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Various masonry wall organization techniques were used in ancient Anatolian
buildings depending on the local characteristics and the kind of stone used in the
region. Traces of iron clamps or dowels can be seen on numerous ancient walls. This
study's main goals are to ascertain the impact of iron clamps and dowels on the
vulnerability of various ancient wall organizations in Anatolia and investigate
potential relationships between wall organization types and clamp or dowel usage.
Another study objective is to gather information about using metal connectors for
restoration or anastylosis studies in archaeological sites.

First, a site analysis was performed on ancient cities to document various types of
masonry. Four types of walls, namely isodomic, isodomic with header and stretcher,
pseudo isodomic, and isodomic in alternation header and stretcher row were
determined. Quasi-static tilt analysis was performed on 3D models of walls without
clamps and dowels, with clamps, and with dowels to compare the failure mechanisms
of the wall types.

As a result, the wall type with the highest strength gain when metal connectors were
utilized in the analysis was isodomic organization, which also includes numerous
traces of clamps and dowels in ancient cities. This indicates that knowledge was
gained because of experiences against lateral loads at that time. This information is
not only significant in terms of understanding the history of architecture but also
provides data to reinforce ancient walls during conservation work.

1. Introduction

such as polygonal Cyclopean structures. First,
polygonal masonry became common, however,

In the past, builders were aware of the earthquake
risks and had tried to develop techniques to
minimize their impact on their constructions.
They tried to use different methods to improve
the resistance of masonry walls and prevent the
horizontal shifting of blocks. For instance, they
used iron elements such as dowels and clamps of
various shapes between blocks. Iron clamps and
dowels were typically used to fasten together the
blocks of stone in ashlar dry masonry
construction.

Throughout history, various cultures and regions
have given rise to a diverse range of masonry
styles. Initially, walls were constructed with dry-
jointed stones, while for defensive purposes,

the processing of stones and construction of the
walls in polygonal masonry had been difficult
and time-consuming. Then, the Ashlar technique
composed of finely cut and worked stones
became common due to its advantage of simple
construction.

There were different Aslar technique
applications. Isomodomum ashlar technique,
involved uniform height courses in construction.
These different techniques were illustrated in
Figure 1. When rows had different heights but
continuous horizontal joints, it was called
Pseudisodomum. Another way to arrange stone
courses is by altering the block orientation,
header, and stretcher position [1]. This header
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and stretcher style of masonry was discussed by
Vitruvius (1914) in his book "De Architectura™
(first century B.C.) [1]. Headers were used to
strengthen walls that were constructed with
trapezoidal or rectangular masonry [2-3]. The
headers, which are arranged perpendicular to the
course wall, reinforce the wall, and hold the wall
leaves together (Figure 1).

&

Isodomic Masonry

Pseudoisodomic Masonry

&

Isodomic Masonry
alternating
header-stretcher rows

Isodomic Masonry
alternating header-stretcher
blocks

Perge, Antalya

Myndos, Bodrum

Figure 1. Examples of masonry organizations
(drawings were drawn and photos taken by the
author in 2017)

According to historical sources by Vitruvius
(1914), Ceradini (1992), and Saner (1995) [1, 4,
5], the wall's thickness increases as there is a gap
between the parallel stretchers. For thicker walls,
three leaves were used, with a space in the middle
of two parallel stretchers. To fill this space, stone
fragments were used, or it was left unfilled. In
some cases, headers were used to provide
flexibility in the block arrangement. Throughout
the third century BC, alternating layers of
headers and stretchers were favored in most of
Greece. In these wall sections, stretchers
alternate with headers in all courses [6].

The primary requirement for ashlar building
techniques was the organization of the stones to
provide integrity. This type of organization was
commonly employed in classical studies by
scholars [7-10].

In the past, construction involved merely placing
dry-jointed blocks together. However, the
Romans also adopted the Greek technique of
using metal or wooden clamps and dowels to
strengthen the components of a stone block
construction. These were designed to prevent
joints from enlarging due to potential movements
caused by shifts in foundation settlement or
seismic  shocks [11]. Various metallic
connections, including dowels and clamps, were
used between the stone blocks to prevent
horizontal movement in ashlar dry masonry
construction. Iron clamps and dowels were
commonly used to fasten stone blocks together.
The blocks were joined horizontally with an iron
clamp that slid into grooves cut into the ends of
the stone blocks. Similarly, iron dowels were
used to fasten the drums of columns or blocks
vertically to prevent sliding under shear. Clamps
and dowels were also utilized to prevent any
stone movements caused by earthquakes or
foundation settlements [12-13].

Due to their ability to provide the building with
plasticity and allow for energy dissipation
through plastic deformation, metal connectors
decrease friction forces even before the blocks
begin to move relative to each other [14].
Structural analysis, simulations, etc. have been
used in conservation studies of cultural heritage
in recent years [14-19]. Numerous studies have
been conducted to examine the structural
strength of various masonry arrangements, in
addition to typological examinations [4, 16-20].
There are studies demonstrating types of iron
connectors in historical buildings [20-21].

Kurugol, Kiigiik (2015) discuss the various forms
and applications of iron in traditional
architecture, as well as the production techniques
and shaping methods used throughout history.
The paper also highlights some of the problems
that have arisen with iron materials over time
[20]. Also, in some studies, the effect of the size
and position of the iron clamps and dowels on the
behavior of the masonry walls is investigated
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[22-33]. Tanriverdi, Celik, Ural, Firat (2022)
investigated the effect of clamps with different
widths on lateral load behavior and determined
the ideal seam width [22]. The study by
Tanriverdi, Celik, Ural, Firat (2022) investigates
the impact of clamp immersion points on the
shear strength of stones [23]. In a study by Uslu
(2013), walls that were constructed using metal
clamps and dowels were subjected to the
diagonal pressure effect to examine their
behavior under the shear effect [24].

Additionally, Smoljanovic, Nikolic, Zivaljic
(2015) analyzed the seismic performance of a
historical masonry structure strengthened with
steel clamps and bolts [25]. Karabork, Kocak
(2014) conducted a study on stone masonry walls
supported by various iron clamps and dowels to
test their structural integrity under diagonal
compression and investigate failure modes [26].
Nikoli¢, Krstevska, Marovic (2017) investigated
the behavior of the model of the stone masonry
structure in Diocletian's Palace in Split, Croatia
under lateral loading [27]. There are some
studies discussing the development of the usage
of iron clamps and dowels in ancient temples and
monuments. The effect of iron connectors on the
strength of the monuments and conservation
studies were discussed [28-33].

These studies investigate the potential impact of
the size, position, and type of clamps and dowels
within the same masonry structure. However,
considering the variety of masonry organization
types found in Anatolia, figuring out the optimal
size and placement of metal connectors has
proven to be difficult. Although clamps and
dowels have been used in various wall types,
there is a need for research on how these metal
elements contribute to the strength of different
wall types and how they affect damage
mechanisms. The primary objective of this study
is to determine the effect of iron clamps and
dowels on different ancient wall organizations in
Anatolia and investigate if there is any
correlation between wall organization types and
the usage of clamps and dowels. The study
explores whether iron clamps and dowels were
used intentionally. Results should be used as a
base for restoration or anastylosis applications in
archaeological sites.

1.1. Clamps and dowels

The Egyptians were the first to use strong
hardwood clamps shaped like double dovetails to
provide integrity to masonry walls. Bronze
clamps, shaped like a double T, were also used in
pre-Columbian Andean construction in the
eighth century AD. Roman builders used fewer
double-T clamps than Greek architects, who
extensively used them in Greek constructions up
until the Hellenistic era. The double-T clamps
were first utilized in Athens at the beginning of
the fifth century BC. The stones in the course
were firmly attached using clamps. Occasionally,
and more frequently among the Greeks than the
Romans, a vertical bonding was added to the
horizontal bonding [34]. Clamps are typically
made of iron flats that have tails, forks, and other
shapes that are created through the shaping
process. Types of clamps were demonstrated in
Figure 2. To reinforce the connection, lead was
poured on the curved ends that entered the holes
made in the stone [20].

RSN

Figure 2. Clamp types [35]

The clamping method involves placing two
blocks side by side in the slots on the connecting
edges, which are only 3-4 mm wide. Iron pieces
are inserted, and molten lead is poured over them
to secure the irons tightly into the stone slot and
prevent rusting. To facilitate the lead flow,
channels may be created that extend to the edge
of the block, and the molten lead is poured into
clay chambers at the end of these channels to
cover the seam with lead. Clamps and dowels
were typically made of iron, rarely bronze, and
placed in rectangular cuttings in stone. They
were fixed with lead to ensure cohesion of
courses, to prevent the connection from breaking
due to any possible movement, and to isolate the
metal element inside from air [13, 34] The size
of the clamps used depends on the size of the
stones being connected.

Traces of iron connectors were widely observed
in isodomic masonry structures consisting of
single-walled stretcher blocks, such as Cnidus,
Sard, Lairbenos, Pergamon, and Gdlyazi, etc. in
the site surveys. However, their use was rare in
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isodomic structures with headers and stretchers
and pseudoisodomic masonry. Clamps and
dowels were primarily used in the walls of
temples, bouleuterions, stadiums, etc., rather
than in the city walls. Their use on the ground
levels of buildings, such as the Priene Athena
Temple and Theater, the foundation of a grave
building in Pergamon was particularly
noteworthy.

The walls of the Sard Artemis Temple had
clamps and dowels in both isodomic and
isodomic with header and stretcher block wall
types. In the ancient city of Cnidus, both
pseudoisodomic and isodomic walls had traces of
clamps and dowels. However, no clamps were
found on the isodomic walls with alternating
header and stretcher blocks, which are commonly
used in Mediterranean ancient cities such as
Perge and Side. The traces of clamps and dowels
from Anatolian ancient cities were given in
Figure 3.

: ". , *“ L y \
D n&‘#"
Atarneus, Aiolis

Cnidus Pergamon

Figure 3. Traces of clamps and dowels in different
ancient Anatolian cities (photos taken by the author
in 2024)

2. General Methods

First, a site analysis was performed on ancient
cities such as Perge, Side, Pergamon, Aigali,
Sillyum, and Sardes, to document various types
of masonry. The relationships between stone
blocks were examined. To analyze why they
were employed or not, wall types with and
without iron connecting traces have both been
chosen. The study has focused on four types of
walls, namely isodomic, isodomic with header
and stretcher, pseudo isodomic, and isodomic in
alternation header and stretcher rows. Only the

isodomic wall with alternation header and
stretcher rows exhibited no traces, whereas the
other three types have traces. Table 1
demonstrates different wall types and usage of
clamps and dowels in different ancient cities.

In the second phase, 3D models were created for
different types of walls. These walls are 500 cm
tall and 560 cm long and were modeled with
clamps and dowels separately. Connectors,
clamps, and dowels were used to connect two
blocks. Clamps have dimensions of 20 cm in
length and 6 cm in width. They are arranged in
the stones' center axes of width. Dowels have
dimensions of 5 by 5 cm. One dowel was placed
in the center of the header blocks, and two dowels
were placed on each stretcher block. The
3Dmodels of the wall types and the position of
metal connectors were given in Figure 4 and 5
respectively. The clamps and dowels were
modeled as Hinge Joint.

Then, quasi-static analysis was performed on
wall types with and without metal connectors, as
well as those with clamps and dowels to analyze
the effect of metal connectors on the lateral load
behavior of the walls. Using SketchUp 2017, the
walls were modeled as distinct rigid blocks
arranged in a certain order without any
connecting elements. Next, a quasi-static tilt
analysis simulation based on the equilibrium
state was conducted using MS Physics 1.0.3.
This made it possible to simulate discrete
elements physically in real time, giving each
piece unique attributes like shape, density, and
friction, among others. The equilibrium problem
was solved using a static rigid body method
(Figure 4).

Initial analyses were performed to verify the
accuracy of the MS Physics software. The
literature’s  experimental results and the
simulation's results were compared. Using
SketchUp software, 3D models were generated
based on the wall sizes and material properties
reported by Restrepo Velez, Magenes, Griffith
(2014) [36].
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Table 1. Wall types observed in ancient cities

Ancient  Wall types Clamps Dowels
Cities
Aigai Isodomic v
Isodomic
header and
stretcher blocks
Pergamon Isodomic v
Sillyum Pseudoisodomic
Sard Isodomic x/ x/
Isodomic N \
Header and
Stretcher blocks
Lairbenos Isodomic ~
Aiolis Isodomic ~
Cnidus Isodomic x/ x/
header and
stretcher blocks
Isodomic N \
Pseudoisodomic ~ \/
Perge Isodomic
header and
stretcher rows
Side Isodomic
header and
stretcher rows
Myndos  Isodomic \/
header and
stretcher blocks
Akkum Isodomic v
header and

stretcher blocks

Isodomic

Isodomic in header
and stretcher courses
Pseudoisodomic

I!LSOJOIUiG alternating
caders and stretchers

Figure 4. Ashlar masonry types (drawn by the
author via SketchUp 2017)

The failure mechanisms were examined by tilting
these models using a virtual table in MsPhysics.
Using marble units, Restrepo Velez, Magenes,
Griffith (2014) carried out an extensive quasi-
static testing program that considered 1:5 scale
models of dry-joint stone masonry walls and
structures [36]. Their marble blocks measured 80
mm by 40 mm by 30 mm. Blocks' unit weight

was 2680 kg/m?, and their friction coefficient
was calculated to be 0.77 [37].

POSITION OF CLAMPS POSITION OF DOWELS
t 1 1 L 0

ISODOMIC MASONRY

-

#I{- 0|+ +

= =
111111ttt I*I'I ol [e[o]o]o] ]

ISODOMIC MASONRY WITH ALTERNATING HEADER AND STRETCHER ROWS

+ +|'0 "|+ "|1 +|I +
PSEUDOISODOMIC MASONRY
0
O 1 N O R D |

ISODOMIC MASONRY WITH ALTERNATING HEADER AND STRETCHER BLOCKS

Figure 5. Position of clamps and dowels (modeled
by the author via SketchUp 2017)
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In this quasi-static testing regimen, 0.6 m, or 21
courses, was the average height of a specimen.
The examples featured a two-story building with
openings, as well as one-, two, or three-sided
walls with or without openings. The iterative
value of 16 was selected, and an update time step
of 1/120 was used to guarantee accuracy in the
computer simulations of the 3D models. It was
discovered that the real verses of the virtual
models' damage mechanisms and collapse angles
were nearly equivalent. The simulation results
were compared in Figure 6.

_ S
ved from
experimental analysis [36] and simulation

Rigid block, group, and component densities are
provided by MS Physics software, which is based
on physical simulations and connection states.
The modulus of elasticity is disregarded in the
simulations, but the friction coefficient is
considered. Since a smaller update time step
yields more accurate simulation results and keeps
collisions from getting worse, 1/120 was chosen
as the update time step. Given that the towers
were made up of numerous movable blocks, 16
was chosen as the iterative value [38].
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By tilting the ground plane of each 3D model, the
lateral acceleration applied to each model could
be changed. Until complete collapse, the tilt
value was raised by one degree. The component
that is parallel to the gravitational acceleration's
tilted ground plane at the collapse level can be
understood to represent the maximum ground
acceleration that the structure must be able to
withstand. According to DeJong (2009) and
Jimenez (2011), the lateral component of the
gravitational acceleration equals the horizontal
acceleration (A), where A = mg X sin 0.

Although the impacts of dynamics as shown by
seismic loading are not represented by this
equivalent static loading, it does allow one to
quantify the structure's lateral load-bearing
capability in terms of acceleration [39-40]. Every
designed wall has an in-plane and an out-of-plane
tilt. When evaluating, the smallest collapse angle
was always considered.

3. Results and Discussion

When the damages of different wall
organizations were compared, the wall with the

highest structural strength was the isodomic wall
with headers and stretchers, followed by the
isodomic wall and pseudoisodomic walls, which
had similar strengths. The walls alternating
header and stretcher rows had the lowest strength
under lateral loading.

When the lateral load was in the in-plane
direction, the use of clamps or dowels increased
the strength of the wall significantly. Dowel
additions improved resistance more than clamp
additions. Moreover, in the isodomic wall, the
contribution of both the clamps and the dowels to
the structure strength was found to be the highest.
The usage of clamps resulted in a 35% increase
in strength, whereas using dowels resulted in an
80% increase in strength. The analysis results
were given in Table 2.

The strength of the walls increased by about 25%
when clamps were used, and by up to 60% when
dowels were used. But dowels, used in the
walls alternating header and stretcher courses,
contributed only 5% of the wall's strength.

Table 2. Collapse angles of walls under lateral force in the in-plane direction.

Without With Percentage of With Percentage of
clamps clamps increase in dowels increase in
resistance resistance
Isodomic masonry 20°-collapse 28°-crack 35 % 36°-collapse 80 %
29°-collapse
Isodomic with 18°-collapse 23°-collapse 28 % 19°-crack 55%
alternating header and 20°-collapse
stretcher courses
Pseudoisodomic 20°-collapse 24°-crack 20 % 35°-collapse 75 %
masonry 25°-collapse
Isodomic alternating  22°-collapse 27°-crack 27 % 36°-collapse 68 %
header and stretcher 28°-collapse

blocks

The contribution of clamps and dowels to wall
strength was less when the lateral load occurred
in an out-of-plane direction. The strongest wall,
isodomic alternating stretchers and headers,
increased in structural strength by 15% when
dowels were used. On the other hand, the use of
dowels did not affect the resistance of walls with
alternating header and stretcher rows. The
analysis results were given in Table 3.

Four different types of failures were observed in
the walls based on analysis results: flexural

failure, diagonal/stair-stepped cracking, vertical
cracking, and sliding failure (Figure 7), [41].
Diagonal cracks or stair-stepped cracks occurred
in isodomic, isodomic alternating header
stretcher, and pseudoisodomic walls when
clamps or dowels were not used, and when the
lateral load came in the in-plane direction. On the
other hand, both vertical and diagonal cracks
were observed on the walls alternating header
stretcher rows.
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Table 3. Collapse angles of walls under lateral force in the out-of-plane direction

Without With clamps  Percentage of  With Percentage of
clamps increase in dowels increase in
resistance resistance
Isodomic masonry 13° -collapse  15° -collapse 15% 15° - 15%
collapse
Isodomic with 14° -collapse  15° -collapse 7% 14° - 0%
alternating header collapse
and stretcher courses
Pseudoisodomic 14° -collapse  15° -collapse 7% 15° - 7%
masonry collapse
Isodomic alternating ~ 18° -collapse ~ 21° -collapse 17% 23° - 28%
header and stretcher collapse

blocks

When clamps were used, flexural failures and
diagonal cracking were observed in the walls
connected with clamps. The walls presented both
sliding and cracking along the length of the wall.
The study by Karabork, Kocak (2014) was
supported by the results obtained. The study
found that a failure mechanism like the isodomic
wall developed with clamps when tested for
shear strength under diagonal compression [26].
However, it is worth noting that block sliding in
the upper parts was not observed since the walls
were mortared. The failure mechanisms were
given in Figure 8.

The use of dowels did not result in flexural
failure like clamps did. However, cracks
(approximately 1 cm) were observed in isodomic
and pseudoisodomic walls due to sliding, while
partial collapse was seen in the isodomic walls
that used alternating header and stretcher without
any diagonal cracking. Dowels considerably
strengthened the walls when headers and
stretchers were used (Figure 8).

Isodomic walls consist of alternating header and
stretcher rows, wherein the vertical joints are
situated close to each other in the upper and
lower rows. The blocks on top of one another
displayed a monolithic behavior and created
vertical cracks when dowels were used to join
them. Therefore, the use of dowels did not affect
the structure's behavior and strength in the walls
with alternating header stretcher courses. Clamps
reduced the vertical cracking of the close-jointed
blocks stacked on top of one another, hence
increasing the strength of the walls. Stair-stepped
cracks began to form in place of vertical

cracking. The failure mechanisms were given in
Figure 9.
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Figure 7. Determined failure types in the walls
(drawn by the author via Autocad 2024)
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Similar failure mechanisms were observed in the
models when the walls were tilted in an out-of-
plane direction. However, bending shear was
observed when dowels were used in alternating
header and stretcher rows. In cases where clamps
and dowels were used in alternating header and
stretcher blocks, bending shear formation was
also observed. Shear cracking was observed in
other wall types, as well as in dowel usage. The
failure mechanisms were given in Figure 10.
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wiih\dowels with clal\'np\ ,/?

Figure 9. Different behavior of walls alternating

header and stretcher rows connected with dowels

and clamps (modeled by the author via SketchUp
2017 and MsPhysics 1.0.3.)

Without clamps or dowels With clamps With dowels

(I
]

Isodomic

Isodomic in header
and stretcher courses

Pseudoisodomic

[T

A=

I M |
1

S

Isodomic alternating
headers and stretchers

Figure 10. Different behavior of walls connected
with dowels and clamps (modelled by the author via
SketchUp 2017 and MsPhysics 1.0.3.)

4. Conclusion

The impact of metal connections on different
types of masonry walls was investigated through
research. As a result, the wall type with the
highest utilization of clamps and dowels in
ancient cities was isodomic organization, which
also offered the greatest strength gain when metal
connectors were tested in the analysis.

The use of dowels in isodomic, isodomic header
stretcher blocks, and pseudoisodomic walls
significantly increased the strength of the
structure. However, it also caused shifts in
horizontal rows between the blocks and changes
in failure types. Stair-stepped cracks in the
structure were reduced to a minimum.

In isodomic alternating header and stretcher
rows, the vertical joints in the upper and lower
rows were near to one another thus, vertical
cracks were seen. Clamps prevented vertical

cracks by connecting blocks horizontally. Thus,
using clamps was crucial to maintaining the
structural integrity of walls with narrow vertical
joint distances. However, the blocks, on top of
each other, connected with dowels behaved
monolithically, and vertical cracks were
observed right away. In the site surveys, no traces
of dowels were observed on the walls alternating
header and stretcher rows commonly used in the
Side and Perge regions. This led to the question
of whether stonemasons made a conscious
decision regarding this.

Consequently,  results are crucial for
comprehending the evolution of structural
design, and they show which types of ancient
walls should be supported by clamps or dowels
while doing conservation works. Rather, distinct
safety measures ought to be implemented to
augment the structural robustness of disparate
wall types.
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