before mortar. Addi-
tionally, shear/shear cracks were noticed in the first
two brick courses situated just above the foundation
level, and these cracks were also observed around the
lintel beams. Toward the conclusion of the test, it was
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DS-5 (Severe Structural Damage-Partial Collapse)

Fig. 8 Crack pattern of the test specimen

noted that the crack widths had reached dimensions
in the centimeter range. Consequently, the structural
damage was classified as DS-5. For visual reference,
Fig. 9 presents the damage pattern of the DS-5 test
building as viewed from the exterior.

3.1.2 Ambient vibration tests results

In this study, besides visual inspections, an investiga-
tion into the connection between the damage and the
modal characteristics of the masonry building during
the progressive shaking table tests was conducted.
The accelerometers and data acquisition devices
described in Sect. 2.5 were used in the OMA method
used to obtain the natural frequency, mode shapes,
and damping ratios of the laboratory models. The
methods and measurement procedures described in
the same section were applied, and dynamic charac-
teristics before and after each seismic excitation were
determined.

Following the Enhanced frequency domain decom-
position (EFDD) method, the singular values of Spec-
tral Density Matrices for the dataset were graphed,
allowing us to examine the first three natural frequen-
cies and their respective mode shapes. Figures 10a
and b show the plots of the undamaged model with no
load and with additional mass. Also, the graphs of the
damage states for the DS-5 type are given in Fig. 10c.
The three natural frequencies for the undamaged
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model-no additional mass case after placement on the
shaking table are 26.52 Hz, 43.48 Hz and 95.47 Hz,
respectively. The pertinent mode shapes of the model
were identified as longitudinal, transverse, and tor-
sional modes. After the addition of 2.3 tons of extra
mass, the dynamic characteristics of the model
shifted, and the first three natural frequencies for
the undamaged, additional load case were measured
at 22.53 Hz, 29.8 Hz, and 76.41 Hz, respectively. A
downward movement is observed in the frequencies
after the additional mass is added. The additional
mass affects the longitudinal, transverse, and torsional
frequencies by 15%, 31% and 20%, respectively. Also,
the first three natural frequencies of the damaged con-
ditions for DS-5 are 20.55 Hz for longitudinal mode,
22.79 Hz for the transverse mode and 73.29 Hz for
the torsional modes (see Fig. 10). No significant
result was obtained from the OMA measurement for
the unloaded condition of the heavily damaged pum-
ice model. The heavily damaged model collapsed on
the shaking table.

Figure 11 shows a comparison of the first three
mode shapes obtained from the damaged condition
(DS-5 type) and the experimental measurements. The
conclusion is that structural degradation changes the
mode shapes. It should also be noted that the ampli-
tude of each mode exhibits significant variation in its
oscillation characteristics. This means that each mode
of vibration, influenced by its natural frequency and
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Fig. 9 Damage modelling
of the outer surface of the
test building for type DS-5

North

damping properties, shows distinct oscillation ampli-
tudes. It is important to highlight that these variations
in oscillation amplitude are critical for understanding
the dynamic behavior of the system, as each mode
responds differently to external excitations and inter-
nal structural properties. Throughout the incremen-
tal dynamic measurements, several transversal and
horizontal cracks became evident, particularly at the
upper and lower sections of the walls. It is shown that
these damages, which reduce building stiffness, gen-
erate decreases in natural frequency values, particu-
larly in transverse modes. When the building reached
the DS-5 damage condition, the most significant fre-
quency drop was observed. Specifically, there was
an 8.8% decrease in the longitudinal mode, a 23.5%
decrease in the transverse mode, and a 4.1% decrease
in the torsional mode compared to the undamaged

South

condition (cases with additional mass). Table 5 shows
the dynamic characteristics for the pumice model
after the shaking table test and for the undamaged
cases obtained according to the EFDD method. In
transverse and longitudinal modes, damping ratios
decreased with additional mass. However, in torsional
mode, damping ratios increased slightly with addi-
tional mass. Similar conditions were repeated with
damage. A maximum 68% decrease in damping ratios
was observed with damage.

Modal assurance criterion (MAC) values are
calculated to analyze the similarity of the mode
shapes, considering the changes and revealing the
impact of damage. A MAC value close to 1.00 indi-
cates a high similarity between mode shapes for dif-
ferent cases, whereas significant decreases in MAC
values suggest the presence of damage, approaching
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Fig. 10 The singular values [dB | (1 mis?)? £ Hz] Enhanced Freguency Domain Decomposition - Peak Picking

of spectral density matrices Singular Yalues of Spectral Density Matrices
of Data Set: Measurement 2
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(c) For DS-5 (severe structural damage and partial collapse)

a value of 0. Figure 12 illustrates the decrease in The stiffness of the structures decreases as soon
MAC values for each masonry model by comparing as the damage starts to occur. This situation causes a
the mode shapes in undamaged and damaged states change in dynamic characteristics. In fact, the natu-
after shaking table tests with increasing damage. ral frequency and damping ratios of a structure are
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Fig. 11 Experimental mode shapes of the building a for the undamaged-without additional mass case b for the undamaged-with

additional mass case and ¢ for DS-5

Table 5 Dynamic characteristics after shaking table tests

Mode Undamaged (no additional Undamaged (additional mass) DS-5 (additional mass) Frequency
mass) difference*
%
Frequency (Hz) Damping Frequency (Hz) Damping Frequency (Hz) Damping %)
ratio (%) ratio (%) ratio (%)
Longitudinal 26.52 6.78 22.53 1.92 20.55 1.119 8.8
Transverse 43.48 2.51 29.8 1.62 22.79 0.52 23.5
Torsion 95.47 0.527 76.41 0.55 73.29 0.79 4.1

*Frequency differences of the DS-5 type damage state compared to the undamaged state (with additional mass)

intricately tied to its mass and stiffness. Research-
ers have associated the change in natural frequency,
mode shape and damping ratios with structural dam-
age [65]. There is no visible change in the natural fre-
quency values until the DS-5 type damage condition.
It can be said that this steady state in the frequencies
is due to the story masses added to the models, which
makes the structure more stable.

Mendes et al. [66] introduced a Damage Index (DI)
designed to assess the damage associated with each
structural mode. A DI value of 1 indicates a complete

loss of strength, while 0 indicates no damage. The DI
value is modified according to the cumulative damage
resulting from the shaking tests and its determination
is governed by Eq. 2.

(DD, =1-1,/f; )

where, f, is the natural frequencies values esti-
mated after the nth shake table, and f; indicates the
natural frequency values determined from pre-dam-
age tests.

@ Springer



1174

Meccanica (2024) 59:1159-1190

Mode 1

Mode 2

Mode 3

ERZ 25
1

GM-6 (0.7 g) ERZ 50

GM-5 (0.5 g)

ERZ 100

Fig. 12 Change of MAC values with increasing damage

There was no increase in DI values observed until
GM-3 seismic excitation. However, after the experi-
ment with GM-6, the DI values were determined as
0.09 for the longitudinal mode, 0.24 for the transverse
mode, and 0.04 for the torsional mode at the DS-5
damage state. DI values of the first three natural fre-
quencies of the building for the damage conditions
are presented in Fig. 13. Kaya et al. [33] found sim-
ilar DI values for the DS-4 damage type of the 1/2
scale model constructed with hollow brick without
additional masses. Tomassetti et al. [59] investigated
a single-story masonry building and calculated the
DI value of the test sample as 0.15. In the shake table
tests of masonry models carried out by Kallioras et al.
[67] and Miglietta et al. [68], DI values of 0.51 and
0.32 were obtained for the DS-4 damage condition,
respectively. It is clear that there is no consistency
between the values obtained from the literature and
the values obtained from this study. The variation in
results can be ascribed to several factors, including
distinctions in material properties, diverse simulation
methods, and the utilization of distinct seismic excita-
tions in the experiments.

3.2 Structural response assessment

In this section, the evaluation of the building
responses is presented by analyzing the data col-
lected from the measurement equipment in the test
setup. The test setup includes uniaxial and triaxial
accelerometers. Furthermore, LVDTs were used to
determine the displacements along the model height.
The experimental data were processed and analyzed
for each seismic excitation. Inter-story drift ratios
(IDRs), relative displacements, absolute accelerations
and base shear forces were calculated.

3.2.1 Evaluation of inter-story drift ratios
and relative displacements

The variations in the maximum relative displacement
values associated with every seismic excitation are
displayed in Fig. 14. The relative displacements iden-
tified at the slab and center height of the test build-
ing are studied comparably. As illustrated in Fig. 14,
the upward relative displacement values increase
with damage after the GM-5 earthquake. Figure 15
illustrates the changes in relative story displacement
ratios, calculated by using the maximum relative dis-
placements after the shake table tests. Calvi [69] has
introduced drift limits for masonry structures based
on their associated damage conditions. The thresh-
old drift ratios are defined as follows: less than 0.1%
for DS-1, 0.1% for DS-2, from 0.1 to 0.3% for DS-3,
from 0.3 to 0.5% for DS-4, and greater than 0.5% for
DS-5. In this study, the maximum IDR for seismic
excitations leading to severe damages and DS-5 type
cracks was determined to be 1.12%. These values par-
tially meet the thresholds given in the literature. How-
ever, a possible reason for the partial agreement can
be attributed to limitations in continuous monitor-
ing of the relation between damage and engineering
parameters (displacement, IDR, etc.) during shake

Fig. 13 DI quantifies the 0.30
three natural frequency ]
values under the damage 0.20 - -+ Transverse
condition ~ - -G - Torsion
2 0.10 -
0.00 —&

—E!—Lougimdiual DS-5

- }/ DI=0.24

DI=0.09

DI=0.04
&, _0/'
a8

Initial ERZ 25
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Fig. 15 Variation of maximum IDRs measured

table tests. As a result, it becomes difficult to unam-
biguously associate a particular damage condition
with a specific threshold value and instead the dam-
age condition is associated with a range of deforma-
tions [59].

Penna et al. [70] conducted research on the cyclic
behavior of masonry walls and found that the ultimate
drift ratio for the examined masonry wall was approx-
imately 0.65%. They considered this drift ratio as the
point at which the maximum load reduced by 20%.
However, in the study by Arslan and Celebi [71], this
drift ratio was determined to be around 3.33%. As
evident from these findings, there is a wide range of
drift ratio limits for this type of walls, influenced by
various factors such as aspect ratio, loading mecha-
nism, and loading protocol.

3.2.2 Torsional behavior and response

The experimental building has door and window
openings in the north and south wall sides. For
improved comprehension of the torsional behavior
of the model, these openings were selected with dif-
ferent dimensions. The window opening in the south
wall has an area of 0.25 m?, while the door open-
ing in the north wall has an area of 0.45 m”. These

opening differences affect the in-plane behavior of the
wall and cause the south and north walls to reach dif-
ferent displacement values. Therefore, the structure
exhibited significant torsional responses, leading to
differences in the relative displacements measured at
the roof corners. These differences were determined
to be up to 42%. (see Fig. 14). Torsional responses
become more pronounced depending on the damage
and crack size [33]. For a comprehensive explana-
tion, Fig. 16 presents the time history of the relative
displacements measured at the roof corners during
GM-5 and GM-6 seismic excitations. It is seen that
the torsion increases in the damage cases correspond-
ing to the DS-5 type where the asymmetric collapse
mechanism occurs. The results of the previous studies
agree with the results of this study. Kayirga and Altun
[72] and Kaya et al. [33] showed that walls with dif-
ferent wall openings exhibit torsional behavior during
earthquakes. These studies also highlighted the sub-
stantial influence of torsional response on the struc-
tural damage of masonry buildings.

3.2.3 Acceleration results

After the shake table tests, abrupt changes and
phase shifts in the signal data recorded by the
accelerometers can serve as indicators of the onset
of weakening and the propagation of cracks. Ear-
lier research on masonry structures has linked the
discrepancies between the data and the extent of
damage incurred [73]. For this aim, the accelera-
tion responses at the wall-foundation intersection,
middle height and slab heights were plotted com-
paratively for the shake table tests performed for
GM-1, GM-5 and GM-6 seismic excitations where
the DS-5 type occurred (see Fig. 17). The acceler-
ation-time records for GM-5, which did not cause
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any damage, showed good agreement with no
phase shifts or signal jumps. Damage to GM-6 was
observed. Figure 17c illustrates substantial differ-
ences in acceleration responses at mid-height and
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slab elevations when damage occurred. This was
accompanied by the presence of cracks with widths
on the order of centimeters. As a result, accelera-
tion responses recorded from various levels might
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serve as significant indications for detecting damage
in masonry buildings.

In Fig. 18, a comparison of maximum accelera-
tion values at various points of the test building was
shown, including the wall-foundation intersection,
middle height, and slab heights. Initially, these values
showed minimal differences in the undamaged con-
dition. However, as the damage progressed, discrep-
ancies in maximum accelerations compared to the
initial undamaged state became apparent. The accel-
eration values increased significantly during the last
ground motion, GM-6 (0.7 g). Due to the damage pat-
tern, at mid-height, the acceleration peaked at 2.43 g,
the highest recorded during the tests.

3.2.4 Determination of base shear forces

Figure 19 shows the variations in the base shear
force values along the test sequence. The base shear
forces were determined by summing the mass within
the area of influence of each accelerometer located

——Mid-Height —e—Roof —=—Wall-Foundation Joint
ERZ25
2.50

2.00

1:50 ERZ50
1.00

Sine wave (0.5g) ERZ75

Sine wave (0.7g)

ERZ100

Fig. 18 Variation of maximum accelerations (g) measured

at the slab level and multiplying it by the corre-
sponding accelerations recorded by that accelerom-
eter. The total mass considered for this calculation
was 3.75 tons, which accounted for half of the wall
masses, the weights of the reinforced concrete slabs,
and additional mass. The test results indicate that the
base shear forces remain relatively consistent in the
tests conducted with natural acceleration records.
Furthermore, as the base shear forces increased, there
was a trend of decreasing natural frequencies. Spe-
cifically, during the test with GM-6, which involved
a five-cycle Sine Wave with a peak ground accelera-
tion (PGA) of 0.7 g, resulting in a base shear force of
89.4 kN, notable diagonal cracks with shear displace-
ments on the order of centimeters developed. This
seismic excitation led to the highest-frequency degra-
dation of the structures.

4 Numerical campaign

In the study, a masonry structure made of pumice
was modeled in three-dimensional nonlinear finite-
element analysis, and its behavior against differ-
ent earthquakes was investigated. In the numerical
analysis of the building model, seismic inputs were
systematically applied with increasing amplitudes.
These amplitudes were expressed as a percentage
of the peak ground acceleration (25%, 50%, 75%,
and 100%). In addition, two sinusoidal waves were
introduced using a method that involved transferring
results between different analyses. A numerical analy-
sis was carried out using ABAQUS v2019 [74] soft-
ware to assess the dynamic characteristics (frequency
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ural frequencies based on 1
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and mode shape) of a structure under both undam-
aged and damaged scenarios associated with the first
three modes. The analysis also involved studying the
damage patterns and displacement values. To confirm
the accuracy of the numerical findings, a verification
process was carried out by comparing the results with
experimental data. This comparative analysis aimed
to assess the reliability of structure in the face of
seismic forces. Such an investigation is of paramount
importance in evaluating how effectively the numeri-
cal model replicates the actual behavior of the struc-
ture under seismic loads.

4.1 Material properties

To characterize the concrete material properties and
damage behavior, a plastic concrete damage model
(CDP) was employed. This model, as demonstrated
by Resta et al. [75], has proven successful in finite
element numerical simulations for investigating both
the static and dynamic behavior of masonry struc-
tures. The material parameters used to represent the
masonry wall can be found in Table 6. It is important
to highlight that detailing the plasticity properties of
materials often necessitates a range of experimental
tests, which were not conducted as part of this study.
As outlined in the research by Abdelmoneim et al.
[76], the plasticity parameters were derived through
a trial-and-error updating process. The findings
revealed a robust concurrence between the experi-
mental outcomes and the numerical models, suggest-
ing the effectiveness of the proposed models in pre-
dicting the overall behavior of specimens. In addition,
the elastic properties were determined based on test

Table 6 Material properties of the pumice for CDP model
[76]

Parameters Values

Elasticity Density (kg/m®) 1400
Modulus of elasticity E,, (MPa) 2006
Poisson’s ratio v 0.2
Tensile strength (MPa) 0.22

Plasticity Dilatation angle 34
Eccentricity 0.1
Initial/biaxial/uniaxial ratio 1.16
Kc 0.67
Viscosity 0.001

results from pumice wall experiments. Please refer to
the Table 7 for detailed mechanical properties of the
concrete and steel used in the study.

4.2 Finite element model of the pumice building

In this study, the researchers developed a numeri-
cal model for studying the seismic behavior of half-
scale masonry structures (see Fig. 20). The element
type used for walls and concrete components (lin-
tels, slabs, and foundation) were modeling using
3D 8-node solid element with reduced integra-
tion (C3D8R) from ABAQUS library. Each node of
the C3D8R element possesses three translational
degrees of freedom, typically in the x, y, and z direc-
tions. These degrees of freedom allow the element to
model deformations in three-dimensional as indicated
before by Zhao and Alex [78]. Two nodded truss
element (T3D2) was utilized for reinforcing bars
model that implanted inside the concrete. Perfect
connection was expected between the reinforcement
and the surrounding concrete. The macro modeling
approach, which is pumice units’ interface are spread
out in the continuum, was considered to depict the
masonry construction. The pumice units are treated
as a homogenous and continuous material, and this
technique is ideal for developing comparatively larger
and more complex masonry structures. Tie contact
type between the components of the model was con-
sidered. Therefore, the following types of contact
constraints were assessed; entire bond (tie), solid to
solid, and embedded region restrictions. Geometri-
cally nonlinear behavior was acknowledged in FE
model. Different mesh sizes were employed to evalu-
ate the convergence and the final mesh size is decided
dependent on the complexity, amount of detail and
analysis needs of the structure. When selecting the
mesh size in this research, fine meshes of 50 mm

Table 7 Mechanical properties of steel [77]

Parameters Values

Concrete Density (kg/m>) 2400
Modulus of elasticity E,. (MPa) 32,000
Poisson’s ratio v 0.2

Steel Density (kg/m>) 7800
Modulus of elasticity £, MPa 210,000
Poisson’s ratio v 0.3
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Fig. 20 FE geometric
model of the pumice build-
ing

North-east face

were suited to the building model; rough meshes
of 100 mm were applied to the steel materials were
selected as the ideal mesh size as shown in Fig. 21. A
mesh consisting of 19,630 elements and 27,996 nodes
were utilized to model. In addition, the overall weight
of the FE model was determined to be 3.750 tons.
The fixed base/support, which simulates the impact
of a solid base and provides the necessary rigidity for
structural analysis, was assumed as a boundary con-
dition for the nonlinear time history analysis of the
masonry structure. Therefore, explicit method is more
robust in finding solutions and requires less memory
to handle large and complicated models [74]. An
explicit dynamic solver is recommended for its abil-
ity to define comprehensive contact conditions for
complex interaction problems while avoiding numeri-
cal convergence difficulties. Additionally, this solver
employs a consistent large-deformation theory, which
can accurately represent significant rotations and
large deformations. In this study, the explicit dynamic
solver technique is also chosen.

Fig. 21 FE mesh for the
pumice building

North-east face

South-west face

4.3 Undamaged model

The ABAQUS software was employed to analyze and
determine the dynamic characteristics of the pumice
masonry structure in its undamaged condition. This
analysis involved the investigation of natural fre-
quency values and corresponding mode shapes. The
first three mode shapes of the pumice masonry struc-
ture are seen in Fig. 22.

Figure 22 illustrates the three identified mode
shapes: the first corresponds to a longitudinal mode,
the second represents a transverse mode, and the third
represents a torsional mode. Table 8 provides the
natural frequency values determined for the structure
in its original, as-built condition. Rayleigh damping
constants, which describe the damping properties,
were computed with a 5% damping ratio and were
calculated between the first and the third mode for
the transient analyses. Specifically, the calculated val-
ues for the alpha (x) and beta (f) coefficients of the
undamaged model state were 13.403 and 0.00149,

South-west face
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Fig. 22 First three mode shapes of the Initial model

Table 8 Experimental and numerical frequencies of the
undamaged model

Mode Frequency (Hz) Maximum
- - difference
Experimental Numerical (%)
1st (longitudinal)  22.53 23.39 3.82
2nd (transverse) 29.80 29.52 1.00
3rd (torsion) 76.41 77.04 0.80

respectively. These coefficients are essential for char-
acterizing the damping in the structural system.

4.4 Damaged model

In the numerical analysis, when the structure was
subjected to various percentages of the Erzincan peak
acceleration records (ranging from 25 to 100%) and
sine waves with amplitudes of 0.5 g, no damage was
observed on the walls’ surfaces. However, significant
damage patterns were obtained when the structure
was subjected to sine waves with amplitudes of 0.7 g.
To validate the numerical model, the natural frequen-
cies from the experimental and numerical studies
were compared. After the nonlinear time history anal-
ysis, a second analysis, called modal analysis, was
conducted using the ABAQUS software. This modal
analysis was performed on the damaged numerical
model to evaluate changes in its dynamic character-
istics. Modal analysis helps in understanding how
the dynamic properties of the structure change after
it has been subjected to seismic forces or damage.

@ Springer

freq= 29.524 (cyclesftime)  Mode

Mode 2 (transverse)

Step: BIMSFRQ
3:Value = 66312, Freq= 77.043 (cycles/time)
Primary Var: U, Magnitude

Mode 3 (torsion)

As shown in Fig. 23, the difference between the first
frequency of the experimental model (22.79 Hz) and
the numerical model (23.66 Hz) is approximately
3.81%, indicating an acceptable level of accuracy in
the numerical model results. Figure 23 illustrates the
first three mode shapes. Table 9 provides a summary
of the natural frequency values obtained for the dam-
aged condition of the pumice masonry structure.

The changes in the first three natural frequency
values of pumice model were recorded and shown
in Table 10 for the damaged and undamaged pumice
models. The comparison of natural frequency values
between the undamaged and damaged models dem-
onstrates how damage affects the first three modes.
Specifically, in numerical analysis mode 2 exhibits a
significant change, corresponding to a reduction of
approximately 20%. The door and window openings
in the north and south walls predominantly impact
the transverse mode in the corresponding direction.
Consequently, the transverse mode exhibited a greater
decrease compared to the other two modes.

Nonlinear time-history analyses of the pum-
ice building were conducted using the full Newton
method within the finite element simulation. This
method allows for the detailed analysis of the struc-
ture behavior over time, considering the complex
interactions and nonlinearities that can occur during
dynamic events, such as earthquakes. In all simula-
tions, a damping ratio of 5% is used. In the experi-
mental results, no damage was observed on the wall
surfaces when exposed to different percentages
of the maximum acceleration records of Erzincan



Meccanica (2024) 59:1159-1190

1181

Y Y

" 8 1ohox

X
Step: BIMSDMGFRQ Step: BIMSDMGFRQ
Mode 2:Value= 33703, Freq= 21.218 (cycles/time) Mode
Primary Var: U, Magnitude

z

Primary Var: U, Magnitude

Mode 1 (longitudinal)

1:Value = 20277. Freq= 23.663 (cycles/time)  Mode

Mode 2 (transverse)

Step: BIMSDMGFRQ

3:Value = 66575. Freq= 74793 (cycles/time
Primary Var: U, Magnitude

Mode 3 (torsion)

Fig. 23 First three mode shapes obtained from FE analyses for damaged condition (Hz)

Table 9 Experimental and numerical frequencies of the dam-
aged model

Maximum

- - difference
Experimental Numerical (%)

Mode Frequency (Hz)

Ist (longitudinal)  20.55 21.22 3.26
2nd (transverse) 22.79 23.66 3.81
3rd (torsion) 73.29 74.79 2.04

and sine waves with 0.5 g amplitude. Furthermore,
numerical analysis results show that the highest first
principal tensile values remained below the tensile
strength specified for the pumice building (Table 6),
indicating that in these cases the masonry walls did
not suffer any type of damage. This confirms the
strength of the walls under laboratory conditions
and the effect of the material used. In order to make
the findings of this study easier to understand, a
clear comparison of all the options looked at is pro-
vided in this section. The no damaged models are
presented in Fig. 24 as contours of the principal ten-
sile stress values for the six seismic actions.

The FE analysis results under seismic sinusoi-
dal waves with an amplitude of 0.7 g showed that
the maximum first principal stress value reached
0.35 MPa. This value is approximately 1.60 times
higher than the tensile strength of the pumice mate-
rial. This indicates that the tensile stress values would
cause significant damage to the pumice model in
the event of a severe earthquake. In other words, the
structural elements may experience tensile stresses
beyond their capacity, potentially leading to damage
or failure during strong seismic events. These concen-
trated stresses align with crack patterns on the four
wall faces, as illustrated in the accompanying Fig. 25.
The color spectrum highlights regions of high tensile
stress in red and areas of low tensile stress in blue.

In contrast, as can be seen from Fig. 26, compres-
sive stress values that occur on the walls are well
below the compressive strength of the pumice mate-
rial (See Table 1). This indicates that the building is
safe against compressive stresses.

In the analysis using the CDP model, the ten-
sile and compressive plastic deformation values on
the building were calculated (Figs. 27 and 28). The
results indicate that certain parts of the north, south,

Table 10 First three natural
frequencies of undamaged

and damaged model

Mode Numerical (Hz) Diff. (%) Experimental (Hz) Diff. (%)
Undamageded Damageddd Undamaged Damaged

1st (longitudinal) 23.39 21.22 9.28 22.53 20.55 8.79

2nd (transverse)  29.52 23.66 19.85 29.80 22.79 23.52

3rd (torsion) 77.04 74.79 2.92 76.41 73.29 4.08

@ Springer



1182

Meccanica (2024) 59:1159-1190

ERZ25

ERZ50

ERZ75

ERZ100

Sine Wave
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Fig. 24 Propagation of maximum principal stresses in the undamaged FE model (MPa)
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Fig. 25 Propagations of
maximum principal stresses
under sine wave with a
PGA=0.70 g (MPa)

Fig. 26 Propagations of
minimum principal stresses
under sine wave with a
PGA=0.70 g (MPa)

S, Max. Principal
(Avg: 75%)

0.35
0.32
0.28
0.26
0.24
0.22
0.19
0.17
0.15
0.13
0.11
0.09
0.07

S, Max. Principal
(Avg: 75%)

0.35
0.32
0.28
0.26
0.24
0.22
0.19
0.17
0.15
0.13
0.11
0.09
0.07

S, Min. Principal
(Avg: 75%)

0.02
-0.20
-0.41
-0.62
-0.83
-1.04
-1.25
-1.46
-1.67
-1.88
-2.10
-2.31
-2.52

S, Min. Principal
(Avg: 75%)

0.02
-0.20
-0.41
-0.62
-0.83
-1.04
-1.25
-1.46
-1.67
-1.88
-2.10
-2.31
-2.52

North face South face

West face East face

North face South face

West face East face

@ Springer



1184

Meccanica (2024) 59:1159-1190

Fig. 27 Tensile plas-
tic strain contour under
5 five-cycle sine wave
(PGA =0.70 g). (Color
figure online)

Fig. 28 Compressive
plastic strain contour under
5 five-cycle sine wave
(PGA =0.70 g). (Color
figure online)
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West face East face
west, and east walls experienced tensile plastic strain strain limit of 0.004, as reported in a previous study
values that reached 0.11 at the end of the analysis. [76]. This critical region is expected to be damaged
This value exceeded the tension strength damage during seismic sinusoidal waves with an amplitude of
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0.7 g. Conversely, in some parts of the structure, such
as the opposite side of the core, compressive plastic
strain values of 0.0013 were observed. These values
did not exceed the strength limit of 0.015. As a result,
damage is expected to occur in this region (indicated
by red locations), but the extent of the damage is lim-
ited, and the masonry structure can still be considered
safe under these conditions.

Based on the numerical results obtained, the dam-
age distribution in the building due to seismic waves
occurred by exceeding the tensile strength of the
masonry wall. In the analyses, the wall compressive
strength was never exceeded.

The present study successfully validated a FE
model designed to predict crack patterns in pumice
masonry building. As illustrated in Fig. 29, the dam-
age inclined cracks at the window and door corners,
also a horizontal crack appeared along the upstream
walls without opening. As can be seen, the crack pat-
terns observed in the experimental study (refer to
Fig. 8) matched with the damage predicted by the
proposed FE numerical model. However, it is worth
noting that minor discrepancies in the damage of cer-
tain wall regions were observed.

The recommended allowable roof drift limit for
masonry structures, according to TBEC [51], stands

DAMAGET
(Avg: 75%)

+0.000e+00

Fig. 29 Propagation of damaged model under Sine waves (0.7 g)

at 0.7% of the height of the building. The maxi-
mum displacements at the top right point in both
numerical and experimental cases are 58.52 mm
and 51.97 mm, respectively (see Fig. 30). The dis-
placement from experimental studies is lower than
that predicted by numerical simulations, revealing a
slight overestimation of the maximum displacement
by the FE model. The height of building is 1.60 m,
the calculated roof drifts for the experimental and
numerical scenarios are 0.0368 and 0.0325, respec-
tively, corresponding to roof drift ratios of 3.68%
and 3.25%. Both calculated roof drift ratios sig-
nificantly much larger than permissible limit 0.7%,
which would mean the possibility of non-structural
damage in a conventional pumice building. It indi-
cates that the roof of the building is experiencing
larger horizontal movements than what is consid-
ered permissible and within design requirements.
This might possibly lead to significant damage
within the pumice building, and the risk of injury or
even collapse might rise during catastrophic events
like earthquakes or severe storms. The time histo-
ries of the displacements and accelerations of the
top left point of the slab obtained by the experimen-
tal and numerical analysis were comparatively pre-
sented in Fig. 30.

Fig. 30 Comparison 80.00 0.20
between the experimental e) 1 — 1
and numerical displace- £ 40.00 1 %" 0.10
ments and acceleration £ 1 8 1
obtained from top right g 0.00 E 0.00
corner point of the building % -40.00 g 010 |

2 | |

-80.00 -0.20

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Time (sec)

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Time (sec)

Numerical Experimental
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Despite these differences, the fact that the numeri-
cal simulations often correspond well with the experi-
mental data is acceptable. It shows that the numeri-
cal model represents the fundamental behavior of the
structure during damage propagations, even when the
peak values of displacement and acceleration values
are differed. Differences between experimental and
numerical data may arise from variations in boundary
conditions after each ground movement in the experi-
mental study, as well as from labor errors.

5 Conclusions

Shake table tests are essential for studying the
dynamic behavior of masonry structures and conduct-
ing structural health monitoring. This study served
to validate prior knowledge regarding the dynamic
response of masonry buildings. Moreover, it pro-
vided valuable insights into how a masonry building
responds when subjected to intense seismic excitation
in shake table experiments. The tests demonstrated
that heightened seismic forces can lead to significant
damage and even the collapse of masonry structures.
In assessing the seismic performance of a masonry
model constructed with pumice concrete under
dynamic loading, this study employed six ground
motions. These ground motions caused abrupt dam-
age and eventual structural failure. To examine and
analyze this damage, the dynamic characteristics
of the test model were determined through ambient
vibration tests conducted both before and after the
experimental tests, covering both undamaged and
damaged conditions. It is worth mentioning that the
visual and numerical findings across all experiments
closely correlate with the outcomes derived from FE
analyses conducted with ABAQUS software. Based
on the combined findings from both experimental and
numerical investigations, the following conclusions
can be drawn:

e The frequency values of the pumice model at the
end of the shaking table tests showed a decrease of
23.5% for the transverse mode, 8.8% for the lon-
gitudinal mode and 4.1% for the torsional mode
compared to the undamaged condition (with addi-
tional mass).

e The DI values for the pumice concrete model,
reaching a DS-5 type damage condition, were cal-

@ Springer

culated as 0.24 for the transverse mode, 0.09 for
the longitudinal mode, and 0.04 for the torsional
mode.

The noticeable distinctions in the relative displace-
ments recorded at the corners of the slab were pri-
marily caused by the varying sizes of the openings
in the north and south-facing walls. Consequently,
this led to torsional effects being observed at the
level of the slab during the shaking table tests. It
has been emphasized in previous studies that the
openings left for architectural purposes in such
structures have critical effects on the structural
behavior. However, it is obvious that more studies
should be carried out to determine the ideal open-
ing ratio.

The inter-story drift ratios obtained during the
experiments are partially consistent with the pro-
posed thresholds. A possible reason for the par-
tial agreement can be attributed to limitations in
continuous monitoring of the relationship between
engineering parameters (displacement, Inter-story
drift ratios, etc.) and damage during shake table
tests.

The experimental findings of the damage sequence
and pattern correlated well with the predictions of
a FE model using the CDP model. This model-
ling method has been widely employed to simulate
crack propagation under damaged conditions.

The model verification performed in the study
was carried out only for the undamaged case.
No verifications were made for damaged cases.
The initial verified numerical model and experi-
mental dynamic characteristics of pumice model
demonstrated acceptable differences when com-
pared to each other. The FE method analysis for
the undamaged model revealed errors of less than
5% in the modal frequency values. For undamaged
and damaged model, the first three experimental
mode shapes were found in good agreement with
numerically mode shapes.

The decrease in natural frequency values between
the undamaged and damaged states is a result of
the loss of stiffness in the building caused by dam-
age to certain regions of the pumice walls.

Both the experimental and the numerical results
indicate that the expected damages in the building
occurred in the same regions. These results indi-
cate that nonlinear FE models can be helpful in
identifying potential damage pattern locations.
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e In particular, the developed FE model effectively
demonstrated the capability of predicting the
behavior of the structure under seismic loading
conditions. This type of study is useful in engi-
neering to assure the safety and security of build-
ings, especially in areas prone to seismic activity.

e The results obtained in this study also shed light
on future studies. In fact, seismic excitations, or
incremental excitations, which are very difficult to
perform experimentally due to laboratory facili-
ties, can be easily performed numerically by using
the data in this study.

The results obtained from this study can poten-
tially lead to the development of new approaches or
methods for strengthening masonry structures. Based
on this research, it can be concluded that the struc-
tural behavior of similar structures can be positively
improved by the application of innovative strengthen-
ing materials in the regions identified by analyzing
the structural behavior and damage conditions.
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