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Research Article

Strengthening of historic masonry vaults with CFRP prepreg

Ismail Hakki Tarhan ®* 3, Habib Uysal®

2 Department of Civil Engineering, Tokat Gaziosmanpasa University, 60000 Tokat, Tiirkiye

b Department of Civil Engineering, Atatiirk University, 25240 Erzurum, Tiirkiye

ABSTRACT

ARTICLE INFO

Masonry vaults, frequently used in historic buildings to create large openings, have
played a critical role in the survival of these buildings to the present day. These struc-
tural elements, which have been exposed to destructive effects such as earthquakes for

Article history:
Received 14 April 2023
Revised 19 June 2023

centuries, need strengthening activities in order to transfer cultural heritage to future Accepted 21 July 2023
generations. The use of composite materials with high mechanical properties for Keywords:
strengthening purposes has been a popular method since the beginning of the 21st cen- Retrofit

tury, and its effectiveness has been proven. In this study, a masonry vault in the histor-
ical redoubts located in Erzurum, Tiirkiye, was modelled, and the effectiveness of vari-
ous strengthening scenarios using prepreg composites was investigated. Numerical
simulations were conducted with the Finite element method-based macro modelling
approach. The investigation revealed that retrofitting arrangements maintained the
stress distribution in masonry vaults while reducing maximum tensile stress; intrados
reinforcement proved more effective, particularly the intrados-straight retrofit, with a

Masonry vaults
CFRP prepreg
Numerical simulations

This is an open access article distributed

under the CC BY licence.

24% improvement, whereas extrados strengthening showed limited effectiveness.

© 2024 by the Authors.

1. Introduction

Anatolia has been home to many civilisations from the
past to the present. It is, therefore, rich in architectural
works that are an important part of the cultures of these
civilisations. These historical buildings, mostly constructed
in the masonry building system consisting of mortar and as-
sembled units, have been exposed to destructive effects such
as earthquakes since their existence. Repair and strengthen-
ing works are vital for transferring this cultural heritage to
the future. The fact that traditional strengthening methods
have many disadvantages has necessitated the search for
alternative methods. In parallel with technology develop-
ment, using composites called fibre-reinforced polymers,
obtained by combining fibres with high-strength proper-
ties with the help of epoxy resin, has become widespread in
the last twenty years. In particular, composites produced
by applying a pre-resin impregnation process called pre-
preg stand out as advanced composites. The adaptability of
fibre-reinforced composites to curved geometries due to
their thin and flexible nature makes it possible to use them
to reinforce masonry curved structural elements.

Studies on using prepreg composites to strengthen ma-
sonry structures are limited (Cakir and Uysal 2015). Alt-
hough composite materials are a proven method for retro-
fitting (Mahini et al. 2012; Alecci et al. 2017; Zhang et al.
2017; Hamdy et al. 2018; Tarhan and Uysal 2023), there are
still critical engineering and economic issues such as appli-
cation location and the amount of material to be used.

This study aims to numerically investigate the effec-
tiveness of prepreg composites in strengthening historic
masonry vaults and contributing to preserving and trans-
ferring historical structures for future generations.

2. Material and Method

2.1. Geometrical and mechanical properties of the
masonry vault

To obtain the material parameter to be used in nu-
merical simulations, the material properties of the
components that make up the masonry are needed. A
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masonry vault in the historical redoubts located in Az-
iziye, Erzurum, was monitored, and it was seen that
the masonry components used in the masonry vault
were Harman brick and Khorasan mortar. The mate-
rial properties of the Harman brick and Khorasan
mortar were taken from the literature and presented
in Table 1.

The semicircular masonry barrel vault, the subject of
the numerical investigation and whose sectional views
are presented in Fig. 1, has a span of 100 cm, a thickness
of 26 cm and a depth of 250 cm. Characteristics of the
0.125 mm thick CFRP prepreg material were taken from
the manufacturer's database. The Poisson's ratio is 0.3,
and Young's modulus is 1.35x105 MPa..

Table 1. Material properties from literature (Binici et al. 2014; Cakir and Uysal 2015).

Materials Young’s modulus Unit volume weight Poisson’s
(N/mm?) (kg/m3) ratio

Harman brick 2232 1650 0.2

Khorasan mortar 3200 1500 0.2

Fig. 1. Geometrical properties of the masonry vault.

2.2. Numerical modelling

The numerical modelling of masonry is a complex
problem due to the heterogeneous nature of masonry.
The modelling methods are based on three approaches
(Fig. 2). These approaches are micro modelling, simpli-
fied micro modelling and macro modelling. Although
more accurate and detailed solutions can be obtained
with the micro-modelling approach in which masonry
units and mortar are modelled separately, it is preferred
for solving small-sized problems due to the computa-

Mortar Unit

Interface
Unit/Mortar

tional burden required. On the other hand, the macro
modelling approach, which considers masonry as a sin-
gle composite material, provides fast and highly accurate
results about the global behaviour of the structure or
structural element. Macro modelling is a popular method
due to the low computational load and result file storage
requirements (Lourenco et al. 1996).

In this study, the macro modelling method was
adopted, assuming that the masonry shows isotropic and
linear elastic behaviour as Tarhan and Uysal (2023) fol-
lowed.

“Unit™

“Joint” Composite

—

£ -
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Fig. 2. Modelling methods for masonry structures:
(a) Detailed micro-modelling; (b) Simplified micro-modelling; (c¢) Macro-modelling.

The Young's modulus of the homogeneous material
consisting of a combination of unit and mortar was cal-
culated using Eq. (1) proposed by Lourenco et al. (2002).

tm+t
s ()

Em ' Ep

E, =

where tm, to, Em and Ep» represent the thickness and
Young's modulus for mortar and brick, respectively, and
Ea represents Young's modulus of the new composite
material. According to the formulation, Young's modulus

of the new material was calculated as 2560.5 MPa and
defined in the numerical model. The material properties
adopted for the numerical model are presented in Table
2. Details can be found in Tarhan (2018).

Solidworks and ANSYS Workbench programs were
used to create and analyse the models. The numerical
model was divided into finite elements with a size of ap-
proximately 50 mm (Fig. 3). The numerical model, fixed to
the ground at both feet, was statically analysed under
gravity. A 40 N/mm load was applied from the middle of
the spanning through its depth in addition to gravity load.
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Table 2. Material parameters used in modelling.

Materials Young’s modulus Unit volume weight Poisson’s
(N/mm?) (kg/m3) ratio

Masonry 2560.5 1543.7 0.2

CFRP Prepreg 135000 1600 0.3

Fig. 3. View of the model divided into finite elements
in 50 mm size.

Four different composite layouts were determined as
reinforcement arrangements considering the inner and
outer surfaces of the vault separately. For the reinforce-
ment arrangements, 15 cm wide strips were used. De-
pending on the path followed by the composite, these ar-
rangements were considered in two categories: straight
and curved. The straight composite arrangement repre-
sents the case where the placement of CFRP prepreg ma-
terial follows a straight line along the vault depth. The

curved category refers to the composite placement along
the curved path of the vault. In the straight reinforce-
ment arrangement, the composites were applied in five
pieces from the intrados of the vault and along a depth of
2.5 m. The composite strips were applied at 20 cm inter-
vals in the case of intrados reinforcement, while the in-
tervals were 40 cm in the case of extrados strengthening.
In the curved reinforcement arrangement, eight pieces
of composite strips were placed at 18.5 cm intervals
along the depth of the vault. The volume of material used
in all arrangements is approximately equal. For more in-
formation, see Tarhan (2018). The view of the reinforce-
ment type is given in Fig. 4.

In order to clarify the comparison of retrofitting ar-
rangements and the conclusions, a simple formulation
named the percentage of effectiveness (PE) was used,
presented in Eq. (2), where the change in maximum ten-
sile stress is expressed as a percentage.

loi—0iil

PE =22% % 100 (2)

gi

Here, oi represents the maximum tensile stress in the

reference, i.e., the unreinforced vault model, and o rep-

resents the maximum tensile stress in the model rein-

forced with the retrofitting arrangement for which the
effectiveness percentage is calculated..

(b)

y

/@

Fig. 4. Reinforcement arrangements:
a) Intrados-straight layout; b) Extrados-straight layout; c) Intrados-curved layout; d) Extrados-curved layout.
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Table 3. The number of elements and nodes
depending on the strengthening type.

Strengthening arrangement il Rl T8
elements nodes
Unstrengthened (Reference) 9000 42873
Intrados - straight 10250 46227
Extrados - straight 10250 46227
Intrados - curved 10662 47622
Extrados - curved 10662 47622

3. Results and Discussion

In this section, the numerical analysis results of the
proposed retrofitting arrangements are evaluated re-
garding maximum principal stress, referencing the re-
sults of the unreinforced masonry vault model.

Unreinforced masonry vault analysis results are pre-
sented in Fig. 5. The distribution of tensile stresses oc-
curred parallel to the classical five hinge formation re-

H:urm
Maximum Principal Stress
Type: Maximum Principal Stress

Unit: MPa
Time: 15
0,34035 Max
0,25527 a0
0,17018 RN
RIS
0,085089 SN
0 s"“\“:“ s
\:‘\\‘\\‘\‘\‘u
-0,076795 Attt a“ !
-0,15359 oo
-0,23039
-0,30718
-0,38398 Min

gion in the intrados part of the vault crown region, the
vault back, and the support region intrados of the vault.
It was determined that the maximum tensile stress of
0.34 MPa occurred in the vault crown region and the in-
trados part. In the stress distribution, some tensile stress
accumulation was observed adjacent to the applied line
loading. Since this distribution is due to the type of load
application, it is not a location where tensile stress is ex-
pected to occur and was ignored in the evaluation.

The tensile stress distribution of the masonry vault
reinforced with the intrados-straight reinforcement ar-
rangement is presented in Fig. 6. The distribution of ten-
sile stress did not change in general, and the maximum
tensile stress value was found to be 0.26 MPa. PE was de-
termined as 24%.

The results of the analysis of the reinforced model
with the arrangement in which the composite layout is
applied from extrados and straight are presented in Fig.
7. Maximum principal stress distribution has the same
distribution as the reference. The maximum tensile
stress value is 0.33 MPa and has the same distribution.
The PE of this strengthening arrangement is 3%.

Fig. 5. Maximum principal stress distribution of unstrengthened model: a) Isometric view; b) Bottom view.

I: Intrados-line
Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa
Time: 15

0,30292 Max
0,26451
0,17634
0,08817

0

-0,078668
-0,15734
-0,236
-0,31467
-0,39334 Min

Fig. 6. Maximum principal stress distribution (intrados-straight reinforcement): a) Isometric view; b) Bottom view.

J: Extrados-line
Maximum Principal Stress
Type: Maximum Principal Stress

Unit: MPa
Time: 15 SRR
SRS
St
0,32725 Max R
RRISIRIRENN
0,24544 : RS ::\3‘\:,\3‘
O
0,16362 R =¥ \;2“}‘\;‘
0,081812 RS o
SR [}
0 RIS
RO S S A
-0,064076 SRSy
-012815 RS
iz ST
-0,19223 Y
-0,2563 (a)
-0,32038 Min

Saetteet
Sy
SR
“\:‘\:‘\“\,“
:: “:p:‘ CLr)
sty

Fig. 7. Maximum principal stress distribution (extrados-straight reinforcement): a) Isometric view; b) Bottom view.
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The maximum tensile stress was determined as 0.31
MPa in the intrados-curved arrangement with 9% PE,
whose stress distribution is presented in Fig. 8. In addi-
tion, the stress distribution varies in a wide range in the
region where the maximum tensile stress occurs. Ac-
cordingly, as shown in Fig. 8, the stress distribution in
the area where the maximum stress occurs is not uni-
form, unlike the others.

The stress distribution of the reinforced model with
the composite arrangement on the extrados and along
the curved path is presented in Fig. 9. The maximum ten-
sile stress value was almost the same as the reference
value, and a PE of 0.8% was obtained.

The maximum tensile stress values of the models and

K: Intrados-curved
Maximum Principal Stress
Type: Maximum Principal Stress

Unit: MPa

Time: 15
0,31035 Max 3
0,23277 SRR
015518 SN 338‘
0,077588 3 S
0 :":‘:‘:‘
-0,07666 B
-0,15332
-0,22998
-0,30664 (a)
-0,3833 Min

o

i~ A
ety
o
B
3

the effectiveness percentages obtained from the models
are presented in Fig. 10, together with the reinforcement
category and location information. As stated by Valluzzi
etal. (2001) and Foraboschi (2004), all of the models re-
inforced with composite increased the load-carrying ca-
pacity. Foraboschi (2004), Oliveira et al. (2010) and Tar-
han and Uysal (2023) reported that intrados strengthen-
ing is more effective, as found in this study. The most ef-
fective reinforcement arrangement was identified as in-
trados-straight. Moreover, straight reinforcement was
more effective than the curved one of the arrangements
with the same location. On the other hand, the extrados
strengthening arrangement was insufficient to limit the
tensile stresses in the reference model.

5

Fig. 8. Maximum principal stress distribution (intrados-curved reinforcement): a) Isometric view; b) Bottom view.

L: Extrados-curved
Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa
Time: 15

0,36759 Max
033734
017634
0,08817

0

o
et te sty
SRRSO

R %

RN

-0,074474 i ‘:\ % :\\‘,o Y
-0,14895 oot

-0,22342
-0,29789
-0,37237 Min

Fig. 9. Maximum principal stress distribution (extrados-curved reinforcement): a) Isometric view; b) Bottom view.

20

15

10

Percentage of effectiveness

0,26 0,27 0,28 0,29

Location Category
M Extrados # Unstrengthened
Intrados @ Curved
M unstrengthened M Straight
0,31 0,32 0,33 0,324

Maximum principal stress

Fig. 10. Effectiveness of models regarding restricting maximum principal stress.
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4., Conclusions

The current study investigated four composite lay-
outs to strengthen a historical masonry vault in Erzurum
province. The models were compared in terms of maxi-
mum principal stress, i.e., tensile stress, and their effec-
tiveness was evaluated.

According to the results of the investigation of the lin-
ear behaviour of masonry vaults, the retrofitting ar-
rangements did not change the distribution of tensile
stresses but limited the maximum tensile stress amount.

Intrados reinforcement arrangements are more effec-
tive than extrados. In addition, the intrados-straight ret-
rofitarrangement is the most effective, with a PE of 24%.
On the other hand, extrados strengthening arrange-
ments showed very low effectiveness. With this study's
results, where the masonry's linear behaviour is taken as
a reference, data parallel to the literature have been ob-
tained. On this basis, the effectiveness of various rein-
forcement arrangements has been investigated, and rec-
ommendations have been given. Further research, such
as the determination of composite placement, efficacy of
different materials and nonlinear behaviour of rein-
forced models, are important aspects of the subject that
must be addressed.

Determining the optimum composite placement by
revealing their effectiveness experimentally is further
research suggests that will significantly contribute to the
literature.

A study comparing composite materials and deter-
mining the most effective material can contribute to the
literature. While making this comparison, it may be crit-
ical for strengthening recommendations that the results
are presented with experimental and non-linear anal-
yses, taking into account that the bond that different ma-
terials will form with masonry may be different. On the
other hand, it is foreseen that a well-structured formula-
tion is needed to determine the amount of material to be
used to make a fair comparison of composite materials
with different thicknesses, fibre ratios and stiffness.
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Effect of soil types on nonlinear earthquake behavior of buildings
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ABSTRACT

ARTICLE INFO

The Winkler method, which is widely used today, assumes that the soil behaves elas-
tically and does not take into account the soil shear stress values, it is insufficient to
reflect the actual soil behavior. Especially in the earthquake calculations of rigid and
massive structures such as high-rise buildings, dams, suspension bridges, viaducts, it
is necessary to consider soil as a dynamic system that changes shape and affects the
behavior of the structure in terms of inertia. In response to the effect of soil on the
structure, the structure also affects soil both kinematically and dynamically. Thus, in
the absence of the structure, the earthquake data, which is only a result of the dy-
namic behavior of the soil in its internal structure, now acquires a more complex soil
motion characteristic that is also affected by the presence of the structure. The ob-
servations made in some earthquakes show that the changes between the records
taken simultaneously on the building foundation and at soil surface not a point far
from foundation, show that the structure also affects soil therefore soil motion in re-
sponse to the effect of the earthquake on the structure. In this study, the effect of soil
types on the nonlinear seismic behavior of reinforced concrete structures was inves-
tigated. For this purpose, 7-storey building models with different plans and rigidities
were created. The behavior of these models under 11 different earthquake loads for
the ZA, ZB, ZC, ZD, ZE soil types specified in the Turkish Building Earthquake Code
has been investigated. Analyzes were made using the time history method with the
help of the SAP2000 program. As a result of the analysis, the displacements, plastic
hinge formation, Effective inter-storey drift and period values obtained for different
models were compared.
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1. Introduction

Since the earthquake effect is a vibrational movement
in the earth's crust, it creates a dynamic influence by cre-
ating a time-dependent displacement movement on the
supports of the buildings. In most of the structural anal-
ysis, the foundations are considered as built-in and it is
assumed that there is no displacement or rotation in the
foundations. However, in reality, collapses and rotations
occur in the foundations. In the case of a dynamic loading
such as an earthquake acting on the structures, the struc-
ture and soil move together and affect each other's be-
havior (Aydinoglu 1977; Aydinoglu 1981). According to
the stiffness of soil, the behavior of the structures on dif-

ferent soil layers under the influence of earthquakes con-
stitutes a large part of the structure-soil interaction
problem. In this case, the structure-soil interaction must
be taken into account. In earthquake calculations of such
structures, soil environment should be considered as a
dynamic system that changes shape and affects the be-
havior of the structure in terms of inertia (Aydinoglu
1994; Lysmer et al. 1969). In response to the influence of
soil on the structure, the structure also affects soil both
kinematically and dynamically. In cases where the struc-
ture does not exist, the earthquake data, which is only a
result of the dynamic behavior of the soil itself, turns into
a more complex ground motion as a result of the pres-
ence of the structure. Records taken during earthquakes
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have shown that the results obtained from soil with a
structure and the soil without any structure in the same
region is different (Bettes and Zienkiewicz 1969; Par-
melee 1967). These differences prove that in response to
the influence of soil on the structure, the structure also
affects soil and therefore the earthquake record. Lysmer
and Kuhmeyer (1969) developed an artificial boundary
model, which it was called viscous boundary conditions,
and in the dynamic analysis of the structure-soil system,
they prevented the reflection of some of the waves scat-
tered from the source by hitting the artificial boundaries.
In another study, Bettess and Zienkiewicz (1969) estab-
lished the Infinite Element Model for static and harmonic
loads. This method was used by Medina (1980) for mod-
eling the soil structure dynamic interaction. In later
studies, lida (1998) conducted a 3-D non-linear, struc-
ture-ground dynamic interaction analysis using the fi-
nite element technique, by considering the buildings of
different storey heights, to investigate the cause of heavy
damage especially to medium-height buildings in the
Lakebed region with the 1985 Mexico City earthquake.
In these analyzes, structures were examined in different
categories for linear and non-linear situations, taking
into account both fixed-support and structure-soil inter-
action. As a result, it was observed that the situations
where the interaction was not taken into account were
insufficient to explain the causes of damage in the build-
ings. Another investigation was performed by Avilés and
Pérez-Rocha (1998). In this investigation, Avilés and Pé-
rez-Rocha (1998) examined the influences of foundation
embedment depth on the behavior of the building soil
system, the dominant period and damping of the build-
ing under dynamic loads. At the end of this investigation,
the numerical solution was evaluated on a system con-
sisting of a single-storey structure embedded in a homo-
geneous, elastic semi-infinite ground. Gouasmia and
Djeghaba (2007) also investigated the influences of a
multi-storey building on the earthquake influence due to
different soil properties and local soil thicknesses, taking
into account the structure-soil dynamic interaction. As a
result of this study, analyzes were made using soil prop-
erties and local soil thickness as variables, and from the
findings, it was noted that in case of loose soil with low
shear wave velocity and with the increase in soil layer
depth, the response of the structure increased and the
natural periods were prolonged. The other investigation
was performed by Ichihara et al. (2021). In this study,
Ichihara etal. (2021) estimated correctly the influence of
the nonlinear behavior of the soil-structure interface on
the response of the reactor structure with a 3-D finite el-
ement model. At the end of this investigation, it was
measured that soil separation and sliding have an exces-
sive influence on the spreading features of the soil pres-
sure along sidewalls and max. acceleration response.
Bolisetti et al. (2018) offered a valuation of the industry-
standard soil-structure interaction analysis codes, SASSI
and LS-DYNA for linear and nonlinear SSI analyses of
safety-related nuclear constructions and commercial
constructions. At the end of this investigation, it was ob-
served that nonlinear soil-structure interaction calcula-
tions might be considerably different from those made
using linear frequency-domain codes. The other study

was performed by Chian et al. (2019). In this study, the
performance of structures and geotechnical construc-
tions within the affected areas were examined to im-
provement visions on their design and construction de-
ficiencies. Chian et al. (2019) contained building dam-
ages recognized to a combination of structural reso-
nance, deficiencies in reinforcement detailing, vulnera-
bility to soft story failure, ground settlement, soil lique-
faction, and landslides. It was established that construc-
tions which were strictly damaged had natural construc-
tion frequencies corresponding with the dominant fre-
quencies of the ground shaking. In another investigation,
Vicencio and Alexander (2018) estimated the influence
of Soil-Structure Interaction among two structures as-
sumed altered constraints of the structures, inter-build-
ing spacing, and soil type. At the end of this investigation,
the consequences presented that there were both unfa-
vorable and useful arrangements of the two structures
that create significant changes among nonlinear struc-
ture-soil-structure interaction and non-linear soil-struc-
ture interaction. Essentially it was proved that the op-
posing influences of structure-soil-structure interaction
might be more marked while the nonlinear soil behav-
iour was supposed. Oz et al. (2020) examined and com-
pared the influence of soil-structure interaction on the
seismic ability and response calculations of existing
structures built on the several soil conditions altering
from stiff to soft. Furthermore, nonlinear static pushover
analyses were performed to detect the influence of soil-
structure interaction on the capability curvatures of des-
ignated structures and the consequences were com-
pared. Other investigations were also performed in the
literature (Castelli et al. 2021). At the end of this study;
it was detected that the interaction among soil and the
construction changes the total displacement ability of
constructions in preference to increasing it. As detected
from these studies in the literature; there are few inves-
tigations about the nonlinear seismic behavior of build-
ings. Moreover, according to seismic design codes, the ef-
fect of soil properties on the nonlinear seismic behavior
of buildings has not been observed in the past in detail.
For that reason, one of the most significant aims of this
study is to determine the influence of soil properties on
the nonlinear seismic behavior of buildings. For this pur-
pose, 7-storey building models with different plans and
rigidities were created. Then, the behavior of these mod-
els under 11 earthquake loads for the different soil types
specified in the Turkish Building Earthquake Code 2018
was examined. Analyzes were made using the Non-Lin-
ear Analysis Method in the Time History with the help of
the SAP2000 program. As a result of the analysis, dis-
placements, plastic hinge formation, max. inter story
drift ratio and period values obtained for different mod-
els were compared. As a result, this research study is
very important to fill these absences in the literature.

2. Scope of the Study
The aim of this study is to examine the building-soil

interaction from different perspectives by giving infor-
mation about the previous literature studies on building-
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ground interaction. Furthermore, to investigate the in-
fluence of non-linear seismic behavior of buildings on
soil types in the context of structure-soil interaction.
Since the Winkler method, which is widely used today,
accepts the soil as elastic and does not take into account
the shear stress values for the real soil, it is insufficient
to reflect the actual soil behavior. Therefore, to model
the ground more realistically, the ground was first di-
vided into small pieces using the finite element method,
which was modeled as solid in the SAP2000 package pro-
gram. Each part has 8 corners and 6 types of springs
were assigned to this corner as horizontal translation
and angular rotation in the x, y, z direction, and the nu-
merical values of these springs were found with the for-
mulas developed by Gazetas (1991). Viscous boundaries
are defined on the edges of the modeled soils. For this,
frame system 7-storey building is defined in SAP2000.
Details are given in the following subsections.

2.1. Features of structure soil model

The Direct Method was used to examine the influence
of soil types on the non-linear seismic behavior of build-
ings. In the direct analysis method, the cutting surfaces
must be chosen at a very far distance from the structure
in order to obtain realistic results. However, the finite el-
ement region does not need to be very large for the
model to be solvable. When the ground region bounded
by the cut-off boundaries is modeled with SEM, the
waves propagating in the closed environment collide
with the boundaries and return to the analysis environ-
ment and adversely affect the solution.

In order to prevent this situation, the cut-off bounda-
ries should be arranged in such a way as to provide wave
permeability with special boundary conditions as shown
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in Fig. 1 (Guiterrez and Chopra 1978). Viscous bounda-
ries are defined for the cutting surfaces depending on the
effective damping and stiffness of soil.
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Fig. 1. Cutting soil surfaces (Guiterrez and Chopra 1978).

2.1.1. Features of the building models

As a numerical application, the influence of soil types
on the nonlinear seismic behavior of a 7-storey frame
system was investigated as shown in Figs. 2-3 and Table
1. The soil safety stress related to the material classes
and behavior in the models used in the numerical appli-
cation, for each of soil groups ZA, ZB, ZC, ZD and ZE spec-
ified in TBDY-2018 (2018), soil for each layer is divided
into 30 layers depending on soil Vs velocity, soil group
obtained with using the average of the mechanical prop-
erties calculated separately for each layer was used in
modelling. In this section, the assumptions made about
the building models and the features considered in the
calculation of the models are as follows.

Fig. 2. (a) 3-D plan (b) of the 7-storey frame model.
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the springs assigned to
nodes are respectively

ki ky.k;: translation and ks,
" kyy, kz: rotation in x,

y.z directions (kN/m/m)

Fig. 3. 2D and 3D views of the 7-storey building.

Table 1. General characteristics of the building.

Number of floors

Purpose of usage

Carrier system behavior coefficient

Building importance coefficient

Soil class

Base area

Floor height

Total building height
Concrete class

Steel class

Live load factor (n)

Slab live load (t/m?)

Slab fixed load (t/m?)
External beam load (t/m?)
Internal beam load (t/m?2)
Column dimensions

Slab thickness

Foundation thickness

7
housing
7
1
ZA,7B,ZC,ZD, ZE
16.60-15.30=253.98 m?
3
45
C35
S420
0.3
0.2
0.3
1.2
0.8
30x60, 3080, 50x30, 7030
15 cm
60 cm

The depth of each soil is taken as 30 meters according
to the TBDY-2018 (2018) Earthquake Code, and are di-
vided into 30 layers, and the mechanical properties of
the soil belonging to each layer are calculated with em-
pirical formulas, assuming that Vs and V), increase ap-
proximately linearly and equally in each interval.Vy, y, E,
G, parameters and g» parameter showing the mechanical
properties of the soils were calculated (Tezcan et al.
2006). Here, Vy and Vs are defined as longitudinal and
transverse wave velocities (m/s), y is defined as unit
weight (kN/m3), E is defined as modulus of elasticity
(kN/m?) and G is defined as slip modulus (kN/m?2). u is
defined as Poisson’s ratio and gn is defined as soil safety
stress (kg/cm?). The g parameter is taken as 30 meters
for the depth of each soil according to the 2018 Earth-
quake Code, and the Vs and V), wave velocities ranges are
divided into 30 layers, and it is assumed that Vs and V,
increase linearly and equally in each interval, and the soil
properties of each layer are calculated with empirical
formulas calculated.

For calculations, the 7-floor lodging building,
135x135 dimensions and 30 meters deep, soil mass is
taken into account, the lower part of soil is used as bed-
rock. Viscous boundaries (depending on effective stift-
ness and damping) are placed on the defined sides. Then,
each soil group modeling was performed to represent
the ZA, ZB, ZC, ZD and ZE soil groups specified in the
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2018 Earthquake Code. Transverse wave velocity (V)
ranges are specified in the ZA, ZB, ZC, ZD and ZE soil
groups specified in the 2018 Earthquake regulations. In
order to take into account the structure-soil interaction,
the base dimensions of the 7-storey frame system build-
ing in the x, y, and z directions of the soil mass of
135x135x%30 m, respectively, and the structure on this
soil mass should be analyzed. According to the TBDY-2018
(2018) regulation, the earthquake was applied to the
building in horizontal and vertical directions. After mod-
eling both the building and soil, soil is divided into finite
elements for ground interaction. Each finite element has
8 nodes and each node has 6 degrees of freedom in the x,
y, z directions as translation and rotation (Gazetas
1991). Furthermore, In the Plastic Hinge Hypothesis, it is
thought that the plastic deformations that are continu-
ously spread in a region of length I, on the rod element
are collected at a point defined as the plastic hinge.

The spring constants were calculated for the 6 de-
grees of freedom to be assigned to the nodal points of the

finite element belonging to the soil groups (Gazetas
1991).The spring constants are respectively kx, ky, k=
translation in x, y, z directions (kKN/m), kx, kyy, kzz: rota-
tioninx, y, z directions (kN/m/m).In the definition of the
dampers, the values obtained by using the equations de-
fined in the literature for the horizontal and vertical
components of the stiffness of the soil and the horizontal
and vertical components of the damping ratio were used
(Ala 2007). In the evaluation, it was assumed that the
building model was on ZA, ZB, ZC, ZD and ZE class soils.

2.1.2. Earthquake acceleration recording features

Real earthquake records compatible with TBDY-2018
(2018) were selected to be used in dynamic analysis. The
acceleration records required for nonlinear inelastic dy-
namic analyzes in the time history were selected using the
PEER database (PEER, 2011). The station information,
shear wave velocity (Vs30) and scale coefficients of the
selected acceleration record sets are given in Table 2.

Table 2. Selected earthquake records and their characteristics.

PEER no. Earthquake Year Station E;i;tg};?;llf;: (Silils(i;tnecsg (f/:;i[l))
838 Landers 1992 Barstow 7.28 34.86 370
1101 Kobe Japan 1995 Amagazaki 6.90 11.34 256
1614 Diizce 1999 Lamont (1061) 7.10 11.46 481
1616 Diizce 1999 Lamont (362) 7.10 2341 517
1619 Diizce 1999 Mudurnu 7.10 34.30 535
1636 Manyjil 1999 Qazvin 7.37 49.97 303
1762 Hector Mine 1999 Amboy 7.13 41.81 383
3753 Landers 1992 Fun Valley 7.28 25.02 388
3757 Landers 1992 North P. Springs 7.28 26.95 367
5836 El Mayor 2010 Meloland G. Array 7.20 29.00 265
6969 Darfield 2010 Styx Mill Trans. St. 7.00 20.86 247

3. Analysis Results

In this study, the influences of soil types on non-linear
seismic performance of reinforced concrete structures
were investigated. In this context, the 7-storey frame
system was modeled together according to ZA, ZB, ZC, ZD
and ZE soil types according to TBDY-2018 (2018) and
scaled with the SeismoSelect package program accord-
ing to the simple scaling rule with real earthquake rec-
ords. Analyzes were made. In the analyzes made, the
building and soil were modeled together, and change of
building base shear forces (tons), the number of struc-
tural elements with plastic hinge formed in the buildings,
the max roof displacement (cm), the max inter-story
drift ratio and the building soil periods (sec) and soil
dominant periods were determined according to soil
types has been investigated. Results are given in Tables
3-6.

4., Conclusions

In this study, it is investigated the influence of soil
types on the nonlinear seismic behavior of reinforced
concrete structures. For this purpose, 7-storey building
models with different plans and rigidities were created.
The behavior of these models under 11 different earth-
quake loads for the ZA, ZB, ZC, ZD, ZE soil types specified
in the Turkish Building Earthquake Code has been exam-
ined. Analyzes were made using the time history method
with the help of the SAP2000 program. According to
analysis consequences, influence of soil types on the
nonlinear seismic behavior of reinforced concrete struc-
tures is evaluated as below.

e The properties of the soil on which the building will
sit are very important in terms of the non-linear
earthquake behavior of the buildings. Because these
properties of the soil are transmitted to the structures
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by changing the magnitude of the earthquake acceler-
ation and they are generally transmitted to the struc-
tures by increasing the magnitude of the earthquake
acceleration from the ZA group soil to the ZE group
soil. This situation is very important in terms of the
magnitude of non-linear earthquake behavior in
buildings.

¢ In the analyses, it is observed that the max peak dis-
placement of building increases as elastic modulus of
soil that is, stiffness of soil, decreases from ZA to ZE
soil group. These values in the x and y directions 4.41-
4.80 cm, 4.91-5.40 cm, 6.38-7.02 cm, 8.91-10.47 cm,
and 12.6-13.81 cm, respectively.

o In the analyses, made with the 7-storey buildings, it
was observed that the number of structural elements
with plastic hinge increase as the elasticity modulus
of the soils decrease from ZA to ZE soil group. While
these values in a 7-storey building are from ZA soil
group to ZE soil group, 74, 82, 117, 135, and 163 re-
spectively.

¢ Inthe analyses, it is seen that the motion of soil and the
amplitude of the earthquake vary depending on the
soil properties, especially from ZA soil group to ZE soil
group, due to the structure-soil interaction. This situa-
tion increases the cross-section influences that will oc-
cur in building, and accordingly, it has been observed
that the level of non-linear behavior has increased.

e The variation of the effects of structural irregularities
on the nonlinear seismic behavior of buildings ac-
cording to soil types can be examined with different
building models. In addition, the effect of concrete
quality on the nonlinear seismic behavior of buildings
according to soil types can be examined with different
building models.

Table 3. 7-storey building base shear forces (tons).

Table 5. Building periods (sec).

2018 TBDY

Direction
Soil
type X y
ZA 0.73 0.68
ZB 0.83 0.77
ZC 1.11 1.04
ZD 1.57 1.47
ZE 2.28 2.12

Table 6. Soil dominant periods (sec).

Soil dominant periods Building dominant periods

2018 TBDY
Direction

Soil
type x y
ZA 121.10 135.17
ZB 107.77 121.10
ZC 148.55 163.25
ZD 157.37 174.86
ZE 162.31 180.35

Table 4. Maximum peak displacement (cm).

tSol(le to=4H/Vs (s) T=C+HNo7s, C=0.1
P (Keceli 1990) (TBDY-2018 4.7.3.4(a) Eq. 4.27)
ZA 0.077
ZB 0.107
ZC 0.211 11
ZD 0.447
ZE 0.720
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In the last three decades, studies investigating the use of Glass Fiber Reinforced Pol-
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1. Introduction

Fiber reinforced polymer (FRP) bars have been a
compelling alternative to conventional steel rebars
thanks to their non-corrosive and high specific tensile
strength (Benmokrane et al. 1995; Nanni 1993). How-
ever, their implementation has been limited due to a pri-
mary consideration of their behavior under compres-
sion. FRP bars are composites made from fibers that are
embedded in a polymeric resin matrix binder. They fea-
ture exceptional properties such as high tensile strength,
non-corrosiveness, high chemical resistance, light-
weight, and non-conductivity (Balendran et al. 2002; Mi-
celli and Nanni 2001; Saadatmanesh and Ehsani 1991).
On the other hand, due to these composites' anisotropic
and non-homogeneous nature, their behavior under

compression is different from tension and is controlled
by microstructural configuration. Tensile behavior and
bond properties of GFRP bars have been investigated by
several researchers (Al-Salloum et al. 2013; D’Antino
and Pisani 2023; Galati et al. 2004; Ozkal et al. 2018;
Wiater and Siwowski 2020). However, compressive load
carrying capacity of FRP bars has been neglected by
codes and guidelines due to insufficient research (Al-
Najmi and Abed 2020). GFRP bars exhibit high tensile
strength but lower compressive strength. As a result, re-
search efforts are predominantly directed towards un-
derstanding the mechanical behavior of GFRP under ten-
sile loading; thus, studies on compressive behavior of
GFRP rebars are limited (Zhou et al. 2023).

FRP materials have different application areas and
can be manufactured in different geometries. FRP lami-
nates have various application areas from industry to
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construction. Lagoudas and Saleh (1993) investigated
loading and geometry effects on the compressive
strength of fibrous composites. Schultheisz and Waas
(1996) investigated compressive testing methods and
the micromechanical theories in compressive failure for
fibrous composites. Berbinau et al. (1999) studied vari-
ous unidirectional failure parameters for carbon-FRP
(CFRP) laminates subjected to compressive forces. Sou-
tis et al. (2002) explored the impact of specimen gauge
section dimensions (length x width) on the compressive
behavior of carbon/epoxy composites, examining the
size-related factors. Gonzalez and LLorca (2007) exam-
ined the mechanical response of unidirectional polymer
composites subjected to transverse compressive load-
ing. Zhou et al. (2013) the mechanisms leading to com-
pressive damage in GFRP composites when subjected to
off-axis loading. The authors conducted both experi-
mental and computational investigations to analyze the
microscale damage phenomena in GFRP composites at
various angles between the loading direction and the fi-
ber orientation.

Kobayashi and Fujisaki (1995) conducted compres-
sive tests on FRP reinforcement. The researchers em-
bedded FRP bars within a concrete prism, leaving a small
space in the core. The experimental outcomes indicated
that the compressive strength of the GFRP bars
amounted to 30-40% of their tensile strength. Deitz et al.
(2003) studied GFRP rebars under compression to in-
vestigate their ultimate capacity and Young’'s modulus.
The authors developed a test method that consists of two
steel rods, designed to thread into the heads of the test-
ing machine. The holes in the steel rods were designed a
bit greater than the diameter of the GFRP bars which ef-
fected the determination of actual slenderness ratios.
Test findings show that, the maximum compression
strength for non-slender specimens (unbraced length <
110 mm, diameter 15 mm) was almost 50% of their ulti-
mate tensile strength. Bruun (2014) tested 25M (25mm
diameter) GFRP bars under direct compression to inves-
tigate the relationship between compressive strength
and the curve representing unbraced length interaction.
According to the findings, the author demonstrated that
25 mm diameter GFRP bars with an elasticity modulus of
60 GPa experience crushing under monotonic loads
when unbraced lengths are less than 230 mm (with an
1/d ratio of approximately 9.0). Conversely, when the
lengths are extended beyond 230 mm (resultinginanl/d
ratio exceeding 9.2), may lead to random transition fail-
ure or weaker buckling failure. Khan et al. (2015) con-
ducted compression tests on &15 mm GFRP bars and
15.9 mm CFRP bars using a modified version of the
testing procedure outlined in ASTM D695-10. The longi-
tudinal fibers of both GFRP and CFRP bars separated un-
der compression, resulting a failure. The test findings in-
dicated that the compressive strengths of GFRP and
CFRP bars were 35% and 6% of their respective tensile
strengths. Thiyagarajan et al. (2018) tested Basalt Fiber
Reinforced Polymer (BFRP) bars by placing the speci-
mens axially between the loading plates of the testing
machine. Test results revealed that compressive
strength of the BFRP bars were 50% of their tensile
strength.

AlAjarmeh et al. (2019) proposed a new testing ap-
proach for assessing and characterizing the compressive
behavior of GFRP bars. The authors employed cementi-
tious grout-filled hollow steel caps to confine the top and
bottom ends of the GFRP bars. The test findings indi-
cated that as the unbraced bar length increased, the ratio
of compressive strength to tensile strength decreased,
resulting in a shift in the failure mode from crushing to
fiber buckling. Zhang and Deng (2019) examined the
compressive behavior of GFRP bars under sustained
stress conditions in both a simulated marine environ-
ment and an alkaline solution simulating concrete condi-
tions. In all tests, specimens of 10 mm diameter GFRP
bars with a free length of 25 mm were employed. For the
compressive tests, the authors used steel tubes grouted
with epoxy resin matrix as enclosures at the bottom and
top of the bars to avoid early failure of the GFRP bars.
Abed et al. (2020) conducted dynamic and quasi-static
tests to investigate the compressive strength and failure
modes of GFRP and BFRP specimens. AINajmi and Abed
(2020) conducted compression tests on GFRP and BFRP
samples with various diameters using steel caps in the
ends of the specimens to decrease the effect of the sam-
ples tilting. The holes in the steel caps were also slightly
bigger than the diameter of the specimen causing a de-
crease in the applied moment by the testing machine.
Khorramian and Sadeghian (2021) suggested a test
method for characterization of GFRP specimens under
compressive forces, which includes rectangular steel
plates, steel rings and anchorage adhesives. The un-
braced specimen length is twice the diameter of the bars
while the total length of the specimen is four times the
diameter of the bars. The authors reported no buckling
failure in the specimens. The failure modes included
crushing in the unbraced length, crushing inside the cas-
ing and crushing of both in the unbraced length and in
the casing. D’Antino and Pisani (2023) investigated ten-
sile and compressive behavior of thermosetting and
thermoplastic GFRP bars. The authors employed the
compression test procedure given by Deitz et al. (2003).

Determining the compressive strength of composite
bars is affected not only by the slenderness of the speci-
men but also by its size. This research investigates the
influence of specimen size on the compressive strength
of GFRP reinforcements. Compressive tests were con-
ducted on specimens with varying diameters, while
keeping the slenderness ratio constant. The obtained
sigma-epsilon curves were analyzed to determine the
compressive strengths, strain rates, toughness, and elas-
tic moduli corresponding to each specimen size. This
comprehensive analysis provides insights into the effect
of specimen size on the mechanical properties of GFRP
reinforcements under compression.

2. Experimental Study

The widespread usage of GFRP bars in structural ele-
ments guided the selection of reinforcement diameters.
Recently, 10 mm diameter GFRP bars have increasingly
been utilized as vertical reinforcements, commonly used
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for shear reinforcement or stirrups. Additionally, 12 mm
diameter GFRP bars are widely employed as longitudinal
reinforcements in reinforced concrete beams. According
to CSA S806-12 guidelines, GFRP bars with a diameter
exceeding 15 mm are recommended for longitudinal re-

inforcement in columns. Consequently, to ensure repre-
sentation of various scenarios, specimens with 10-, 12-,
18-, and 20-mm diameter GFRP bars were chosen for
this study. The physical properties of the GFRP bars used
in the experimental study are provided in Table 1.

Table 1. Properties of GFRP.

Fiber content

. . Density
Fiber type Resin type
by weight (%) by volume (%) (8/cm?)
E-Glass Vinyl Epoxy >75 >65 >1.80

The GFRP specimens were selected to have a slen-
derness ratio of 1.5, meaning that their length was 1.5
times their cross-section diameter. The slenderness ra-
tio recommended by ASTM D695-15 (2002), ranging
from 11 to 16, was not chosen due to the potential in-
crease in local and global buckling.

Moreover, due to the heterogeneous and anisotropic

nature of glass fiber reinforcements, there is currently
no universally accepted standard test method for deter-
mining compressive strength. For each experiment, a
minimum of 3 specimens were tested and average
value of the test results are given in the graphs. The di-
mensions and images of the specimens are provided in
Fig. 1.

@18x27

Fig. 1. Test specimens.

The compressive test was conducted using the Shi-
madzu AG-IS 250kN Universal testing machine, as shown
in Fig. 2. The crosshead speed was set at 0.5 mm/min,
and the strain rate was determined to be 5x10-4 (s-1).

Fig. 2. Compression test apparatus and GFRP specimen.

3. Discussion

Fig. 3 shows the GFRP specimens after the compres-
sion tests. It is observed that the 10 mm diameter speci-
mens, subjected to compressive force along the fibers,
experienced fiber separation and loss of integrity. On the
other hand, the other specimens maintained their integ-
rity under the same effect, although parallel cracks were
observed along the fibers. These cracks occurred in the
binder resin phase and not leading to fiber detachment.
Analysis of the fracture patterns in these specimens re-
vealed a brittle fracture mode without significant plastic
deformation.

The stress-strain graph drawn under the effect of the
axial compression force applied in the fiber direction is
given in Fig. 4. Upon examining Fig. 4, it is evident that as
the specimen diameter increases, indicating a size effect,
the strength increases while deformations decrease.
However, when the specimen diameter reaches 20 mm,
a decrease in strength and an increase in deformations
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are observed. As the specimen diameter increases, the
fiber content also increases. In an anisotropic material,
the increase in fibers plays a significant role in enhanc-
ing the strength of materials against forces applied
along the fibers. Nevertheless, when the fiber content
increases excessively, it becomes challenging for the
resin to bond homogeneously. This leads to an increase
in defects in the reinforcement cross-sectional area and

a decrease in form stability, resulting in a decrease in
strength. Upon closer examination of the stress-strain
curve, initially a behavior close to linear elasticity is ob-
served. As the load increases, localized fractures occur
within the fiber-resin interface, causing a decrease in
material resistance. Nevertheless, it can be observed
that the stress continues to increase as the load is trans-
ferred to other fibers.

400

350
300
250
200

Stress, MPa

150
100
50

0 0.5 1 1.5
Strain, %

2 25 3 3.5

Fig. 4. Stress-strain graph of specimens under axial compressive force.
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Fig. 5. Variation of compressive strength with size effect.
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The variation of compressive strength in GFRP rebars
concerning size effect is illustrated in Fig. 5. Experi-
mental results show that the highest strength is ob-
served in the 18 mm diameter GFRP specimen. As the di-
ameter and fiber content decrease, a significant decrease
in compressive strength is observed, reaching up to
70%.

However, when the diameter reaches 20 mm, the ex-
pected increase in compressive strength is not observed;
instead, an approximate 8% decrease is observed be-
tween 18 mm and 20 mm diameter specimens. This de-
crease can be attributed to the increase in defects typi-
cally observed in brittle materials under the influence of
size effect.

3.5

3.4

33

3.2

3.1

3.0

Ultimate Strain, %

2.9

2.8

2.7
@10 @12

@18 @20

Fig. 6. Ultimate strain variation based on GFRP rebars diameter.

The size effect on the ultimate strain of GFRP rebars
is given in Fig. 6. As the specimen diameter increases,
along with an increase in fiber content, the resistance
of the specimen to deformation increases. This leads to
a decrease in strain ratios by approximately 13.6%
when the diameter increases from 10 mm to 18 mm.
Furthermore, when the specimen diameter reaches 20
mm, this decrease amounts to approximately 10.5%.

The increase in specimen diameter results in an in-
crease in defects originating from the binder resin,
glass fiber, and their distribution. Consequently, it re-
duces the material strength of 20 mm specimen and
leads to greater deformations compared to the 18 mm
diameter specimen. These findings align with the
changes observed in the compressive strength of the
tested specimens.

16

14

12

10

Modulus of Elasticity, GPa
-]

@10 @12

@18 @20

Fig. 7. Modulus of elasticity of GFRP specimens.

The relationship of the modulus of elasticity with the
diameter in GFRP rebars is given in Fig. 7. The highest
elastic modulus value is observed in the 18 mm diameter
specimens, measuring 13.83 GPa. As the diameter de-
creases below 18 mm, a significant decrease of approxi-
mately 74% in the elastic modulus is observed, while an

increase in diameter results in a decrease of approxi-
mately 7.6% for 20 mm specimen. The fibrous structure
of GFRP, along with its anisotropic behavior and similar-
ities to brittle materials, causes GFRP to undergo propor-
tional deformation in response to stress until it reaches
maximum stress, thereby influencing changes in elastic
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moduli. The increase in binder resin content within the
specimens hinders their deformation under the influ-
ence of external forces and enhances their rigidity, con-
sequently elevating their elastic moduli. However, as

7000

previously mentioned, defects and voids become more
prominent beyond the 18 mm diameter, facilitating de-
formation, and resulting in a decrease in the elastic mod-
ulus.

6000
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3000

2000

Toughness, kJ/m?

1000

$10 912

?18 @20

Fig. 8. Static toughness of GFRP rebars.

The static toughness values, calculated by considering
the area below the stress-strain curve obtained from the
compression tests on GFRP rebars, are presented in Fig.
8. It can be observed that the toughness value varies
within the range of 1982-5727 kJ/mm?3. The toughness
value increases by 2.26 times when the diameter in-
creases from 10 mm to 12 mm, and it further increases
by 2.88 times when it reaches 18 mm. However, when
the diameter reaches 20 mm, the rate of increase de-
creases to 2.79 times. Based on these results, it can be
concluded that in the size range up to 18 mm, the in-
crease in fiber content and the lower amount of binder
resin mitigates the effect of defects and contribute to an
increase in toughness value. However, as the diameter
exceeds 18 mm, the increased resin and fiber content
gradually expose the influence of defects, resulting in a
decrease in toughness values.

4., Conclusions

The following conclusions were reached as a result of
the experimental study.

e It has been determined that under the effect of axial
compressive forces, deformations and stresses in-
crease proportionally until reaching the maximum
value, and before the stresses reach their maximum,
the brittle fractures in the glass fibers caused by lon-
gitudinal cracks between the fibers lead to a sudden
decrease in stress. However, it has been observed that
the stress continues to increase as the load is trans-
ferred to other fibers.

e The influence of size effect on the compressive
strength of GFRP has indicated an increase in com-
pressive strengths up to a diameter of 18 mm, exceed-
ing 350 MPa, followed by a decrease beyond 18 mm.

o The study reveals that the deformation of GFRP spec-
imens under axial compressive forces decreases as

the specimen size increases. However, when the di-
ameter exceeds 18 mm, the presence of defects be-
comes more prominent, leading to a decrease in the
resistance to deformation.

e [thasbeen observed that size effect is a significant fac-
tor affecting the modulus of elasticity in GFRP rebars,
characterized by brittle and anisotropic fibers. Increas-
ing the size results in an increase in the elastic modulus
up to 13.8 GPa. However, beyond 18 mm, the presence
of internal structural defects leads to a decrease in the
elastic modulus, dropping down to 12.8 GPa.

o Size effect has been identified as an important param-
eter in the variation of toughness values of GFRP spec-
imens. The highest toughness value of 0.00577 J/mm?
was observed in the 18 mm diameter specimens.

e In structural engineering, while the size effect is not a
significant factor influencing the strength of tradi-
tional steel rebars, which are isotropic, homogeneous,
and ductile materials, under compressive forces, it has
a detrimental effect on the strength of brittle, heteroge-
neous materials, especially due to internal structural
defects that increase with size. GFRP, being a brittle
and anisotropic material, exhibits high tensile strength
but low compressive strength. In this study, it has been
determined that the size of GFRP specimens affects not
only the strength but also other mechanical properties
under compressive forces. It is recommended to take
the size effect into account when considering parame-
ters related to mechanical properties in design. This
study is primarily a preliminary work for the investiga-
tion of size effect. Conducting further experiments on
different diameter size, and the other experimental and
analytical studies in this area will improve the related
standards, enabling the utilization of the GFRP bars for
a wider application. Furthermore, it is suggested that
the size effect be examined by increasing the speci-
men diameter at different slenderness ratios and sup-
ported by microstructure analysis for future studies.
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Masonry structures is one of the most preferred structure types throughout history.
The advantageous of these structures can be categorized as longevity, affordability
and easy access to materials. Due to a lack of information and constructive errors,
masonry structures suffer major damage under effect of earthquakes. While the ver-
tical load carrying capacity of a masonry structure is excellent, its performance under
horizontal loads is very poor. The brittle behavior of masonry structures, in particu-
lar, causes the structure to suffer significant damage or collapse completely during
an earthquake. Tirkiye is situated over a major earthquake zone. Throughout his-
tory, there has been numerous major earthquakes. These earthquakes have demol-
ished the masonry structures resulted in significant life and economic losses. There-
fore, in recent days, the examination of the seismic resilience performance of ma-
sonry structures as well as the required strengthening have become a pivotal issue.
Thus, the aim of this study is to analyze the seismic performance of historical Obruk
Inn subjected to different earthquake effects via finite elements method (FEM). To do
this, the plans obtained from on-site inspections for historical Obruk Inn to create
structural FEM model and its performance was evaluated under the influence of var-
ious earthquake excitations. As a result of the analyses, it was determined that the
historical Obruk Inn structure should have immediate be strengthened against a pos-
sible earthquake.
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1. Introduction

Masonry structures are among the oldest types of
structures that have been used throughout history
(Kamal et al. 2014). As a result, the majority of masonry
structures are historically significant but still in use (Gat-
tesco et al. 2014). These structures have numerous ad-
vantages, including low cost, durability, and longevity
(Hamid, 2006). Accordingly, the vast majority of building
stock in Pakistan (93 percent), Mexico (76%), Peru
(73%), and Italy (62%) is comprised of masonry build-
ing structures, including both existing and modern struc-
tures (Asikoglu et al. 2020). The ability to pass through
wide openings without columns, particularly thanks to
the dome system, made it very popular in the construc-
tion of structures such as palaces and mosques during

the Islamic period (Hejazi el al. 2015, and Hejazi et al.
2021). Therefore, Tiirkiye has a large number of histori-
cal masonry structures. Easy access to materials, partic-
ularly in rural areas, leads to greater preference. Moreo-
ver, masonry structures have many disadvantages as
well as their advantages. While masonry structures can
safely bear vertical loads thanks to rigid wall elements,
their performance under horizontal dynamic loads, such
as earthquakes, is poor (Pauletta et al. 2017). The com-
plex structural configuration of masonry structures, as
well as insufficient and incomplete knowledge of their
structural systems, has a significant impact on the earth-
quake behavior of stacking structures (Asteris et al.
2014). Most countries have masonry structures that
have manufacturing defects or have not received the re-
quired engineering service. These structures are exosed
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to numerous horizontal load cycles during earthquakes
causing great damage or collapse during a severe earth-
quake (Kollerathu et al. 2017). The poor earthquake per-
formance of masonry structures, on the other hand,
leads significant life and economic losses (Bruneau
1994; Tomazevic 1999). Hence not only in Tiirkiye, but
also in all over the world the strengthening of masonry
structures is required. One of the most important rea-
sons for these amendments is the wear of the masonry
structure due to time-dependent effects, the changing
loading conditions due to unconscious modifications and
changes in usage (Akcay et al. 2016). It is critical to de-

termine the accurate seismic performance of masonry
structures and to ensure the necessity of strengthening.

Anatolia is located on trade routes, many caravanse-
rais were built, more specifically during the Anatolian
Seljuk Period. Historical Obruk Inn Caravanserai is one
of them. These structures, which were built at a distance
of about 30-40 kilometers apart, were constructed to
meet the needs of trade caravan groups. The Anatolian
Seljuks used a plan scheme with closed and open court-
yards to construct it. The historical Obruk Inn’s entrance
is to the west, and its facade is reminiscent of a castle, as
shown in Fig. 1.

It’s located at the entrance to Obruk Village. It is right
beside the Obruk Lake, which is also known as "Kizoren
Obrugu.” (Fig. 2).

Faced stone, undressed stone and various spolia an-
tique materials were used in its construction. The west
facade, which houses the inn’s entrance have two stories
tall, while the other facades have single stories. Separate
space arrangements were made on the second floor, and
the masjid was also located here. Fig. 3 shows the build-
ing’s ground, first and roof plans.

Modelling of structures and performing dynamic
static analyses with the finite element method (FEM) is
an extremely useful method for determining the causes
of structural damage (Laefer et al. 2014; Tomaszewska
2010; Tomaszewska et al. 2012; Grillanda et al. 2019;
Kujawa et al. 2020). Many studies are being conducted
today to determine the earthquake behavior of masonry
structures throughout FEM analysis (Asteris et al. 2014;
Abruzzese et al. 2009; D’Agostino et al. 2009; Uzun et al.
2018; Sandoli et al. 2020, Theodossopoulos et al. 2013).
In this study, the historical Obruk Inn’s performance un-
der the influence of different earthquake loads was in-

Fig. 1. Historical Obruk Inn.

Zees oo

vestigated over SAP2000 structural analysis program.

At the present stage of knowledge, numerical simula-
tions are fundamental to provide insight into the struc-
tural behavior and support the derivation of rational de-
sign rules but nonlinear finite element analyses will be
always helpful for the validation of the design of complex
masonry structures under complex loading conditions.
In particular, computations beyond the limit load down
to a possibly lower residual load are needed to assess the
safety of the structure. Aside from failure analysis, also
the serviceability limit states can be successfully vali-
dated with numerical analyses. FEM is a useful, reliable
and valid tool for design and modelling of new and exist-
ing structures.

Another important aspect is the safety of existing
structures under existing or new loading conditions,
with an emphasis in the preservation of historical struc-
tures.

Reliable numerical models are necessary to assess
and strengthen existing masonry structures. The final
pointis the need to improve the performance of masonry
buildings in underdeveloped countries.
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Fig. 3. Historical Obruk Inn: (a) Ground floor plan, (b) Roof floor plan.
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2. Materials and method
2.1. Approaches to modeling of masonry structures

The modeling and evaluation of structures represent
the most contentious issue among design engineers
(Cakir 2022). Many studies had been made according to
the modelling of unreinforced masonry structures. Eval-
uation of load carrying capacity of this type of structures
usually needs to characterize the mechanical properties
of the elements. For this reason, at first, the mechanical
properties of constitutive materials including, bricks,
adobes, mortars, pier elements of adobe and a vault ele-
ment of brick were determined using standard experi-
mental tests. Strength of a masonry building depends on
both the bond between brick and mortar (Ahmadzai et
al. 2022; Karaton and Canake1 2021). The results of sam-
ples tested, reconfirmed the very low tensile bond
strength to be expected of masonry elements, emphasiz-
ing the inability of these types of materials to resist a ten-
sile force. Finally, the mechanical properties of pier and
vault testing samples were implemented in a nonlinear

Unit (brick, block, etc)

Bed
joint = :
— | —
L
(a)
“Unit” “Joint”
X i
S EEE e e
[ ________ [
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B \ Perpend or head joint

finite element (FE) analysis of the building, under lateral
loading, through macro-modelling concepts (Eslami et
al. 2012).

Masonry structures have a heterogeneous structural
configuration made out of many dissimilar parts. These
are wall material and mortar as binding material
(Klinger 2010). Masonry structures typically have high
weight, low tensile and shear strength, and behave brit-
tle. The FEM is commonly used to perform numerical
analyses for masonry structures. For this aim, firstly, the
structure’s finite element model should be created
(Kamal et al. 2014). Vertical, horizontal, and rigid ele-
ments interactions between materials should be mod-
elled correctly (Petrov¢ic et al. 2013). Additionally, the
seismic behavior of masonry structures in general has
been known for years. Geometry of structure, rigidity of
horizontal and vertical elements to support the structure
are the factors that affects the behavior of structure
(Milani et al. 2017). For this reason, a number of model-
ing techniques are employed to reflect the behavior of
the masonry construction. The Fig. 4 depicts these mod-
eling techniques (Lourengo 1996).

Mortar

|
i [ —
I

Unit
N

Interface
Unit/mortar

S

(b)
Composite.
(d)

Fig. 4. Modelling methods for masonry structures: (a) Masonry sample; (b) Detailed micro-modeling;
(c) Simplified micro-modeling; (d) Macro-modeling (Lourenco 1996).

2.1.1. Detailed micro modeling

In this case, masonry units and mortar joints are mod-
eled as a continuum separately. In addition, as shown in
Fig. 4a, a discontinuous interface is defined on the sur-
face between the masonry units and the mortar joints.
This type of modeling takes a lot of effort, but better re-
sults can be obtained. In scientific studies, this sort of
modeling is widely preferred (Giordano et al.2017).

2.1.2. Simplified micro modeling

Without modeling the discontinuous interface be-
tween the mortar joint and the masonry structural unit,
the bond between the mortar and the masonry struc-
tural unit is represented by continuous elements. This
type of modeling is given in Fig. 4b.

2.1.3. Macro modeling

It is the simplest type of modeling. In this modeling
technique, the mortar joints, masonry units, and unit/mor-
tar interface are represented by continuum elements (Lou-
rengo 1996). This type of modeling is given in Fig. 4c. This
type of modeling is the most applicable modeling method.
Especially in structures with long walls, a more uniform
distribution of stresses is achieved (Chen et al. 2018).

2.2. Material properties

The building’s structural system materials (inner and
outer walls, as well as materials used in the vaults) were
treated as two separate materials in the building model.
The material properties mentioned in Table 1 are deter-
mined according to TEC-2007 (2007).
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Table 1. Material properties.

Material Modulus of elasticity Unit weight of bulk Poisson’s
(MPa) (kN/m3) ratio
Mortar + stone 4500 24 0.20
Vaults 4000 18 0.18

2.3. Establishing the building model

In accordance with the actual building dimensions,
the historical Obruk Inn was modeled in the SAP2000
structural analysis program. For modeling, the material
properties listed in Table 1 were used. The building’s
walls are modeled as shell elements. The building’s col-
umns are modeled as rod elements. For stone and mor-
tar, a homogeneous single material property was used
for considering the macro modeling method. Fig. 5 de-
picts the building’s three-dimensional model.

In the numerical model created, G1 is defined as a
dead load, G2 as additional load, and Q as live load (snow
load). Earthquake loads were applied to the system in X
and Y directions as equivalent earthquake loads. EXP and
EYP are defined as positive earthquake loads as well as
EXN and EYN are defined as negative earthquake loads.
In accordance with the earthquake code TEC-2007
(2007), the 5% eccentric effect was taken into account.
The soil class of the region is Z3 according to TEC-2007

(2007). The building is located in the 5t degree earth-
quake zone. The building importance factor (coefficient)
(I) has been taken as 1, and the earthquake load reduc-
tion coefficient (R), has been taken as 2 in line with the
value determined by the Earthquake Code for masonry
structures (TEC-2007). G2 additional loads were com-
puted separately, taking into account the filling material
used in the building, and live loads were taken in accord-
ance with the earthquake code. Because the height of the
area where the building is located is around 1000 meters
above sea level, the snow load was determined as 0.8
kN\m? according to TS 498. Since the roof covering in
closed area will be a lead plate (3 mm), the coating load
has also been taken into account in the calculations. Ac-
cording to the rule that the total effective mass of the
building should not be less than 90% of the total mass of
the building, it is seen that the mass participation ratios
in the x, y and z directions of the building exceed 90% in
the last mode (Table 2).

Fig. 5. Three-dimensional model of the structure.

The safe stresses for the materials were obtained by
using the safety stress values for the materials with un-
known unconfined compressive strength in the TEC-

2007 (2007) code. The values defined in the code are
listed in Table 3.
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Table 2. Mass participation ratios and period.

Mass participation Mass participation Mass participation

e eritecl () ratio UX (%) ratio UY (%) ratio UZ (%)
1 0.271344 0.00008104 0.05900 0.000004632
2 0.258326 0.00525 0.22931 0.00011
3 0.254005 0.20487 0.23524 0.00015
4 0.248451 0.20490 0.24469 0.00015
5 0.238386 0.21068 0.24471 0.00016
6 0.233619 0.21693 0.24576 0.00095
7 0.228081 0.21825 0.24882 0.00128
8 0.221302 0.22415 0.29566 0.00148
9 0.212641 0.23762 0.29639 0.00159
10 0.208915 0.26444 0.29639 0.00160
11 0.197601 0.27383 0.29668 0.00162
12 0.193502 0.27507 0.29668 0.00162
13 0.181558 0.27582 0.29671 0.00170
14 0.174658 0.28433 0.29673 0.00170
15 0.169962 0.28438 0.30109 0.00182
16 0.168491 0.28594 0.30609 0.00186
17 0.165680 0.35395 0.30650 0.00209
18 0.164603 0.38076 0.30656 0.00219
19 0.156734 0.38402 0.35651 0.00221
20 0.153036 0.38433 0.36416 0.00223
21 0.144948 0.38854 0.37368 0.00230
22 0.140602 0.39566 0.44897 0.00240
23 0.137722 0.54390 0.44940 0.00269
24 0.130412 0.55413 0.44997 0.00527
25 0.124780 0.55675 0.47982 0.00626
26 0.104597 0.55895 0.71655 0.00660
27 0.101820 0.56264 0.71684 0.01502
28 0.096905 0.56321 0.71735 0.05952
29 0.095192 0.56899 0.77423 0.06477
30 0.092200 0.58062 0.78328 0.08887
31 0.086529 0.66449 0.78522 0.09462
32 0.070033 0.66450 0.78647 0.17443
33 0.064365 0.66450 0.78647 0.21715
34 0.062405 0.66590 0.78650 0.33385
35 0.051892 0.67263 0.84691 0.33412
36 0.047345 0.68430 0.90480 0.33538
37 0.045430 0.90010 0.90509 0.33663
38 0.038496 0.90089 0.90629 0.55574
BE) 0.033089 0.90102 0.91253 0.57279

40 0.030616 0.90244 0.91484 0.90166
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Table 3. Compressive safety stresses of walls with unknown unconfined compressive strength (TEC-2007).

Type of masonry unit used in the wall

Mortar wall pressure
safety stress, fem (MPa)

Vertically perforated block brick
(with less than 35% cement-reinforced lime mortar)

Vertically perforated block brick

1.0

0.8

(hole rate between 35-45%, with cement-reinforced lime mortar)

Vertically perforated block brick

0.5

(with a cement-reinforced lime mortar with a hole rate of more than 45%)

Solid block brick or Blending brick
(with cement-reinforced lime mortar)

Stone wall
(with cement-reinforced lime mortar)

Aerated concrete
(with adhesive)

Solid concrete briquette
(with cement mortar)

0.8

0.3

0.6

0.8

The compression safety stress for stone masonry
walls fem=0.3 MPa and the compression safety stress for
briquette masonry walls is fem=0.8. On the other hand,
the safety stresses are magnified by a factor of 3. In this
case, the bearing stress for stone wall was assumed as
femp=0.3%x3=0.9 MPa, and bearing stress for brick wall
was assumed as fem»=0.8x3=2.4 MPa. Tensile stresses

can be accepted as 15% of the value determined as com-
pressive safety stress. In this case, the tensile safety
stress for the stone wall was assumed as;
fem=0.9x0.15=0.135 MPa and tensile stress for brick
walls was assumed as; fem=2.4x0.15=0.36 MPa. The
compressive and tensile stresses of the mentioned mate-
rials are given in Table 4.

Table 4. Acceptable safety stresses for materials.

Material Compressive Tensile
safety stress (MPa) safety stress (MPa)

Brick (with mortar) 2.40 0.360

Stone wall (with mortar) 0.90 0.135

In order to apply the earthquake load effect to the
structure, three different earthquake acceleration records
were applied to the structure with the Time History Anal-
ysis Method. The characteristic features of the applied
earthquakes are given in Table 5. The main reason to se-

lect those seismic records is that they have various effec-
tive magnitudes and different ground speeds as well as
their seismic characterizations differ in regarded to
ground accelerations and focal lengths. The earthquake ac-
celeration records for each earthquake are given in Fig. 6.

Table 5. Characteristics of applied earthquakes.

]E:;g?guake Date g Groat;ﬁ/s;eed Ground a(fgc)eleration Foce(lll(fl;lgth e;i]}?su(;i .
Kocaeli 08/17/99 7.51 58.85 0.312 13.60 Strike-slip
Landers 06/28/92 7.28 29.60 0.152 23.62 Strike-slip
Taiwan 08/21/99 6.20 14.63 0.132 12.44 Strike-slip

3. Results and Discussion

Analyses were run in the SAP2000 program using the
parameters from the historical Obruk Inn. As a result,
Fig. 7 depicts the distribution of maximum stresses un-
der G+Q loading in the overall view of the structure. Ten-
sile stresses exceeding the predicted tensile safety stress

for the material were observed in the left part of the
building’s west facade as a result of the G+Q loading com-
bination (Fig. 7a). Horizontal stresses on the front facade
reach up to 0.540 MPa (fem(=0.135 MPa) values. Alt-
hough such high stresses are not seen intensively at the
main entrance of the structure, they increase the expec-
tation that crack-like deformations may occur in some
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areas. Indeed, joint gaps and cracks have formed on the  to the geometry of the structure and acceleration. Differ-
western front (Fig. 7b). ent soil conditions should be studied also in further stud-

Base shear forces and displacements differ according ies.
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Fig. 6. Earthquake acceleration records: (a) Kocaeli; (b) Landers; (c) Taiwan.
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Fig. 7. Historical Obruk Inn: (a) West facade maximum stress distribution under vertical loads;
(b) West facade laser scanning result.
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The examination of the building’s eastern facade, as
shown in Fig. 8, revealed that the tensile stresses in the
horizontal direction reached up to 0.368 MPa value. As
the stress value exceeded the tensile safety stress pre-
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dicted for the material, joint gaps and dilatations oc-
curred as a result of cracks at the points shown in the la-
ser scanning of this facade, as shown in Fig. 8b, and this
problem was resolved with new materials.

(b)

Fig. 8. Historical Obruk Inn: (a) East facade maximum stress distribution under vertical loads;
(b) East facade laser scanning result.

It was observed that the stresses in the open and
closed volumes of the structure’s south facade reached
up to 0.463 MPa (Fig. 9a and Fig. 9c). These stresses are
increasing in particular along the line where the vault
arches of the structure connected to the outer wall.
These stresses resulted in dilatations as a result of cracks
in the middle section of fagade which was repaired with
new materials (Fig. 9b). The shape of the southern facade

of the building created by laser scanning prior to resto-
ration demonstrated the damage caused to the structure
by the stresses that occurred in these areas (Fig. 9d).

The points up to 207.09 kNm? were detected in the
closed volume of the building’s northern facade (Fig.
10a), and these stresses caused small cracks in the mid-
dle of this facade, which were attempted to be repaired
(Fig. 10b).

Topli W]

(b)

Fig. 9. Historical Obruk Inn: (a) South facade maximum stress distribution under vertical loads;
(b) South facade laser scanning result; (c) Outer facade closed volume maximum stress distribution under vertical loads;
(d) South facade closed volume laser scanning result.
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Fig. 10. Historical Obruk Inn: (a) North facade maximum stress distribution under vertical loads;
(b) North facade laser scanning result.

Base shear forces and displacements obtained by the
time history analysis are given in Fig. 11. The compressive
and tensile stresses occurred in the vaults as a result of the
earthquake acceleration records applied are given in Fig. 12.

Under the influence of earthquakes, the vaults in the
structure suffer significant strains. Individual stress dis-
tributions for each earthquake record are given in Fig.
13.
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Fig. 11. Time history analysis of historical Obruk Inn: (a) Base shear force; (b) Displacement.
8000 12000 -
g 70007 & 10000
= 6000 E
< 5000 M X DIRECTION 5 8000 WXDIRECLION
& =
25} > 7]
2 4000 B Y DIRECTION é 6000 —
& 3000 2 4000 -
£ 2000 =
1000 - % 2000
0 0

KOCAELT TAIWAN LANDERS

(@

TAIWAN ~ LANDERS
(b)

KOCAELI

Fig. 12. Time history analysis of historical Obruk Inn: (a) Tensile stresses in vault; (b) Compressive stresses in vault.

4. Conclusions

It is important to preserve historic buildings. The aim
of this study is to understand the structural performance
of historic masonry building. Obtained results of FEM
analysis corrected the structural damage pattern of the
existing building. The precautions should be taken im-
mediately to preserve the building. Valid strengthening
technics are being used for a long time.

Alhoubi et al. (2022) investigated the effectiveness of
FRCM reinforcement in confining the columns and had
Test results showed that confining the pre-damaged col-
umns with PBO-FRCM systems resulted in 7-42% en-

hancement in their load-carrying capacity and 47-272%
improvement in their ductility.

Tello etal. (2021) tested 12 short columns under axial
compression, PBO-FRCM systems enhanced the capacity
of columns. Columns strengthened with two and four
PBO-FRCM layers showed a gain in the capacity of up to
40% and 75%, respectively.

Tello etal. (2023) had tested 4 rectangular and 4 circular
columns under concentric loading. For each type of cross-
section, columns were wrapped with 1, 2 or 4 layers of PBO
FRCM. Overall, the strengthened columns exhibited higher
load carrying capacity than their control unwrapped coun-
terpart with an increase ranged between 5.1% and 36%.
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Fig. 13. Stresses in the vaults under the influence of earthquakes: (a) Kocaeli; (b) Lander; (c) Taiwan.

Kyaure and Abed (2021) studied a three-dimensional
(3D) nonlinear finite element (FE) model and developed
using ABAQUS to study the behavior of corrosion dam-
aged RC columns retrofitted with poly-paraphenylene-
ben-zobisoxazole (PBO) FRCM systems. Geometric and
material nonlinearities in concrete, cement mortar and
composite are incorporated in the FE model that is vali-
dated through axial capacity and failure mode compari-
sons against published literature.

The structural performance of the historical Obruk
Inn under the influence of vertical and earthquake loads.

was investigated in this work. The obtained results give

ideas about the parts of the structure while strengthen-

ing. The following findings were obtained as a result of
the study:

o High stresses exceeding the safety stress in the hori-
zontal and vertical directions cause cracks in walls,
vaults, arches, and other building elements, material
losses, melting of materials, joint discharge, and many
other problems.

e The highest strains in the structure were found at the
vault and arches’ supports, as well as at the upper
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points of arches. While restoration newly strengthen-
ing methods should be used to preserve structural
damages. Excessive deformation, particularly in the
vault and arch parts of the structure, may result in
sudden collapse.

e Analysis had showed that the stress and displacement
values occurred by the Kocaeli earthquake records
are greater than the maximum stress and displace-
ment values occurred according to the Landers and
Taiwan earthquake records. This is concluded be-
cause of the high base shear.

o The stress and displacement results from the Landers
and Taiwan earthquake records are comparable.

o The structure should be strengthened immediately to
prevent further damage from stresses caused by ver-
tical loads.
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