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Abstract. Anatolia has been home to various long-standing civilizations, many
of which have left historical monuments for future generations. The Cappado-
cia area, which covers over 5000 km? in Central Anatolia, Turkey, is home to
several rock-cut constructions and masonry buildings built of tuff stone. Preserv-
ing these monuments, listed as UNESCO World Heritage sites, is critical for the
region. This study focuses on the in-plane behavior of walls constructed of tuff
stone and alkali-activated waste earth mortar, which is typical in the Cappado-
cia region. First, an experimental investigation is described. Second, a simplified
block-based modeling technique is used to perform 3D nonlinear finite element
analysis, which replicates the experimental results. The findings of the numerical
modeling approach were then compared to experimental data, emphasizing the
lateral load-displacement response of masonry tuff stone walls. There was good
agreement between the experimental and numerical results.

Keywords: Cappadocia region - Tuff stone masonry - Alkali-activated mortar -
Nonlinear finite element analysis - Block-based modelling

1 Introduction

The Cappadocia Region’s historical structures and natural landscapes have been desig-
nated mixed heritage sites on the World Heritage List since 1985 [1-4]. Because of its
numerous benefits, rock-hewn facilities, particularly rock-cut warehouses, have grown
in popularity over the last 30 years. Rock-cut buildings serve a variety of uses, but their
primary role is to store fruits and vegetables. These structures continue to be constructed
for this function. The rock-cut and masonry constructions in the region show various
signs of deterioration induced by both natural and human forces. According to the inves-
tigations, the most common types of damage found in the region’s rock-cut buildings
are capillary cracks and deep structural cracks created on the surface due to rock for-
mation characteristics, disasters, and ground settlement [4-8]. Because these damages
are directly connected to the emphasis on the structure, numerical analysis is required
to examine their complex and nonlinear behavior.
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Using tuff stone masonry as a building material has a prolonged and widespread
history. It was employed by the Romans to construct monuments, bridges, aqueducts,
palaces, and other buildings. It entails using mortar joints to arrange tuff stones in a
consistent pattern. Prevalent were tuff stones in seismically active regions like Turkey,
Italy, and Japan. Extensive experimental and theoretical research is available for different
types of masonry [9-17]. Nevertheless, further research is still needed to fully understand
the mechanical behavior of tuff stone masonry from an experimental, numerical, and
analytical perspective. Furthermore, no research has been done in the literature on the
behavior of walls constructed with the traditional tuff stone of the Cappadocia region
and alkali-activated Cappadocia waste earth mortar.

Presenting an efficient modeling process for the tuff stone masonry walls under in-
plane shear compression is the primary goal of this work. For this reason, in the Yildiz
Technical University laboratory, tuff stone masonry walls were created using traditional
Cappadocian tuff stones and alkali-activated Cappadocia waste earth mortar. These walls
have been subjected to tests with shear compression to assess the nonlinear behavior of
walls made of tuff stone. Then, in order to simulate this experimental investigation,
nonlinear analyses were carried out. A 3D simplified block-based modeling method was
adopted. The numerical results showed good agreement with the experimental one both
in term of maximum base shear force and initial stiffness. These findings are crucial for
future research on assessing grout injection’s efficacy as a repair technique.

2 Experimental Procedure

Cappadocia waste earth (CWE) was obtained from the excavation earth of rock-cut
structures in Cappadocia (Nevsehir) to produce alkali-active mortar. Additionally, air-
slaked lime (CL 80-S), known as calcium hydroxide (CH), was a secondary precursor in
mortar mixes that met the EN 459-1 standard. CWE was dry milled and sieved to obtain
a grain size of <63 wm, which improved its reactivity for alkali activation. The primary
alkaline activators in this context were sodium hydroxide, indicated as NaOH (NH),
and sodium silicate, usually referred to as waterglass (WG) (with a Mg = Si0O2/Na,O
molar ratio of 3.37). The water-to-binder ratio was set at 0.55. This study used traditional
Cappadocian tuff stones to construct tuff stone masonry walls. Tables 1 and 2 show the
mechanical characteristics of mortar and stone units, respectively [8].

Table 1. Mechanical properties of mortar.

Material | 28 day gpth day

Flexural | Compressive | Tensile Compressive | Modulus of | Poisson’s
strength, | strength, MPa | strength, | strength, MPa | elasticity, ratio
MPa MPa MPa

Mortar 0.6 1.9 0.4 2.1 820 0.10

The stone masonry test walls (1010x1005x280 mm) were built to investigate the
in-plane behavior of tuff stone masonry walls. The test walls were tested 150 days after
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Table 2. Mechanical properties of stone.
Material | Modulus of Poisson’s ratio | Compressive | Flexural Tensile
Elasticity, MPa strength, MPa | strength, MPa | strength,MPa
Stone 1100 0.22 6.5 0.7 0.6

construction with an incremental lateral load and a constant, uniformly distributed ver-
tical load. The loading instrumentations comprised hydraulic rams with capacities of
2000 kN for vertical loading and 500 kN for horizontal loading. The selection of the
pre-compression level at 0.7 MPa (200 kN vertical load) for the test remained consis-
tent. It was determined by referencing prior experimental studies in the literature and
the characteristics of walls in existing structures in the Cappadocia region. A vertical
hydraulic jack coupled to a steel frame was used to compress the test walls. A robust steel
beam linked to the jack distributed the pre-compression force equally. Furthermore, a
steel plate hung from the steel beam by steel cables transmitted the vertical weight to the
top of the wall. The vertical movement was unfettered because there was no connection
between the steel plate and the higher course of blocks, assuring complete contact with
the wall’s top. The top steel plate was restrained from rotating about its axes and trans-
lating out of the plane. At the commencement of the test, the vertical apparatus dropped
to apply the appropriate pre-compression load. The vertical movement of the beam and
plate was then limited, and the lateral force was applied using the horizontal loading
jack. The horizontal and vertical actuators were both load controlled. The lateral loading
rate was 0.60.1 kN/s. Each wall was constructed on a solid steel plate firmly fastened to
a steel foundation within the loading frame. Linear variable displacement transducers
(LVDT) were used as measuring tools. Additionally, potentiometric position transducers
were used to measure the lateral displacements of the upper and lower parts of the walls.
Figure 1 depicts the experimental test setup, which includes a data-gathering device that
captures all test data at the same time. The masonry stone walls remained repetitious and
similar in each test iteration, and the test concluded when a stair-step crack developed
diagonally across the wall. The specimens were not allowed to reach the near-collapse
state (e.g., a 20% reduction in base shear force after the peak) to maintain their integrity
for the investigation of repair methods [18].
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Fig. 1. (a) Test set-up (b) Before the wall test (c) After the wall test.
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3 Numerical Modeling

A 3D model was created using linear solid components and linear surface interface
elements (Fig. 2). In the simplified block-based technique, the stone was represented
as a solid block (expanded in geometry) [19]. At the same time, interface components
were used to represent mortar joints, stone-joint connections, and probable fissures in
the stone just above the site of head joints. Solid components were also employed to
represent the upper steel beam. An average mesh size of 72 mm was used.

Steel beam: solid element
Lineer elastic

! Potential crack in stone
Stone: solid element interface element:
Lineer elastic Discrete cracking model

Mortar+stone-mortar interface:
Interface elements with CCSC

Boundary/Loading Conditions

N\

I
\

Simplified
block-based
model

L

Fig. 2. Details of finite element model.

A phased analysis was used to simulate the experiment. The self-weight and vertical
load were applied in the first phase, followed by the in-plane lateral load in the second.
Both loads were applied in displacement control, considering that the vertical displace-
ment (along the Z-axis) remained constant after the first phase during the experiment.
The z-direction translation (u,) on the top surface was limited during the second phase.
The second phase’s pushover load was applied to nodes on the top beam’s left edge
using a monotonically rising prescribed deformation in the x-direction (u,). The wall’s
foundation was limited in all translational degrees of freedom. The vertical load was
applied in the first phase, and displacement remained constant throughout the analysis.
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All numerical studies used a Secant (Quasi-Newton) iteration approach with 10~ toler-
ance for displacement and force norm convergence controls. Also, the experiments (up
to 15 mm displacement) and then the near collapse state (up to 50 mm displacement)
were simulated.

Mortar joints and stone-mortar connections were classified as zero-thickness inter-
face components in the 3D simplified block-based model technique. Simultaneously,
stones were increased in geometry and represented with solid components. Material
nonlinearity was only examined in contact parts that used the Combined Cracking-
Shearing-Crushing (CCSC) material model [20]. This material model can represent
both tensile and shear sliding failures in mortar or stone-mortar bonding and mortar
compressive failure [21]. An exponential softening was examined in tension and shear,
whereas compression was chosen using a parabolic curve [22, 23].

The 3D block-based model explicitly represents stone and mortar joints with solid
components and interface elements. The material nonlinearity of the interface elements
was investigated using the CCSC model. A discrete cracking model with linear tension
softening was used to simulate the stone tensile failure, with vertical interface compo-
nents introduced in regions below and above the head joint. The solid stone components
were maintained linearly stretchy. The solid parts representing the steel beam also main-
tained linear elasticity since the beam was significantly stiffer and more robust than the
brick wall. Table 3 summarizes material attributes for the 3D simplified block-based
models.

Figure 3 compares the experimental and numerical results in terms of load-
displacement responses. The numerical model gives good agreement regarding the lateral
force vs displacement curve. However, the numerical findings are closer to the upper
bound provided by experiments. This situation is due to the absence of spatial diversity
in mechanical characteristics in the model. Both models agree well on initial stiffness
and maximum load within the experiment’s displacement range. The simplified model
closely matches the experimental curve when comparing the data in the 10—15 mm range
(the end of the experiment). To assess the numerical in-plane drift capacity and entire
post-peak behavior of tuff stone masonry walls, the lateral displacement was extended in
the numerical simulations beyond 15 mm (end of tests), as shown in Fig. 3b. The numer-
ical model predicts a comparable maximum base shear force (170 kN for the simplified
model).
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Table 3. Summary of material parameters for 3D simplified block-based model.

Parameter Value Reference
Solid elements Young’s modulus, E | 1100 N/mm? | Determined | Uniaxial
representing stones compression test
(Linear elastic) Poisson’s ratio, v 0.22 Determined | Uniaxial
compression test
Interface element Normal stiffness 50 N/mm? Calibrated | Flat-jack test
representing mortar | modulus, kyp
Joints and Shear stiffnesses 20 N/mm? Calibrated | Flat-jack test
stone-mortar bonds | 04146 ke and ks
(CCSC) — 5
Tensile strength, fy | 0.2 N/mm Assumed ft = 2/3*fgexural
Tensile fracture 0.1 N/mm Assumed Gg = 0.025(2ft)0'7
energy, Gy
Cohesion, ¢ 0.2 N/mm? Assumed Triaxial
compression test
Friction angle, ¢ 20 Assumed Triaxial
compression test
Dilatancy angle, ¢ | 0 Assumed [24]
Compressive 8 N/mm? Assumed [25]
strength, f¢
Compressive 25.89 N/mm | Assumed Gg. = 15 + 0.43f; -
fracture energy, Ggc 0.0036f:2
Interface element Normal stiffness 100 N/mm? | Assumed [25]
representing modulus, kp
potential cracks in | ghear tiffness 100 N/mm3 | Assumed [25]
stqnes ) modulus, k¢ and kg
(Discrete cracking) - 2 - -
Tensile strength, fi | 0.6 N/mm Determined | Tensile test
Fracture energy, Gy | 0.3 N/mm Assumed [25]

Figure 4 depicts the numerical outputs for the masonry tuff stone walls. Points 1,
2, and 3 were identified as displacement values at 15, 30, and 50 mm, respectively. As
predicted, the fractures in the wall samples begin in the top and bottom corners of the
wall. The top right and bottom left blocks rotate, causing tensile deformation in the
bed joints. The primary mode of wall deformation, shear, begins at the bed joints of all
mortar layers and is followed by tensile deformation of the surrounding head joints. The
numerical study revealed that the failure mechanism occurred solely in the joints, not
on the stones. Furthermore, the rotation of the blocks at the corner has resulted in severe
compressive loads and crushing failure in the bed joint areas (Fig. 4b). The simplified
block-based model’s crack patterns are consistent with those in the experimental tests.
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The numerical in-plane drift capacity of the masonry tuff stone walls.

4 Conclusions

The experimental study focused on evaluating the in-plane behavior of masonry walls
built with tuff stone and alkali-activated mortar typical from Cappadocia region. These
tests were used as a reference for calibrating the numerical study. By comparing the
numerical and experimental capacity, it was determined that the numerical model effec-
tively replicated the in-plane behavior of these walls. The maximum horizontal loads
were accurately estimated, and the initial stiffness closely matched the experimental
results. In-plane nonlinear behavior of stone walls after grouting will be investigated in

future works.
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Fig. 4. (a) Sliding in interface elements in the global X-direction (b) Minimum principal stresses
in extended stones (c) The normal relative displacement in the interfaces (d) Deformation in X
direction.
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Fig. 4. (continued)
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