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Abstract: This study discusses the experimental assessment of the in-plane mechanical behavior of a multi-leaf 
stone masonry wall built from cut stone and reinforced with metal connectors (cramps and dowels). The wall, 
inspired by conventional multi-leaf stone walls, is meant for use in modern stone masonry buildings. The wall 
is constructed from two parallel load-bearing walls with a cavity between them, which aims to conceal the 
installation and insulation needed in modern buildings. The load-bearing walls are connected with cramps and 
dowels at certain intervals so that the wall works as a single section against horizontal and vertical loads. To 
characterize the in-plane behavior of the proposed wall, compressive, triplet, and diagonal compression tests 
were conducted to investigate the compressive strength, shear strength, modulus of elasticity, stiffness, 
ductility, and energy absorption of the wall. Compared with dry and mortar joint walls, the use of dowels 
increased the initial shear capacity of the wall by 11 and 19 times, respectively. The application of cramps 
without curving channels inside the individual stone elements decreased the compressive strength by 18%. 
The energy absorption of the designed walls with metal connectors was substantially increased to that of the 
specimens representing conventional stone walls. The results obtained show the applicability of the wall due 
to its higher shear strength and minimal drop in compressive strength, which is within acceptable limits. 

Keywords: dowels and cramps; diagonal compression test; multi-leaf stone wall; shear test; 
compression test 

 

1. Introduction 

Today, in many parts of the world, the remains of complex buildings demonstrating a high 
degree of engineering skills in masonry construction rather than rudimentary shelters can be found. 
Most of these buildings are composed of stone, which is a brittle and heavy material used for 
construction [1]. Constructing such buildings has never been an easy task. Factors such as the low 
tensile strength, heavy mass, and brittle characteristics of the stone and, most importantly, the 
vulnerability of stone-made buildings to higher earthquake loads, especially due to the increased 
total weight of the building, serve as considerable challenges. Through the years, these challenges 
were obviated with innovative ideas such as using arches, domes, and multi-leaf walls as well as 
strengthening ashlar masonry with dowels and cramps using different materials [2]. Due to the 
abovementioned factors, ancient buildings, which have survived severe earthquakes and destructive 
environmental effects over many years, are the most precious inheritance for the countries they exist 
in today.   

In our era, buildings can be built to be more durable at fair prices due to the characteristic 
features of materials such as steel, concrete, and other composites used in the building sector. On the 
other hand, the use of natural materials, such as stone, in load barrier elements has been marginalized 
and pushed aside. This is because stone-made load barrier elements, such as stone masonry walls, 
exhibit brittle behavior due to rapid loss of stiffness, strength, and energy absorption [3]. Natural 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2023                   doi:10.20944/preprints202304.0444.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202304.0444.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

materials like stone are only utilized as coatings in the construction of modern buildings. Despite the 
availability of modern materials, a structure made of natural materials such as stone, designed to be 
earthquake resistant with innovative engineering solutions, remains a covetable and invaluable 
masterpiece.    

In the literature, many valuable studies are devoted to characterizing masonry structures' 
behaviors. Nonetheless, strengthening historical masonry buildings is generally at the forefront [4]. 
For instance, Abdulsalam et al. [5], Anglad et al. [6], and other researchers [7–9] investigated the 
retrofitting of historical masonry buildings with modern construction materials. Hereupon, several 
reviews devoted to a specific aspect, e.g., characterizing the mechanical behaviors of the materials 
used in the masonry wall [10–14], characterizing the mechanical behavior of masonry walls [15–21] 
or modeling, improving and, evaluating the seismic performance of the historical stone masonry 
buildings [22–27]. However, to the best of our knowledge, most studies have been carried out because 
of the need to conserve historic buildings. Moreover, none of them have proposed a masonry wall 
type that can be used in the construction of new modern masonry buildings, which will provide the 
majestic appearance of stone masonry buildings while being more durable than those constructed 
with the currently used methods and building materials.  

For this reason, in this study, a newly designed natural stone masonry wall to be used for 
modern buildings is proposed. The proposed wall consists of two layers and a cavity between them. 
The layers of the wall are connected with metal connectors (cramp and dowel) designed in this study. 
The aim is to conceal all necessary installments inside the cavity of the wall and improve the 
mechanical properties of the wall against in-plane and out-of-plane loads by combining two layers 
into one. The design principle of the proposed wall is based on meeting the needs of a modern 
building without vitiating the appearance of the stone wall while being more durable against 
earthquakes.  

The study represents the experimental assessment of the in-plane mechanical behaviors of the 
proposed wall. It consists of two main parts. In the first part, the application of the proposed multi-
leaf (cavity wall) stone masonry wall is designed. In the second part, a series of experimental studies 
were carried out. The experimental studies consist of determining metal connectors design 
parameters, characterizing the mechanical properties of the material used in the wall, characterizing 
the compressive and shear strength of the wall as well as determining Young’s modulus, stiffness, 
ductility, and energy absorption of the proposed wall. The shear strength, stiffness, and ductility of 
the wall were characterized by the shear test method complied with the initial shear test methodology 
described in EN 1052-3 [28] and Diagonal Compression Test (DCT) described in ASTM E 519M-15 
[29]. The compressive strength and Young’s modulus of the proposed wall were determined by the 
compression test complied with the test methodology described in EN 1052-1:1999 [30].    

In summary, the novelty of this paper is to experimentally determine the mechanical properties 
of a newly designed stone multi-leaf (cavity wall) wall. This wall is meant to be used in constructing 
new modern masonry buildings with majestic architecture thereby providing all the comforts of a 
modern building along with durability. In addition, paving the way for further investigation of the 
in-plane behavior under cyclic-loads, out-of-plane mechanical behaviors and the carbon footprint of 
the proposed wall.   

2. Materials and Methods  

2.1. Proposed wall 

The proposed wall was inspired by conventional multi-leaf stone masonry walls, such as those 
described in [10,20,31–37], with a change in its load transfer mechanism. The wall consists of two 
load-bearing walls (each one is called a layer) and a cavity between them, as shown in Figure 1. Due 
to the cavity between these two load-bearing walls, it looks the same as sandwich or cavity walls [38–
43]; however, the proposed wall is constructed with naturally cut stone and reinforced with cramps 
and dowels, which are designed to enhance the in-plane and out-of-plane mechanical behavior of the 
wall. Conventional cavity walls are usually built from brick or concrete blocks, and one of the two 
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parallel walls is load bearing, where the second wall is usually for cladding. In the proposed wall, 
both layers are built from cut stone and act as load-bearing elements. 

In the proposed wall, the two parallel layers and all individual stones in each layer are tied to 
each other with metal cramps and dowels (Figure 1). Thus, by connecting two parallel walls, they 
will operate as a single section, and the in-plane and out-of-plane behaviors of the wall are 
strengthened with metal connectors. The cavity between these two layers is of paramount 
importance. First, it is designed to insulate and conceal all installations needed in the building 
without vitiating the majestic appearance of the stone wall in the building. In addition, omitting the 
middle layer, as it is an important part of conventional multi-leaf stone walls, decreases the total 
weight of the building, which results in reduced earthquake loads. Moreover, the low mechanical 
strength and the flaws in the application of the middle layer in conventional multi-leaf stone walls 
are generally inadequate for maintaining the connection of the two outer layers under in-plane and 
out-of-plane loads. Therefore, the failure in conventional multi-leaf stone walls is brittle [33,44], 
which is generally not acceptable by any building code and regulations. As in the proposed multi-
leaf stone masonry wall, the two outer layers are connected with cramps and dowels to assure that 
the wall works as a single wall (Figure 1). 

  
(a) (b) 

 

(c) (d) 
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(e) 

Figure 1. Details of the proposed multi-leaf wall (mm): (a) Perspective view; (b) Plane view (3rd row); 
(c) Wall cross-section; (d) Surface cross-section; (e) Application of cramp and dowel between two 
vertical stones. 

The application of the proposed wall can be broken into 4 stages which are shown in Figure 2.  
Stage 1: The foundation stone, which has a width equal to the width of the proposed wall (the 

total thickness of two layers + cavity), is applied on the reinforced concrete foundation, connecting 
the two layers of the proposed wall.  

Stage 2: only one layer (preferably the outer layer) of the wall with U-type cramps and dowels 
is built (Figure 2 – Stage 1-2).  

Stage 3: After the completion of one layer, the insulation, and installations needed in the 
building are applied (Figure 2 – Stage 3).  

Stage 4: The second layer with U-type cramps is built, and the U-type cramps are connected via 
pins (Figure 2 – Stage 4). In this way, all of the necessary installations in a building will be hidden 
inside the wall, and the appearance of the stone wall will not be damaged (Figure 2 – Finale stage).  

  

(a) (b) 

   
(c) (d) 
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(e)                       (f) 

Figure 2. Stages of the proposed wall’s application in a model stone masonry building built in Konya 
- Turkey: (a) Stage 1: Application of foundation stone under the wall; (b) Stage 2: Build one layer of 
the wall with U-type cramps and reinforcing with dowels; (c) Stage 3: Finishing only one layer of the 
wall and applying the insulation and installations; (d) Stage 4: Building the second layer with U-type 
cramps and connecting two cramps; (e) Final stage: The exterior of the building built with a proposed 
multi-leaf stone wall; (f) Final stage: The interior of the building built with the proposed multi-leaf 
stone wall. 

In this study, as there was no insulation or installation, the cramps were prepared as rectangular 
elements rather than U-type elements, as shown in Figure 3. In the proposed wall, for a single leaf, 
individual stones are connected via mortar and metal connectors. First, proper holes (1 mm larger 
than the diameter of the dowels) are drilled into each stone. Then, after placing two individual stones 
side by side, metal connectors (cramps and dowels) are applied, and the remaining part around the 
cramps is filled with mortar with a thickness equal to the cramp thickness. It should be noted that the 
holes drilled for dowels are not filled with mortar or any other material. For multi-leaf walls, the 
construction phase is the same as that of a single-leaf wall. The only difference is the connection of 
two layers with metal connectors, which are designed to ensure the integrity of the wall. 

 

 

Figure 3. Details of cramps used in single- and multi-leaf walls (units are in mm). 

2.2. Properties of materials 

The mechanical properties of the materials used in the experimental work are shown in Table 1. 
The stone used in this study is called Myra Beige, which is a natural limestone found in Turkey. The 
compressive strength of the stone, obtained from a uniaxial compression test following EN 1926 [45], 
is the mean value of 30 specimens with a size of 50  50  50 mm. The tensile strength of the stone is 
the mean value of 20 specimens with a size of 50  50  300 mm, and appropriate tests were carried 
out following EN 12372 [46]. Young’s modulus of the stone was obtained from 6 specimens with a 
size of 50  100  200 mm tested according to EN 14580 [47]. 
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Table 1. Average mechanical properties of the materials used in the experimental program. 

Material fi (N/mm2) ftc (N/mm2) Fy (N/mm2) Fu (N/mm2) E   (GPa) Fτ (N/mm2) 

Stone 50 12.2 - - 15 - 
Mortar 1.46 0 - - - - 
Cramps - - 227 330 114 - 
Dowels -  - 61 602 31 

fi: compressive strength; ftc: tensile strength; Fy: yield strength; Fu: ultimate strength; E: Young’s modulus; Fτ: 
shear strength  . 

The lime mortar used in this study was produced from a mixture determined after a brief 
literature review [48–50]. The binder/aggregate ratio was selected as 1:3, and hydrated lime was used 
as the binder. River sand, white sand, and marble powder were used as aggregates at a ratio of 3:2:1. 
All aggregates were sieved through a sieve with a 2 mm hole diameter. The compressive and tensile 
strengths of the mortar were determined at 28 days. As observed, the mechanical strength of lime 
mortar at this age is very low. Nevertheless, in all test specimens, this mortar was used. The thickness 
of the head and bed joints in the test specimens was cast as 2 mm, which is equal to the thickness of 
the metal cramps used in the bed joints. Accordingly, as in the case of compression, the uniaxial load 
is transferred from stone to stone through cramps, which has a higher mechanical property than the 
mortar used. Mortar is only used as a bonding material, not as a load-transferring element. Therefore, 
the poor mechanical properties of mortar should not have any effect on the mechanical 
characterization of the proposed wall. The only problem that may arise with low-strength mortar is 
the formation of cracks in the mortar, which would ease moisture penetration. To preserve the metal 
connectors from rust in new modern masonry buildings, all metal elements are galvanized before 
application. Nevertheless, the tensile and compressive strengths of the mortar were determined from 
the data of 3 specimens tested following EN 1015-11 [51]. 

The mechanical properties of metal connectors, which consist of cramps and dowels, were 
determined by the TS EN ISO 6892-1 standard [52]. Cramps are made from S235JR steel, which is a 
soft structural steel that can be easily welded and bent. For dowels, because of the small diameters (4 
mm, 5 mm, and 6 mm) required for this study, steel mesh or wire mesh was acquired and used. 
Young’s modulus of the cramps was easily calculated from the stress–strain curve due to the obvious 
yield stress, but for the dowels, the yield strength was ambiguous. Therefore, Young’s modulus was 
determined from the stress corresponding to 0.002 strain. The yield strength (Fy), ultimate strength 
(Fu), and Young’s modulus (E) of the cramps and dowels were the mean values of 5 and 8 specimens, 
respectively (Table 1). Among the 8 dowel specimens prepared for the tensile test, there were 3 
specimens with a 4 mm diameter, 3 specimens with a 5 mm diameter, and 2 specimens with a 6 mm 
diameter.   

In addition to the tensile strength of the dowels, a proper shear test was carried out to 
characterize the shear (cutoff) strength of the dowels. The details of the shear test setup are shown in 
Figure 4, and the mean value of the shear strength (Fτ), which was calculated from 6 specimens with 
two different diameters (4 and 5 mm), is given in Table 1. 
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Figure 4. Details of the shear test setup designed for the dowels (mm). 

2.3. Experimental Program 

The experimental program in this study consists of determining the optimum diameter for 
dowels and characterizing the effect of metal connectors (cramps and dowels) on the in-plane 
behavior of the proposed multi-leaf stone masonry walls by evaluating the shear and compressive 
strength, modulus of elasticity, stiffness, ductility, and energy absorption of the proposed walls. In 
all test specimens, the individual stone sizes were used as 100  200  100 mm (full stone) and 100  
100  100 mm (half stone) (width  length  height). 

2.3.1. Metal connectors 

Information regarding cramps is limited in the literature [10]. Therefore, the width of the cramps 
was selected to be 20 mm, according to [53], and the thickness of the cramps was selected as the joint 
thickness, which was 2 mm. These two parameters can be optimized. However, in this study, the out-
of-plane behavior of the proposed wall was not investigated because out-of-plane studies need a 
thorough experimental campaign [8,38,54–56]; hence, the abovementioned dimensions were utilized. 
The length of the dowels was selected as 62 mm, which according to [57] has a small effect on the 
shear strength. The most important parameter in this study was to find the optimum dowel diameter. 
For this purpose, a series of triplet tests were performed on specimens with dry joints, which were 
reinforced with proposed metal connectors (cramps and dowels); these tests were performed with 
different dowels diameters following EN 1052-3 [28]. As reported in [57], compared with thinner 
dowels, thicker dowels give a higher shear bearing capacity and provide higher stiffness, which 
implies lower displacements. Following this, thicker dowels would be preferable to increase the shear 
capacity of the stone walls. However, it should be noted that thicker dowels may result in a higher 
shear capacity of dowels, thereby breaking the stone units before the dowel’s cutoff. This may result 
in the failure of the wall under both compression and shear. In other words, for the proposed wall 
under shear stress, dowels are preferred to be the weak link in the chain rather than the load-bearing 
individual such as the stone. Therefore, a series of triplet tests were carried out with different dowel 
diameters (3, 4, 5, and 6 mm) to ascertain the optimum dowel size, which results in dowel cutoff 
before individual stone failure. In addition, the effect of cramp application on the compressive 
behavior of the wall was also investigated with a simple compression test carried out on 10 
specimens, whose details are given in section 3.1. 

2.3.2. Test specimens 

Apart from 46 specimens built for pre-experimental work to determine the optimum dowel 
diameter and cramp effect on the compression tests, a total of 61 specimens were constructed for the 
experimental study, 48 of which were built in a micro-size and the remaining 13 in a macro-size. Out 
of the total 48 specimens, 12 were built for the compressive test and the remaining 36 were used to 
determine the initial shear strength. As for macro-sized specimens, 4 were built for the compressive 
test and 9 were built for the diagonal compression test.   

• Micro-sized specimens 

To quantify the compressive strength of the proposed wall in accordance with EN 1052-1:1999 
[30], 12 micro-sized specimens were built. These specimens were divided into 4 groups, whose 
detailed information is given in Table 2. The first group contains 3 single layer of dry joint specimens, 
in which individual stones were placed upon each other without any mortar or metal connectors. The 
specimens in the second group were built as a single layer, and the individual stones were joined 
only by 2 mm mortar. These 3 specimens were evaluated as a reference to see the effect of metal 
connectors in the proposed walls. The third group contains specimens of the same size as the 
specimens in the second group, but individual stones were connected with metal connectors (cramp 
and dowel) in addition to the mortar (Figure 5. a). The metal connectors used in this group consisted 
of cramps and dowels with the dimensions given in Figure 3. The last group contains 3 specimens 
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that represent the proposed walls, which were made of two layers with a 50 mm cavity between them. 
Both layers were joined by cramps and dowels designed in this study (Figure 5. b and c). 

As in the compression test, the micro-sized specimens in the shear test also consist of 4 types of 
wall specimens. The first type was a single-layer wall with dry joints. The second type was a single-
layer wall with only 2 mm mortar joints. The third type consisted of single-layer walls with joints 
containing mortar and metal connectors (Figure 5.d). Finally, the fourth type refers to specimens built 
as multi-leaf walls with a cavity between the two layers and connected with metal connectors (Figure 
5. e and f). Detailed information is given in Table 2. 

Table 2. Detailed information regarding micro-sized compressive and shear test specimens. 

Code name Test    Setup 
Number of 

layers 

Metal 

connectors 
Mortar 

Number of 

specimens 

Specimen size (mm) 

(width×length×height) 

SWC Compression Single No No 3 100  400  500 
SWLC Compression Single No Yes 3 100  402  508 

SWMLC Compression Single Yes Yes 3 100  402  508 
DWMLC Compression Double Yes Yes 3 200  402  508 

SWIS Initial Shear Single No No 9 100  200  300 
SWLIS Initial Shear Single No Yes 9 100  202  304 

SWMLIS Initial Shear Single Yes Yes 9 100  202  304 
DWMLIS Initial Shear Double Yes Yes 9 200  202  304 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. Details of micro-sized specimens for compression and initial shear test: (a) Single layer with 
lime mortar + metal connectors (compression); (b) Multi-leaf with lime mortar + metal connectors 
(compression); (c) The proposed multi-leaf wall (compression); (d) Single leaf with lime mortar + 
metal connectors (initial shear); (e) Multi-leaf with lime mortar + metal connectors (initial shear); (f) 
The proposed multi-leaf wall (initial shear). 

• Macro-sized specimens 
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As stated in [58], the size of the specimen plays a crucial role in determining the stiffness, 
strength, and failure mechanism of masonry walls under experimental studies. Therefore, in addition 
to 48 micro-sized specimens, a total of 13 macro-sized specimens were built to characterize the 
compressive, shear strength, modulus of elasticity, stiffness, ductility, and energy absorption of the 
proposed wall. Of these 13 specimens, 4 were built for the compressive test and the remaining 9 for 
the diagonal compression test whose details are given in Table 3 and Figure 6.  

The specimens prepared for the diagonal compression test were determined by the ASTM E 
519M-15 [29] standard. However, no standard exists for macro-sized specimens built for compressive 
tests. Hence, there are many studies on characterizing masonry walls using macro-sized specimens 
in the literature [59–62]. The size of the macro specimens for compression tests was determined by 
considering the effect of the slenderness ratio of the wall used in the model stone building.    

Types of macro-sized specimens were almost the same as micro-sized specimens. For the 
compressive test, 4 types of specimens were built. The first specimen type MSWC was built only by 
placing the stone on top of each other without any mortar or connectors. In the second specimen 
(MSWLC), the stones were connected only with lime mortar, and in the third specimen (MSWMLC), 
metal connectors were used in addition to lime mortar (Figure 6. a). The fourth type of specimen 
represents the proposed multi-leaf stone walls (Figure 6. b and c.). This sample, named MDWMLC, 
consists of two layers and there was a 50 mm cavity between the layers.   

For the diagonal compression test, three types of specimens were built. The first wall type 
(SWDT) was built only by joining stones with 2 mm lime mortar. The second wall (SWMDT) consists 
of 2 mm lime mortar + metal connectors. The third type (DWMDT) represents the proposed wall 
which was built as two layer and a 50 mm cavity between them (Figure 6. e and e.).    

Table 3. Detailed information regarding macro-sized compressive and shear test specimens. 

Code name 
Number of 

layers 

Metal 

connectors 
Mortar 

Number of 

specimens 

Specimen size (mm) 

(width×length×height) 

MSWC Single No No 1 100  800  1400 
MSWLC Single No Yes 1 100  806  1426 

MSWMLC Single Yes Yes 1 100  806  1426 
MDWMLC Double Yes Yes 1 200  806  1426 

SWDT Single No Yes 3 100  1210  1222 
SWMDT Single Yes Yes 3 100  1210  1222 
DWMDT Double Yes Yes 3 200  1210  1222 

 

  
(a) (b) 
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(c) 
(d) (e)  

Figure 6. Details of macro-sized specimens for compression and diagonal compression test: (a) Single 
layer with lime mortar + metal connectors (compression); (b) Multi-leaf with metal connectors 
(compression); (c) Multi-layer with metal connectors (compression); (d) Multi-leaf with lime mortar + 
metal connectors (diagonal compression); (e) Multi-leaf with metal connectors (diagonal 
compression). 

2.3.3. Experimental setup 

The experimental campaign in this study, includes uniaxial compression, triplet, and diagonal 
compression test. The uniaxial compression test was carried out on 16 specimens with two different 
sizes (macro and micro-sized).  

Compression test 

As parameters of the mechanical behavior and a basis for numerical analysis, determining the 
compressive strength and modulus of elasticity of the proposed wall is of great importance. 
Furthermore, the effect of cramp application on the compressive strength of the proposed walls needs 
to be specified. Therefore, to determine the abovementioned mechanical behavior compression tests 
were carried out on 12 micro-sized specimens according to EN 1052-1:1999 [30]. In addition, to 
investigate the slenderness ratio, failure mechanism, and strength reduction due to the specimen’s 
size, an uniaxial compressive test was carried out on 4 macro-sized specimens.  

The specimens were subjected to uniaxial loading by a hydraulic jack with a capacity of 3000 
kN. No capping was used between the loading plates and specimens. The load was applied on both 
layers uniformly. To measure the displacement of the specimens tested under uniaxial loading, a total 
of 6 linear voltage displacement transducers (LVDTs) were used. Four LVDTs were placed at two 
faces of each specimen following EN 1052-1 and two between the base and top steel plates to measure 
the total change in height of the specimen, whose details are shown in Figure 7. a. The compressive 
strength and Young’s modulus of the specimens were calculated by Equation 1.     

fi = Fv,max/Ai  and  Ei = Fv,max/3Ai (1) 

where Fv,max is the maximum uniaxial load, Ai is the loaded cross-section of the specimen, and 
1/3ε is the strain of the specimen corresponding to one-third of the maximum uniaxial load. The 
loaded cross-section for single-leaf specimens was calculated as 100  400 mm2, and for multi-leaf 
specimens, it was calculated as 2  100  400 mm2.  

As for macro-sized specimens, the test setup is the same as micro-sized specimens. Instead of 
LVDTs, 4 string gauges were used to measure vertical displacements. The compressive strength and 
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Young’s modulus of the specimens were calculated by Equation 1. The details of both macro and 
micro-sized specimen compression test setups are shown in Figure 7. a and b, respectively. 

Triplet test 

To quantify the shear strength of the proposed multi-leaf stone masonry wall, a triplet test was 
carried out on 36 specimens following EN 1052-3 [28]. The application of the triplet shear test setup 
proposed by EN 1052-3 (Figure 7. e) could not be adopted in this research due to the fragility of 
specimens with 2 mm mortar joints, especially during transfer and placement inside the test setup. 
Therefore, the test setup was modified as shown in Figure 7.d, keeping the logic of the shear test 
setup proposed by the EN 1052-3 standard.  

Following EN 1052-3, all specimens were first subjected to a certain vertical pre-compressive 
load, and then a horizontal load was applied to the middle stone row until failure occurred. The 
failure of the specimen was accepted as the sliding of the middle (2nd) row occurred and the 
horizontal load took almost a constant value. The movements of the upper and lower rows (1st and 
3rd rows) were prevented by rigid supporters. The magnitudes of vertical loads were applied 
following EN 1052-3, which were calculated in the form of stress as 0.2 MPa, 0.6 MPa, and 1 MPa. To 
keep the vertical loads constant, the horizontal friction force between the test setup and the specimen 
was abated by placing steel plates at the top and bottom of the specimen over steel rollers (Figure 7. 
c and f). The displacements of all stone layers were measured and recorded by LVDTs (Figure 7. c 
and f). 

  

 
(c) 

(a) (b)  

  
 

(d) (e) (f) 

Figure 7. Details of compression and triplet test setups: (a) Micro-sized compression test setup; (b) 
Macro-sized compression test setup; (c) Schematic details of the initial shear test setup; (d) Test setup 
modified and used in this research; (e) Test setup proposed by the EN 1052-3 standard; (f) Triplet 
shear test setup. 

As given in EN 1052-3, the shear strength fvoi and pre-compression stress fpi were calculated 
according to Equations 2 and 3 for each specimen, where Fi,max is the maximum horizontal load, Ai is 
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the net shear cross-section (parallel to the horizontal load and bed joint) of the specimens and Fpi is 
the pre-compression force. 

fvoi = Fi,max/2Ai = Fi,max/2bi(li-li) (2) 

fpi = Fpi/Ai (3) 

After determining the shear strength of every single specimen, a graph of the individual shear 
strength fvoi against the normal compressive stress fpi was plotted. Then, a line determined from linear 
regression was plotted, and the initial shear strength fvo at zero normal stress was obtained. According 
to EN 1052-3, the characteristic value of the initial shear strength can be calculated as fvok, where fvok = 

0.8fvo. 

Diagonal compression test 

In-plane shear strength of the multi-leaf stone wall proposed in this study was determined using 
the diagonal compression test method recommended by ASTM E 519M-15 [29]. The test specimens 
were built diagonally as seen in Figure 6. e. The special apparatus shown in Figure 8. b has been 
designed so that the wall specimens can be built diagonally and transported and placed in the 
experimental setup without causing any damage. This assembly consists of a platform with a V-
loading head and two brackets. The V loading head on the platform has been prepared following 
ASTM E 519M-15 (Figure 8. a). The brackets were connected with L profiles (Figure 8. b and c.) during 
curing and transportation and were removed before the experiment started (Figure 8. d). 

 
 

 
 

(a) (b) (c) 

 
(d) (e) (f) 

Figure 8. Diagonal specimen platform following ASTM E519: (a) V-head platform; (b) V-head 
Platform + wall brackets; (c) Wall specimen during curing and transport; (d) Wall specimen during 
the test; (e) Diagonal compression test setup (before the experiment starts); (f) Diagonal compression 
test setup (after the experiment starts). 

As shown in Figure 8. e, a V-headed loading apparatus was placed at the upper end of the wall, 
and with the help of a 300 kN capacity hydraulic press, the brackets were removed by preloading 
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approximately 250 – 300 N, and the experiment was started. The brackets were first removed from 
the wall (Figure 8.d and f) and left leaning against the steel frame during the experiment to prevent 
the wall from collapsing rapidly and damaging the measuring instruments mounted on it, as shown 
in Figure 8. f. 

3. Results 

3.1. Optimum dowel diameter 

To investigate the effect of dowel diameter on the proposed wall’s shear strength, a triplet test 
was carried out following EN 1052-3 on 36 dry joint specimens with 4 different dowel diameters (3, 
4, 5, and 6 mm). This test aimed to observe the shear failure mechanism. Two types of failure modes 
were observed during the conducted test. The first mode was elastic, followed by inelastic 
deformation in the dowels. This mode resulted in a dowel cut off at the surface of the stone, as shown 
in Figure 9. a. The second mode corresponded to the condition where both the shear and tensile 
capacities of the stone were exhausted before the maximum shear strength of the dowels. This mode 
resulted in the splitting of 100  100  100 mm3 stones into two halves that were placed in the middle 
row (Figure 9. b). 

 

 

  
(a) (b) 

Figure 9. Failure modes for determining the optimum dowel diameter: (a) Failure mode I; (b) Failure 
mode II. 

The results of the triplet tests are given in Figure 10. c. Each bar represents the mean value of the 
three specimen results, and the horizontal red line roughly determines the boundary between mode 
I and mode II failure. As shown in Figure 10. d, two forces are exerted on the mentioned stone. The 
vertical load is applied as a tensile splitting force due to cramps, and the horizontal force acts as the 
shear force due to the dowels. In designing the optimum dowel diameter, these forces should be 
considered. Mode II occurred only in 12 specimens; 9 of which had a dowel diameter of 6 mm, and 
the remaining 3 had a dowel diameter of 5 mm, with a pre-compression stress of 1 MPa. Based on the 
observations from the pre-experimental work, 4 mm was selected as the optimum dowel diameter 
for subsequent experiments. The individual results of the shear test for specimens with a 5 mm dowel 
diameter are given in Figure 10. a-b. 
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Figure 10. Triplet test results for determining the optimum dowel diameter: (a) Shear stress diagram 
for specimens with a 5 mm dowel diameter; (b) Shear strength vs precompression stress for specimens 
with a 5 mm dowel diameter; (c) Triplet test results of 36 dry joint specimens with different dowel 
diameter; (d) Exerted forces during the triplet test. 

Moreover, the application of cramps was also investigated by simple compression tests. As 
shown in Figure 11. a and d, cramps can be applied in two ways. The first method is easy and simple, 
as it can be directly applied on the stone surface without carving a channel. The second method is 
relatively costly and difficult, in which a channel with a width and depth at least equal to the width 
and thickness of the cramp is carved. The second method is better, as there is only mortar in the joint. 
Thus, the compressive load exerted on the specimen is transferred uniformly by each stone element 
to the mortar and then to the stone beneath it. In the first method, as there are mortar and cramps in 
the joints, the abovementioned load is transferred by an individual stone onto the cramps and mortar 
and then to the stone beneath it. Due to the difference in the mechanical properties of cramps and 
mortar; the exerted load will be transferred only by cramps on the individual stone beneath it. 
Therefore, the load transferred by cramps is convened under a strip-like area, which acts as the tensile 
splitting force. As a result, the failure in individual stones is due to the tensile splitting force, not a 
compressive force, where the tensile splitting strength of the brittle materials (stone) is tremendously 
lower than their compressive strength. Therefore, a substantial drop in the compressive strength of 
the specimen may occur. 
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Figure 11. Compression test results for the application of cramps: (a) Application of cramps without 
carving individual stones; (b) Compression test specimen without cramps; (c) Compression test 
specimen with cramps; (d) Application of cramps with carving individual stones; (e) Compressive 
strength of specimens without the application of cramps; (f) Compressive strength of specimens with 
the application of cramps. 

To quantify the drop in compressive strength of the wall under uniaxial force after applying the 
cramps directly on individual stone elements, a series of simple compression tests were carried out 
on 10 specimens with a size of 100  200  100 mm3 (width  height  length), which contained two 
100  100  100 mm3 half stones placed on top of each other. Five of these specimens contained no 
cramps (Figure 11. b), whereas the remainder contained a cramp between the two half stones (Figure 
11. c). The test results are shown in Figure 11. e and f.  

3.2. Compressive strength  

Table 4 summarizes the results of the compression tests carried out on both micro and macro-
sized specimens, whose details are given in Section 2.3.2. The results of micro-sized specimens 
represent the average result of 3 specimens while the results of macro-sized specimens represent only 
one specimen’s result. The failure of all compressive micro-sized specimens was sudden and highly 
brittle, while the macro-sized specimens exhibited more ductile fractures. However, it was observed 
that the failure of both specimens occurred at the maximum load. The visible cracks just started near 
the maximum load and caused specimen failure. The development of cracks was propagated parallel 
to uniaxial loading. Figure 12 shows the failure and the stress–strain diagram of specimens under 
compression.    

Table 4. Compressive test results of micro and macro-sized specimens. 

Specimen Specimen size 
fi  

(N/mm2) 

E  

(N/mm2) 

SWC-01 

Micro-sized 

19.02 7369 
SWLC-01 28.19 7490 

SWMLC-01 23.47 5558 
DWMLC-01 23.24 5394 

MSWC Macro-sized 7.20 4030 
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MSWLC 10.46 6177 
MSWMLC 12.74 6416 
MDWMLC 8.63 2716 
fi: Compressive strength. 
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Figure 12. Failure and stress-strain diagrams of specimens under compression: (a) Stress–strain 
diagram of the SWC group; (b) Stress–strain diagram of the SWLC group; (c) Stress–strain diagram 
of the SWMLC group; (d) Stress–strain diagram of the DWMLC group; (e) Macro-sized specimen 
failure (MDWMLC); (f) Stress-strain diagram of macro-sized specimens; (g) Micro-sized specimen 
failure (DWMLC – outside of the wall); (h) Micro-sized specimen failure (DWMLC – inside of the 
wall). 

3.3. Triplet test 

In the triplet test, the failure of all specimens occurred by sliding the stone of the middle row, 
even for the specimens with metal connectors. As the optimum dowel diameter was used in the triplet 
tests, none of the individual stone units were split into two, but only the dowel cut-off was observed. 
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As expected, the shear strength of the specimens with metal connectors was higher than that of the 
specimens without metal connectors. It is important to remember that the level of pre-compressive 
stress plays a key role in the shear strength of individual specimens, and it is difficult to keep this 
stress constant, as proposed by the standard. Although a total of six rollers were placed beneath and 
above each specimen between two steel plates to allow horizontal movement, there was an increase 
in the pre-compressive stress. This increase was particularly higher in specimens with metal 
connectors. Therefore, this parameter was considered when calculating the shear strength (fvoi) values. 
The results of the shear test for all the specimens are given in Table 5, and the values of fvo are given 
in Figure 13 for each type of wall. 
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(g) (h)  

Figure 13. Triplet test results: (a) Shear stress-displacement diagram for the dry joint single layer 
specimen; (b) Shear stress-displacement for the single layer specimen without metal connectors; (c) 
Shear stress-displacement for the single layer specimen with metal connectors; (d) Shear strength 
versus normal stress plots for dry joint single walls; (e) Shear strength versus normal stress plots for 
single walls without metal connectors; (f) Shear strength versus normal stress plots for single walls 
with metal connectors; (g) Shear stress-displacement for the double layer specimen without metal 
connectors; (h) Shear strength versus normal stress plots for double walls without metal connectors. 
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Table 5. Triplet test results of 36 micro-sized specimens. 

Specimen Code 
Stan. Comp.1 Stress 

(N/mm2) 

Avg. Appl.2 Comp. 

Stress 

(N/mm2) 

Avg. Shear Force 

(N) 

Avg. Shear Stress 

(N/mm2) 

SWIS20 0.2 0.24 7840 0.23 
SWIS60 0.6 0.88 26881 0.71 

SWIS100 1.0 1.43 43091 1.17 
SWMLIS20 0.2 0.38 22829 0.6 
SWMLIS60 0.6 0.90 32523 0.85 

SWMLIS100 1.0 1.26 37438 0.98 
DWMLIS20 0.2 0.44 50399 0.67 
DWMLIS60 0.6 0.81 61076 0.80 
DWMLIS100 1.0 1.28 81052 1.06 

1Standart compressive stress. 2Average applied compressive stress. 

3.4. Diagonal compression test 

According to ASTM E 519M-15 standard, the shear strength of masonry walls was calculated 
using Equation 4, where P stands for applied force and An for the area. This equation evaluates the 
shear strength in the middle of the wall. This means that the Mohr circle is centered in the τ- plane 
[63]. In addition, Shear Strain (γ) and Modulus of Rigidity (G) was calculated with Equation 5 and 6. 
In Equation 5, t represents tension and c represents compression strains which were calculated as 
the average of the readings from LVDTs mounted on both sides of the wall specimens.  

τ = 0.707  P/An, (4) 

γ = t + c (5) 

G = τ/γ (6) 

Currently, regulations and modern design approaches do not only consider strength in 
structural analysis. In addition, it attaches great importance to the displacements that occur in the 
building. Although it is known that conventional masonry buildings exhibit brittle behavior against 
earthquakes, according to regulations, these buildings can deform significantly before collapsing. 
This can be explained by the assumption that deformation occurs beyond the elastic limit with cracks 
in the building. Thus, the energy generated is distributed by the structure without loss of strength 
against vertical loads. This approach imparts significant pseudo-ductile behavior beyond the elastic 
region to masonry walls composed of brittle individual elements such as stone, brick, and mortar 
[53,64]. The ductility of the DCT specimens was calculated with Equation 7.   

μ = γu/γy (7) 

In Equation 7, μ represents the DCT specimen’s ductility, γu is the ultimate shear strain and γy is 
the yield strain. The ultimate strain is calculated as the post-peak strain corresponding to the stress 
with a reduction of 20% in peak stress. As for yield strain, it was calculated from bilinear curves 
which is the idealized form of force-strain curves obtained from the experimental campaign.    

Table 6. Diagonal compression test results. 

Specimens 
Fmax 

(N) 

Avg. Fmax 

(N) 

τ 

(N/mm2) 

Avg. τ 

(N/mm2) 
γu γy μ 

Avg.  

μ 

Avg.  

G 

SWLDT-01 47953 
48955 

0.28 
2.29 

0.00190 0.00190 1 
1 118 SWLDT-02 46449 0.27 0.00188 0.00188 1 

SWLDT-03 52463 0.31 0.00090 0.00090 1 
SWMDT-01 46165 

45975 
0.27 

0.27 
0.00100 0.01060 11 

13 366 
SWMDT-02 41898 0.24 0.00041 0.00811 20 
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SWMDT-03 49863 0.29 0.00078 0.00571 7 
DWMDT-01 91760 

92709 
0.27 

0.27 
0.00139 0.04715 34 

33 186 DWMDT-02 89850 0.26 0.00108 0.04615 43 
DWMDT-03 96515 0.28 0.00148 0.03180 22 

Three different wall types were tested in the diagonal compression test. The first of these wall 
specimens were built as a single layer and only 2 mm of thickness lime mortar was used in the joints. 
The second wall type was also built as a single layer and the difference was the use of lime mortar + 
metal connectors in the joints. The third wall specimens were built of two layers with lime mortar + 
metal connectors and represent the proposed multi-leaf wall. It has been observed that each wall type 
has its unique failure pattern. While the first wall specimens exhibited a very brittle behavior where 
the cracks started just near the maximum load. On the other hand, with the initiation of cracks in the 
second wall type, a part of the wall was separated, and the compression load started to drop (Figure 
14). The third wall specimen showed a more ductile failure. During the experiment, cracks formed at 
the joints parallel to the load, but the dowels came out of their holes as the cracks widened, which 
caused a drop in compression load and increments in displacement. The stress-strain diagram, 
bilinear curve, and failure pattern of all three wall specimen types are given in Figure 15.  
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Figure 14. Modification process for specimens built with lime mortar + metal connectors: (a) 
Schematic stress-strain diagram of the SWMDT group; (b) Separation of part of the wall and its effect 
on the stress-strain diagram; (c) Modified stress-strain diagram for SWMDT group. 
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Figure 15. Diagonal compression test results: (a) Stress-strain diagram of the SWLDT group; (b) 
Stress-strain diagram of the SWLDT group; (c) Failure patterns for SWLDT group; (d) Modified stress-
strain diagram of the SWMDT group; (e) Bilinear graph of the SWMDT group; (f) Failure patterns for 
SWMDT group; (g) Modified stress-strain diagram of the DWMDT group; (h) Bilinear graph of the 
DWMDT group; (i) Failure patterns for DWMDT group. 

4. Discussion 

4.1. Compression 

To determine the compressive strength of the proposed multi-leaf wall, two different specimen 
sizes were used. The reason for this is to investigate the slenderness ratio (hef/tef) which is the ratio of 
effective height to effective width. Considering the results, a decrease of around 90% is observed in 
the compressive strength of the wall due to the size effect.  

The comparison of compressive test results for both micro- and macro-sized wall specimens is 
depicted in Figure 16. The failure mode for both specimen sizes was approximately the same. It was 
observed that the failure occurred close to the maximum axial load. However, the failure of the micro-
sized samples was sudden and explosive, while the failure of the macro-sized specimens exhibited a 
more ductile feature. It has been observed that cracks in the macro-sized wall specimens occur close 
to the maximum load and propagated parallel to the load, causing the specimen’s failure. 
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Figure 16. Compression test result for micro and macro-sized specimens: (a) Comparison of 
compressive strength of micro and macro-sized walls; (b) Comparison of modulus of elasticity of 
micro and macro-sized walls. 

When the results are compared, the difference in the compressive strength of the dry joint and 
the specimen with 2 mm lime mortar is approximately 39% and 37% respectively for micro and 
macro-sized specimens. Although the mechanical properties of lime mortar were weaker than those 
of stone, the specimen with 2 mm lime mortar had a higher compressive strength. This can be 
explained by the stone used in the experiments being highly brittle and the individual stones not 
being perfectly sawed; hence, the uniaxial forces were not transferred uniformly, leading to a 9 and 
3 MPa drop in the strength of micro and macro-sized specimens respectively. However, for the 
specimens with 2 mm of mortar, the imperfections in the individual stone dimensions were quenched 
by the mortar, and the load transfer was more uniform. 

For the single-leaf specimens with 2 mm mortar and specimens with mortar + metal connectors, 
there is a difference of approximately 18% in the compressive strength of micro-sized specimens, 
whereas the specimen with 2 mm mortar exhibited a higher strength. A drop in the compressive 
strength was expected due to the direct application of cramps over the individual stone units without 
carving a proper channel for them, but the drop was less than expected. As in Section 3.1, the drop in 
the compressive strength of the stone prisms was quantified by a simple compression test, and the 
results are provided in Figure 11. When the results were examined, the drop in the compressive 
strength of the stone prisms due to the direct application of cramps was approximately 92%, which 
is five times more than the drop observed from the compression test carried out on micro-sized 
specimens. However, the results of the macro-sized specimens show the opposite. The direct 
application of the cramps caused the compressive strength not to decrease but to increase on the 
contrary. This increase was around 19%.  

For the multi-leaf stone wall, decreases of 30%, 53%, and 78% in the compressive strength were 
reported by Binda et al. [65], Demir, C. & İlki, A. [10]  and Silva et al. [66], respectively, in contrast 
to the single leaf wall. However, in this study, a drop in the compressive strength of 1% in micro-
sized and 38% in macro-sized specimens was observed between the single- (lime + metal connectors) 
and multi-leaf walls. 

The ratio of Young’s modulus is assumed to be the slope of the compressive strength curve, 
which is usually assumed to be between 20% and 50% of the mentioned slope [10]. However, in this 
study, as reported in [67], Young’s modulus was evaluated according to EN 1052-1, which is 
calculated as the ratio of the compressive stress to strain that corresponds to one-third of the 
maximum stress. A summary of Young’s modulus results for micro- and macro-sized specimens is 
depicted in Figure 16. b.  

4.2. Shear 
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4.2.1. Triplet test 

After evaluating the results of the triplet test on 36 specimens, the shear strength of the 
specimens substantially increased with an increase in the pre-compressive stress for dry joint 
specimens and the specimen with 2 mm lime mortar (SWIS and SWLIS), as expected. However, the 
results were different for specimens with metal connectors, as shown in Figure 13. c and g. The effect 
of metal connectors was approximately three times higher at a lower pre-compressive stress, but 
almost no effect was observed at a higher pre-compressive stress. Although it appears to be a trivial 
issue for evaluating the effect of metal connectors on the behavior of the shear strength of a specimen, 
it is significant when the results of 9 specimens are evaluated by applying linear regression to 
quantify the parameters of the shear strength for the different wall types, which are the initial shear 
strength (fvo). The relationship between the pre-compressive and shear stresses is shown in Figure 13. 
d-f and h. Note that keeping the level of pre-compressive stress constant is nearly impossible, 
particularly for specimens with metal connectors. Therefore, while applying linear regression, the 
level of pre-compressive stress that corresponds to the maximum shear strength was considered. 
Figure 17 shows the values of fvo and  (friction angle) for different types of wall specimens exposed 
to the shear test. As seen in Figure 17, the effect of metal connectors on the initial shear parameters of 
the proposed wall was significant. 
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Figure 17. Initial shear strength fvo and angle of friction () values for different wall types. (a) Initial 
shear strength fvo; (b) Angle of friction (). 

Figure 17 demonstrates that the initial shear strength depends first on the level of compressive 
stress and then on the mechanical properties of the joint, which are surface friction for a dry joint, 
cohesive behavior for a mortar joint, and shear strength of dowels for joints with metal connectors. 
As shown in Figure 17. a, the initial shear of the SWIS (dry joint) walls is higher than that of the SWLIS 
(mortar joint) walls. This can be explained by the fact that the thickness of the joints in the SWLIS 
walls is 2 mm. Due to the thin layer of mortar and poor mechanical properties, the mortar joint has a 
negligible effect on the shear strength of the joint. In addition, it could be argued that the aggregate 
with a 2 mm diameter used in the mortar acts like small roller balls, which reduces the surface friction. 
This results in a reduction in the shear strength. However, for dry joints, the rough surface helps 
increase the surface friction as well as the shear strength. In contrast, the massive increase in the shear 
strength of the specimen containing joints with metal connectors is intuitive due to the four dowels, 
which take on the shear force applied to the joints. The increase in the shear strength with the use of 
metal connectors was approximately 11 times greater than that of the dry joint and 19 times greater 
than that of the mortar joint. The difference in the maximum shear force corresponding to the shear 
strength of the multi-leaf wall compared to a single-layer wall is twice that expected due to the shear 
area and the number of dowels used in the specimen.    
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Another important topic to be discussed is the energy absorption of the specimens. This topic is 
controversial in masonry buildings, particularly in stone masonry walls, due to the brittle materials 
(stone + mortar) used in the wall. However, we evaluated the energy absorption capacities for various 
wall types from the triplet test, due to the metal connectors used in the proposed wall. The energy 
absorption capacities of the walls can be calculated from the shear force–displacement curve, where 
the area under the curve indicates the energy absorption capacity. In Figure 18, the representative 
shear force–displacement curve for walls with metal connectors and walls without metal connectors 
are given. As shown in Figures 18. a and c, the failure of the specimens under shear forces is different 
for each wall type, where Figure 18. a represents the wall type with dry or mortar joints, and Figure 
18. c represents joints with metal connectors. Both failure types show a characteristic behavior, 
despite their differences. After attaining the maximum shear force and failure of the joint, the shear 
force takes an approximately constant value under pre-compressive stress, where the displacement 
increases. Considering the entire area under this curve will not be realistic. Therefore, shear force–
displacement curve were modified, as shown in Figure 18. b and d. In the modification process, the 
displacement corresponding to the maximum shear force was considered. Then, the energy 
absorption for each wall type was calculated as the area under the force–displacement curve, where 
the maximum shear force occurs. Figure 18. e shows the energy absorption capacities for various wall 
types.   
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Figure 18. Obtained and modified shear force–displacement diagrams for energy absorption 
calculations. (a) Shear force–displacement diagram of walls with dry and mortar joints; (b) Modified 
shear force–displacement diagram of walls with dry and mortar joints; (c) Shear force–displacement 
diagram of walls with joints reinforced with metal connectors; (d) Modified shear force–displacement 
diagram of walls with joints reinforced with metal connectors; (b) Energy absorption capacity for 
different wall types. 

4.2.2. Diagonal compression test 

Table 6 shows the shear strengths of three wall types subjected to diagonal compression tests. 
According to the results, shear strength for all wall types is approximately identical. The effect of 
metal connectors on the shear strength of wall specimens is not fully understood in the diagonal 
compression test since vertical loads are very low. This effect is particularly evident in single-leaf 
specimens that have lime mortar and metal connectors in their joints. The failure in these specimens 
was caused by a portion of the wall being separated from the wall in a direction that was 
approximately perpendicular to the shear plane. Consequently, it's been observed that no cut-off 
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occurred in the metal connectors, especially in the dowels. It was due to the diameter of the dowel's 
holes being 1 mm larger than the dowel diameter and no filling material being used in the holes, so 
the dowel just slipped out of the hole and the specimen failed. Although the shear strength of the 
three wall types is approximately the same, the contribution of the metal connectors is quite 
significant in terms of ductility (Figure 19. a) and energy absorption (Figure 19. b). The ductility 
criterion was calculated by taking 3 specimen test results. Figure 19. a shows the ductility of a single-
leaf specimen (SWMDT) with metal connectors as it is approximately five times higher than the 
average ductility level of lime mortar specimens (SWLDT). Additionally, when comparing single 
(SWMDT) and multi-leaf (DWMDT) specimens containing metal connectors, it was determined that 
multi-leaf specimen ductility was 2.5 times higher than single-leaf. The energy absorption capacity 
of wall specimens is determined by the ductility levels, so the same can be applied to the energy 
absorption. 
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Figure 19. Ductility and energy absorption values calculated from the diagonal compression test. (a) 
Ductility values for three wall types; (b) Energy absorption capacity for three wall types. 

5. Conclusions 

In this study, a stone multi-leaf wall with a new load-bearing mechanism was designed and 
proposed for modern natural stone masonry buildings that meet the current building requirements. 
The primary purpose of this study was to experimentally investigate the in-plane behaviors of the 
proposed wall. In addition, this study aimed to pave the way for the construction of natural stone 
masonry buildings, which are both modern and have a monumental identity with ecological 
architecture and a service life of more than building built with currently used construction materials 
(reinforced concrete buildings).  

The proposed multi-leaf stone masonry wall consists of two layers and a cavity between them. 
To secure the integrity of the wall, the layers are connected with metal connectors designed in this 
study. The design aims to reduce the total weight of the building by omitting the middle layer and 
concealing all installations needed in the building. 

The primary experimental investigation of the shear and compressive strength behaviors 
showed that the advantages of the metal connectors in improving the strength capacity of the wall 
outweigh their disadvantages.  

In summary, the application of dowels substantially increased the shear capacity of the wall, 
whereas the direct application of cramps on individual stone units, which substantially reduced the 
application cost, did not lead to a drop in the compressive strength, as expected. This is a positive 
sign and guidance for the further investigation of mechanical behavior. 
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