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Abstract This paper reports on the findings of an investigation on 29 historic stone masonry buildings located in the cities of 17 

Hatay and Osmaniye following the 2023 Turkey earthquake sequence. The earthquake couplet on 6 February (with moment 18 

magnitudes 7.8 and 7.5) and the following events (including another earthquake which occurred on 20 February with a moment 19 

magnitude of 6.3) resulted in significant damage to the buildings. To understand why, the examined buildings were assigned an 20 

EMS-98 damage level (ranging from 1 to 5) and descriptive response categories (masonry disaggregation, local mechanism and 21 

global response). Overall damage statistics indicated that masonry disaggregation was common and coterminous with local 22 

mechanism response. Wall geometry and construction quality indices were then investigated to explore why these were the 23 

dominant damage mechanisms. Wall geometry indices highlighted insufficient amount of walls to resist the local seismic 24 

demands, particularly in the transverse (e.g. short) direction of buildings. This deficit promoted the formation of local 25 

mechanisms. Construction quality indices suggested that stone layouts did not enable interlocking and that the walls were prone 26 

to disaggregation. To further investigate the role of material properties on the observed damage, materials were characterised 27 

using three non-destructive testing techniques: ultrasonic pulse velocity (UPV) measurements to estimate the static elastic 28 

modulus of stones, Schmidt rebound hammer (SRH) tests to estimate the compressive strength of stones, and the mortar 29 

penetrometer (MP) tests to estimate the compressive strength of mortar. The measurements indicated poor mortar quality, which 30 

may have expedited failures. Using established correlations, various other important material parameters (e.g. mortar cohesion 31 

and homogenised masonry strength) are derived. It is envisioned that the damage observations and the material measurements 32 

in this paper will inform detailed modelling efforts on the behaviour of historic masonry buildings during the earthquakes. 33 

Keywords: Masonry, Earthquake damage, Wall geometry index, Masonry quality index, Non-destructive testing, Mortar 34 

penetrometer, Schmidt rebound hammer, Ultrasonic pulse velocity  35 

 36 

mailto:baran.bozyigit@deu.edu.tr


2 
 

1. Introduction 37 

On 6 February 2023, at 04.17 and 13.24 (GMT+3 time zone), two earthquakes occurred in the province of Kahramanmaraş 38 

in Turkey. The first earthquake occurred at a depth of 10 km in Pazarcık and had a magnitude of Mw= 7.8. The second earthquake 39 

occurred at a depth of 10 km in Elbistan and had a magnitude of Mw=7.5. Thousands of aftershocks followed in addition to 40 

earthquake on 20 February 2023, which had its epicentre in the Samandağ district of Hatay province. It occurred at a depth of 41 

16 km and had a magnitude of Mw= 6.3 (USGS, 2023). More than 50.000 people have lost their lives and 212.000 buildings were 42 

severely damaged or collapsed in the affected provinces (Karabacak et al., 2023).  Fig.1a highlights the epicentres of these 43 

earthquakes. 44 

 45 

(a)                                                                                                      (b) 46 

Fig.1. a) Distribution of investigated buildings (see Table 1 for building IDs) with epicentres of Pazarcık and Samandağ 47 

earthquakes b) graphical representation and damage classification of masonry buildings according to EMS-98 (Grünthal and 48 

Levret, 1998) 49 

The historic urban environments in the provinces of Hatay and Osmaniye were severely affected. Iconic buildings of worship, 50 

such as the Habib-i Neccar Mosque (Sancı, 2006), partially collapsed during the earthquakes. Historic public buildings, built 51 

during the 20th century French mandate of Hatay (Garbioğlu, 2017), were in use as local government or school buildings before 52 

the earthquakes. These buildings sustained severe damage. The large vernacular masonry building stocks in the districts of 53 

Antakya (Demir, 2016) and Samandağ (Sürmeli, 2019) featured examples of unique local architectural practice. Many of these 54 

buildings collapsed. 55 

The architectonic characteristics of specific religious, public and residential buildings were investigated in the 56 

aforementioned studies. However, these studies do not provide enough information on the construction practices and materials 57 

to carry out engineering assessments.  During the early part of 2010s, a major research project called SERAMAR characterised 58 
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the general features of vernacular masonry building stock in Antakya (Abrahamczyk et al., 2013). This comprehensive study 59 

included building surveys, material testing, building instrumentation, numerical modelling and risk mapping activities. However, 60 

detailed data regarding some components of this research (e.g. material testing data) is not publicly available. Regardless, 61 

amongst other contributions, the project highlighted observations regarding insufficient amount of walls and poor materials in 62 

vernacular masonry constructions in the region (Geneş et al., 2017). 63 

After the 2023 Turkey earthquake sequence, several reconnaissance reports and post-earthquake studies have been published. 64 

Some of these reports emphasise the unique historical and architectural value of the historic structures in the region and present 65 

visual observations of damage patterns (EERC, 2023; TAÇDAM, 2023). The reports also highlight the need to repair (and where 66 

necessary strengthen) the monumental historic buildings that were damaged during the earthquakes. However, before the repair, 67 

retrofit and reconstruction activities are carried out, it is necessary to conduct scientific studies to understand the general reasons 68 

for damage. This paper presents an attempt to systematically categorise damage levels and types in monumental masonry 69 

structures and relate it to their wall geometry, construction quality and material properties. To achieve this, damage observations 70 

are quantified in Section 2. Section 3 and 4 investigate the potential role of geometric deficiencies (e.g. limited wall area) and 71 

poor construction quality (e.g. lack of interlocking in walls) in causing the damage. To do this, wall geometry indices (Lourenço 72 

et al., 2013) and masonry quality indices (Borri et al., 2015), are calculated for each building. Finally, Section 5 presents the 73 

non-destructive measurements conducted to quantify the material properties in the historic buildings. The transformation of 74 

damage observations, geometry, construction quality and material characteristics into quantifiable parameters enables a 75 

systematic evaluation of the correlations between these aspects. Section 6 summarises the correlation trends to establish some of 76 

the key causes of damage. This section also highlights the limitations of the indices and presents a brief discussion on how they 77 

can be improved.  78 

2. Building damage survey  79 

In the two field studies performed by the authors between 13.03.23-20.03.23 and 11.04.23-21.04.23, 29 stone masonry 80 

buildings consisting of 10 churches, 8 mosques, 6 public and 5 residential buildings were investigated. All the examined buildings 81 

were constructed using unreinforced masonry and did not include metal reinforcements or timber tie beams (except for one 82 

building where sporadic timber tie beam use was noted but judged ineffective). The buildings were chosen as they represent 83 

monumental examples of the unique architectural heritage of the region. The investigated structures are associated with an ID 84 

and province in Table 1.  The examined buildings are from the Mamluk, Ottoman, French Mandate and Early Turkish Republic 85 

periods. Specific dates of construction are not reported due to uncertainties in the architectural and historical resources examined 86 

by the authors. Due to frequent seismic events in the area, many of the examined buildings underwent periodic repair, retrofit 87 

and reconstruction activities, the extent of which is unclear. The last major earthquakes in the region date to the second half of 88 

the 19th century (Över et al., 2011); historical records suggest that existing buildings may have been subjected to substantial 89 
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repairs during the intervening period. The original timber floors of some buildings (M5, P1-P4) were replaced with reinforced 90 

concrete (RC) slabs during more recent works (see Table A1). 91 

To evaluate the local seismic demand, each building is associated to the nearest strong-motion station with available data 92 

(AFAD, 2023). Only the records from the Pazarcık earthquake and Samandağ earthquake were considered since the Elbistan 93 

event was far away from the investigated structures (Fig.1a). Preliminary damage level classification of buildings is conducted 94 

using the five EMS-98 damage grades (DGs) which range from negligible damage to total collapse (Mavroulis et al., 2019). Fig. 95 

1b presents a graphical representation of damage classes and their description. To avoid ambiguity, EMS-98 classification was 96 

only conducted on the main walls of the structures. Non-structural walls (e.g. parapets), floor and roof systems (e.g. domes, 97 

vaults) and annexed structures (minarets, towers and porches) are not considered in the DG assignment. Figs.3a-e show the 98 

location of the investigated buildings in Iskenderun, Antakya, Samandağ, Altınözü (districts of Hatay) and Osmaniye. On the 99 

maps, building types are indicated with symbols and coloured according to the building DGs. General photographs of the 100 

buildings are presented alongside detailed damage photographs.  101 

Table 1. ID, name, type and province of investigated historic masonry buildings associated with the nearest strong-motion 102 

stations  103 

ID Building Name  Type Province 

 Pazarcık earthquake Samandağ earthquake 

6 February 2023  

(Mw=7.8) 

20 February 2023  

(Mw=6.3) 

Station 
Distance  

(km) 
Station 

Distance  

(km) 

C1 Surp Karasun Manuk Church Church Hatay  3115 4.4 3119 1.4 

C2 St. Nicholas Orthodox Church Church Hatay  3115 4.2 3119 1.3 

C3 Latin Catholic Church Church Hatay  3115 4.5 3119 1.6 

C4 Syriac Catholic Church Church Hatay  3115 4.4 3119 1.4 

C5 Batıayaz Armenian Church Church Hatay  3140 9.4 3140 9.4 

C6 
The Virgin Mary Samandağ 

Orthodox Church 
Church Hatay 

 
3140 4.6 3140 4.6 

C7 St. Ilyas Orthodox Church Church Hatay  3140 4.5 3140 4.5 

C8 
St George Sarılar Orthodox 

Church 
Church Hatay 

 
3136 0.8 3136 0.8 

C9 
The Virgin Mary Tokaçlı 

Orthodox Church 
Church Hatay 

 
3136 1.9 3136 1.9 

C10 
St George Iskenderun Orthodox 

Church 
Church Hatay 

 
3115 3.5 3119 0.7 

M1 Habib-i Neccar Mosque Mosque Hatay  3132 0.8 3124 3.8 

M2 Sarımiye Mosque Mosque Hatay  3131 0.9 3124 4.0 

M3 Şeyh Ali Mosque Mosque Hatay  3132 0.6 3124 3.7 

M4 Kurşunlu Han Mosque Mosque Hatay  3132 0.9 3124 3.7 

M5 Enverül Hamit Mosque Mosque Osmaniye  8003 2.1 8003 2.1 

M6 Ağcabey Mosque Mosque Osmaniye  8002 2.4 2709 11.6 

M7 Ala Mosque Mosque Osmaniye  8004 0.9 8004 0.9 

M8 Hamidiye Mosque Mosque Osmaniye  8004 0.7 8004 0.7 

P1 
Hatay Metropolitan Municipality 

Building  
Public Hatay 

 
3123 1.2 3124 3.8 

P2 Mithatpaşa Primary School Public Hatay  3115 4.5 3119 1.6 
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P3 Yedi Ocak Primary School Public Osmaniye  8003 2.2 8003 2.2 

P4 Antakya High School Public Hatay  3123 1.1 3124 3.9 

P5 Iskenderun High School Public Hatay  3115 4.0 3119 1.1 

P6 Olive Museum Public Hatay  3136 2.0 3136 2.0 

R1 Gali Mansion-I Residential Hatay  3132 0.4 3124 3.6 

R2 Gali Mansion-II Residential Hatay  3132 0.4 3124 3.6 

R3 Hıdırbey Gastronomy House Residential Hatay  3140 5.3 3140 5.3 

R4 Vakıflı No.2 House Residential Hatay  3140 4.2 3140 4.2 

R5 Old English School Residential Hatay  3140 4.0 3140 4.0 

 104 

EMS-98 DGs provide an indication of damage level. To discuss the types of damage encountered in the field, another 105 

classification may be useful. Borri et al. (2020) proposed a ‘hierarchy of mechanisms’ considering three response categories: i) 106 

masonry disaggregation, ii) local response, and iii) global response. Masonry disaggregation refers to the detachment of masonry 107 

units and mortar when subjected to strong ground motions. It is generally observed when weak mortar is used alongside irregular 108 

small stones (see Figs.2a-b). The second classification, local response, refers to the presence of mechanisms featuring one or 109 

more structural components. It generally involves out-of-plane motion. It is observed when masonry disaggregation is limited 110 

but effective wall to wall connections are not present to prevent the detachment of structural components. For instance, the 111 

overturning of the entire façade (e.g. C4 in Fig. 3a) or the first storey walls and the roof of a building in its transverse (e.g. short) 112 

direction (e.g. P2 in Fig. 3a) are classified as local response. The third classification, global response, is expected for structures 113 

with good construction quality and effective load transfer between masonry walls. Global response classification implies in-114 

plane damage, such as flexural and shear cracking, concentrated around wall openings (e.g. P1 in Fig.3b, M5 in Fig.3e). The 115 

absence of visible structural damage in the walls was taken as global response (e.g. C1 in Fig. 3a, C5 in Fig. 3c). Further general 116 

information about the investigated buildings are presented in Appendix (see Table A1) for interested readers.  117 

For the buildings examined, multiple response types had to be assigned as disaggregation was often observed alongside local 118 

or global response mechanisms. Fig.2a shows an instance where a local response mechanism involving the separation of building 119 

façades is seen alongside disaggregation. In Fig. 2b, the upper part of the disaggregated and leaning wall appears to have initiated 120 

a local response leading to vault collapse due to spreading supports. The EMS-98 DG and building response type are listed in 121 

Table 2. 122 

           123 
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(a) (b) 124 

Fig.2 Partially disaggregated masonry walls and local response mechanisms from a) R1 and b) C8. 125 

 126 

 127 
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 128 

 129 

 130 
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Fig.3. Location, EMS-98 DGs and photographs of the investigated buildings from a) İskenderun b) Antakya c) Samandağ d) 131 

Altınözü e) Osmaniye  132 

To aid damage evaluation, Table 2 also presents the resultant peak ground acceleration (PGA) values from the stations listed 133 

in Table 1 for the 6 February and the 20 February earthquakes. The resultant PGA values are calculated by processing the N-S 134 

and E-W acceleration records (Banerjee Basu and Shinozuka, 2011) to consider the maximum PGA value independent from 135 

building main directions. Table 2 indicates that the largest PGA was 0.66g and recorded in the district of Antakya on the 6th of 136 

February. This is consistent with the USGS surface fault rupture map in Fig. 1, which indicates that the district of Antakya lies 137 

on the fault rupture footprint. Preliminary investigation reports (Taftsoglou et al., 2023; Ozturk et al., 2023) suggest that ground 138 

motion within Antakya varied significantly due to local site conditions and basin effects; this is reflected in the range of PGA 139 

values, 0.42-0.66g in Table 2, recorded in this district. Noteworthy vertical accelerations were also recorded in Antakya (Sagbas 140 

et al., 2023) and may have had a significant influence on structural behaviour; however, this aspect remains outside the scope of 141 

this first investigation. The resultant PGA magnitudes for the other districts are ordered from the largest to smallest as follows: 142 

Altınözü, İskenderun, Bahçe, Samandağ, Kadirli and Merkez. The Samandağ earthquake was located close to the districts of 143 

Antakya, Altınözü and Samandağ (listed in decreasing order of resultant PGAs) and caused resultant peak accelerations 144 

exceeding 0.2g. Partial collapses of several buildings in these districts (e.g. C7 and R4 in Fig.3c) reportedly occurred during the 145 

Samandağ earthquake. However, since the damage assessments were conducted after the Samandağ earthquake (20 February), 146 

progressive evaluation of damage is not possible. In the following, the larger of the resultant PGAs from the Pazarcık and 147 

Samandağ earthquakes will be considered as representative of the seismic demand.  148 

Evaluating spectral accelerations of the buildings require knowledge of natural vibration periods. Simplified natural period 149 

estimations for masonry buildings can be found in the literature. Several national design codes (ASCE/07-16, 2017; NCSE-2002, 150 

2002; NTC-2008, 2008) suggest empirical formulae with respect to one (e.g. total height of the building) or two (e.g. total height 151 

of the building and length of the building in plan) variables. However, these simplified approaches are only suitable for regular 152 

building type structures with a uniform mass distribution along their heights. The accuracy of one or two variable natural period 153 

estimation formulas is found to be low for special masonry structures; previous studies noted the need for more refined 154 

formulations for special structures as churches (Lopez et al., 2019) and mosques (Çalik et al., 2020). The simplified period 155 

estimation approaches are not adopted in this paper considering the large variation of key aspects (e.g. material, wall morphology, 156 

opening, foundation and soil properties) amongst the investigated structures. Regardless, the acceleration spectra for each station 157 

listed in Table 1 are presented in the Appendix (see Figs.A1a-e and Figs.A2a-e) for reference. 158 

 159 

 160 

 161 
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Table 2. Seismic response type (Borri et al., 2020) and damage classification of buildings with resultant PGA values    162 

Building 

(wall 

construction) 

District 

Resultant PGA (g) Response type  
DG 

(EMS-98) 6 February 2023 

(Mw=7.8) 

20 February 2023 

(Mw=6.3) 
Disaggregation Local Global 

C1 (RSM) İskenderun 0.33 0.12     X DG1 

C2 (ISM) İskenderun 0.33 0.12 X  X  DG3 

C3 (RSM) İskenderun 0.33 0.12 X X   DG5 

C4 (ISM) İskenderun 0.33 0.12   X   DG5 

C5 (RSM) Samandağ 0.26 0.22     X DG1 

C6 (ISM) Samandağ 0.26 0.22 X  X  DG3 

C7 (ISM) Samandağ 0.26 0.22 X  X  DG2 

C8 (ISM) Altınözü 0.54 0.33 X X   DG4 

C9 (ISM) Altınözü 0.54 0.33 X X   DG5 

C10 (n/a) İskenderun 0.33 0.12     X DG1 

M1 (RSM) Antakya 0.58 0.54 X X   DG5 

M2 (RSM) Antakya 0.42 0.54     X DG1 

M3 (RSM) Antakya 0.58 0.54 X X   DG4 

M4 (RSM) Antakya 0.58 0.54 X   X DG2 

M5 (ISM) Merkez 0.19 0.04 X   X DG3 

M6 (RSM) Bahçe 0.29 0.02   X   DG2 

M7 (RSM) Kadirli 0.20 0.01     X DG1 

M8 (RSM) Kadirli 0.20 0.01     X DG1 

P1 (RSM) Antakya 0.66 0.54 X   X DG3 

P2 (ISM) İskenderun 0.33 0.12 X X   DG5 

P3 (ISM) Merkez 0.19 0.04 X   X DG3 

P4 (RSM) Antakya 0.66 0.54 X   X DG4 

P5 (ISM) İskenderun 0.33 0.12 X   X DG3 

P6 (RSM) Altınözü 0.54 0.33 X X   DG4 

R1 (RSM) Antakya 0.58 0.54 X X   DG5 

R2 (RSM) Antakya 0.58 0.54 X    X DG1 

R3 (RSM) Samandağ 0.26 0.22    X  DG1 

R4 (RSM) Samandağ 0.26 0.22 X X   DG4 

R5 (RSM) Samandağ 0.26 0.22 X   X DG4 

Incidence of response type (%) ~70 ~50 ~50  

The first column of Table 2 broadly specifies the wall construction technique (i.e. whether the external wall is faced with 163 

Regular Stone Masonry (RSM) or Irregular Stone Masonry (ISM)), while the last row summarises the incidence of response 164 

type.  Masonry disaggregation was observed in 70% of the investigated buildings and in almost all of the ISM walls. Half of the 165 

buildings featured crack patterns indicative of the formation of local mechanisms (50%) – most of these also experienced some 166 

level of disaggregation. Global response with box-like behaviour was observed in 50% of the investigated buildings; these 167 

buildings either featured in-plane flexural and shear cracks or no visible damage. Floor structures in some of these buildings 168 

(M5, P1 and P3) were either reconstructed or retrofitted with reinforced concrete slabs, which ensured diaphragm action and 169 

confined the response to in-plane mechanisms.  Some buildings with timber floor structures (e.g. R2 and R5) also experienced 170 
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global response. Correlations between the damage level or response type with the building type (e.g. church) can also be explored 171 

from Table 2. However, significantly different architectural designs (see Figs.3a-e), a wide range of material properties (see 172 

Tables 6-7) and wall morphologies (see Fig.5) are observed for each building type. Therefore, the authors do not explore 173 

correlations between response and damage level and type in the paper. 174 

The damage survey presented in this section indicates that masonry disaggregation was commonly observed, often alongside 175 

the formation of local response mechanisms. To better understand the potential reasons for these dominant mechanisms, the next 176 

section explores wall geometry indexes.  177 

3. Wall geometry assessment  178 

The wall geometry indices or simplified seismic indexes (Lourenço et al., 2013; Lourenço and Roque, 2006) were established 179 

to screen the damage vulnerability of monumental masonry buildings. These indices use wall geometry and local PGA 180 

information to judge if a structure is ‘safe’ or ‘unsafe’. They were formulated for large span monumental masonry structures and 181 

their performance was evaluated using data from damage to monumental buildings in Europe and New Zealand. In this paper, 182 

geometry indices are used as a diagnostic tool to establish the potential role of geometric aspects on damage. 183 

There are two sets of indices: in-plane and out-of-plane. In-plane indices are useful to understand whether the building has 184 

enough walls to carry the horizontal seismic loads in-plane in each direction. If the amount of walls are insufficient, local 185 

mechanisms involving out-of-plane motion of structural components may be initiated. Out-of-plane indices evaluate the stability 186 

of walls against overturning failure. Thresholds define safe-unsafe boundaries; the safe classification indicates buildings which 187 

are safe to enter after an earthquake. This should correspond to DG3 or lower damage levels.  188 

The first in-plane index is the ratio of the plan area of walls in one main direction of the building to the total plan area of the 189 

building. For the design of new buildings, Eurocode 8 suggests a minimum safe value of 5-6% for regular masonry structures 190 

for ground accelerations not exceeding 0.2g. In the literature, a safe value of 10% is recommended for historic masonry buildings 191 

located in high seismicity regions (Meli, 1994). Lourenço et al.’s (2013) suggestion to adopt a safety threshold of 10% for PGA’s 192 

up to 0.25g and a linear increase for higher PGA’s is followed in this study. Eqs. (1) are used to calculate the first in-plane index 193 

for the transverse (x) and longitudinal (y) directions: 194 

 i1 i1,
wywx

x y

plan plan

AA

A A
 = =  (1) 195 

where λi1 is the first in-plane index, Aw refers to the plan area of earthquake resistant walls (in either x or y direction, as indicated 196 

in the subscript), and Aplan is the total plan area of the building.  197 

The second in-plane index is the base shear ratio. It is the ratio of shear resistance of the building to the shear demand in each 198 

main direction. Assuming zero cohesion and self-weight, the base shear ratio can be calculated using Eq.(2) (Lourenço et al., 199 
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2013). Due to the rectangular plan geometry of the investigated buildings, Awy is typically high when compared to Awx. Therefore 200 

the second in-plane index will be calculated only for the x direction: 201 

 
( )

i2

wx

wx wy

A

A A





=

+
 (2) 202 

where λi2 is the second in-plane index, µ is the coefficient of friction (assumed as 0.4 according to Eurocode 6 (2005)) and β is 203 

an equivalent seismic static coefficient (taken conservatively as the higher of the resultant PGA’s from the Pazarcık and 204 

Samandağ event in Table 2). λi2 values smaller than 1 indicate unsafe conditions where the demand is higher than the resistance.  205 

The geometric ratio of thickness to height of masonry walls is used as the out-of-plane index λo (Lourenço et al., 2013): 206 

 
o

w

w

t

h
 =  (3) 207 

where tw is the wall thickness and hw is the average height of wall. Minimum values of λo are considered if there are different 208 

geometric configurations for walls in the same building. The slenderness ratio in Eq.(3) corresponds to the pseudo-static load 209 

capacity of an unachored rigid rectangular block (Housner, 1963); if evaluated conservatively, it may indicate the PGA required 210 

to overturn the wall. However, Lourenço et al. (2013) suggested less conservative thresholds for the out-of-plane indexes using 211 

empirical observations. These are adopted in the current study. 212 

            213 

(a)                                                                                           (b) 214 
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             215 

                                                      (c)                                                                                         (d) 216 

Fig.4. Relationship between a) λi1x and PGA b) λi1y and PGA c) λi2 and PGA d) λo and PGA (□: church, ◊: mosque, Δ:public, ○: 217 

residential, blue: DG1, green: DG2, yellow: DG3, orange: DG4, red: DG5 according to EMS-98) 218 

Drawings of only some of the examined structures were available and were used to determine the geometric parameters 219 

required to calculate the indices. For structures without drawings, laser scanning and photogrammetry data collected during the 220 

post-earthquake field work were processed to extract the required parameters. Figs.4a-b show the relationship between λi1 in x 221 

and y directions and PGA. In these figures, markers indicate the data from individual buildings, where the marker type indicates 222 

building category (e.g. square markers refer to churches). The markers are colour coded with reference to their DGs. According 223 

to Figs.4a-b, ~42% of the buildings are unsafe according to λi1x in the transverse direction, ~38% of the buildings are unsafe 224 

according λi1y in the longitudinal direction. The differences between these index results from the two directions are due to the 225 

typically larger plan area of walls in the longitudinal direction of buildings.  226 

The results for the second in-plane index in the transverse direction in Fig.4c indicate that only one building is in the safe 227 

region. All buildings with DG levels 1 and 2 are located in unsafe areas. This indicates that in its current form, the second in-228 

plane index in-plane provides a conservative assessment of safety. This is to be expected since important factors such as the 229 

contribution of material resistance (due to cohesion and tensile capacity) and other load distribution systems (such as rigid 230 

diaphragms, see concrete floors in P1 Fig.3b, or transverse arched frames in church naves, see C6 in Fig.3c) are neglected in the 231 

index calculations. However, the large percentage of unsafe classifications in the in-plane indices highlight a potential deficit for 232 

the examined structures in terms of their wall area to resist the earthquakes. The fact that all collapsed structures (DG5) are 233 

located in the unsafe regions of Figs.4a-c corroborates this statement.  234 

As mentioned earlier, insufficient in-plane resistance in the transverse direction may lead to the formation of local 235 

mechanisms involving out-of-plane motion of structural components. The collapse of the structures rated DG5 in Table 2 236 
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(including C3, M1 and P2) was due to local mechanism formation and out-of-plane motion of walls in the building transverse 237 

direction (see Fig. 3). To evaluate the vulnerability of walls to overturning instability during out-of-plane motion, Fig.4d explores 238 

the relationship between λo and PGA. According to Fig.4d, only 5 of the buildings have unsafe walls, indicating that the walls of 239 

structures were, in general, sufficiently thick to prevent out-of-plane instability. However, several building walls in the safe zone 240 

of Fig.4d (including C3, M1 and P2) collapsed in the out-of-plane direction. While the indices of only a small number of buildings 241 

are discussed in the text for brevity, the numerical values of seismic indices for each building can be found in the Appendix (see 242 

Table A2).  243 

Overall, the in-plane indices indicate insufficient amount of walls, especially in the building transverse direction. This deficit 244 

may partially explain the formation of local mechanisms for many of the examined structures. The out-of-plane index suggests 245 

that walls were sufficiently thick to prevent overturning instabilities. This contradicts the damage survey observations in Section 246 

2, where multiple collapse cases due to out-of-plane action were noted. This apparent contradiction is related to the poor 247 

construction quality of walls, which led to disaggregation and significantly reduced their out of plane capacity. This aspect is 248 

investigated next. 249 

4. Construction quality evaluation  250 

Masonry disaggregation under horizontal seismic actions is one of the main reasons for out-of-plane damage in thick masonry 251 

walls. Stone masonry constructions are typically composed of multiple leaves and the quality of connection between them 252 

significantly affects their seismic response behaviour. The absence of good inter-leaf connections and weak adhesion between 253 

stone and mortar may make historic stone masonry walls vulnerable to disaggregation (Maccarini et al., 2018). A qualitative 254 

index called Masonry Quality Index (MQI) was proposed in (Borri et al., 2015) to account for the quality of masonry 255 

constructions in historic masonry buildings. Borri et al. (2020) relate the index values to the expected masonry failure modes. 256 

For instance, poor quality masonry walls with a low MQI are considered prone to disaggregation as a result of out-of-plane 257 

actions. To understand if poor masonry construction quality is the cause of disaggregation for the structures in Table 2, this 258 

section investigates their MQI.  259 

 To calculate MQI, the conservation state (SM), stone dimensions (SD), stone shapes (SS), wall-leaf connections (WC), mortar 260 

joint geometry (HJ and VJ), and mortar quality (MM) parameters are evaluated. For each parameter, one of the following grades 261 

is given: F (fulfilled), PF (partially fulfilled) and NF (not fulfilled). MQI is then calculated using a simple formula which weighs 262 

parameters according to their importance for the given loading scenario. In this paper, only MQI of walls under horizontal out-263 

of-plane actions is calculated: 264 

 ( )MQI SM SD SS WC HJ VJ MM= + + + + +  (4) 265 

where MQI represents the masonry quality index value for horizontal out-of-plane action.  The numerical values of the parameters 266 

required to calculate MQI under a given action, for a chosen fulfilment level (NF, PF or F) are provided in Table 3 and the 267 
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fulfilment criteria are discussed next. It should be noted that the MQI calculations may not be limited to out-of-plane actions; it 268 

is possible to calculate MQI indices for in-plane and vertical loads. However, as discussed earlier in Section 2, damage observed 269 

in the investigated buildings is primarily due to the weak out-of-plane resistance of the walls (e.g. insufficient wall-leaf 270 

connections). Therefore, for brevity, only the out-of-plane MQI index (MQI) is considered in this study.    271 

Table 3. Numerical values of the parameters (SM, SD, SS, WC, HJ, VJ and MM) used to calculate MQI under horizontal out-of-272 

plane actions for various fulfilment levels (NF, PF and F) (Borri et al., 2020) 273 

 MQI 

Parameter NF PF F 

SM 0.5 0.7 1 

SD 0 0.5 1 

SS 0 1 2 

WC 0 1.5 3 

HJ 0 1 2 

VJ 0 0.5 1 

MM 0 0.5 1 

 274 
 275 

 276 
Fig.5. Representative zoom-in views of typical walls investigated in Table 4 277 
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 278 

Fig.6. Representative zoom-in views of mortars investigated in Table 7 279 

The fulfilment criteria for most MQI parameters are evaluated visually. For instance, the parameter SS refers to the shape of 280 

stonework. Representative cross-sections of walls and general view of mortars are shown in Figs.5-6, respectively. These indicate 281 

a wide variety of materials and construction techniques. ISM walls do not satisfy the fulfilment criteria for SS and are graded 282 

NF. RSM walls may be composed of cut stones through their thickness or may have distinct leaves. In Multi-Leaf Masonry 283 

(MLM) walls, the building external façade is often faced with cut-stones. If there is only one masonry leaf with cut-stone, the 284 

grade PF is given. If both external leaves are made of cut-stone, the grade F is given. Separately, the quality of mortar parameter 285 

MM is also evaluated visually, however, this evaluation is more subjective. It aims to classify the conservation state, strength, 286 

and regularity of mortar with a single parameter. In this classification, mortar in ISM walls is rated NF or PF. In MLM walls 287 

mortar is rated PF or F. In both cases, if the mortar is crumbly, the lower fulfilment level is chosen.  288 

 289 

                                              (a)                                                                  (b)                                                 (c) 290 

Fig.7. a) Stone dimension measurements from a point cloud (Building: C5), b) photograph of a through thickness cross-section 291 

of a disaggregated wall used for WC calculation (Building: M1), and c) an exposed wall surface used for VJ calculation (Building: 292 

C3) 293 
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Geometric measurements may be conducted to evaluate fulfilment criteria for some of the MQI parameters. For instance, the 294 

parameter SD refers to stone dimensions in the wall. The fulfilment criterion for this parameter is the presence of more than 50% 295 

of stones with length greater than 40 cm. SD can be calculated using individual stone size measurements from laser scan or 296 

photogrammetry point clouds (see Fig.7a). Another parameter that can be calculated qualitatively from point clouds or 297 

orthoimages is WC; this calculation requires exposed through-thickness wall cross-sections. First, the distance between two 298 

points in vertical direction is measured (see Lv in Fig.7b). Then, for the same points, the length of the shortest connection path 299 

through mortar joints (see Lm in Fig.7b) is measured. WC fulfilment category is determined using the ratio of Lm to Lv (e.g. the 300 

criteria is F if Lm /Lv ˃ 1.6). Another quantitative measurement option is available for the parameter of VJ, which can be evaluated 301 

from exposed masonry surfaces on the façade (see Fig.7c). The fulfilment category for VJ is F if Lm /Lv ˃ 1.6. In this paper, the 302 

quantitative approaches were adopted whenever data was available. Otherwise, the qualitative approach was used following 303 

(Borri et al., 2015; Borri et al., 2020).  304 

Once all the parameters are determined, Eq.(4) is used to calculate the MQI. The final value of MQI is used to assign the wall 305 

a quality category (A, B and C): 0 ≤ MQI ≤ 4 is Category “C”, poor quality, 4 ≤ MQI ≤ 7 is Category “B”, average quality, and 7 306 

≤ MQI ≤ 10 is Category “A”, good quality. According to Borri et al. (2020), all Category “C” walls are prone to disaggregation. 307 

Table 4 specifies the wall constructions broadly as ISM or RSM and presents the MQI classifications of 20 buildings where 308 

exposed masonry surfaces and/or through thickness cross-sections were available to enable the aforementioned parametric 309 

evaluations. The presence of disaggregation (obtained from Table 2) and the safety classification of the walls from the out-of- 310 

plane index λo (obtained from Fig. 4d) are also indicated in Table 4. All buildings constructed with ISM are in category “C”. 311 

This implies that masonry disaggregation is expected for this type of wall construction under horizontal seismic action. 312 

According to Table 4, all Category “C” buildings except C4 experienced masonry disaggregation. Some Category “B” buildings 313 

(M1, M3 and R1) also experienced masonry disaggregation. It should be noted that the wall internal connection criteria WC is 314 

not fulfilled (“NF”) for these buildings.  315 

Table 4. MQI values and categories of buildings according to horizontal out-of-plane loading condition with λo and 316 

disaggregation evaluation 317 

Building Wall construction MQI  Category 
Out-of-plane seismic 

index (λo) safety criteria 
Disaggregation 

C2 ISM 1 C Safe Yes 

C3 RSM 2.8 C Safe Yes 

C4 ISM 1.4 C Unsafe No 

C5 RSM 6 B Safe No 

C6 ISM 0.35 C Safe Yes 

C7 ISM 0.5 C Safe Yes 

C8 ISM 1.4 C Unsafe Yes 

C9 ISM 1.05 C Safe Yes 

M1 RSM 6.5 B Safe Yes 

M3 RSM 5.5 B Safe Yes 
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M5 ISM 1 C Safe Yes 

P1 RSM 0.35 C Unsafe Yes 

P2 ISM 0.7 C Safe Yes 

P3 ISM 1 C n/a Yes 

P5 ISM 0.7 C n/a Yes 

P6 RSM 2.1 C Safe Yes 

R1 RSM 5.5 B Unsafe Yes 

R3 RSM 6 B n/a No 

R4 RSM 2.8 C Safe Yes 

R5 RSM 1.75 C Unsafe Yes 

 318 

The data in Table 4 is useful to explain contradictory observations from Section 3. There, it was observed that several 319 

collapsed buildings (e.g. M1, P2 and C3) were located in the safe zone of the out-of-plane seismic index λo. In other words, the 320 

out-of-plane seismic index λo indicated that the total thickness to height ratio in these buildings should have been sufficient to 321 

resist overturning instability. However, the MQI category of these buildings are either “C” or “B” and the wall internal connection 322 

criteria WC are not fulfilled (“NF”). These results indicate that leaves may have separated during the earthquakes, reducing the 323 

effective thickness of the wall in Eq.(3), and rendering it unsafe against overturning.   For M1, separation of internal and external 324 

leaves can be observed in Fig.7b. This disaggregation may have been responsible for the subsequent collapse of the mosque 325 

dome (see Fig.3b). There are 11 buildings in Table 4, where the λo safety criteria is “Safe” but disaggregation is observed. 326 

Despite the good correlation between masonry disaggregation observations and the MQI category “C”, it is important to note 327 

that MQI cannot be used as a predictor of damage. MQI uses empirically defined weights to combine various quality measures 328 

into a single scalar. However, as observed for M1, a specific weakness (e.g. as indicated the parameter WC) can lead to premature 329 

failure in walls even though all other aspects of the construction are good. This is mentioned as a limitation of the MQI approach 330 

in a recent review study, which also cites alternative construction quality indicators (Szabó et al., 2023). Furthermore, it is 331 

important to note that the incidence of disaggregation damage relates to aspects that are not considered by the MQI, such as the 332 

seismic demands on the wall and the supporting structural system. For example, the masonry quality in M5 is categorized as 333 

“C”. However, disaggregation in this building remains limited due to comparatively low seismic demand and rigid diaphragm 334 

action offered by the RC slab and frame system connecting masonry walls.  335 

5. In-situ material measurements 336 

Limited samples from only a small number of buildings could be collected for destructive testing in the laboratory due to the 337 

heritage status of buildings. In the absence of laboratory samples, in-situ tests had to be conducted to quantify material properties 338 

(see (Barnaure and Cincu, 2020) for a review of typical tests). Tests involving in-situ loading (e.g. flat jack test) could not be 339 

applied due to safety concerns. Instead, the elastic modulus and compressive strength of stones were characterised using UPV 340 

and SRH measurements, and the compressive strength of mortars were estimated using MP tests. The devices and procedures 341 

used for the UPV, SRH and MP tests are discussed in the subsections 5.1.1, 5.1.2 and 5.1.3. The numerical data obtained for 342 
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material properties are presented in Section 5.2. Established correlations from the literature are also used in this section to derive 343 

various other relevant material parameters (such as cohesion and friction angle of mortars) and the mechanical properties of 344 

homogenised masonry walls.   345 

5.1. Measurement techniques  346 

All the in-situ measurements were performed on the walls of the investigated buildings. Intact loose stones from the building 347 

debris were used for measurement when available. The SRH and UPV measurements were taken on all visually distinguishable 348 

stone types. A minimum of two stones of each type were considered to evaluate variability and up to five stone types per building 349 

were investigated. Surface and internal MP tests were performed at least from three different locations for at least two walls per 350 

building. 351 

5.1.1. UPV measurements 352 

UPV test makes use of the fact that ultrasonic waves propagate at different velocities through materials with varying densities 353 

and mechanical properties. By measuring the time it takes for waves to travel, wave propagation velocity can be determined. 354 

This can then be used to estimate material properties such as density (ρs) (Gardner et al., 1974) and dynamic elastic modulus 355 

(Edyn) (Gonen and Soyoz, 2021). UPV tests are conducted using the following equipment: i) Transmitter: A transducer that 356 

generates the ultrasonic waves sent into the sample, ii) Receiver: A transducer that measures the ultrasonic waves that travelled 357 

through the stone, iii) Controller: A device for generating the electrical signals sent to the transmitter and digitising the signals 358 

from the receiver. The controller also processes the signals (using the time and distance of travel) to obtain the P-wave velocity, 359 

Vp. 360 

When measuring stones in-situ, UPV tests were performed using indirect transmission (Fig.8a). The direct transmission 361 

technique was used when measurements were conducted on loose stones (Fig.8b).  PUNDIT PL-200 testing device with 54 Hz 362 

exponential transducers were used. The exponential transducers were preferred as they can conduct measurements on rough 363 

surfaces without coupling agents (Wróblewska et al., 2021). The UPV device was calibrated regularly (e.g. when the subject 364 

wall or building changed) using the special calibration rod (see Fig.8b) to minimize measurement errors. The velocity 365 

measurements were repeated three times and averaged to obtain Vp. 366 

                                            367 
                                                                (a)                                                                     (b) 368 
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Fig.8. a) Indirect UPV measurement on an in-situ stone from R4, and b) direct UPV measurement on a disaggregated stone from 369 

C3 370 

The following equation can be used to estimate Edyn (Marazzani et al., 2021): 371 
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 (5) 372 

where νs is the Poisson’s ratio for the stone. The units for Vp and ρs in Eq.(5) are m/s and kg/m3, respectively. It can be observed 373 

from Eq.(5) that accurate estimation of Edyn requires the use of appropriate νs and ρs values, in addition to measured wave velocity 374 

Vp. In the literature, the value for Poisson’s ratio of different stones varies between 0.13-0.33 (Li et al., 2023; Wang et al., 2024). 375 

It will be assumed as 0.25 in this study. Since it was not possible to measure the density of in-situ stones, empirical relations 376 

between ρs and Vp for natural stones were used (Gardner et al., 1974; Günaydin et al., 2022): 377 

                  
0.25 3230 (kg/m )s pV =  (6) 378 

The accuracy of density estimation using Eq.(6) will be evaluated in Section 5.2.  379 

The elastic modulus obtained using Eq.(5) is called “dynamic” due to the negligible strain levels during ultrasonic testing. 380 

Static elastic modulus of stones (Esta) is smaller compared to Edyn. Several empirical equations were presented for different type 381 

of stones to estimate Esta using Edyn (Eissa and Kazi, 1988; Al-Shayea, 2004; Brotons et al., 2014). In this study, Eq.(7) was 382 

chosen to calculate Esta as it was derived from a large dataset featuring different stone types (Eissa and Kazi, 1988; Gonen and 383 

Soyoz, 2021).:  384 

 0.74 820 (MPa)sta dynE E= −  (7) 385 

The UPV tests were conducted in different parts of the building, on in-situ and loose stones. In MLM walls, measurements 386 

were conducted on both ashlar and internal rubble stones. The results of these tests are averaged to estimate Esta values for each 387 

building. 388 

5.1.2. SRH tests 389 

The SRH is a portable instrument used for assessing the compressive strength of masonry stones. It measures the rebound of 390 

a spring-loaded hammer after striking the surface of the material, providing an indirect estimation of its strength. A previous 391 

study using cored sampled stated that the mechanical properties of samples from exterior surfaces are unlikely to be significantly 392 

different from interior surfaces of the same stones (Ferreira Pinto et al., 2021). This indicates that if extensive surface degradation 393 

is not present, surface hardness can be used to estimate the estimate compressive strength of stones. 394 

 In the field study, Silver SRH of Proceq was used. The Silver SRH uses optical sensors to measure the impact and rebound 395 

velocity. These velocity measurements are used to calculate the Q value. As such, the Q value is not influenced by the friction 396 

on the guide rod or the relative velocity between the unit and the specimen. It is also independent of the impact direction (Viles 397 

https://www.sciencedirect.com/topics/engineering/optical-sensors
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et al., 2011). These aspects enable the use of Silver SRH for testing in-situ and loose stones. The Silver SRH is compatible with 398 

a mushroom plunger that enables measuring compressive strengths as low as of 5 MPa (Kumavat et al., 2021).  399 

                                     400 
                                      (a)                                                                                  (b) 401 

Fig.9. a) Preparing phase of a stone for SRH test in building C2 b) SRH measurement on a stone from a collapsed wall of M1 402 

Before applying the SRH, the surface of the stones is cleaned with polishing tool (Fig.9a). Fig.9b shows the SRH test being 403 

performed on a loose stone sample. Ten readings were obtained by conducting rebound measurements in small area. Readings 404 

are averaged to obtain the Q value that is used to calculate the compressive strength of stone (fs):  405 

 
20.0108Q 0.2236Q (MPa)sf = +  (8) 406 

It should be noted that Eq.(8) is valid for Q values between 13 and 44 which corresponds to compressive strength values 407 

between 5 and 31 MPa (Kocáb et al., 2019). The procedure was applied to in-situ and loose stones to estimate an average value 408 

of fs for each building.  409 

5.1.3. MP tests 410 

The mechanical properties of mortar may have a significant influence on the damage response of masonry walls. Since it is 411 

unfeasible to extract large mortar samples from existing historic structures, it is often necessary to use non-destructive or minor 412 

destructive techniques in-situ to evaluate mechanical properties of mortar. Penetrometer tests which evaluate the dynamic 413 

penetration of a steel needle to estimate the compressive strength of mortar (Gambilongo et al., 2023; Žalský et al., 2023), is a 414 

commonly used method. Another version of the penetrometer is based on a pin which is driven at constant velocity into the 415 

mortar, where the applied load is obtained as a function of the penetration depth (Liberatore et al., 2016). 416 

 In this study, the MP device (see Figs.10a-b) of Diagnostic Research Company (DRC) was used to estimate the compressive 417 

strength of mortars (fm) from the investigated buildings. The MP device has a hammer that is attached to a manually loaded 418 

spring. When released, the hammer strikes a steel needle and the mortar is exposed to dynamic blows with consistent impact 419 

energy. This energy causes the needle's tip to penetrate the mortar. According to the manufacturer's instructions, the test should 420 

be conducted by striking the needle 10 times. The penetration depth is then measured and used to calculate compressive strength 421 

of mortar with Eq.(9):  422 
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=  (9) 423 

where dm is penetration depth in mm. The equation is valid for penetrations in the range 4 to 22 mm (Gambilongo et al., 2023). 424 

MP tests were performed both at the surface (Fig.10a-b) and internally, e.g. at an approximate depth of 8cm from the surface 425 

of the wall (Fig.10c). This was done to evaluate potential mechanical differences in mortar located in different parts of the wall. 426 

The MP tests were performed multiple times in different parts of masonry walls on site and fm values were calculated using 427 

Eq.(9). Building-wide averages were then calculated for surface and internal measurements to obtain representative values for 428 

each structure.  429 

               430 
(a)                                                                     (b)                                                             (c)                                                                                                          431 

Fig.10. a) MP test for a thin mortar between corner cut-stones b) MP test for a thick mortar between irregular rubble stones 432 

(building: C6) c) drilling of an access hole to perform an internal MP test on a thick mortar 433 

5.2. Results and discussion  434 

Correct estimation of Edyn of stones relies on using the correct density value ρs in Eq.(5). Since it was not possible to measure 435 

density of stones in-situ, the use of Eq.(6) to estimate ρs values were proposed. Before doing this, the accuracy of Eq.(6) was 436 

evaluated by conducting gross density measurements on loose stones on site (e.g. by measuring their weight and roughly 437 

estimating their volume). This verification was performed for several samples and the results are provided in Table 5. According 438 

to the table, the maximum relative error for ρs is lower than 15%. This is considered acceptable since the loose stones on site 439 

were not regular and consequently the ‘measured’ densities were approximate.  440 

Table 5. Comparison of ρs values obtained from Eq.(6) and gross density measurements performed on loose stone samples 441 

Stone sample Building 

ρs (kg/m3) 

% Difference Measured 

(by weighing on site) 
Estimated  

(by Eq.(6)) 

1 C6 1994.2 2287.7 14.7 

2 C9 2144.8 2427.0 13.2 

3 C9 2168.4 2404.4 10.9 

4 M1 2411.7 2402.6 0.4 

5 M2 2168.6 2144.2 1.1 

6 M2 2033.0 2101.2 3.4 
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7 P1 2424.1 2231.5 7.9 

8 P1 1826.9 1825.7 0.1 

9 P1 2035.9 2266.4 11.3 

10 P1 2109.7 2200.1 4.3 

11 P1 2326.5 2299.2 1.2 

12 R4 2281.6 2474.7 8.5 

13 R4 2424.2 2332.4 3.8 

 442 

When the UPV and SRH techniques are applied to the same stones, consistent results are obtained for the elastic modulus 443 

and compressive strength; these results show the expected correlations. However, such correlations depend on the type of stones. 444 

Since chemical characterisation of stones was not possible on site, this relationship is not explored further and individual results 445 

are not plotted here for brevity. Instead, building-wide averages for the static elastic modulus and compressive strength of stones 446 

are calculated. Table 6 shows that Esta and fs values vary between 2043-15261 MPa and 13.5-31.2 MPa, respectively. Although 447 

the estimated fs values in Table 6 for some buildings (P1, R2 and R4) are slightly higher than the limit of Eq.(8), they are still 448 

reported for completeness. The standard deviation values for the compressive strength are also provided and indicate significant 449 

variability of strength estimates in both the RSM and ISM buildings. This is not surprising considering the wide variety of stones 450 

used in the walls. The average value of fs is obtained as 25 and 26 MPa for buildings with ISM and RSM walls. The results 451 

further indicate that systematic differences are not observed between the average compressive strength values of ashlar and 452 

rubble stones used in MLM walls (not shown).  453 

Table 6. Estimated static elastic modulus and compressive strength of stones of the investigated buildings 454 

Building 
Wall 

construction 

Esta 

(MPa) 

fs (MPa)  

average±standard deviation 

C3 RSM 8726 13.5±5.2 

C4 ISM 11538 18.5±8.9 

C5 RSM 7956.4 24.1±3.4 

C6 ISM 10553.8 26.2±4.3 

C7 ISM 14461 23.5±6.5 

C8 ISM 7645.6 25.2±3.5 

C9 ISM 8578 26.1±6.2 

M1 RSM 15260.2 26.9±4.5 

M2 RSM  3398 22.2±8.6 

M3 RSM 6506 26.5±2.1 

M4 RSM 11604.6 28.5±2.6 

M5 ISM 6128.6 25.9±6.5 

M6 RSM 2043.8 28.2±1.8 

M7 RSM 5114.8 27.4±3.2 

P1 RSM 7690 28.6±3.5 

P2 ISM 6787.2 24.7±5.4 

P3 ISM 4471 21.8±5.5 

R1 RSM 8859.2 28.6±1.8 
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R2 RSM 8755.6 31.2±2.7 

R3 RSM 8407.8 28±5.9 

R4 RSM 12041.2 31±3.9 

R5 RSM 10442.8 21.7±7.5 

 455 

Building-wide average mortar compressive strength values obtained from surface and internal MP tests are presented in Table 456 

7. The values range from 0.4-2.2 MPa for surface tests and 0.6-3.1 MPa for internal tests. In general, compressive strength of 457 

mortars obtained from surface and internal tests indicate different values. Sometimes, due to repointing or more carbonation, 458 

mortars are stronger on the surface. At other times, mortars are stronger inside as they are exposed less to environmental 459 

weathering. In the absence of any clear trends, it is considered appropriate to consider the average of surface and internal values 460 

to represent mortar compressive strength. The average value of fm is 1.48 MPa for RSM constructions while the corresponding 461 

value is 1.36 MPa for ISM which indicates there is no trend for mortar quality based on wall construction type. More generally, 462 

the data indicates that further investigations on historic buildings should consider weak mortar characteristics, with a typical 463 

capacity less than 2 MPa.  464 

Table 7. MP test results with general view and type of the historic mortars 465 

Building Wall construction 

Measurement 

Surface  Internal Average 

fm (MPa) 

C3 RSM 2.1 n/a 2.1 

C4 ISM 1.2 n/a 1.2 

C6 ISM 1.7 3.1 2.4 

C7 ISM 2.2 0.7 1.45 

C8 ISM 1.1 0.8 0.95 

C9 ISM 2.2 1.8 2.0 

M1 RSM 1.1 0.9 1.0 

M4 RSM 1.5 2.9 2.2 

M5 RSM 0.5 1.3 0.9 

M6 RSM 1.5 1.2 1.35 

P1 RSM n/a 0.6 0.6 

P2 ISM 0.5 n/a 0.5 

P3 ISM 0.4 1.7 1.05 

R1 RSM 1.3 1.0 1.15 

R3 RSM 1.3 1.3 1.3 

R4 RSM 2.0 2.0 2.0 

R5 RSM n/a 2.2 2.2 
 466 

Average stone and mortar compressive strength values are plotted in Fig.11a. Other key parameters that may be used in 467 

numerical investigations include the cohesion (c) and the coefficient of friction of mortar (µ). c and µ were estimated using the 468 

average fm values in Table 7 and interpolating the NZSEE recommendations (see Table 8) for non-cohesive, soft and firm historic 469 
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masonry mortar properties (Ghiassi et al., 2019). The resulting values are shown in Fig.11b, where the values of c and µ vary 470 

between 0.05-0.15 MPa and 0.2-0.5, respectively.  471 

In Section 3, the seismic index λi2 was calculated considering the suggested µ value of 0.4 for historic masonry buildings EC6 472 

(2005). Adopting the values estimated from material measurements and correlations to calculate the λi2 seismic index, does not 473 

change the assignments for ‘safe’ or ‘unsafe’ designation of buildings in Fig. 4. 474 

Table 8. NZSEE recommendations (NZSEE, 2006) for mechanical properties of mortar 475 

Type fm (MPa) c (MPa) µ 

Non cohesive 0 0 0 

Soft 1 0.1 0.4 

Firm 4 0.2 0.6 

Stiff 8 0.4 0.8 

 476 

 477 

 478 
(a)                                                                                                (b) 479 

Fig.11. a) Compressive strength values for stone and mortar b) tangent of friction angle and cohesion values  480 

The compressive strength (fmas) and elastic modulus (Emas) of masonry walls are two key parameters required for the analysis 481 

homogenized masonry walls in finite element simulations. These parameters are estimated in various earthquake code of 482 

regulations using masonry constituents’ strength properties. According to EC6 (2005) and TBEC (2018), the fmas can be 483 

calculated as follows: 484 

                  mas s mf f f =  (10) 485 

where κ, α and β are considered as 0.45, 0.7 and 0.3 for masonry made with natural stone and general purpose/light weight 486 

mortar. 487 

The modulus of elasticity of masonry walls can be estimated using Eq.(11) where ψ is a coefficient based on correlation 488 

between fmas and Emas and generally varies between 300 and 1000. The EC6  and TBEC (2018) consider ψ as 1000 and 750, 489 

respectively (Gonen and Soyoz, 2021). 490 

C3 C4 C6 C7 C8 C9 M1 M4 M5 M6 P1 P2 P3 R1 R3 R4 R5
0

5

10

15

20

25

30

35

  fs (MPa)    fm (MPa)

Churches

f s
 (

M
P

a)

Mosques Public Residentials

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

 f
m
 (

M
P

a)

C3 C4 C6 C7 C8 C9 M1 M4 M5 M6 P1 P2 P3 R1 R3 R4
0.00

0.03

0.06

0.09

0.12

0.15

 c   

Churches

c 
(M

P
a)

Mosques Public Residential

0.0

0.1

0.2

0.3

0.4

0.5





25 
 

                  =mas masE f  (11) 491 

      492 

      493 
                                               (a)                                                                                                    (b) 494 

Fig.12. Compressive strength and elastic modulus values for masonry a) using EC6 equations b) using TBEC2018 equations 495 

Using Eqs.(10-11), the fmas and Emas values are calculated. These are presented in Figs.12a-b for EC6 and TBEC (2018). fmas 496 

ranges between 3.4 and 6.2 MPa according to EC6 and TBEC (2018), while Emas varies between 3450-6130 MPa and 2585-4600 497 

for EC6 and TBEC (2018), respectively.  498 

6. Conclusions  499 

To understand the damage experienced by the monumental stone masonry buildings in Hatay and Osmaniye provinces after 500 

the 2023 Turkey earthquakes, an assessment of wall geometry and construction quality was performed with state-of-the-art 501 

indices. The combined use of these indices provided new insight into response and may be explored not only as a post-502 

earthquake but also as a pre-earthquake assessment tool in future studies.  In addition, the mechanical properties of stones 503 

and mortars used in the building walls were estimated by in-situ non-destructive material tests. Conclusions from the 504 

investigations are summarised below: 505 

• Inspection of in-plane wall geometry index (λi2), which is the ratio of base shear capacity to demand, indicates that most 506 

buildings did not have sufficient walls to resist the significant seismic demands that were experienced during the 507 

earthquakes. This deficiency may have promoted the out-of-plane failures observed in the collapsed buildings.  508 

• The out-of-plane wall geometry index (λo) suggests that most building walls were sufficiently thick to resist the out-of-509 

plane seismic failure. However, 70% of the investigated buildings experienced masonry disaggregation, which reduced 510 

the effective thickness of walls and led to out-of-plane collapse.  511 

• According to MQI calculations, 75% of the investigated buildings are designated with class “C” which indicates poor 512 

masonry constructions prone to disaggregation under seismic actions. Majority of these buildings are constructed using 513 
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irregular stone masonry and experienced disaggregation. Some regular masonry constructions, including those with multi-514 

leaf walls, are characterised with weak inter-leaf connections, which explains their poor out-of-plane performance. 515 

• In addition to poor connections, the widespread disaggregation failures indicate poor materials. In the scientific literature, 516 

there was limited information on stone masonry materials used in the region. For this reason, Ultrasonic Pulse Velocity, 517 

Schmidt Hammer and Mortar Penetrometer tests were conducted on site. The average compressive strength of stone and 518 

mortar in buildings is estimated to range between 13.5-31.2 MPa and 0.5-2.4 MPa, respectively. This reflects the wide 519 

variety of materials used in the region and indicates poor mortar quality which may have promoted disaggregation failures, 520 

particularly in ISM walls. Using correlations from codes of guidance, the average compressive strength of masonry walls 521 

was also estimated to vary between 3.4 and 6.2 MPa. 522 

The data collected in this research also highlighted some limitations of the wall geometry and construction quality indices. 523 

These are summarised below:  524 

• The in-plane indices correctly estimated that collapsed buildings were ‘unsafe’. However, the second in-plane index 525 

indications were excessively conservative and estimated that nearly all buildings (including undamaged ones) were 526 

‘unsafe’. To achieve more useful predictions with this index, it may be necessary to consider the influence of cohesion 527 

and the weight of the building.  528 

• In the presence of masonry disaggregation, the out-of-plane index thresholds provide unconservative assessments of 529 

safety. Future evaluations should discard the use of this index in case of disaggregation.  530 

• The MQI category “C” correlated well with masonry disaggregation. However, the occurrence of masonry 531 

disaggregation depends on the local seismic demand; therefore, MQI should be seen as an indicator of disaggregation 532 

vulnerability rather than a predictive index. Furthermore, correlations between damage patterns and MQI categories 533 

indicated that specific parameters, such as wall-leaf connection, may have a dominant influence on wall behaviour. 534 

Therefore, caution should be exercised in the use of MQI overall category as a potential indicator of wall load capacity.  535 

Damage observations from the field also indicated that aspects which have not been considered in this study (such as floor 536 

structures, progressive damage due to sequential earthquakes, soil-structure interaction and vertical ground accelerations) may 537 

have influenced building damage. To understand the influence of these aspects, computational analyses are needed, which require 538 

detailed knowledge of the mechanical properties of masonry constituents. It is hoped that the data presented in this paper will 539 

form the basis of such further investigations.  540 
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Appendix 555 

Table A1. Additional geometric data and general information about the historical masonry buildings investigated 556 

ID 

Wall properties General information 

Average height 

(m) 

Typical thickness 

(m) 

Typical 

number  

of leaves  

Plan 

area 

 (m2) 

Floor type Roof type  

C1 6.45 0.5 double-leaf 168 n.a. Timber joist 

C2 9 1 double-leaf 415 n.a. Timber vault 

C3 5.6 0.75 double-leaf 375 n.a. Stone vault 

C4 9 0.55 double-leaf 166 n.a. Timber truss 

C5 7 0.7 double-leaf 312 n.a. Stone vault 

C6 6.2 0.65 double-leaf 265 n.a. Timber joist 

C7 6 0.5 double-leaf 204 n.a. Timber joist 

C8 6.5 0.6 three-leaf 133 n.a. Stone vault 

C9 6.2 0.7 double-leaf 187 n.a. Stone vault 

C10 6.5 0.65 n.a. 234 n.a. Timber joist 

M1 8.5 1.1 three-leaf 374 n.a. Stone dome and vaults 

M2 4.85 0.55 n.a. 99 n.a. Timber joist 

M3 7.8 1 double-leaf 363 n.a. Stone dome and vaults 

M4 n.a. n.a. n.a. n.a. n.a. Stone dome and vaults 

M5 8.2 1 single-leaf 645 RC beam and slab RC beams and slab 

M6 4.6 0.9 single-leaf 551 n.a. Timber truss 

M7 7.4 1 double-leaf 640 n.a. Stone vault 

M8 6.75 1 n.a. 121.5 n.a. Stone dome and vaults 

P1 9.5 0.6 double-leaf 325 RC beam and slab RC beams and slab 

P2 4.2 0.4 double-leaf 200 Jack arch  Timber truss 

P3 4.6 0.8 single-leaf 858 RC beam and slab RC beams and slab 

P4 n.a. n.a. double-leaf n.a. RC beam and slab RC beams and slab 

P5 n.a. n.a. double-leaf n.a. n.a. Timber/steel joist 

P6 5.25 0.6 double-leaf 88 n.a. Stone vault 

R1 4.35 0.3 double-leaf 82 n.a. Timber joist 

R2 4.35 0.6 single-leaf 70 Timber joist Timber joist 

R3 n.a. n.a. double-leaf n.a. Timber joist Timber joist 

R4 5.5 0.5 three-leaf 123.5 Timber joist Timber joist 

R5 11.5 0.4 double-leaf 150 Timber joist Timber joist 

 557 
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 Table A2. The seismic indices of the investigated buildings according to wall geometry assessments 558 

ID 
DG 

 (EMS-98) 

6 February 2023 20 February 2023 Seismic index 

Resultant PGA  

(g) 
λi1x λi1y λi2 λo 

C1 2 0.33 0.12 0.06 0.10 0.43 0.08 

C2 4 0.33 0.12 0.04 0.13 0.28 0.11 

C3 5 0.33 0.12 0.05 0.11 0.40 0.13 

C4 5 0.33 0.12 0.06 0.10 0.47 0.06 

C5 1 0.26 0.22 0.07 0.11 0.62 0.10 

C6 4 0.26 0.22 0.03 0.11 0.33 0.11 

C7 3 0.26 0.22 0.62 1.06 0.57 0.08 

C8 4 0.54 0.33 1.08 0.39 0.54 0.09 

C9 5 0.54 0.33 0.04 0.07 0.29 0.12 

C10 2 0.33 0.12 0.69 0.96 0.50 0.10 

M1 5 0.58 0.54 0.09 0.13 0.30 0.13 

M2 1 0.42 0.54 1.13 0.79 0.44 0.11 

M3 4 0.58 0.54 0.98 0.69 0.41 0.13 

M5 3 0.19 0.04 0.71 0.54 1.20 0.12 

M6 2 0.29 0.02 0.05 0.09 0.51 0.19 

M7 1 0.20 0.01 0.77 0.75 0.75 0.14 

M8 1 0.20 0.01 0.94 1.44 0.80 0.15 

P1 3 0.66 0.54 0.07 0.14 0.20 0.06 

P2 5 0.33 0.12 0.09 0.11 0.54 0.10 

P3 3 0.19 0.04 n.a n.a n.a n.a 

P4 4 0.66 0.54 n.a n.a n.a n.a 

P5 3 0.33 0.12 n.a n.a n.a n.a 

P6 3 0.54 0.33 0.95 1.31 0.31 0.11 

R1 4 0.58 0.54 0.06 0.20 0.16 0.07 

R2 1 0.58 0.54 0.08 0.27 0.16 0.14 

R3 1 0.26 0.22 n.a n.a n.a n.a 

R4 4 0.26 0.22 0.66 1.29 0.52 0.09 

R5 3 0.26 0.22 0.05 0.06 0.69 0.03 

 559 
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 562 
        (c)                                                                                 (d) 563 

 564 
                                                                                                    (e) 565 

Fig.A1. Spectral acceleration of ground motion records used for the Pazarcık earthquake: a) İskenderun b) Antakya c) Samandağ 566 

d) Altınözü e) Osmaniye 567 

 568 
(a)                                                                                                  (b) 569 
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 570 
                                                  (c)                                                                                                (d) 571 

 572 

(e) 573 

Fig.A2. Spectral acceleration of ground motion records used for the Samandağ earthquake: a) İskenderun b) Antakya c) 574 

Samandağ d) Altınözü e) Osmaniye 575 
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