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Understanding how the original characteristics contribute to the structural behaviour of antique structures
should be the initial stage of planning for conservation work. This study aims to identify the structural behaviour
of dry masonry towers under lateral loadings, so that the decision-making process when determining their
restoration can be adequately supported. Dry masonry towers in ancient Caria, Pamphylia, and Cilicia Regions
are examined. Each of these three areas have very different seismic characteristics. A hypothetical testing process

was designed by combining different characteristics from each of the towers. As a result, the characteristics
affecting the structural resistance were determined as; the staggering ratio, the stone depth, the ratio between
block length and height, the proportional relationship between height and length, the area, number and position
of openings, and the distribution of header stones. These characteristics all interact together to determine the
failure mechanism; so, understanding this interaction is critical when considering conservation.

1. Introduction

When planning for structural conservation work establishing the
original building characteristics, developed in antiquity, and their
impact on the structural behaviour is paramount. Today, the majority of
the defence structures in both Anatolia and Greece are in ruins or have
been significantly altered since their original construction. In Caria,
Pamphylia, Lydia, and Ionia regions, there are still many Hellenistic
towers which have either been designed together with the city walls or
as independent structures. Those from the early Roman period are
observed in the Cilicia region and south-eastern Anatolia as independent
structures (McNicoll, 8-11, 1997; Akarca, 141-148, 1998).

Earthquakes are a significant threat to the integrity of dry masonry
towers, when compared to other threats, due to their vulnerability to
lateral loading. Therefore, when considering the vulnerability of dry
masonry towers, the threat posed by earthquakes should be of upper-
most importance. Dry masonry towers are particularly vulnerable to
lateral loading due to their intrinsic characteristics; such as wall profile,
arrangement of openings, proportional relationships, material use, and

ground topography as well as the sub-categories of these characteristics
such as the block staggering ratio, and the area, position and number of
openings, etc.

The sub-categories of these characteristics have been tested through
experimental (Jimenez, 2011; Restrepo Vélez et al., 2014), computa-
tional (Bui et al., 2017; Ferrante et al., 2020) and analytical methods
(Vaculik et al.,, 2004; D’Ayala and Speranza, 2003) in preliminary
studies seeking to establish the structural vulnerability of dry masonry
walls. Most of the studies in literature examine only a one or two sub-
categories by analyzing the in-plane or out-of-plane behaviour of a
wall, or of a wall with one or two side walls (Giuffré, 1996; Vaculik et al.,
2004; De Felice, 2011; Jimenez, 2011; Foti et al., 2018). There are very
few studies examining more than two sub-categories. However, even in
these studies the sub-categories are only examined in isolation without
taking into account the interactions between them (Giuffre et al., 1994;
Shi et al., 2008; Shi, 2016; Vaculik, 2012; Restrepo Vélez et al., 2014). In
addition, the data used in these studies was based purely on fictional
structures, rather than real dry masonry buildings.

There are a number of methods available for analysing the structural
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vulnerabilities of various construction configurations, taking into ac-
count a range of different characteristics, but the quasi-static analysis
method was deemed to be the most suitable. The quasi-static analysis is
based on equilibrium and strength methods (Jimenez, 2011; DeJong,
2009). Tilt analysis can be carried out by physical models in the labo-
ratory environment (Giuffre et al., 1994; Vaculik et al., 2004; Shi et al.,
2008; Jimenez, 2011; Restrepo Vélez et al., 2014), while 3D simulation
models can be carried out using computers, with different approaches
(Azevedo and Sincraian, 2000; De Felice, 2004; Da Costa, 2012). The
computer analysis can then be validated using the experimental analysis
results (Giuffre, Pagnoni, and Tocci, 1994; De Felice and Giannini, 2001;
Vaculik, 2012; Bui et al., 2017; Foti et al., 2018). Although analysis
using physical models in the laboratory environment is highly reliable, it
is also highly time-consuming, often requiring a large budget, and
requiring a considerable amount of man-hours. In contrast, 3D model
simulations, validated by experimental methods, provide a quick and
practical understanding of the lateral load resistance of dry masonry
towers (Bui et al., 2017).

Within this setting, this study aims to identify the structural behav-
iour of dry masonry towers under lateral loading, considering their
original characteristics, so that the decision-making process in relation
to their restoration, can be properly supported. Emphasis is made on
both the collapse angles and failure mechanisms of the towers. This
enables a general understanding of the basic behaviour of these towers,
under lateral loading. The relationship between the characteristics and
the behaviour of six dry masonry towers, under lateral loading, in
ancient Caria, Pamphylia, and Cilicia on the Aegean and Mediterranean
coasts, are examined (Fig. 1). It is also worth noting that the ground
accelerations vary significantly across these different regions (AFAD,
2018).

2. Methodology and tools

The following approach uses a combination of quasi-static analysis
together with conventional methods of architectural conservation. The
work is undertaken in three phases: documentation of the characteristics
of the case study towers; impact analysis of hypothetical towers
designed by a combination of the characteristic types, and an exami-
nation of the analysis results (Fig. 2).

The documentation phase considers a selection of case studies and
determines the characteristics of each case. When selecting case studies,
building type was established as a constant factor in the analysis. Dry
masonry watch towers in three different earthquake regions; Caria (with
an extremely high earthquake threat), Pamphylia (with a high earth-
quake threat), and Cilicia Regions (with a low earthquake threat) were
chosen as the main focus to understand the effect of earthquake threat
on characteristics of towers (AFAD, 2018). The impact on the structural
strength from the following characteristics could be compared: masonry
techniques, the relationship between height and length, the opening
types, and the material types. The towers that were most complete and
had not undergone current restoration work, were selected as case
studies. There were six dry masonry ancient towers considered: Alinda
and Latmos in Caria, Sillyon, and Perge in Pamphylia, Gomec, and
Sarayin in Cilicia. Their structural and morphological characteristics
have been documented by traditional documentation techniques and
their material usage is investigated using laboratory analysis.

The impact analysis phase consisted of determining and combining
the characteristics of real towers, with the design, and tilt analysis of
hypothetical towers, to determine their collapse angles and failure
mechanisms. Hypothetical towers were designed based on a combina-
tion of different characteristics. These towers were modelled as indi-
vidual rigid blocks positioned together without any connecting
elements, in SketchUp 2017. MS Physics 1.0.3 software was then used
for the quasi-static tilt analysis simulation, based on the equilibrium
state. This allowed real-time physical simulation of discrete elements,
where each element could be given specific properties such as shape,
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density, and friction, etc. It was a static rigid body approach to solve the
equilibrium problem (Synytsia, 2018).

Preliminary analyses were carried out to test the validity of the MS
Physics software. Simulation results were compared with the experi-
mental results in the literature (Restrepo Vélez et al., 2014, 1-28).

Based on the wall sizes and properties of materials, produced by
Restrepo-Vélez, Magenes, and Griffith (2014), 3D models were created
using SketchUp software, and the failure mechanisms were investigated
by tilting these models using a virtual table in MsPhysics. Restrepo Vélez
et al. (2014) performed a comprehensive quasi-static testing pro-
gramme, considering 1:5 scale models of dry-joint stone masonry walls
and buildings, using marble units. The dimensions of their marble blocks
were 80 mm x 40 mm x 30 mm. The friction of blocks was taken as 0.77
and their unit weight was 2680 kg/’ m° (Bui et al., 2017). (Kinetic friction
was calibrated at 0.67). A typical specimen in this quasi-static testing
programme had a height of 0.6 m, equivalent to 21 courses. The speci-
mens were one, two- or three-sided walls, with or without openings,
with different staggering ratios, and also included a two-story building
with openings similar to the tower walls.

To ensure accuracy in the 3D model computer simulations, an update
time step of 1/120 was taken and the iterative value of 16 was chosen.
The damage mechanisms and collapse angles of the real verses the vir-
tual models were found to be almost identical (Table 1, Fig. 3).

Thus, the MsPhysics software was deemed to be sufficient to gain an
understanding of the effect that structural characteristics had on the
collapse angle and failure mechanism. MS Physics software provides
rigid block, group, and component densities based on the connection
states and physical simulations. In the simulations, the friction coeffi-
cient is taken into consideration, but the modulus of elasticity is ignored.
This is based on studies in literature (D’Ayala and Speranza, 2003). The
update time step was taken as 1/120 since a smaller update time step
provides more accurate simulation results and prevents collisions from
deteriorating. Since the towers were composed of many moving blocks,
the iterative value was taken as 16 (Synytsia, 2018). The floor and roof
elements and the interaction between the tower and the city walls have
not been taken into consideration, as the majority of these towers have
very limited information for these characteristics. This study focused on
those structures with authentic construction techniques and building
geometry where their integrity has, in general, been preserved. Simi-
larly, structural failures stemming from previous lateral loading, set-
tlement, vandalism, weathering, etc. have not been included in the
modelling process.

Altering the lateral acceleration applied to each 3D model was ach-
ieved by tilting the ground plane of the model. The value of tilt was
increased by one degree until total collapse occurred. The component,
parallel to the tilted ground plane of the gravitational acceleration at the
level of collapse, may be interpreted as corresponding to the peak
ground acceleration the structure is required to resist. The horizontal
acceleration ()) is equal to the lateral component of the gravitational
acceleration, where: A = mg x sin 0 (DeJong, 2009; Jimenez, 2011).
While this equivalent static loading does not represent the effects of
dynamics, as presented through seismic loading, it makes it possible to
measure the lateral load-bearing capacity of the structure in terms of
acceleration. Each designed tower was tilted in two directions taking
into consideration variations in the positioning of openings: openings
within both in-plane and out-of-plane walls. The smallest collapse angle
was always considered for the evaluation. In-plane and out-of-plane
behaviour of the walls was evaluated based on definitions developed
by Giuffre (1993), and D’Ayala and Speranza (2003). Total tower failure
mechanisms were identified with the help of the studies of Bazan and
Meli (2003), and Milani et al. (2018). All failure mechanisms were
described in sequence of their events. Additional definitions were pro-
posed, if necessary.

Collapse angles and failure mechanisms of each hypothetical tower
were determined with the results gained through the tilt analysis.
Effective characteristics were filtered based on the results. Then, sub-
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Fig. 2. The methodology of the study.

categories that shape each effective characteristic were discussed with
respect to the literature review.

3. Impact analysis of characteristics

The impact analysis phase was composed of both the design and
analysis of the hypothetical towers. In the design phase the structural,
morphological and material characteristics of the towers were identi-
fied, based on data gathered through documentation. Possible charac-
teristic types were then combined.

The towers were selected in three different earthquake regions:
Caria, Pamphylia, and Cilicia Regions. The towers have different prop-
erties in different regions, so parameters were determined depending on
the regions. Blocks were laid using the header and stretcher technique,
with two outer leaves and a gap, in the towers of Caria Region, alter-
nating header and stretcher rows were used in the Pamphylia Regions,
and the classical isodomic masonry-style was observed in the Cilicia
Region. These wall profiles show differences in terms of the arrangement
and size of blocks, the wall thicknesses and the number of leaves, either
single or double-leaf, depending on region. Six wall profile types were
determined (Fig. 4).

For the proportional relationships, data regarding wall thicknesses,
length, and height values were examined. Studies in literature demon-
strate that the ratio between height and length (slenderness) (h/1) is
critical for the structural behaviour of towers (Shi et al., 2008; Romaro,
2011). The height of towers is mostly around 1000 cm, while the length
is in the range of 475 and 775 cm. In the Cilicia Region, Gome¢ Tower
has narrow facades, therefore the h/1 ratios are higher (around h/1 =
2.3). In the Caria Region, due to the ground slope, the walls have
differing h/1 values. Latmos tower has smaller h/1 values due to its short

facade looking toward the mountain (h/l = 1.6). The h/1 values of other
towers vary between 1.8 and 2. Four different height to length ratios
were therefore chosen (1.6, 1.8, 2, and 2.3) (Fig. 4).

Tower openings vary in their positions, size, and number. When all
possibilities were combined, 15 opening types were determined.
Whether an opening is positioned in the out-of-plane or the in-plane wall
relative to the direction of the lateral loading, is important in deter-
mining the structural behaviour of the tower (Fig. 4).

Based on laboratory analysis, two main types of stone were estab-
lished: granite and limestone. Granite was used in the towers of the Caria
Region, while limestone was preferred in the Pamphylia and Cilicia
Regions. These results are also supported by data regarding stone
sources of the regions (McNicoll, 1997).

In the studies about the behaviour of dry masonry walls in literature,
the coefficient of friction values are critical. Since the walls were con-
structed without mortar, the shear strength along the joints is provided
purely by friction (Restrepo Vélez et al., 2014; Bui et al., 2017). The
friction coefficient of rock blocks in masonry varies between 0.6 and 0.7
(Concrete Institute, 1909, 144). Established friction values for granite
and limestone were accepted (limestone: 0.72; granite: 0.6) (Concrete
Institute, 144, 1909; Colas et al., 2016; Jay, 224, 1908).

The density value is critical for dynamic analysis, therefore different
density values have not been tested. The modulus of elasticity of the
materials is neglected because the displacements due to elastic defor-
mation are negligible.

Two ground topography conditions were chosen: positioning on flat
and inclined topography.

The six wall profiles, the four ratios between wall height and length,
the 15 openings, the two material types, and the two ground topogra-
phies were then combined, giving 1440 hypothetical towers. These
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Table 1
Comparison of results of experimental analysis and simulations.
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Configurations Restrepo Vélez et al. (2014)

Results of experimental analysis

Results of simulation Individual errors of lateral

Restrepo Vélez et al. (2014) accelerations
Collapse Lateral Collapse Lateral
angle acceleration angle acceleration
$1-2-3 (two sided wall, F = 11 bricks, S = 4 bricks) 15 0.254 g 16 0.275 g —0.083
$4 (two sided wall, F = 11 bricks, S = 4 bricks, 3 mm vertical joint 9 0.161 g 8 0.14 g 0.130
gaps)
S5 (two sided wall, F = 8 bricks) 20 0.349 g 19 0.325 g 0.069
S6 (two sided wall, F = 13 bricks, S = 4 bricks) 12 0.208 g 12 0.208 g 0.000
S7 (two sided wall, F = 8 bricks, S = 7 bricks) 17 0.291 g 18 0.309 g —0.062
S8 (two sided wall, F = 6 bricks, S = 7 bricks) 21 0.362 g 20 0.343 g 0.052
$10 (one sided wall, F = 12 bricks, S = 10 bricks) 12 0.213 g 13 0.22¢g —0.033
S11 (one sided wall, F = 12 bricks, S = 10 bricks) 5.5 0.097 g 6 0.104 g -0.072
S12 (one sided wall, F = 8 bricks, S = 7 bricks) 7 0.129 g 7 0.121 g 0.062
S$13 (one sided wall, F = 6 bricks, S = 7 bricks) 10 0.181¢g 9 0.15g 0.171
S14 (t-wall, F = 6 bricks, S = 7 bricks) 14.5 0.251 g 14 0.24 g 0.044
S15 (t-wall, F = 8 bricks, S = 7 bricks) 11.5 0.199 g 11 0.19g 0.045
$16 (t-wall, F = 12 bricks, S = 10 bricks) 8 0.139g 7 0.12¢g 0.137
$17 (t-wall, F = 6 bricks, S = 7 bricks) 12 0.207 g 14 0.24¢g —0.159
S18 (t-wall, F = 8 bricks, S = 7 bricks) 13.3 0.230 g 12 0.207 g 0.100
$19 (t-wall, F = 12 bricks, S = 10 bricks) 9 0.151 g 9 0.156 g —0.033
$20 (three sided wall, F = 14 bricks, , S = 10 bricks) 16.5 0.285 g 17 0.292 g —0.025
S$21 (three sided wall, F = 14 bricks, S = 10 bricks) 14.2 0.244 g 16 0.275 g -0.127
$22 (three sided wall, opening at the side walls, F = 14 bricks, S = 11.4 0.197 g 12 0.207 g —0.051
10 bricks)
$23 (two sided wall, two openings on the front wall F = 14 bricks, 8.5 0.144 g 9 0.15g —0.042
= 10 bricks)
$24 (two sided wall, two openings at the front wall F = 14 bricks, 9.1 0.156 g 11 0.19g -0.218
S = 10 bricks)
$30 (two sided wall, F = 8 bricks, S = 7 bricks, weak connection, 14.8 0.255 g 17 0.292 g —0.145
s/h = 0.7 only at the corners)
$31 (two sided wall, F = 8 bricks, S = 7 bricks, s/h = 0.7 along the 10.2 0.177 g 11 0.19g —0.073
side walls)
$42 (two storey building with openings) 13.7 0.236 g 12 0.207 g 0.123

Average of absolute errors:-0.008.
F = length of the front wall S = side walls.

hypothetical towers were initially analysed, but it was discovered that
the narrow proportional relationship range for height and lengths did
not reveal any advantages or disadvantages. Therefore, the range of
proportional ratios was expanded, whilst ensuring that the characteris-
tics chosen were sensible. To determine the impact of h/1, towers with h/
1 ratios of 1.15, 1.3, and 2.5 were also added. Whilst some of these hy-
pothetical towers had h/1 ratios that exceeded those of the real towers,
the actual height and length values were kept within the range of the
real tower values (915 < h < 1405, 475 <1< 780), (1.15h/1=915/780;
1.3 =915/700; 6 = 960/600; 2 = 1200/600; 2.3 = 1380/600). Extra-
long or high towers were not considered.

4. Results of analysis

The collapse angles of the hypothetical towers varied between 7 and
19 degrees. There were four types of failure mechanisms determined
through this analysis: out-of-plane (mechanism A and G), in-plane
(mechanism B1 and B2), hybrid (a combination of in-plane and out-of-
plane mechanisms; mechanism By + G), and total body failures (Bar)
(Table 2) (Giuffre, 1993; D’Ayala and Speranza, 2003; Preciado et al.,
2016; Milani et al., 2018). Total body failure can be combined with in-
plane or out-of-plane wall failures (Mechanism B2T + DT).

The results demonstrated that wall profile type, positioning of
openings, and the ratio between height and length impacted the failure
mechanisms and the collapse angles of towers. However, the rock ma-
terial or ground topography did not impact upon the collapse angle or
failure mechanism. When the towers were tilted from the tallest wall
facade towards the shortest one, the collapse angle increased by one
degree in all wall profiles with all characteristic combinations. In the
reverse direction, the collapse angle was equivalent to that of the tower
being located on flat ground. However, wall profile 1 was not impacted

by the increase of inclination. Ground topography did not change failure
mechanisms.

The wall profile preferences altered the collapse angle by up to
twelve degrees. The resistance to lateral loading of the different wall
profile types is evaluated as wall profile types 6, 4, 5, 3, 2, and 1 from the
most durable to the least durable. Opening types 1-9 and 12 and 13 did
not impact on the collapse angles of the wall profile (Table 3). These
opening types will be referred to as ‘negligible impact openings’
throughout the text. The behaviour of those towers where the openings
had negligible impact demonstrated typical failure mechanisms based
on wall profiles. Wall profile 6 resulted in total overturning (Bor)
(Table 4; purple letters). Wall profile 4 resulted in the collapse of the
sidewalls, due to in-plane cracking (By). Wall profile 5 resulted in total
overturning combined with vertical splitting (Bor.vs). Wall profiles 1, 2,
and 3 resulted in hybrid failure mechanisms; the collapse of the two side
walls due to in-plane cracking followed by the out-of-plane overturning
of the facade wall, due to vertical cracking at the corner connection (By
+ A) (Table 4; pink letters). However, while in-plane cracking occurs
relative to the upper openings in wall profiles 2 and 3, in-plane cracking
occurs at the upper parts of the wall profile 1, prior to the out-of-plane
overturning of the facade. The in-plane failure is not related to the
openings in the wall profile 1 (Fig. 5; Table 4). This means that the wall
profile characteristics of profile 1, that cause out-of-plane failure, are
more dominant than openings.

Different opening types can alter the collapse angle by up to 4 de-
grees. The smallest collapse angles (indicated in bold black letters) are
seen with openings 10, 11, 14, and 15 (Table 3). These opening types
will be referred to as ‘critical openings’ throughout the text. ‘Significant
impact openings’ mainly result in in-plane failure mechanisms. There is
not necessarily a change in the typical failure mechanisms of wall pro-
files solely due to these openings. Mechanism By is the most widespread
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Experimental analysis by Restrepo-Velez,
Magenes and Griffith 2014

S22

S42

Simulation

Fig. 3. Validation of the method (Restrepo Vélez et al., 2014).

failure observed in the smallest collapse angles of all of the wall profiles.
Opening 10 causes mechanism By, the collapse of two side walls with in-
plane diagonal cracks. The effect of opening 10 is seen most distinctly on
wall profiles 5 and 6 (Fig. 6), since opening 10 causes mechanism By in
place of total overturning. Failure mechanism B; followed by B, is
directly related to the opening being located in the in-plane position: it is
mostly seen in openings 8, 11, 14, and 15 (Fig. 7; Table 4; bold letters).

When openings are in the out-of-plane position, the collapse angle is
approximately up to 3 degrees higher than the collapse angle with
openings in the in-plane position (Table 3). Openings in the out-of-plane
position cause mechanism G; detachment of the facade wall due to di-
agonal cracks downwards from the corners in wall profiles 1, 2, and 3.
While openings do not affect the failure mechanism of wall profile 4. The
effects of openings in the out-of-plane position can be seen in wall
profiles 5 and 6, which have typical total failure behaviour. Openings
result in either mechanism G alone, in wall profile 5, or a combination of
the detachment of the rear facade wall together with overturning due to
bending in wall profile 6 (mechanism Bar,pr) (Table 4).

The collapse angles for those towers with h/1 ratios of between 1.6
and 2, are mostly constant and have the highest values. When the ratio
decreases and increases beyond this range, the collapse angle decreases
(Table 3). The towers sustain typical failure mechanisms for height to
length ratios of between 1.6 and 2.3, which are realistic relationships
(Fig. 8; Table 4; blue letters). The worst h/] ratios for wall profiles are
ratios smaller than 1.3 and higher than 2.3 h/1 ratios (the lowest 2 de-
grees of each wall is accepted as the worst).

Out-of-plane failures (mechanism A, G or DT) occur at ratios smaller
than 1.3 when a ‘negligible impact opening’ is present. Mechanism G
occurs at wall profile 1, mechanism A occurs at wall profiles 2 and 3.
Mechanism A is combined with the typical failure mechanism for wall
profile 4 (B + A). Wall profile 5 demonstrates in-plane behaviour (By) in
place of total body behaviour. In addition, even if the strongest wall
profile, profile 6, sustains its total body behaviour, detachment of the
rear facade is combined with mechanism B2T + DT, at h/1 ratios smaller
than 1.3 (Fig. 8; Table 4; blue letters).

h/1 ratios smaller than 1.3 cause out-of-plane behaviour in cases with
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Table 2
Determined failure mechanism types of masonry walls of towers
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(D’Ayala and Speranza, 2003; Giuffre, 1993; Bazan and Meli, 2003; Preciado et al., 2016).

FAILURE MECHANISMS OF MASONRY WALLS

OUT-OF-PLANE FAILURE MECHANISMS

IN-PLANE FAILURE MECHANISMS

MECHANISM A

OVERTURNING OF THE FACADE WALL
DUE TO THE VERTICAL CRACKING AT
THE CORNER CONNECTIONS

i~ D'Ayala and Speranza 2003

fau2”

MECHANISM G

DETACHMENT OF FACADE WALL
DUE TO THE DIAGONAL CRACKING
DOWNWARDS FROM THE CORNERS
OF THE FACADE

D’Ayala and Speranza 2003

MECHANISM B,

COLLAPSE OF ONE SIDE WALL
WITH THE FACADE WALL DUE TO
THE DIAGONAL IN-PLANE
CRACKING

D" Ayala and Speranza 2003

MECHANISM B,

COLLAPSE OF TWO SIDE WALLS
WITH THE FACADE WALL DUE TO
THE DIAGONAL IN-PLANE
CRACKING

D'Ayala and Speranza 2003

HYBRID FAILU

RE MECHANISMS

(OUT-OF-PLANE+IN-PLANE MECHANISMS)

MECHANISM BfA

COLLAPSE OF TWO SIDE WALLS WITH
FACADE WALL DUE TO DIAGONAL
IN-PLANE CRACKING

FOLLOWED BY

OVERTURNING OF THE FACADE WALL y, ,,
DUE TO THE VERTICAL CRACKING AT

THE CORNER CONNECTIONS

MECHANISM B#G

COLLAPSE OF TWO SIDE WALLS WITH
FACADE WALL DUE TO DIAGONAL

IN-PLANE CRACKING

FOLLOWED BY

DETACHMENT OF FACADE WALL DUE TO 1y,
THE DIAGONAL CRACKING

DOWNWARDS FROM THE CORNERS OF

3.5 1
D’Ayala and Speranza 2003

MECHANISM BFA

COLLAPSE OF ONE SIDE WALL WITH
FACADE WALL DUE TO DIAGONAL
IN-PLANE CRACKING

FOLLOWED BY

OVERTURNING OF THE FACADE WALL | g,
DUE TO THE VERTICAL CRACKING AT THE
CORNER CONNECTIONS

MECHANISM B}FA+G

COLLAPSE OF ONE SIDE WALL WITH
FACADE WALL DUE TO DIAGONAL
IN-PLANE CRACKING L
FOLLOWED BY

OVERTURNING OF THE FACADE WALL
DUE TO THE VERTICAL CRACKING AT
THE CORNER CONNECTIONS

AT THE SAME TIME

D’Ayala and Speranza 2003

TOTAL BODY FAILURE MECHANISMS
COMBINED WITH IN-PLANE AND OUT-OF-PLANE WALL FAILURES

MECHANISM B,

DIAGONAL IN-PLANE CRACKING

AT THE BODY OF THE TOWER BY SHEAR
STRESSES

FOLLOWED BY

HORIZONTAL CRACKING OF THE
REAR FACADE

RESULTIG IN TOTAL OVERTURNING
OF THE TOWER

DUE TO THE BENDING.

B2T

Bazan, and Meli 2003
Preciado et. al 2016

Giufire 1993
MECHANISM B,y

DIAGONAL IN-PLANE CRACKING

AT THE BODY OF THE TOWER

BY SHEAR STRESSES AND HORIZONTAL
CRACKING OFTHE REAR FACADE
FOLLOWED BY VERTICALIN-IPLANE
CRACKING OF SIDE WALLS

RESULTING IN TOTAL OVERTURNING
COMBINED WITH

VERTICAL SPLITTING.

RERE]

B2T+VS

Giuffre 1993 Milani, Shehu, and Valente 2018

MECHANISM B, ¢

DIAGONAL IN-PLANE CRACKING AT
THE BODY OF THE TOWER BY
SHEAR STRESSES

FOLLOWED BY

HORIZONTAL CRACKING OF THE
REAR FACADE COMBINED WITH
DETACHMENT OF THE OPENINGS AT
REAR FACADE

DUE TO THE BENDING.

Giuffre 1993 Bazan, and Mcli 2003
Preciado et. al 2016

MECHANISM B, ,,

DIAGONAL IN-PLANE
CRACKING AT ONE SIDE WALL
AND AT THE BODY OF THE
TOWER,

RESULTING IN

COLLAPSE OF THE SIDE WALL
AND THEN TOTAL
OVERTURNING OF THE TOWER.

L
b1 2. B2T

D’Ayala and Speranza 2003 Giuffre 1993

‘negligible impact openings’. However ‘significant impact

openings’ in 8, 11, 14, and 15 (Table 4).

the in-plane position are dominant for all ratios including those smaller
than 1.3. Opening 10, which is the dominant opening type, causes
mechanism B for all wall profile types regardless of the h/1 ratio, even if
it is smaller than 1.3 (Table 4; Fig. 9). Openings 8, 11, 14, and 15 are also
dominant. However, the out-of-plane mechanism, caused by ratios
smaller than 1.3, can combine with the in-plane mechanism resulting
from openings (Fig. 10). However, the out-of-plane behaviour as a result
of small h/1 ratios are not seen in wall profiles 4, 5, and 6 with openings

Openings in the out-of-plane position result in mostly out-of-plane
failures for all ratios. However, wall profile 4 (B2) and 6 (Bat) sustain
their typical failure mechanisms at ratios higher than 1.6, regardless of
the opening types, except for opening 10. Opening 10 is dominant in the
out-of-plane position and causes detachment of the facade wall (mech-
anism DT of G) for all ratios and all wall profile types (Table 4).



F. Genger et al. Journal of Archaeological Science: Reports 34 (2020) 102663

Table 3
Collapse angle (°) results of a triple combination of effective characteristics.

Height / Length
1 1.3 1.6 1.8 2 2.3 2.5

Opening
types i o i o i [o) i o i [o) i o i o

profile 1
op 9 11 |11 |13 |13 |14 | 14 | 14 | 14| 13 | 135|135 | 135 | 13 | 13
op 10 10 (11|22 |13 |22 | 14 | 12 |14 | 22 | 135 42 | 135 | 11 | 13
op 11 10 |11 |12 (13 |12 | 14 | 12 | 14| 12 | 135 | 12 | 135 | 11 | 13
op 14,
15 10 |11 |22 |13 |22 | 14 | 12 |14 | 22 | 135 12 | 135 | 11 | 13
op 1 14 16 17 17 17 16 15
op 2-9,
12-13 14 |14 |16 | 16 | 17 | 17 | 17 | 17 | 17 17 16 16 15 | 15
op 10 12 |14 |13 (16 [ 15 | 17 | 15 | 17 | 14 17 13 15 12 | 14
op 11 13 |14 [ 15| 16 | 17 | 17 | 17 | 17 | 16 17 16 16 13 | 15
op 14,
15 13 |14 [ 15| 16 | 17 | 17 | 17 | 17 | 16 17 15 16 13 | 15
op 1 12 13 15 15 14 14 13
v~y op 2-5, is
‘:\\?;\ V;j 8,12-13 | 12 |12 |13 | 13 | 15 15 | 15 | 14 14 14 14 13 | 13
i [1 \\I op 6,9 11 |12 |12 | 13|24 | 15 | 14 | 15| 13 14 13 14 12 | 13
\E[\l\ﬁﬁ\ opl0 |10 11|11 )|312)22| 15|12 |15]| 12 | 14 | 12 | 13 | 11 |12
\\ 5 :/ 7 [opll 10 |11 |31 |12 (13 | 15 | 13 | 15| 13 | 14 [ 12 | 14 | 12 |13
=17 [op 14, 15 15
w. profile 5 15 10 | 112 [ 11 | 12 | 13 13 13 14 12 14 12 | 13
op 1 17 19 19 19 18 16 15
op 299,
12-13 17 |17 |19 [ 19|19 | 19 | 19 | 19 | 18 18 16 16 15 | 15
\ELA"\ op 10 15 |16 (18 | 19 |18 | 19 | 18 | 19 | 17 18 16 16 15 | 15
T NNz op 11 16 |17 |48 | 19 | 18 | 19 | 19 | 19 | 18 18 16 16 15 | 15
T op 14,
w. proﬁle 6 15 16 |17 |48 [ 19 | 19 | 19 | 18 | 19 | 18 18 16 16 15 | 15

*Hatch: best h/1 performance intervals of each wall profile type, Bold letter: opening types causing the worst resistance for each wall profile type
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Table 4
Failure mechanisms results of a triple combination of effective characteristics.

Height/Length
1-1.3 1.6 1.8 2 2.3-2.5
Opening | i o i o i o i o) i o
1 G B,+A B+ A B,+A B,+A
D7 G G B,+A G B+A | G Bi+A | G”T B#A | G
9.12,13 | G G B,+A G B+A | G BA4A | G*T BAA | G
. |10 B, G B, G B, G B, G’ B, G
s |gm Bi+A+G | G B, G B, G B, G’ B, G
g 14 B,+A G B,+A G B,+tA | G Bi4+A | G B,+A G
: | 15 By+A G B, G B, G B, G B, G
1 A B,+A B,+A B,+A B,+A
2-9 A G B,+A G B,+A | G B,+A G By+A G
‘;’;7’12’ B,+A G B, € B, G B, G B4A | G
o |10 B, G B, @ B, € B, G B, G
2 1§l B,+A G B, G B, G B, G B, G
"g 14 B,+A G B, G B, G B, G B, G
3 |15 B, G B, € B, © B, G B, G
1 A B,+A B,+A B,+A B,+A
2-7 A G B,+A B,+A | B,+A | B,+A | B,+A B,+A B,+A B,+A
912,13 | A G B,+A B,+G B,+A | By+A B,+A B,+A B,+A B,+A
" 10 B, G B, B,+G | B, B,+G | B, B,2+G B,+A B,+A
o (sm B,+A G B24A | G B+A | G BA4A | G B, G
g 14 B,+A B,+A B2+A B,+A B,+A | B,+A | By+A B,+A B,+A B,+A
z |15 B, G B, G B, G B, G B, G
1 B,+A B, B, B, B,
2-8 B,+A B+A | B, B, B, B, B, B, B, B,
9,12,13 | B,+A B+A | B, B, B, B, B, B, B, B,
< 10 B, B,+G B, B,+G | B2 B,+G | B, B,+G B, B,+G
% § 11 B, B, B, B, B, B, B, B, B, B,
S |14 B, B, B, B, B, B, B, B, B, B,
3 15 B, B, B, B, B, B, By B, By B,
1 B, B, Barsvr Barivt Byr
2,5-7,9,
1 2) 1 3 BZ G B2T+VT BZT+DT B2T+VT BZT-%-DT B2T+VT B2T+DT BZT+VT B2T+DT
3 =4 BZ G BZT+DT BZT+VT B2T+DT B2T+VT BZT+DT B2T+VT BZT+DT B2T+DT
w | 10 B, G B, B,+G | B, B+G | B, Boror | By Barior
% 8, 11 B, G B, G B, G B, Byrior | By BurioT
g_ ]14 BZ G BZ G B2T+VT B2T+DT B2T+VT BZT+DT BZT+VT B2T+DT
j 15 B, G B, G B, G B, Barior | By Byrior
1 B2T+DT BZT BZT BZT BZT
2'7’ 9’ 12 B2T+DT B2T+DT BZT BZT BZT B2T BZT BZT BZT B2T
1 3 BZT+DT B2T+DT B2T BZT+DT BZT B2T+DT BZT B2T BZT BZT
o ]]-GD BZ BZT+DT BZ BZT+DT BZ BZT+DT BZ BZT+DT BZT BZT
i._q—: 89 ]1]1 Bl B2T+DT Bl B2T+DT Bl B2T+DT BZT BZT BZT BZT
g ]]-4 BZ BZT+DT BZ BZT+DT BZT BZT BZT B2T BZT BZT
} ns Bl BZT+DT Bl BZT+DT Bl BZT+DT BZT BZT BZT BZT

* Table 4 contains the legend of Table 3. Letters also represent the change of failures. Purple: total body behavior; Pink: out-of-plane behavior due to the wall profile
types. Blue: out-of-plane behavior due to h/1 ratios smaller than 1.3. Bold: change of failure with the effects of openings.
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FAILURE MECHANISMS RELATED TO WALL PROFILE TYPES (phases, respectively)

OPENING 1

D’ayala ve Speranza 2003

D'ayalave Speranza 2003

W.profile2  Collapse angle: 12

D'ayala ve Speranza 2003

W.profile3  Collapse angle: 13.5

D’ayals ve Speranza 2003

Milani, Shehu. and Valete 2018

Criuffre 1993

W. profile 6 Collapse angle: 18

Fig. 5. Typical failure mechanisms and collapse angles of wall profile types (Giuffre, 1993; D’Ayala and Speranza, 2003; Bazan and Meli, 2003; Milani et al., 2018).

5. Discussion 5.1. Wall profile

Variation in failure mechanisms and collapse angles are discussed Staggering ratio, the ratio between block length and height, the
depending on the sub-categories of the effective characteristic types, number of leaves, the upper stone depth, and the usage of headers are all
wall profiles, proportional relationships, and positioning of openings. sub-categories related to the wall profile (Table 5).

11



F. Genger et al.

Journal of Archaeological Science: Reports 34 (2020) 102663

FAILURE MECHANISMS RELATED TO WALL PROFILES AND OPENING TYPES

IN-PLANE POSITION

=
<
&
&
=
S

W. profile 2

Collapse angle: 10

(7 71::7".'.

pepay.
7/

W. profile 3 Collapse angle: 12

ey
RERNRY
TR

W. profile 6 Collapse ﬁgle: 17

D’Ayala and Speranza 2003

OUT-OF-PLANE POSITION

! with top blocks of side
walls
D'Ayala and Speranza 2003

with top blocks of side
walls

D'Ayala and Speranza 2003

Shs
SN
SN

Bazan, and Mcli 2003
Milani, Shehu, and Valente 2018

N O
AR
l"\\~ #."}"i

Bazan, and Meli 2003

Collapse angle: 19

Fig. 6. Failure mechanisms and collapse angles of wall profile types with opening 10 (Giuffre, 1993; D’Ayala and Speranza, 2003; Bazan and Meli, 2003; Milani

et al., 2018).
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FAILURE MECHANISMS RELATED TO WALL PROFILES AND OPENING TYPES

OPENING AT OUT-OF-PLANE POSITION

OPENING AT IN-PLANE POSITION

OPENING 15

W. profile 2 Collapse angle: 11

D’Ayala and Speranza 2003

e

8|
mﬂ
l BI

D"Ayala and Speranza 2003

W. profile 5 Collapse angle: 13

cracking around the ground opening|

adjacent to corner
Giuffre 1993

W. profile 6 Collapse angle: 18

with top blocks of the
other side wall

with top blocks of the
other side wall

NN
I l.., £
NN SN =7
RN

Collapse angle: 20

with top blocks of the
side walls

D’Ayala and Speranza 2003

with top blocks of the
side walls

D’Ayala and Speranza 2003

with top blocks of the
side walls

D’Ayala and Speranza 2003

with top blocks of the
side walls

D’Ayala and Speranza 2003

B2T+DT

B2T+DT
(with detachment of openings at rear facade
due to the ben

Giuffre 1993

Revissed from Preciado et. al 2016

Fig. 7. Failure mechanisms and collapse angles of wall profile types with opening 15 (Giuffre, 1993; D’Ayala and Speranza, 2003).
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FAILURE MECHANISMS RELATED TO WALL PROFILE AND H/L RATIO

D’Ayala and Speranza 2003

SUIN 224
SN
R
SSON

o

\ N,
RN
RN
.\\,\\\x\h’.
8 N

W. profile 6 Collapse angle: 19

Fig. 8. Failure mechanisms and collapse angles of different wall profiles in different ratios (Giuffre, 1993; D’Ayala and Speranza, 2003; Bazan and Meli, 2003).
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FAILURE MECHANISMS RELATED TO OPENING TYPES AND H/L RATIO

OPENING AT IN-PLANE POSITION

OPENING 10

D’Ayala and Speranza 2003

with rear wedge
portion

D’ Ayala and Speranza 2003

D’Ayala and Speranza 2003

D’Ayala and Speranza 2003

D’Ayala and Speranza 2003

OPENING OUT-OF-PLANE POSITION

g,

G
Rk
N
SN
..‘1
G
%
| &
G ﬁ/ with top blocks of side
walls
D’Ayala and Speranza 2003
R
e
i it
G | with top blocks of side
walls
D’Ayala and Speranza 2003
57
(i
; (7id ;
1 !
NN 8 j
NS e -
NNE
NEw !
::5:,’ G EL— with top blocks of side
NaoT
\:,:4 walls
Collapse angle: 9 D’Ayala and Speranza 2003
3.7
gi
L
H H
N . G | with top blocks of side
& walls
Collapse angle: 10 D’Ayala and Speranza 2003

Fig. 9. The failure mechanism of wall profile 1 with opening 10 in different ratios (D’Ayala and Speranza, 2003).

5.1.1. Staggering ratio (s/h)
Staggering, which is the ratio between the horizontal distance be-

tween joints (s) and height (h) of the related course, is critical for the
positioning of the stone blocks. The average staggering ratios for wall
profiles varies between 0.4 and 1.8. According to the average resistance
results, the staggering ratio is dominant in the determination of resis-
tance. Wall profiles 1, 2, 3, and 4 are single leaf construction, while wall
profiles 5 and 6 are double leaf construction, with header stones.

15

However, regardless of the wall cross-sections, the resistance of the wall
profiles increases proportionally to the staggering ratio, from 0.4 to 1.8.
The wall profiles that have the highest staggering ratio are wall profiles
4 (s/h=1.7) and 6 (s/h = 1.8) (Table 5). These profiles have the highest
structural resistance, independent to any differentiation in their wall
sections. While the usage of long blocks, up to 200 cm, increases the
staggering ratio of wall profile 6, the usage of short blocks (height =
25-30 cm) in every two rows, increases the average staggering ratio of
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FAILURE MECHANISMS RELATED TO OPENING TYPES AND H/L RATIO

OPENING AT IN-PLANE POSITION

OPENING 11

D Ayala and Speranza 2003

D’Ayala and Speranza 2003

D’ Ayala and Speranza 2003

D"Ayala and Speranza mo1

OPENING AT OUT-OF-PLANE POSITION

D’Ayala and Speranza 2003

Collapse angle: 10

Fig. 10. Effect of opening 11 on failure mechanisms and collapse angles of wall profile 1 with different H/L ratios (D’Ayala and Speranza, 2003).

wall profile 4. In the analytical study of D’Ayala and Speranza (2003,
488), the staggering ratio from 0 to 1.8 increases resistance (A) at h/1
ratios between 1.25 and 2.5. This is similar to the results found in the
case study towers.

The behaviour of wall profiles is not only related to staggering ratios.
Wall profile 6 of double-leaf construction, demonstrates total body
behaviour, while wall profile 4, of single leaf construction, demonstrates
in-plane behaviour. In the studies of Jimenez (2011, 86), Restrepo-Velez

16

etal. (2014, 10, 26) and Shi et al. (2008, 5-6), the single-leaf walls with
staggering ratios of between 1 and 1.5 demonstrate in-plane failure
mechanisms, similar to wall profile 4. The high staggering ratio
strengthens the corner connections since it provides full interlocking of
the corners to the sidewalls which results in in-plane behaviour. Thus, an
appropriate double-leafed arrangement with headers results in total
body behaviour, which in turn, increases structural resistance.

When the staggering ratio is less than 1, the out-of-plane failure
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Table 5

Journal of Archaeological Science: Reports 34 (2020) 102663

Sub-qualities of characteristics types and their impact on failure mechanisms and collapse angles.

Impact of the wall Organization of blocks ~ Wall section

Typical failure mechanism Ave. resistance

fil
profie Ave. s/ Ave. Block Number of Upper stone Usage of Op. at in-plane Op. at out-of- Ave. collapse A
h I/h leaves depth headers plane angle
Wp. 1 0.4 1.5 1 60 - B2 + A G 9.3 0.16
8
Wp. 2 0.65 2 1 60 B2 +A G 109 0.19
8
Wp. 3 0.8 2 1 60 Lower: 25% B2 +A B2 +G 12.7 0.22
g
Wp. 4 1.7 3 1 75 B2 B2 15.8 0.27
8
Wp. 5 0.8 2.4 2 50 Upper 11% B2T + VS B2T + B2T + DT 13 0.22
DT/ 8
Wp. 6 1.8 4 2 50 Upper 11% B2T B2T + DT 17.9 03g
Impact of Distribution  Distance to corner Area (upper) Number Common mechanism Ave. decrease in c.
i 2 le / 1
opening (cm) (m%) (upper) In-plane Out-of-plane angle /
Op.1 Sym. 200-250 1 1 Typical mechanism of Typical mechanism of -
wall pr. wall pr.
0p.2,5,7,9 Sym. 200-250 1.4-2 lor2 Typical mechanism of Typical mechanism of -
wall pr. wall pr.
Op. 3,4,6 Asym. 50-60 1-2.5 1 Typical mechanism of Typical mechanism of -
wall pr. wall pr.
Op. 8 Sym. 20-30 3 3 Typical mechanism of Typical mechanism of 0.19 / 0.003g
wall pr. wall pr.
Op. 12,13 Asym. 50 1-1.5 2 Typical mechanism of Typical mechanism of 0.21/ 0.003g
wall pr. wall pr.
Op. 10 Sym. 20-30 7.4 (alarge 5 3 B2 G 1.02/ 0.02g
mz)
Op. 11 Sym. 20-30 3 3 Bl G 0.62/0.01g
Op. 14 Adj. 0 1 2 B2 G 0.69/0.01g
0p. 15 Adj. 0 2.95 2 Bl G 0.69/0.01g

mechanism (overturning of the facade due to vertical cracks at the
corners) is observed in the single leaf wall profiles. The overturning of
the out-of-plane facade wall occurs in wall profiles 1, 2, and 3, as their
staggering ratios are between 0.4 and 0.8. A small staggering ratio
weakens the corner connections. This is similar to the findings by
Restrepo-Velez et al. (2014, 6) and Shi et al. (2008, 5-6), (small stag-
gering ratio 0.7).

5.1.2. The ratio between stone length and height (bl/h)

When joints between blocks are located centrally between the upper
and lower blocks, the ratio between stone length and height is directly
proportional to the staggering ratio. This was illustrated by Shi et al.
(2008, 5-6), where smaller blocks resulted in smaller staggering ratios.
Decreasing both the staggering ratio and the length of the blocks results
in a decrease in resistance and caused the out-of-plane failure mecha-
nisms to occur, due to the poor corner connections. However, in this
current study, joints between the stone blocks were not always posi-
tioned centrally and therefore, the average ratios of staggering and stone
block dimensions were no longer proportional. As a result, bl/bh is
examined separately. The results of the simulations demonstrated that
larger block ratios increased the structural resistance of towers (De
Felice and Giannini, 270, 2001; Giuffre et al., 267-271, 1994). Wall
profiles 2 and 3 have the same block ratios, but different staggering
ratios, resulting in different structural resistance. Analysis of block
lengths alone or staggering ratio alone can be deceptive for dry masonry
towers, in terms of structural resistance (Table 5).

5.1.3. Usage of headers

Headers are stone blocks laid perpendicular to the course wall and
keep the wall leaves together. The systematic header stone distribution,
namely providing a distance between each header stone so that they do
not neighbour each other, and placing fewer header stones at the sides
compared to the central area (3% at the edges and 8% at the middle);
increases the monolithic behaviour of the two leaves and improves out-
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plane resistance. The tower fails via a total overturning, initiating with
diagonal body cracking followed by horizontal cracking at the rear out-
of-plane wall.

The wall profiles that have the highest resistance are wall profiles 6
and 4 due to their high staggering ratios. While wall profile 4, with a
single leaf, demonstrates an in-plane failure mechanism, doubled leafed
wall profile 6, connected with headers, demonstrates total body failure.
When wall profile 5 (double leafed) and profile 3 (single leafed) with
smaller staggering ratios (0.8) are compared with each other, wall
profile 3 demonstrates out-of-plane failure, but wall profile 5 demon-
strates full body behaviour with vertical splitting (Table 5). In literature,
the effect of wall leaf connecting header stones on resistance against
lateral force is generally studied using a wall portion without side walls
(Ceradini, 1992; D’ayala, and Speranza, 480, 2003). In the study of
Giuffre (1996, 117), Ceradini (1992), and De Felice (2011, 479), the
number of header blocks in the wall section does influence the strength
capacity. The interlocking between the external leaves of masonry is
crucial to provide an out-of-plane seismic capacity. However, different
wall profile types prove that the distribution and position of header
stones and the relation of headers to each other is critical in terms of
resistance and behaviour.

Wall profiles 5 and 6 are composed of header stones connecting the
two outer leaves. They demonstrate total body behaviour. However, the
resistance of wall profile 5 is lower than wall profile 6 due to its low
staggering ratio. The low staggering ratio causes vertical splitting in
addition to total body behaviour. If the header usage is supported with a
high staggering ratio and high bl/bh ratio, the resistance increases, and
the tower demonstrates total body behaviour (Fig. 5). Header stones
used only in the lower part of the wall profile 3 cannot contribute to the
resistance of the tower. Also, the header stone rows adjacent to each
other alternating with stretcher rows reduce the strength of the towers
considerably because they cause a decrease in staggering ratio. Wall
profile 3 proves that headers can decrease structural resistance if they
are used inappropriately (Table 5).
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5.1.4. Stone depth

In single-leaf wall profiles, longer stone depths (75 cm) directly
result in higher out-of-plane resistance, similar to the studies of Shi et al.
(2008). Wall profile 4 has a longer stone depth (75 cm) when compared
to wall profiles 1, 2, and 3 (60 cm). Wall profiles 1, 2, and 3 demonstrate
an out-of-plane failure (G or DT). However wall profile 4 results in
typical in-plane failure when openings are located in out-of-plane po-
sition (Fig. 5; Table 5).

5.2. Opening arrangement: area, position, and number

The subcategories of opening arrangements are the area, the number
of openings, and the position of openings (Table 5). It was observed that
the following actions all reduced the resistance of the structure to lateral
loading: increasing the number of openings, increasing the area of the
opening, and decreasing their distance to the corners of the structure.

Upper openings have an increased negative impact on structural
resistance when compared to lower level openings. If a facade is
composed of lower and upper openings, it is the upper opening that is
taken into consideration. Although the lower openings are adjacent to
the corner, they are not primary factors in determining the structural
resistance and behaviour.

One or two symmetrical, or asymmetrical, openings up to 3 m? in the
in-plane or out-of-plane position that do not reduce the resistance
significantly are determined as ‘negligible impact openings’. However,
they can have an impact on behaviour depending on the properties of
wall profiles (Table 5). These ‘negligible impact openings’ in the in-
plane position generally result in the collapse of the side walls due to
in-plane shear cracking in single-leaf wall profiles. In the study of
Restrepo-Velez et al. (2014, 10), openings in the in-plane position with a
staggering ratio of 0.8 cause diagonal cracks above the openings fol-
lowed by the collapse of side walls, similar to that seen in wall profile 3.
However, openings do not result in in-plane failure for wall profiles that
have a staggering ratio smaller than 0.4, since the tower demonstrates
out-of-plane behaviour due to the poor corner connection caused by
small staggering. This failure mechanism occurs at low collapse angles
and takes place prior to any potential impact caused by the openings.

‘Negligible impact openings’ (1-9 and 12&13) in out-of-plane posi-
tions generally result in the detachment of the out-of-plane facade wall.
This was proven by the studies of Restrepo-Velez et al. (2014, 9, 20) and
Vaculik et al. (2004, 4-5). In the cases considered in this study, however,
the double-leaf and single-leaf wall profiles with large staggering ratios
(>1.7) were not impacted by either one or two openings, so long as the
openings were no larger than 3 m2 Even though ‘negligible impact
openings’ at the out-of-plane position changed the behaviour of the
towers, they did not affect the resistance to lateral loading of towers.

‘Significant impact openings’ (10, 11, 14, and 15), in terms of
resistance and behaviour, are those openings where the opening is
greater than 5 m2, or where there are more than two openings present or
where the openings are located close to the corner of the tower (max. 30
cm). If openings are positioned close to the corner, or if there are more
than two openings at the in-plane position, they result in in-plane
cracking of only the side wall where the opening is positioned, fol-
lowed by the collapse of the other side wall. Single-leaf wall profiles
(wall profile 4) that have both high staggering ratios (1.7) and high
stone depths (75 cm) are not affected by openings close to the corner:
rather in-plane failure is observed, with the help of out-of-plane resis-
tance (Table 5).

While a large upper opening, with an area more than 5 m?, at an in-
plane position causes the collapse of the side walls due to in-plane shear
cracking, a large opening (>5m?) at an out-of-plane position causes an
out-of-plane failure regardless of the wall profile characteristics
(Table 5).
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5.3. Proportional relationship: ratio between height and length (H/L)

When the ratio between height and length is lower than 1.3 or higher
than 2, both long (780 cm) or high facades (1405 cm) are being
considered. High and long walls cause a decrease in resistance against
lateral loading. While a higher h/1 ratio does not affect the behaviour, at
h/1 ratios smaller than 1.3 the arch effect is introduced, resulting in the
detachment of the out-of-plane wall with diagonal cracks, regardless of
the wall profile type. In studies undertaken by Shi et al. (2008, 5),
Restrepo-Velez et al. (2014, 7), Bui et al. (2017, 284-287), and Jimenez
(2011, 77) it was shown that with decreasing h/1, the arching behaviour
becomes more pronounced.

The effect the h/1 ratio has on the resistance of dry masonry struc-
tures varies in relation to the staggering ratio. In the study of D’Ayala
and Speranza (2003, 501), increasing the staggering ratio only produces
an improvement in seismic performance for h/1 ratios higher than 1. For
example, the positive effect of high staggering ratio (>1.7) on behaviour
is not observed at wall profiles 4 and 6 when the h/1 ratios are smaller
than 1.3. The towers demonstrate out-of-plane failure due to the arch
effect and typical failure and no increase in resistance is observed.

5.4. Material usage: friction coefficient

Slight differences in the friction values of the stones (limestone: 0.72,
granite: 0.6) did not affect the collapse angle or the behaviour of the
towers. This result is supported by the study of D’Ayala and Speranza
(2003). In this study, the effect of the friction coefficient between 0.6
and 0.8 on the collapse-load factor is constant (Fig. 11).

6. Conclusion

This study clarifies the sub-categories that have been found to have
the most impact on the structural resistance of ancient dry masonry
towers under lateral loading. These subcategories are staggering ratio,
stone depth, the ratio between block length and height, proportional
relationships between height and length, the area, number and position
of openings, and the distribution of header stones. This study revealed
that subcategories should always be considered in relationship with
each other.

Regular arrangement of stone blocks (staggering ratio (s/h) > 1.7),
where supported with appropriate block ratios (bl/h > 3), increased
the structural resistance of the towers.

e The advantage in the use of header stones has been observed, when

appropriately positioned and used together with other blocks of

appropriate dimensions (bl/h > 3) and arrangements (s/h > 1.7).

Where rows with header stones were alternated with stretcher rows,

the strength of the towers reduced considerably. This was due to a

decrease in the staggering ratio in this arrangement (small staggering

ratios s/h = 0.4).

e Upper openings had a much larger impact on structural resistance
when compared to lower openings. Upper openings caused in-plane
cracking at the upper parts of the facades, resulting in detachment of
wall.

e Where there were less than 3 small-sized openings (100 x 100 cm,

min 4.75 m cross-section) the collapse angles of the towers were not

impacted either at the in-plane or the out-of-plane positions. How-
ever, they could alter the behaviour of the towers at the out-of-plane
position.

The towers with small staggering ratios (0.4) resulted in out-of-plane

failure behaviour due to poor connections. These towers collapsed at

small collapse angles (11 degrees), before any impact from the
openings (up to 180 x 300 cm) occurred.

In certain cases, the order that particular sub-categories impacted

upon the behaviour of the structure changed. Large-sized openings

(180 x 300cm) at minimum 4.75 and maximum 7.75 m plan cross-
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Wall profile and friction coefficient relationship
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Fig. 11. Impact of friction coefficient on structural resistance (graph (b) from D’Ayala and Speranza, 2003).

section always became the dominant feature in all of height to length
ratio towers modelled. However, small height to length ratios (1.3)
became the dominant feature when compared to the impact resulting
from small openings (50 x 75, 100 x 100 cm); or in towers with one
or two small openings, or towers with one medium sized (140 x 210
cm) opening.

Increasing staggering ratios (s/h > 1.7) resulted in an improvement
of seismic performance, only for those structures where the h/1 ratio
was higher than 1.

It appears that there was a standardization in ancient construction
techniques for dry masonry towers. This was observed in the pro-
portional relationships between wall height and length, as well as
material usage. Although wall thicknesses altered, the height/length
ratio remained between 1.6 and 2. These values provided minimum
structural vulnerability for these towers.

In terms of material usage, it has been observed that the blocks used
in the construction of these towers; namely, granite and limestone;
had similar coefficients of friction (0.6 and 0.72 respectively) and
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small changes in these values did not impact upon the structural
behaviour and durability of the towers.

Understanding the structural behaviour of dry masonry towers
makes it possible to propose restoration schemes through observing
structural characteristics and failure mechanisms. This study provides a
framework of vulnerability rankings with possible failure mechanisms
that can be used to assess the stability of the masonry towers. This
provides an understanding of the basic behaviour of the towers, enabling
preventative measures to be developed.

It was seen that towers under high earthquake threat were designed
with strong sub-categories as high staggering ratio, long stone depth or
high block ratio, while there were no precautions against lateral loading
in the towers under minimum earthquake risk. Precautions preferred in
the construction of ancient towers prove that there might be awareness
of earthquake risk status of their sites.
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