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Abstract: The eleven Turkish provinces affected by the 2023 Turkey-Syria earthquakes featured historic cities
which are home to numerous stone masonry structures. Scientific evaluations of the earthquake response of
these structures requires knowledge of the construction techniques as well as the mechanical properties of
the constituent masonry materials (stone and mortar). However, limited research has been conducted on these
aspects to date. To address this research gap, a post-earthquake field study was conducted on monumental
structures located in two of the affected provinces (Hatay and Osmaniye). The paper first provides a survey of
damage observations from the field; these highlight the significant role of masonry disaggregation in collapse
mechanisms. To understand the reasons for disaggregation failures, construction techniques are investigated
systematically using the Masonry Quality Index (MQI). The use of Ultrasonic Pulse Velocity, Schmidt Rebound
Hammer and Mortar Penetrometer devices to quantify mechanical properties of stone and mortar is then
presented. Examples are provided to demonstrate how the construction technique and material property data
informs our understanding of damage mechanisms.

1. Introduction

The province of Kahramanmaras (Turkey) was hit by two earthquakes on 6 February 2023. The epicentre of
first earthquake (moment magnitude (M,,) of 7.8) was in Pazarcik while the second earthquake occurred in
Elbistan (Mw of 7.5). A major aftershock occurred in the province of Hatay on 20 February 2023 with an
epicentre at Uzunbag (M, of 6.3) (USGS, 2023). 19,284 buildings collapsed in ten cities while more than
370,000 buildings were reported as damaged. The number of fatalities and injuries were reported as more than
50,000 and 100,000, respectively (Ozkula et al., 2023).

The neighbouring provinces of Hatay and Osmaniye have a significant historic stone masonry building stock
which was affected by the 2023 Turkey-Syria earthquakes. Monumental buildings in these provinces suffered
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damage. Some iconic buildings, such as the Habib-i Neccar mosque, experienced partial or total collapse.
There is limited research in the scientific literature concerning the construction techniques and material
properties of masonry buildings in these provinces. Without this information, it is difficult to carry out a scientific
evaluation of the damage experienced by the buildings. To this end, this paper first surveys the damage
(Section 2) and then evaluates the construction techniques (Section 3) and mechanical properties (Section 4)
of 29 monumental historic masonry buildings. Section 5 explores correlations between observed damage,
construction quality and material properties to inform a better understanding of failure mechanisms.

2. Building damage survey

29 stone masonry buildings consisting of monumental churches (C), mosques (M), public (P) and residential
(R) buildings were investigated by the authors in the aftermath of the earthquakes. The investigated buildings
are listed in Table 1 with an ID, wall construction type, district and resultant peak ground acceleration (PGA)
values from the nearest strong-ground motion station (AFAD, 2023). The distance of nearest stations to the
investigated buildings varies between 0.7 km (for M8) and 11.6 km (for M6) while the average building-to-
station distance is 3.2 km. The Elbistan event (M,, = 7.5) is not considered as it is far away from the structures.

The masonry wall types of RSM and ISM in Table 1 represent regular stone masonry and irregular stone
masonry. The RSM classification refers to buildings which have an external fagade constructed from cut-
stones. This classification includes multi-leaf masonry (MLM) walls with double or triple leaf masonry. The ISM
classification is assigned to the rest of the buildings; the stone layout in these buildings is typically irregular
and stone units are of variable non-rectangular shape and size.

Table 1. ID, location, district and resultant PGA data for the investigated buildings
Resultant PGA (g)

(VIV[;" 6 Feb 20 Feb
Building name : District 2023 2023 Disaggregation
constructi -
on) Pazarcik Uzunbag
(Mw=7.8) (Mw=6.3)
Surp Karasun Manuk Church  C1 (RSM) Iskenderun 0.33 0.12 No
St. Nicholas Orthodox C2(ISM) iskenderun 0.3 0.12 Yes
Church
Latin Catholic Church C3 (RSM) iskenderun 0.33 0.12 Yes
Syriac Catholic Church C4 (ISM) iskenderun 0.33 0.12 No
Batiayaz Armenian Church ~ C5 (RSM) Samandag 0.26 0.22 No
The Virgin Mary Samandag < Yes
Orthodox Church C6 (ISM) Samandag 0.26 0.22
St. llyas Orthodox Church C7 (ISM) Samandag 0.26 0.22 Yes
St George Sarilar Orthodox C8 (ISM) Altindzii 0.54 033 Yes
Church
The Virgin Mary Tokagcli i Yes
Orthodox Church C9 (ISM) Altinézi 0.54 0.33
St George Iskenderun . i No
Orthodox Church C10 (n/a)* Iskenderun 0.33 0.12
Habib-i Neccar Mosque M1 (RSM)  Antakya 0.58 0.54 Yes
Sarimiye Mosque M2 (RSM)  Antakya 0.42 0.54 No
Seyh Ali Mosque M3 (RSM)  Antakya 0.58 0.54 Yes
Kursunlu Han Mosque M4 (RSM)  Antakya 0.58 0.54 Yes
Enveril Hamit Mosque M5 (ISM) Merkez 0.19 0.04 Yes
Agcabey Mosque M6 (RSM) Bahge 0.29 0.02 No
Ala Mosque M7 (RSM) Kadirli 0.2 0.01 No
Hamidiye Mosque M8 (RSM) Kadirli 0.2 0.01 No
Hatay Metropolitan Yes
Municipality Building P1 (RSM)  Antakya 0.66 0.54
Mithatpasa Primary School P2 (ISM) iskenderun 0.33 0.12 Yes
Yedi Ocak Primary School P3 (ISM) Merkez 0.19 0.04 Yes
Antakya High School P4 (RSM)  Antakya 0.66 0.54 Yes
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Iskenderun High School P5 (ISM) iskenderun 0.33 0.12 Yes
Olive Museum P6 (RSM)  Altindzu 0.54 0.33 Yes

Gali Mansion-| R1 (RSM)  Antakya 0.58 0.54 Yes

Gali Mansion-II R2 (RSM)  Antakya 0.58 0.54 Yes
Hidirbey Gastronomy House R3 (RSM) Samandag 0.26 0.22 No
Vakifli No.2 House R4 (RSM) Samandag 0.26 0.22 Yes

Old English School R5 (RSM) Samandag 0.26 0.22 Yes

*The wall construction type unknown as wall surfaces/cross-sections unexposed.

A damage level was assigned to each building. For this purpose, damage grades (DGs) from EMS-98
(Mavroulis et al. 2019) were used. Figure 1 represents the DG definitions of EMS-98 (Griinthal and Levret,
1998). Although DG definitions in Figure 1 consider damage in both structural and non-structural elements in
the classification, damage assignments in this study were done considering structural damage to walls only.
This enabled consistent comparisons between different building typologies which may have different structural
and non-structural components. For instance, arched porch structures, domes or minarets in mosques were
not considered in the DG assignment; damage was evaluated solely from the structural walls. This enabled
like for like comparisons with damage in church, public and residential building walls.
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»- . . S e S Grade 5: Destruction (very

Grade 1: Negligible to slight damage Grade 2: Moderate damage Grade 3: Substantial to heavy Grade 4: Very heavy damage heavy structural damage)
(no structural damage, sligth non- (slight structural damage, damage (moderate structural (heavy structural damage, very Total or near total collapse
structural damage) moderate non-structural damage, heavy heavy
- Hair-line cracks in very few walls damage) non-structural damage) non-structural damage)
- Fall of small pieces of plaster only - Cracks in many walls - Large and extensive cracks in - Serious failure of walls
- Fall of loose stones from upper parts - Fall of fairly large pieces of most walls - Partial structural failure of roofs
of buildings in very few cases plaster - Roof tiles detach and floors

- Chimneys fracture at the roof line

- Failure of individual non-structural

elements (partitions, gable walls)

Building ID

C1, C5, C10, M2, M7, M8, R2, R3 C7, M4, M6 C2, C6, M5, P1, P3, P5 C8, M3, P4, P6, R4, R5 C3, C4, C9, M1, P2, R1

Figure 1. EMS-98 damage classifications (Grunthal and Levret, 1998) and assignment of DGs to the
investigated buildings

Figures 2a-b show the relationship between the maximum resultant PGA and the DG for each building. There
is no obvious relationship between the seismic demands and damage. In Figure 2a, individual markers are
coloured according to the use of the buildings (e.g. church). Although the public buildings appear to be
associated with high DGs (3-5), the sample size is small and no clear trend can be established between
damage and building use.

In Figure 2b, markers are coloured according to the wall construction type (e.g. RSM or ISM). In general, ISM
buildings appear to have experienced lower seismic demands and high damage. Except for one, all ISM
buildings are assigned DG3 or more. This observation is consistent with the well-known vulnerability of this
construction type to earthquakes.

In Figure 2b, there is a wider range of seismic demands for RSM buildings. Half of the 18 RSM buildings were
subjected to resultant PGAs higher than 0.5g and experienced damage ranging from DG1 to 5. The remaining
9 RSM buildings were subjected to resultant PGA values lower than 0.4g. These buildings were classified
either with DG1-2 (up to moderate damage), DG4 (heavy damage) or DG5 (near or full collapse). In particular,
the building R4 (highlighted in Figure 2b) experienced out-of-plane collapse while R3 (also highlighted in Figure
2b) showed no signs of damage under similar seismic demands. It is noteworthy that the buildings R3 and R4
are two-storey residential buildings, with similar structural configurations.
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Figure 2. EMS-98 DGs vs maximum resultant PGA values considering a) wall construction types b) purpose
of the buildings

To understand why similar buildings may have experienced different damage levels under similar seismic
demands, it is useful to examine their damage patterns. Borri et al. (2020) proposed a classification which
categorises buildings according to the presence of masonry disaggregation. Masonry disaggregation refers to
disintegration of walls under strong ground motions with diffuse detachment between stones and mortar. In
ISM walls, disaggregation occurs when weak mortar is used alongside irregularly shaped and sized stones. In
RSM walls, it typically occurs when wall leaves have weak connections and separate from each other.
According to Table 1, 70% of the investigated buildings were subjected to masonry disaggregation. Masonry
disaggregation is evident in how the building leaves have separated in R4 due to a lack of diatons (see Figures
3a-b); a similar separation is not observed for the building R3 in Figures 3c-d. It is thought that masonry
disaggregation may have facilitated the formation of the out-of-plane collapse mechanism in R4, leading to the
DG4 assignment of this building.
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Figure 3. a) General view and b) disaggregated wall in R4 c) general view and d) a vertical crack around
corner stones in R3

3. Construction technique and quality evaluation

One of the potential reasons for the out-of-plane failure of masonry walls is disaggregation. Borri et al. (2015)
proposed the MQI to evaluate construction quality and judge whether a wall is prone to disaggregation.

The MQI grade is calculated using the following parameters: i) SM: conversation state, ii) SD: stone dimension,
iii) SS: stone shape, iv) WC: wall-leaf connection, v) HJ and VJ: mortar joint geometry, vi) MM: mortar quality.
A grade (e.g. fulfilled (F), partially fulfilled (PF) and not fulfilled (NF)) is assigned to each parameter and the
MQl is calculated using Eq. (1):

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

The weights of each parameter are determined according to the fulfilment level and the loading conditions
(e.g. in-plane, out-of-plane and vertical). In this paper, the MQI for horizontal out-of-plane actions is considered.
Further details about the MQI parameters (Borri et al. 2015; Borri et al. 2020) are not provided for brevity.
However, Figures 4a-c are presented to show how geometric measurements were used to calculate
parameters of SD, WC and VJ where the ratio of L/L, is used to select the fulfiiment criteria for WC and VJ
(Bozyigit et al. 2023).
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Figure 4. a) Stone dimension measurements from a point cloud for C5, b) photograph of a through thickness
cross-section of a disaggregated wall used for WC calculation (Building: M1), and c) an exposed wall surface
used for VJ calculation (Building: C3) (Bozyigit et al. 2023)

After calculating Eq. (1), the masonry wall is assigned a category: “A” (good quality) for 7< MQI < 10, “B”
(average quality) for 4< MQI £ 7 and “C” (poor quality) for 0< MQI < 4. The walls categorized as “C” are prone
to masonry disaggregation according to Borri et al. (2020).

Table 2 represents the MQI, the MQI category, disaggregation state and DG for the examined buildings. It
should be noted that the MQI calculations were not performed for some buildings listed in Table 1 as exposed
masonry surfaces and through thickness cross-sections were not available. According to Table 2, all the ISM
buildings are in category “C” and disaggregation was observed for all of these, except for C4.

Half of the RSM buildings are categorized as class “B” while the rest are categorized as “C”. All class “C” RSM
buildings experienced disaggregation, including R4 (see Figures 3a-b). About half of the class “B” buildings
did not experience disaggregation. This includes R3 (see Figures 3c-d). However, the buildings M1, M3 and
R1, which are categorised as “B”, unexpectedly experienced disaggregation. A possible reason for
disaggregation in these class “B” walls, is their unfulfilled WC criteria; this indicates that their wall leaves may
have separated, leading to disaggregation and out of plane collapse. An example of wall leaf separation is
shown in Figure 4b and this aspect is discussed in detail elsewhere (Bozyigit et al., 2023).

Table 2. MQI value and category for walls under out-of-plane actions with disaggregation and DG data

Building Wall construction MQl Category Disaggregation DG (EMS-98)

C2 ISM 1 C Yes 3
C3 RSM 2.8 C Yes 5
C4 ISM 1.4 C No 5
C5 RSM 6 B No 1
C6 ISM 0.35 C Yes 3
Cc7 ISM 0.5 C Yes 2
C8 ISM 1.4 C Yes 4
C9 ISM 1.05 C Yes 5
M1 RSM 6.5 B Yes 5
M3 RSM 55 B Yes 4
M5 ISM 1 C Yes 3
P1 RSM 0.35 C Yes 3
P2 ISM 0.7 C Yes 5
P3 ISM 1 C Yes 3
P5 ISM 0.7 C Yes 3
P6 RSM 2.1 C Yes 4
R1 RSM 5.5 B Yes 5
R3 RSM 6 B No 1
R4 RSM 2.8 C Yes 4
R5 RSM 1.75 C Yes 4

4. In-situ mechanical characterisation of masonry materials

The previous sections highlighted the correlation between poor wall construction quality (quantified by either
MQI class “C” or unfulfilled wall-leaf connection criteria WC) and failures (disaggregation and out-of-plane
collapse). To ensure that these correlations are meaningful, they need to be considered alongside the
mechanical characteristics of constituent materials; disaggregation generally implies poor materials. To this
end, in-situ mechanical characterization of masonry materials was conducted during the post-earthquake field
work. Ultrasonic Pulse Velocity (UPV) tests were used to estimate the dynamic (E,) and static modulus of
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elasticity (Es) of stones, Schmidt Rebound Hammer (SRH) tests were applied to estimate compressive strength
of stones (fs) and Mortar Penetrometer tests were conducted to estimate compressive strength of mortars (fx).
A brief summary of these tests are provided below. For further details, the reader is referred to Bozyigit et al.
(2023).

4.1. UPV tests

UPV measurement is based on the propagation of ultrasonic waves at different velocities through materials.
Proceq Pundit PI-200 device was used in the tests as follows: i) The transmitter generates the ultrasonic waves
sent into the stone, ii) the receiver measures the ultrasonic waves that travelled through the stone, iii) the
controller processes the signals using the time and distance that the waves travelled to obtain P-wave velocity
(V). V, is used to estimate the density (os) (Gardner et al. 1974) and Ey (Marazzani et al., 2021) using Egs.(2-
3), respectively.

p, =230V, (kg/md) 2)

_pVE(+v)(1-20,)

E
¢ (1-v,)10°

(MPa) (3)

where v, is Poisson’s ratio of the stone and is assumed as 0.25.

The strain level is negligible in the ultrasonic tests. Therefore, E4 is smaller than Es. In this study, the Es is
calculated using Eq.(4) (Eissa and Kazi, 1998):

E. =0.74E, - 820 (MPa) (4)

4.2. SRH tests

The Silver SRH of Proceq was used in the field work with the mushroom plunger to determine the fs. The Silver
SRH uses optical sensors to measure impact and rebound velocities. These velocities are used to obtain Q
values. Ten readings were obtained for each stone sample. The average of readings are calculated to obtain
Q value which is used to estimate f; as follows (Kocab et al., 2019):

f. =0.0108Q* +0.2236Q (MPa) (5)

4.3. MP tests

The MP tests were performed using a device from the Diagnostic Research Company (DRC) to obtain the
compressive strength of mortars. The MP device features a hammer attached to a manually loaded spring.
The hammer strikes a needle when it is released and the needle is penetrates into the mortar. The hammer is
struck 10 times. £, is calculated using Eq.(6) where d, is the penetration depth (Gambilongo et al., 2023).

, 570 - |(1.58d, -5.3)10°
1580

(MPa) (6)

The MP measurements were performed both at the surface and internally to investigate the mechanical
difference in mortar for different parts of the wall.

4.4. Numerical results and discussion

In general, it was observed that a wide range of materials were used in the construction of walls, particularly
in ISM and MLM walls. To provide a practical indication of the static elastic modulus and strength of materials
used in each building, building-wide averages were calculated from the measurements taken across different
materials located in different parts of the buildings. These are presented in Table 3 alongside disaggregation
status and DGs according to EMS-98.

The building-wide average values of Es, fs and f, vary between 2043-15261 MPa, 13.5-31.2 MPa and 0.5-2.4
MPa, respectively. When the average values of RSM buildings are considered, the corresponding values are
8343.3 MPa, 26.2 MPa and 1.54 MPa. For ISM buildings. they are 8770.4 MPa, 24 MPa and 1.31 MPa. These
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results indicate that systematic differences did not exist between the mechanical properties of materials used
in RSM and ISM buildings. From these results, it is apparent that mortar strength is uniformly low across the
examined structures; it is typically less than 2 MPa.

Table 3. Estimated building-averaged Es, fs and f, values of the buildings with construction type, disaggregation
status and DGs

Building  Wall construction  Es(MPa) f;(MPa) fn(MPa) Disaggregation DG (EMS-98)

C3 RSM 8726 13.5 21 Yes 5
C4 ISM 11538 18.5 1.2 No 5
C5 RSM 7956.4 241 n/a No 1
C6 ISM 10553.8 26.2 24 Yes 3
C7 ISM 14461 235 1.45 Yes 2
C8 ISM 7645.6 252 0.95 Yes 4
C9 ISM 8578 26.1 2 Yes 5
M1 RSM 15260.2 26.9 1 Yes 5
M2 RSM 3398 222 n/a No 1
M3 RSM 6506 26.5 n/a Yes 4
M4 RSM 11604.6 28.5 2.2 Yes 2
M5 ISM 6128.6 259 0.9 Yes 3
M6 RSM 2043.8 28.2 1.35 No 2
M7 RSM 5114.8 274 n/a No 1
P1 RSM 7690 28.6 0.6 Yes 3
P2 ISM 6787.2 247 0.5 Yes 5
P3 ISM 4471 21.8 1.05 Yes 3
R1 RSM 8859.2 28.6 1.15 Yes 5
R2 RSM 8755.6 31.2 n/a Yes 1
R3 RSM 8407.8 28 1.3 No 1
R4 RSM 12041.2 31 2 Yes 4
R5 RSM 10442.8 21.7 2.2 Yes 4

Table 3 does not show any apparent trends between the mechanical properties of masonry constituents and
DG levels. This observation indicates that the construction quality may have been the dominant aspect
governing the out-of-plane failures of masonry walls. In particular, for RSM walls, the inter-leaf wall connections
appear to have had a dominant role in the failure. On the other hand, past earthquake observations (Decanini
et al. 2002) indicated that mortar may have a strong influence on the resistance of ISM walls against
disaggregation and out-of-plane collapse. Low mortar strength of the examined buildings may have facilitated
disaggregation in the examined ISM structures. The fact that all ISM structures, even those with the lowest
PGA, experienced disaggregation corroborates this statement.

5. Conclusions

This paper surveyed the damage, evaluated construction quality and discussed in-situ material
characterisation of the walls of 29 monumental stone masonry buildings in Hatay and Osmaniye after 2023
Turkey-Syria earthquakes. The concluding remarks are listed below:

¢ In general, regular stone masonry constructions experienced less damage than irregular stone masonry
constructions when subjected to similar peak ground accelerations.

e Masonry disaggregation was observed in 70% of the investigated buildings. This observation indicated poor
construction quality and materials.
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e The Masonry Quality Index was calculated for 20 buildings based on wall leaf, stone and mortar geometries.
75% of these buildings was categorised as class “C”, which indicates poor construction quality prone to
disaggregation. A strong correlation was found between the MQI category “C” and the presence
disaggregation amongst the investigated buildings.

¢ Some buildings which were associated with average MQI quality class “B” also experienced disaggregation.
It was observed that these walls had poor inter-leaf connection, which caused the walls to disaggregate.

e The elastic modulus and compressive strength of stones vary between 2043-15261 MPa, 13.5-31.2 MPa,
respectively. These ranges show that a wide variety of stones were used for the walls of the monumental
buildings in the area.

e The compressive strength of mortars range between 0.5-2.4 MPa. These values indicate low strength and
help explain why disaggregation was common in ISM walls, even for low seismic demands.
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