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Abstract

Since ancient times, different techniques have been favoured to provide the integrity of masonry buildings at risk from earthquakes. 

Earthquake consciousness and determination of related effective techniques have always been a challenging subject. In this study, 

morphologic characteristics affecting structural resistance of dry-joint masonry towers, and their impact on each other are examined 

with the help of the statistical analysis. The effectiveness of each characteristic is discussed in relation to the earthquake risk level 

of the regions to decipher awareness of precautions necessary for structural resistance of dry-joint masonry under earthquake risk 

in ancient periods.

The methodology includes gathering morphologic data with the conventional site survey techniques of architectural restoration; visual 

analysis of the dataset; design of hypothetical towers by combining possible characteristics of real towers; quasi-static tilt analysis of 

hypothetical towers with MsPhysics 1.0.3 software; regression analysis of the collapse limits for different morphologic configurations 

with EViews 4 software, and the proposition of a vulnerability framework and application of the framework to case studies.

The parameters affecting structural resistance are listed in the order of high to low impact as a staggering ratio, stone depth, ratio 

between block length and height, proportional relationship between height and length, opening area, number and position and 

the distribution of header stones. The application of the framework to case studies indicated consciousness awareness of the risk and 

the taking of precautions against lateral loading of dry-joint masonry in ancient periods.
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1 Introduction
Morphologic characteristics affect the structural perfor-
mance of buildings. In dry-joint masonry buildings, charac-
teristics such as the proportion of building length to height; 
the geology, size, proportion and organisation of stone 
blocks, and distribution of openings present variations. In 
turn, structural resistance of dry-joint masonry buildings 
with different morphologies present differences under sim-
ilar earthquake conditions. Several pieces of research have 
been conducted to examine one or two of the character-
istics affecting structural resistance of dry-joint masonry 
buildings (de Felice, 2011; Foti et al., 2018; Giuffrè, 1996; 
Jimenez, 2011; Vaculik et al., 2004). The variation in the 
organisation of blocks is evaluated in the majority of the 

studies. For example, de Felice (2011) studied stone size 
and number of headers; Foti et al. (2018) studied masonry 
pattern, and Giuffrè (1996) studied the usage of header 
stones between leaves. The organisation of blocks was 
also examined in relation to material characteristics 
(Giuffre et al., 1994; Godio et al., 2018; Vaculik, 2012). 
Vaculik et al. (2004) and Jimenez (2011) studied opening 
organisation concerning boundary conditions and rein-
forcement of slenderness. Some of these studies are exper-
imental (Jimenez, 2011; Restrepo Vélez et al., 2014), while 
some are simulations using computational (Bui et al., 2017; 
Erdogmus et al., 2020; Gençer et al., 2020; Lemos, 2019; 
Pulatsu et al., 2016; Pulatsu et al., 2019; Senthivel and 
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Lourenço, 2009) or analytical methods (D'Ayala and 
Speranza, 2003; Vaculik et al., 2004). The majority are 
experiments with newly designed dry masonry elements, 
rather than considering historical cases. Moreover, the 
effectiveness of the characteristics relative to each other 
has not been evaluated in any of these preliminary studies.

In this study, the focus is ancient dry-joint masonry 
tower typology. The aim is to determine the impact of 
each morphologic characteristic on each other so that 
a practical way of surveying the structural vulnerability 
of an ancient dry-joint masonry tower under lateral load-
ing can be proposed. Since there are many characteristics 
to be handled, statistical analysis techniques were consid-
ered for evaluation. Thus, the methodology of this study 
comprises the tools of architectural restoration and civil 
engineering with those of statistics.

Different statistical analysis methods have been used 
in architecture and architectural conservation disci-
pline (Carpino, et al., 2017; Gençer, 2019; Kanıt and 
Baykan, 2020; Serteser and Karadag, 2018). Multiple regres-
sion analysis, a statistical technique that analyses the rela-
tionship between two or more independent variables and 
estimates the value of the dependent variable, was used. 
It has been adapted to different disciplines. Regression anal-
ysis is used in different research areas such as the economy 
(Anghelache and Anghel, 2014; Busu, 2019; Dimian, 2014; 
Duran and Ferreira-Lopes, 2016; Duran, 2017; Uysal and 
Aydemir, 2016), medicine (Başgelmez and Yıldız, 2017; 
Conrad et al., 2010; Kaier et al., 2010; Onder and Batigun, 2016; 
Pervaiz et al., 2017), educational sciences (Pedhazur, 1997; 
Radhy, 2019; Ünal et al., 2017; Wang et al., 2011; 
Yavuz et al., 2017), agriculture (Kelechi, 2012; Kuethe 
and Borchers, 2012) and engineering (Carpino et al., 2017; 
Chen et al., 2011; Kanıt and Baykan, 2020).

The general aim of multiple regression is to understand 
the relationship between several independent variables and 
a dependent variable (Pearson and Lee, 1908). The value 
of the independent variables changes depending on gath-
ered data in the site survey, while the value of the depen-
dent variable only changes in response to the indepen-
dent variables. With regression analysis, the coefficients 
and probability of the variables affecting the independent 
variable and F value (probability) and R-squared ( R2 ) val-
ues of the regression model are determined. The p-value 
of the coefficients of variables in regressions determines 
the significance of variables. We accept the parameters 
that have less than 5 % p-value (probability) as a statisti-
cally significant coefficient. The regressions which have 
higher than 0.75 R-squared are stated as a more relevant 

regression (Henseler et al., 2009). This means that vari-
ables are accepted as parameters, and their coefficients 
are statistically very significant.

2 Experimental process
First, case study towers in different ancient regions 
under different earthquake risk were selected with a lit-
erature review. These regions are Caria, Pamphylia and 
Cilicia; they are under high, medium and low earthquake 
risk, respectively. Secondly, Alinda and Latmos towers 
in Caria; Perge and Sillyon Towers in Pamphylia, and 
Gömeç and Sarayın in the Cilicia Region, which have sus-
tained their integrity and authenticity to a great extent, 
were surveyed with triangulation and running measure-
ments using a laser meter. The measured survey was sup-
ported with single image rectification. Thirdly, visual 
data was classified. In turn, the following characteristic 
types were determined: six wall profiles, fifteen opening 
organisations, four ratios between wall height and length. 
Characteristic types are illustrated in Fig. 1.

In the 5th step, all possible characteristic types were 
combined and hypothetical towers (6 × 4 × 15 = 360) were 
modelled (SketchUp (2017), Trimble) and their collapse 
angles were determined one by one with quasi-static tilt 
analysis (MSPhysics 1.0.3). MSPhysics is used for the 
quasi-static tilt analysis simulation based on the equilib-
rium state. It allows real-time physics simulation of rigid 
elements where each one can have specific properties 
such as shape, density and friction (Synytsia, 2017). It is 
a static, rigid body approach; thus, no stress occurs, and 
the force transfer between two blocks is uniformly dis-
tributed over the contact surface.

In the simulations, friction coefficient and density 
are taken into consideration, but modulus of elastic-
ity is ignored based on studies in the literature because 
the displacements due to elastic deformation are negligi-
ble (D'Ayala and Speranza, 2003). Based on laboratory 
analysis, two types of stone were determined: granite and 
limestone (Gençer, 2019). In the literature studies on the 
behaviour of dry masonry, density (weight) and coefficient 
of friction values are critical (Bui et al., 2017; Restrepo 
Vélez et al., 2014). The friction coefficient of rock stone 
in masonry change between approximately 0.6 and 0.7, 
so there is not a considerable difference between coeffi-
cients of rocks (limestone: 0.75; granite: 0.6) (The Concrete 
Institute, 1909). The density of materials changes depend-
ing on the hardness or softness of the material. Therefore, 
common density values for stones were accepted ( lime-
stone: 2560; granite: 2750 kg/m3 ) (Colas et al., 2016).
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Fig. 1 Wall profile, opening types and h/l ratios
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The collapse angles simulate lateral loading, which 
resembles earthquake behaviour to some extent. The valid-
ity of this analysis was proved with experimental work 
in the laboratory by tilting the table on which towers out of 
wooden blocks were placed (Gençer et al., 2020), and the 
results were supported with a literature review (Restrepo 
Vélez et al., 2014). Thus, quasi-static tilt analysis was con-
sidered as a practical way of understanding the differences 
in the structural behaviour of dry-joint masonry towers 
with different morphologies under changing lateral load-
ing. Phases of tilt analysis are illustrated in Fig. 2.

The angle of collapse under lateral loading is the depen-
dent variable. It depends on the variation in morphologic 
characteristics. The characteristics that affect collapse 
angle is clarified as the wall profile, opening organisation 
and proportional relationship between height and length 
(Table 1). So, these characteristics are the independent 
variables. The wall profile is affected by the variation 
in stone depth, the ratio between block length and height, 
staggering of blocks, which is the ratio between the hori-
zontal distance between joints and the height of the related 
course; and distribution of headers at their upper portions. 
Openings are critical when they are positioned at the upper 
portion of a tower. Thus, the area, number and position of 
openings have an effect on structural resistance.

In the 6th step, the data set, including only the variables 
for the characteristics of the hypothetical towers, was dis-
sociated from the whole (Table 2).

In the 7th step, the data set, including the collapse angles 
as dependent variables and morphologic characteristics 
as independent variables, was analysed with the help of 
the Eviews software. Multiple regression analysis helped 
in predicting the value of the dependent variable Y for given 
values of independent variables X1 , X2 , …, Xk . In general, 
the multiple regression equation of Y on X1 , X2 , …, Xk is 
given by Eq. (1) (Eviews, 2017):

Y b X b X b Xk k= + + + +constant
1 1 2 2

 .  (1)

b1 , b2 , b3 , …, bk are called regression coefficients. Y is 
the dependent variable. Thus, if b1 = 2.5, then Y increases 
by 2.5 units when X1 is increased by 1 unit. The linear rela-
tionship between dependent variables and independent vari-
ables are determined before regression analysis. The rela-
tion between height and length proportion, and collapse 
angle within the limits of the real towers shows linearity.

With regression analysis, the coefficients and probabil-
ity of the variables are determined. Thus, variables were 
identified as parameters. To compare the parameters with 
each other, an impact analysis is performed using the stan-
dard deviation value and coefficients of each parameter. 
In this way, the effect of the parameters was compared with 
each other (Ertekin and Özmen, 2017; Pedhazur, 1997; 
Ünal et al., 2017; Wang et al., 2011; Yavuz et al., 2017).
Impact value Coefficient of independent v.

Standard Deviation In

=

× ddependent v.

Standard Deviation Dependent v.

( )
( )/

 

With the help of the impact values, dominancy of 
parameters can be determined.

In the 8th step, vulnerability framework is proposed 
with the help of the impact values of parameters gained 
by statistical evaluation. The vulnerability was assessed 
in incremental steps with the help of the impact values of 
parameters; ranking vulnerability at levels such as very 
high, high, medium, low, considerably low and critical. 
Vulnerability rankings are determined for openings at the 
in-plane position since always the worst case is considered. 
Finally, the framework is applied to the case study towers.

3 Results and discussion
Since the probability of variables is less than 5 %, regres-
sion analysis is significant. The F-Value and their cor-
responding p-value is also another important criterion 
for the relevancy of the regression. The regressions 
with lower p-value and higher F statistics can be referred 

Fig. 2 Tilt analysis in MSPhysics
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to as more relevant regression. This means that all vari-
ables can influence the collapse angle. This indicates 
strong evidence of parameters (Table 3).

Both R-squared ( R2 ) and Adjusted R-squared ( adjusted 
R2 ) show the proportion in which the collapse angle is 
explained through the parameters. R-squared value is 
about 95 %. This high percentage indicates that the model 
explains most of the variability of the response data. 
Henseler et al. (2009) identify acceptance level of R2 values 
as 75 %, 50 %, and 25 %: substantial, moderate and weak, 
respectively (Henseler et al., 2009). This shows that the 
regression model is substantial. The regression result shows 
that all the coefficients are statistically very significant.

It can be stated that the model that describes the vari-
ables affecting structural resistance of dry-joint masonry 

towers can be used to make reliable proposals for the 
structural vulnerability of dry masonry towers against 
lateral load. The coefficient of variables that affect struc-
tural resistance negatively and positively are determined. 
However, the parameters cannot be compared because they 
have different coefficient units. To compare the parame-
ters with each other, impact values of parameters with the 
same unit were calculated by using the standard deviation 
value and coefficients of each parameter. While discussing 
these parameters, intervals of parameters should be taken 
into consideration (Table 4).

The impact value represents the highest numerical 
value of the interval of each parameter. When the impact of 
parameters is listed from their positive impact to negative 
impact, the parameters providing a considerably positive 

Table 1 Dependent and independent variables of the regression model

Dependent 
variable Independent variables

Collapse angle

Wall profile

• Staggering ratio
• Ratio between block length and 

height
• Stone depth
• Distribution of upper headers

Opening
• Upper opening area
• Upper opening number
• Upper opening position

Proportional 
relationship

• Ratio between height and 
length

Table 2 The data set for regression analysis
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1 11 1.6 0.4 1.5 60 0 1 3 1

2 11 1.8 0.4 1.5 60 0 1 3 1

3 11 2 0.4 1.5 60 0 1 3 1

4 11 2.3 0.4 1.5 60 0 1 3 1

5 11 1.6 0.4 1.5 60 0 1 3 1.4

6 11 1.8 0.4 1.5 60 0 1 3 1.4

7 11 2 0.4 1.5 60 0 1 3 1.4

8 11 2.3 0.4 1.5 60 0 1 3 1.4

9 11 1.6 0.4 1.5 60 0 1 1.5 1

10 11 1.8 0.4 1.5 60 0 1 1.5 1

11 11 2 0.4 1.5 60 0 1 1.5 1

12 11 2.3 0.4 1.5 60 0 1 1.5 1

. . . . . . . . . .

360 11 2.3 0.4 1.5 60 0 2 3 1

Table 3 Statistical analysis results

Dependent Variable: COLLAPSE ANGLE

Method: Least Squares

Included observations: 360 after adjusting endpoints

Variable Coefficient Std. Error t-Statistic Probability

Block 
Length/
Height ***

0.774170*** 0.253346 3.055781 0.0024

Height/
Length*** −1.873832*** 0.132541 −14.13770 0.0000

Opening 
Area*** −0.193814*** 0.025186 −7.695450 0.0000

Opening 
Number*** −0.171216*** 0.078331 −2.185799 0.0295

Opening 
Position*** −0.103385*** 0.037915 −2.726727 0.0067

Staggering 
Ratio*** 2.263709*** 0.464579 4.872603 0.0000

Stone 
Depth*** 0.131621*** 0.031136 4.227269 0.0000

Upper 
Header 
Usage***

0.372812*** 0.066929 5.570241 0.0000

Constant*** 5.067544*** 1.885607 2.687487 0.0075

R-squared 0.945878 Mean dependent 13.89583

Adjusted 
R-squared 0.944644 S.D. dependent 2.764097

S.E. of 
regression 0.650332 Akaike info criterion 2.002014

Sum squared 
resid 148.4489 Schwarz criterion 2.099166

Log 
likelihood −351.3624 F-statistic 766.7899

Durbin-
Watson stat 1.384484 Probability (F-statistic) 0.000000

*** represents statistical significance between 1–5 %, ** at 5–10 %, 
* higher than 10 % level.
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impact on resistance are about wall profile; staggering 
ratio, stone depth and the ratio between block length and 
height; while the parameters decreasing resistance highly 
are h/l ratio and opening (Table 5).

With the help of the table, the dominancy of parame-
ters according to their intervals, is discussed when they 
are combined.

The parameter presenting the highest positive impact 
is staggering ratio higher than 1.8. Wall profile parame-
ters have three times higher positive impact values than 
the opening organisation and proportional relationship 
parameters. This demonstrates that when the highest stag-
gering ratio is combined with any other parameter, it is not 
affected unless all other parameters of morphologic char-
acteristics are taken with their negative aspects.

Stone depth longer than 75 cm and block ratio higher 
than three also provide positive impact. The wall profile 
parameters that cause the lowest resistance are stagger-
ing ratio smaller than 0.4, stone depth shorter than 60 cm, 
block ratio smaller than 1.5. Header usage decreases resis-
tance when it is combined with parameters that have the 

lowest impact; however, it increases resistance when it is 
combined with parameters that have higher impact values.

The morphologic parameters causing the highest 
decrease in resistance are an opening size larger than 
5 m2 and h/l ratio higher than 2. These parameters cause 
a decrease in resistance when they are combined with wall 
profile parameters, except for the highest impact value as a 
staggering ratio higher than 1.7 and stone depth higher 
than 75 cm. If the worst h/l ratio and opening configura-
tion are combined with parameters that have the highest 
impact, they can decrease resistance.

Morphologic parameters that have minimum negative 
impact value; h/l ratio between 1.8 and 2, openings larger 
than 3 m2, more than 2 in number or close to a corner 
(max 30 cm) cause a decrease in resistance when they 
are combined with parameters of wall profiles that have 
impact values of 0.4 and 0.

Symmetric openings with an area between 1 and 3 m2 
and h/l ratios between 1.6 and 1.8 do not decrease resis-
tance with all other positive wall profile parameters.

4 Proposal for vulnerability assessment
The vulnerability of ancient dry-joint masonry towers 
is proposed to be assessed in incremental steps with the 
help of the impact values of the above-defined parameters; 
by ranking vulnerability at levels such as high, medium, 
low, considerably low and critical. Vulnerability rankings 
are shown in Table 6. Vulnerability rankings are deter-
mined for openings at the in-plane position since the worst 
case is always considered.

Medium vulnerability corresponds to the towers that 
are constructed within the following limits:

• Staggering ratio higher than 1.7 with stone ratio 
between 1.5 and 3, stone depth higher than 75 cm for 
one leafed wall profiles with opening types larger than 
5 m2, and h/l ratios higher than 2 or smaller than 1.3.

• Staggering ratio between 0.6 and 0.8, stone ratio 
smaller than 1.5, stone depth shorter than 60 cm 
for one or double leafed wall profiles, for all opening 
types except larger than 5 m2, more than two in num-
ber, and maximum 30 cm from a corner, all h/l ratios 
except higher than 1.8 or smaller than 1.3.

High vulnerability corresponds to the towers that are 
constructed within the following limits:

• Staggering ratio between 0.6 and 0.8, stone ratio 
smaller than 1.5, stone depth shorter than 60 cm 
for one or double leafed wall profiles with opening 

Table 4 Calculation of impact values of coefficients
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variables
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×1
0

Staggering 
ratio 2.3 0.5312 2.76 0.44206449 4.4

Stone depth 0.1 8.6723 2.76 0.31374829 3.1

bl/bh 0.8 0.8250 2.76 0.23878369 2.4

Upper header 0.4 0.0435 2.76 0.00629816 0.1

Op. number −0.17 0.6541 2.76 −0.04022944 −0.4

Op. position −0.1 1.1591 2.76 −0.04193755 −0.4

Op. area −0.19 2.2228 2.76 −0.1527948 −1.5

h/l −1.9 0.2589 2.76 −0.1780066 −1.8

Table 5 Impact values and intervals of parameters

Analysis 
interval Definition Numeric 

value
Impact 
Value

0.4–1.8 Staggering ratio (s/h) 1.8 4.4

0.5–0.75 m Stone depth 0.75 m 3

1.5–4 Block length/height (bl/h) 4 2

0–11 % Distribution of upper headers 11 % 0.06

1–3 Upper opening number 3 −0.4

0–3 m Upper opening position 0 −0.4

1–5 m2 An upper opening area 5 −1.5

1.6–2.3 Proportional relationship 
between height and length (h/l) 2.3 −1.8
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types larger than 5 m2, more than 2 in number, and 
maximum 30 cm in distance to a corner and with h/l 
ratios between 1.6 and 1.8.

• Staggering ratio between 0.6 and 0.8, stone ratio 
smaller than 1.5, stone depth shorter than 60 cm 
for one or double leafed wall profiles with all opening 
types except larger than 5 m2, more than 2 in num-
ber, and maximum 30 cm in distance to a corner and 
with h/l ratios higher than 1.8 or smaller than 1.3.

• Staggering ratio smaller than 0.4, stone ratio smaller 
than 1.5, stone depth shorter than 60 cm for one leafed 
wall profiles with all opening types except larger than 
5 m2, more than 2 in number, and maximum 30 cm 
in distance to a corner at h/l ratios 1.6 and 2.

Considerably high vulnerability corresponds to the 
towers that are constructed within the following limits:

• Staggering ratio between 0.6 and 0.8, stone ratio 
smaller than 1.5, stone depth shorter than 60 cm 
for one or double leafed wall profiles with opening 
types larger than 5 m2, more than 2 in number, and 
maximum 30 cm in distance to a corner at h/l ratios 
higher than 1.8 or smaller than 1.3.

• Staggering ratio smaller than 0.4, stone ratio smaller 
than 1.5, stone depth shorter than 60 cm for one leafed 

wall profiles with all types larger than 5 m2, more 
than 2 in number, and maximum 30 cm in distance 
to a corner and with h/l ratios between 1.8 and 2.

• Staggering ratio smaller than 0.4, stone ratio smaller 
than 1.5, stone depth shorter than 60 cm for one 
leafed wall profiles with all opening types except 
larger than 5 m2, more than 2 in number, and maxi-
mum 30 cm in distance to a corner and with h/l ratios 
higher than 2 or smaller than 1.3.

Critical vulnerability corresponds to the towers that are 
constructed within the following limits:

• Staggering ratio smaller than 0.4, stone ratio smaller 
than 1.5, stone depth shorter than 60 cm for one 
leafed wall profiles with all opening types larger 
than 5 m2, more than 2 in number, and closed maxi-
mum 30 cm in distance to a corner at h/l ratios higher 
than 2 or smaller than 1.3.

5 Vulnerability assessment of case studies
First, the earthquake risk in the environs of the case studies 
in terms of frequency and severity are presented by exam-
ining earthquake history. The vulnerability framework is 
applied to case studies. Finally, a preliminary risk assess-
ment against lateral loading is carried out.

Table 6 Vulnerability assessment framework

0.6 < s/h ≤ 0.8
bl/h ≤ 2

header 11 %

s/h ≥ 1.8
3 < bl/h ≤ 4
header 11 %

s/h ≤ 0.4
bl/h ≤ 1.5

stone depth ≤ 60

0.6 < s/h ≤ 0.8
bl/h ≤ 2

stone depth ≤ 60

s/h ≥ 1.8
1.5 < bl/h ≤ 3

stone depth ≥ 75

1.6 ≤ h/l ≤ 1.8

Op. number 1 or 2, asy/sym, 
1 ≤ Area ≤ 3 m2 Medium C. Low High Medium C. Low

An opening area ≥ 5 m2 High C. Low C. High High Low

Op. number more than 3, 
1 ≤ Area ≤ 3 m2 High C. Low C. High High C. Low

Op. closed to corner (max 30 cm), 
1 ≤ Area ≤ 3 m2 High C. Low C. High High C. Low

1.8 < h/l ≤ 2

Op. number 1 or 2, asy/sym, 
1 ≤ Area ≤ 3 m2 Medium C. Low High Medium C. Low

An opening area ≥ 5 m2 High C. Low C. High High Low

Op. number more than 3, 
1 ≤ Area ≤ 3 m2 High C. Low C. High High C. Low

Op. closed to corner (max 30 cm), 
1 ≤ Area ≤ 3 m2 High C. Low C. High High C. Low

h/l > 2

Op. number 1 or 2, asy/sym, 
1 ≤ Area ≤ 3 m2 High C. Low C. High High Low

An opening area ≥ 5 m2 C. High Low Critical C. High Medium

Op. number more than 3, 
1 ≤ Area ≤ 3 m2 C. High C. Low Critical C. High Low

Op. closed to corner (max 30 cm), 
1 ≤ Area ≤ 3 m2 C. High C. Low Critical C. High Low

* C. defines Considerably.
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5.1 Towers in Caria
Alinda and Latmos Towers in Caria are approximately 
70 km from each other. This region is under high earth-
quake threat due to extremely high ground acceleration 
(AFAD, 2018). In a 100 km proximity of the case studies, 
180–190 earthquakes have been recorded from 1900 until 
the present. In the environs of Latmos, 141 earthquakes 
have taken place between magnitude 4 and 5. Between 
magnitudes 5 and 6, there have been 34 and between 6 
and 7, 8 earthquakes. In the environs of Alinda, between 
magnitudes 4 and 5, there have been 146 earthquakes, and 
between 5 and 6, 36 earthquakes; there have been 7 mag-
nitude 6–7 earthquakes. From ancient periods, there are 
no recorded earthquakes higher than magnitude 6 within 
approximately 100 km of the area. Earthquakes higher 
than magnitude 7 are approximately 600 km away from 
the area in the ancient period (BDTİM, 2018).

5.1.1 Vulnerability of Alinda Tower
Alinda Tower has low vulnerability with the help of the 
characteristics of its wall profile, although the weakness 
of h/l ratio and opening organisation increase vulnerabil-
ity. It has a high staggeringly ratio (higher than 1.8), and 
the ratio between block length and height is higher than 4. 
Since the walls are composed of leaves, stone depth is 
also small (45–50 cm); however, these leaves are con-
nected with header stones.

Although the tower has the weakest opening organisa-
tion ( one large sized, 5 m2 ) and the north-western facade 
has a high h/l ratio (2.3), wall profile characteristics pro-
vide advantages against the weaknesses of the other mor-
phologic characteristics.Control of vulnerability of the 
large-sized openings and high facade should be achieved 
with appropriate measures of intervention.

Diagonal stepped cracking is observed above and 
below the openings at the south-western, south-eastern, 
and north-eastern facades today. Characteristic and fail-
ures of the tower are shown in Fig. 3.

5.1.2 Vulnerability of Latmos Tower
Latmos tower has high vulnerability due to the weakness of 
the wall profile and opening organisation. Although walls are 
composed of leaves connected with headers, the small stag-
gering ratio (0.8) and medium ratio between stone lengths 
and height (2.4) increase vulnerability. Asymmetrical 
openings adjacent to the corner also increase vulnerabil-
ity. H/l ratio (1.7) is ideal for vulnerability. Control of the 
weakness stemming from the original wall profile should be 
achieved with appropriate measures of intervention.

Today, the tower conserves its integrity; however, there 
are diagonal cracks at upper parts of walls at the northern 
façade. Characteristic and failures of the tower are shown 
in Fig. 4.

5.2 Towers in Cilicia
Gömeç and Sarayın Towers in the Cilicia Region are 
approximately 2 km away from each other. This region is 
under low earthquake threat due to low ground accelera-
tion (AFAD, 2018). Within 100 km of the surrounding area, 
17 earthquakes have been recorded from 1900 until now: 
between magnitude 4 and 5, 12 earthquakes have been 
recorded, and between 5 and 6, 5 earthquakes. In ancient 
periods, recorded earthquakes have been between magni-
tude 6 and 7, approximately 350 km away from the area. 
There has been one recorded earthquake higher than 7 
in Cilicia Region in 1268 (BDTİM, 2018).

5.2.1 Vulnerability of Gömeç Tower
Gömeç Tower has considerably high vulnerability due to 
its wall profile characteristics and h/l ratio, although it has 
symmetrical small-sized openings. It has a small stag-
gering ratio (0.4), small ratio between stone length and 
height (1.5) and narrow stone depth (60 cm), and the h/l 
ratio is 2.3. Control of the weakness stemming from the 
original wall profile and high h/l ratio should be achieved 
with appropriate measures of intervention.

(a) (b)

Fig. 3 Existing failures of Alinda Tower; northern (a) and 
southern (b) facades
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The joints of the upper parts and upper openings of the 
tower are filled with mortar and stone blocks. This may 
be a latter intervention after a possible failure. Therefore, 
any sign of structural failure cannot be traced at present. 
Characteristic and failures of the tower are shown in Fig. 5.

5.2.2 Vulnerability of Sarayın Tower
Sarayın Tower has medium vulnerability. It has a small 
staggering ratio (0.6–0.8), medium ratio between stone 
length and height (2) and short stone depth (60 cm). 
Symmetrical small-sized openings and h/l ratio (2) do 
not affect vulnerability.Control of the weakness stem-
ming from the original wall profile should be achieved 
with appropriate measures of intervention.

The present situation of the tower does not give infor-
mation on its structural problems, joints of upper parts 
and upper openings of the tower are filled with mortar and 
stone blocks. The upperparts are thought to have been con-
structed later since the dimensions of blocks are smaller 
at the upper parts. This may be a latter intervention after 
a possible failure. Characteristic and failures of the tower 
are shown in Fig. 6.

Fig. 5 Present situation of Gömeç Tower; northern façade

Fig. 6 Present situation of Sarayın Tower

Fig. 4 Existing failures of Latmos Tower; northern façade
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5.3 Towers in Pamphylia
Perge and Sillyon Towers in the Pamphylia Region are 
approximately 18 km away from each other. This region 
is under high earthquake threat due to high ground accel-
eration (AFAD, 2018). Within 100 km of the surrounding 
area, 125 earthquakes have been recorded from 1900 until 
today. In the surroundings of Latmos, between magnitude 
4 and 5, there have been 105 earthquakes. Between 5 and 
6, 19 earthquakes and between 6 and 7, one earthquake 
(BDTİM, 2018).

5.3.1 Vulnerability of Perge Tower
Perge Tower has high vulnerability due to both its wall pro-
file and opening characteristics. At the lower level, the stag-
gering ratio decreases to 0.3, while it changes between 0.6 
and 1 at the upper level. Ratio between stone length and 
height is medium (2); however, the depth of stones is 60 cm. 
As well as weaknesses of the wall profile, the tower is com-
posed of three upper medium-sized (90 × 160 cm) symmet-
rical openings on each facade. H/L ratio does not affect vul-
nerability (h/l: 2). Control of the weakness stemming from 
the original wall profile intervention and opening character-
istics should be achieved with appropriate measures.

Today, the western facade wall of the tower is not present, 
and the related side walls were demolished partially as well. 
Characteristic and failures of the tower are shown in Fig. 7.

5.3.2 Vulnerability of Sillyon Tower
Sillyon tower has considerably low vulnerability with 
the help of the characteristics of the wall profile and 
ideal h/l ratio (h/l between 1.6 and 1.8). It has a high 

staggering ratio (average 1.7) and high block length and 
height ratio (3) with the help of the blocks 25 cm in height, 
in each row at the upper parts. One leafed wall has also 
longer stone depth (75 cm). The opening adjacent to the 
corner (105 × 300 cm) at western facade increases vulner-
ability. Control of the weakness stemming from the orig-
inal corner opening should be achieved with appropriate 
intervention measures.

Today, in the upper parts, diagonal cracks are observed, 
but the main problem of the tower is vertical cracks due 
to settlement. Characteristic and failures of the tower are 
shown in Fig. 8.

6 Conclusion
The study clarifies the parameters that affect the structural 
resistance of ancient dry-joint masonry towers under lat-
eral loading. The authentic qualities of these parameters 
should be sustained in conservation work. The parameters 

Fig. 7 Present situation of Perge Tower Fig. 8 Present situation of Sillyon Tower; northern and western facades
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affecting structural resistance are listed in the order of 
high impact to low as the staggering ratio, stone depth, 
ratio between block length and height, proportional rela-
tionship between height and length, opening area, num-
ber and position and even distribution of header stones. 
These results show that primary parameters affecting 
structural resistance are about the organisation of blocks, 
while parameters of building morphology such as height-
length relations and opening areas are secondary parame-
ters. It was revealed that parameters should always be con-
sidered in relation to each other.

Consequently, with the interpretation of results, 
a framework composed of vulnerability rankings was pro-
posed for the assessment of the dry-joint masonry towers. 
This understanding of the structural vulnerability paves 
the way to the correct planning of related consolidation 

interventions in the future. If this framework is combined 
with data about the frequency and intensity of previous 
earthquakes, risk assessment can be carried out.

Application of the framework on case study towers 
demonstrated that towers under high earthquake threat 
were designed with strong parameters such as high stag-
gering ratio, long stone depth or high block ratio, while 
there is no precaution against lateral loading in the towers 
under minimum earthquake risk. Precautions preferred 
in the construction of ancient towers prove that there was 
an awareness of the earthquake risk status of their sites.
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