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Abstract

Masonry retaining walls constitute an essential component of historic and urban
infrastructure in seismic regions; however, their seismic performance remains
insufficiently quantified due to material heterogeneity, limited tensile capacity, and
complex soil-structure interaction. This study investigates the seismic response of historic
stone masonry retaining walls using a finite element-based anisotropic macro-modeling
approach. The analysis focuses on the perimeter retaining walls of Emirgan Grove in
Istanbul, which represent culturally significant heritage structures constructed from
natural limestone and cement-lime mortar. Material properties were defined based on
experimental test results and representative values reported in the literature, while
composite anisotropic behavior was incorporated into the numerical models. Static loads,
earth pressures, and seismic actions were applied in accordance with the Turkish Building
Earthquake Code (TBEC-2018) using the equivalent static earthquake load method.
Representative wall segments with heights of 2.5 m, 3.5 m, 4.0 m, and 6.30 m were
analyzed. The numerical results show that maximum compressive stresses reached
approximately 0.48 MPa, remaining well below the allowable limit of 4.50 MPa, while
maximum tensile stresses of about 0.28 MPa did not exceed the allowable tensile limit of
1.00 MPa. In contrast, shear stresses locally reached approximately 0.25 MPa, exceeding
the allowable shear limit of 0.10 MPa, particularly along the soil-wall interface in taller
walls. Sliding stability was satisfied in all cases, whereas overturning and shear behavior
governed seismic vulnerability. These findings confirm that wall height is the primary
parameter controlling seismic response and demonstrate the effectiveness of the proposed
framework for preservation-oriented seismic safety assessment of historic masonry
retaining walls.
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1. Introduction

Historic masonry retaining walls form an integral part of the built environment in
many seismic regions, particularly in historic cities where they support transportation
infrastructure, stabilize natural and artificial slopes, and preserve culturally significant
landscapes. These structures are commonly constructed using natural stone units bonded
with lime- or cement-based mortars and rely primarily on mass and compressive stress
transfer to resist gravity loads and lateral earth pressures. Due to their heterogeneous
material composition, limited tensile strength, and absence of seismic detailing, historic
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masonry retaining walls exhibit structural behavior that differs fundamentally from that
of modern reinforced retaining systems [1-7]. Under seismic excitation, masonry retaining
walls are subjected to complex stress states arising from the combined action of axial
compression, bending moments, and shear forces induced by gravity loads, earth
pressures, and inertial effects. Even moderate seismic demands may lead to the
development of tensile stresses that exceed the low tensile capacity of masonry materials,
triggering cracking, sliding, or overturning mechanisms. These damage modes are often
progressive and may initiate internally before becoming visible, complicating post-
earthquake safety assessment. Consequently, the seismic behavior of masonry retaining
walls cannot be reliably captured using rigid-body assumptions or overly simplified
pseudo-static approaches, highlighting the need for refined analytical methods capable of
representing composite material behavior and stress redistribution [8-13].

Experimental investigations have consistently demonstrated that masonry and dry-
stone retaining walls do not behave as rigid bodies under lateral loading. Instead, their
response is governed by internal deformation mechanisms such as sliding along stone
interfaces, progressive rearrangement of individual units, and localized stress
concentrations within the wall body [14-17]. Laboratory tests, centrifuge experiments, and
full-scale field studies have further emphasized the importance of stone geometry,
interlocking characteristics, and contact conditions between the wall and backfill material
in mobilizing frictional resistance and controlling displacement demands under seismic
loading [18,19]. Field observations following major earthquakes provide additional
evidence of the vulnerability of traditional masonry and gravity-type retaining walls.
Post-earthquake damage surveys have reported widespread sliding, overturning, and
severe cracking in unreinforced masonry retaining structures, whereas reinforced soil and
geogrid-supported systems generally exhibit more favorable seismic performance with
limited permanent displacements [20-22]. Shake-table experiments and dynamic analyses
have also shown that classical pseudo-static methods may fail to adequately capture
amplification effects, phase differences, and displacement demands induced by real
earthquake motions [23-25]. To overcome the limitations of simplified analytical
approaches, advanced numerical methods based on finite element and discrete element
formulations have been increasingly employed. These studies demonstrate that numerical
models can successfully reproduce experimentally observed deformation patterns, stress
redistribution, and failure mechanisms when material heterogeneity, soil-structure
interaction, and nonlinear behavior are appropriately considered [26-28]. Recent research
has further highlighted the influence of additional factors such as groundwater
conditions, traffic loads, surface surcharge, and pre-existing damage on the seismic
response of retaining structures, particularly for historic systems [29-32].

Despite the extensive body of experimental, numerical, and field-based research,
comprehensive numerical investigations focusing specifically on existing historic
masonry retaining walls constructed with natural stone and traditional mortars remain
limited. In particular, the combined effects of gravity loads, earth pressures, and code-
based seismic actions on stress concentration patterns and tensile damage development
in such structures have not been sufficiently explored. Moreover, the application of
contemporary seismic design regulations to the assessment of existing historic masonry
retaining walls requires further investigation [33-38].

In this study, the seismic response of historic masonry retaining walls is investigated
through a detailed finite element-based numerical framework that goes beyond
conventional simplified assessment approaches. Although the seismic behavior of
masonry retaining walls has been addressed in previous studies, investigations
specifically focusing on historic stone masonry retaining walls within the framework of
the Turkish Building Earthquake Code (TBEC-2018) [39], including its seismic loading and
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soil-structure interaction provisions, remain limited. To address this research gap, the
analysis focuses on the perimeter masonry retaining walls of Emirgan Grove, located in
the Sariyer district of Istanbul, which represent culturally significant heritage structures
constructed using natural limestone blocks bonded with cement-lime mortar. The
existing geometric configuration, material characteristics, and construction details of the
walls are explicitly incorporated into the numerical models, enabling a realistic
representation of the actual structural system. Masonry behavior is represented using an
anisotropic macro-modeling approach derived from the mechanical characteristics of
stone and mortar components, allowing the composite and direction-dependent response
of historic masonry to be captured. Vertical loads, earth pressures, and seismic actions are
applied in accordance with TBEC-2018, with seismic effects evaluated using the
equivalent static earthquake load method. By systematically analyzing representative
wall segments with different heights, the study clarifies the influence of wall geometry on
seismic response and identifies the governing mechanisms controlling tensile cracking,
shear behavior, and overturning under seismic loading. The numerical analyses provide
detailed insight into internal force demands, stress distributions, and displacement
patterns under combined loading conditions, thereby offering a practical, code-consistent,
and preservation-oriented framework for the seismic safety assessment and potential
strengthening of existing historic masonry retaining walls.

2. Structural System of the Emirgan Grove Retaining Walls

Emirgan Grove is a historically significant landscape located on the European side of
the Bosphorus in the Sariyer district of Istanbul. The area dates back to the Ottoman period
and was incorporated into Ottoman territory in the 17th century, from which it derives its
name. During the 19th century, the grove was granted to Khedive Ismail Pasha of Egypt
by Sultan Abdiilaziz and underwent extensive landscaping works, including the
construction of the Yellow, Pink, and White Pavilions, which remain standing today. In
the Republican era, Emirgan Grove was transferred to public ownership and preserved as
a recreational area while maintaining its historical and natural character. The stone
retaining and boundary walls within and around Emirgan Grove were constructed to
stabilize the steep topography, create terraced landscapes, and ensure the overall stability
of the site. These masonry walls reflect traditional construction techniques and stone
workmanship of their period and constitute important engineering elements of the
historic landscape. Owing to their age, construction characteristics, and geometric
configuration, the retaining walls represent cultural heritage structures that require
evaluation in terms of seismic safety. Moreover, their interaction with the underlying soil
conditions and the irregular geometry of the terrain may significantly influence their
seismic response under strong ground motions [40,41].

The investigated section is located along the southern boundary of Emirgan Grove,
extending across parts of Koru Yolu Avenue, Koru Yokusu Street, Emirgan Korusu Street,
and Katar Avenue, within the Resitpasa and Emirgan neighborhoods (Figure 1). The
study area begins at the vehicular entrance on the southern side of the grove and extends
westward, terminating approximately 80 m beyond the Emirgan-Resitpasa pedestrian
entrance. Field observations conducted during site inspections indicate that only certain
segments of the perimeter walls exhibit historic masonry characteristics, while other
sections were constructed during later periods. These observations form the basis for the
selection of representative historic masonry wall segments analyzed in this study. In
addition, the proximity of the study area to the North Anatolian Fault system highlights
the importance of assessing the seismic performance of these retaining walls within a high
seismic hazard context. Furthermore, the variability in wall height, geometry, and
construction technique observed along the investigated alignment provides a suitable
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basis for evaluating the influence of these parameters on seismic response. The selected
wall segments therefore allow for a comprehensive assessment of the structural behavior
of historic masonry retaining walls under combined static and seismic loading conditions.

1860-2000 m range
[ most common
2.5 m high wall

260-310 m range
most common
4m high wall

420-650 m range
most common
3.5 m high wall

210-260 m range
most common
6.3 m high wall

(d)

Figure 1. Emirgan Grove: (a) Critical wall cross-section; (b) Retaining walls; (c) Satellite Image of

the Study Area; (d) Plan view of the study area and investigated masonry retaining wall segments.

The stone retaining and boundary walls surrounding Emirgan Grove consist of
masonry structures constructed during different periods to regulate the site’s topography
and define its boundaries. Along an approximately 2930 m long alignment, the walls were
examined in 20 distinct sections, with heights ranging from about 1.0 m to nearly 6.0 m.
The prevailing construction system is unreinforced masonry composed of natural stone
units bonded with mortar, while limited horizontal brick courses and reinforced concrete
elements were observed in certain sections as later interventions. Field observations
indicate that most wall segments are in good to moderate structural condition, requiring
only basic maintenance such as vegetation removal and repointing of mortar joints.
However, in sections with significant height differences and high backfill and tree-
induced loads, damage such as missing stones, deteriorated joints, local deformations,
and cracking was identified. These sections were classified as critical zones requiring
priority intervention. Given their historical value and existing geometric and structural
characteristics, the masonry retaining walls of Emirgan Grove require evaluation of their
seismic behavior based on engineering principles. Accordingly, four representative wall
segments with different heights (2.5 m, 3.5 m, 4 m and 6.30 m) were selected as critical
cases and analyzed in detail under seismic loading.
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2.1. Material Properties Used in the Emirgan Grove Wall Model

A total of sixteen core samples were obtained from eight different locations along the
walls and tested experimentally. The mechanical properties of the natural stone used in
the numerical analyses are summarized in Table 1.

Table 1. Mechanical properties of natural stone.

Sample

Ultrasonic Velocity Tensile Strength Compressive Strength 1 Compressive Strength 2

(km/s) (MPa) (MPa) (MPa)

Al 2.56 1.89 7.73 9.52
A2 3.03 3.13 23.87 25.13
A3 291 3.43 12.27 12.88
A4 2.82 2.37 36.11 14.32
A5 2.71 2.27 24.33 23.05
A6 2.78 4.59 28.60 30.50
A7 2.86 6.76 27.27 28.57
A8 - 2.80 26.91 31.39
Average 2.81 341 23.39 21.92

Based on the experimental investigations, the average uniaxial compressive strength
of the examined natural stone samples was determined to be approximately 21 MPa. A
review of the literature indicates that the uniaxial compressive strength of natural stone
materials generally ranges between 7 and 33 MPa [42], demonstrating that the
experimental results obtained in this study are consistent with previously reported values.
The observed scatter in strength values reflects the inherent heterogeneity of natural stone
materials, which is commonly attributed to variations in mineral composition, grain
structure, and microcrack distribution. According to TS EN 1469 [43] and TS EN 1467 [44]
standards, a natural rock material intended for use as cladding stone or building stone is
required to have a minimum uniaxial compressive strength of 10 MPa. The compressive
strength values obtained within the scope of this study exceed the specified minimum
limits, indicating that the natural stone used in the Emirgan Grove retaining walls
possesses adequate mechanical properties for structural applications. These results
further justify the adoption of averaged and conservative material parameters in the
numerical analyses conducted in this study.

For the mortar, material properties were adopted from typical experimental results
reported in the literature for natural stone mortars. The mechanical properties of the
mortar used in the numerical analyses were adopted from representative experimental
studies reported in the literature for natural stone mortars [45]. The mortar was
characterized by a compressive strength of 6.6 MPa, a flexural tensile strength of 0.49 MPa,
and an elastic modulus of 8.0 GPa. These values are consistent with typical lime- or
cement-lime-based mortars commonly used in historic masonry construction. The
selected mortar properties reflect a material behavior that is significantly weaker and
more deformable than the stone units, allowing for realistic representation of stress
redistribution and cracking mechanisms within the masonry assemblage. This modeling
approach enables a more accurate simulation of masonry interaction effects and damage
evolution under service and seismic loading conditions.

2.2. Emirgan Grove Wall Numaerical Model

The numerical analysis of the Emirgan Grove masonry retaining structure was
carried out using a macro-modeling approach, which is commonly adopted for the
assessment of masonry systems [46,47]. In this method, a representative masonry wall
region was defined to reflect the overall structural characteristics of the retaining
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structure. The stone units and cement-lime mortar within this region were treated as a
composite material, and equivalent mechanical properties were derived accordingly. The
entire retaining structure was then modeled by assuming that its mechanical behavior
could be adequately represented by this equivalent composite section, allowing for an
efficient and holistic evaluation of the structural response. In masonry structures,
particularly in historic systems requiring repair or strengthening, variations in joint
thickness, irregular stone arrangement, and construction interventions carried out over
different periods significantly increase the influence of direction-dependent material
behavior. The orientation of stone units, the continuity of horizontal mortar joints, and the
mechanical contrast between stone and mortar layers lead to different stiffness and
strength characteristics in the vertical and horizontal directions. If such systems are
modeled assuming isotropic material behavior, the resulting stress distributions and
deformation patterns may not accurately reflect the actual structural response.

Masonry retaining walls composed of blocks and mortar are inherently anisotropic,
as their layered and heterogeneous nature prevents them from exhibiting identical
mechanical and thermal behavior in all directions (Figure 2). Under mechanical and
thermal loading, the presence of stone-mortar interfaces and preferential joint
orientations causes the material response to vary with direction. Therefore, adopting an
anisotropic macro-model enables a more realistic representation of critical mechanisms
such as tensile stress development, shear behavior, and crack initiation.

Figure 2. Anisotropic Masonry Material Model.

The adopted hybrid micro-macro modeling approach was selected because detailed
micro-modeling is not practical for large-scale historic masonry retaining walls, while
purely macro-modeling approaches may not sufficiently reflect the influence of material
heterogeneity and joint behavior on the structural response. Therefore, micro-scale
information reported in the literature was used to inform and calibrate the equivalent
anisotropic properties assigned at the macro scale, allowing the composite and direction-
dependent behavior of masonry to be realistically represented. Consequently, the use of
an anisotropic macro-modeling approach in the numerical analysis of the Emirgan Grove
masonry retaining walls provides a more reliable assessment of their structural behavior
under seismic and other external actions, while remaining consistent with the actual
construction characteristics of historic masonry systems. To determine the elastic modulus
values, a micro-scale finite element model of the masonry structure was first developed.
At this stage, the limestone units and the cement-lime mortar were defined as separate
materials in order to reflect their distinct mechanical characteristics. Although historic
stone masonry exhibits inherent material heterogeneity, the resulting elastic properties
were intended to represent the average mechanical behavior at the structural scale rather
than local variability. The equivalent properties derived from the micro-scale model were
therefore used to calibrate the anisotropic parameters adopted in the macro-scale analysis.
The selected values fall within conservative ranges commonly reported in the literature
and are supported by limited experimental evidence, providing a representative
characterization of historic masonry without overestimating structural capacity. Since the
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numerical analyses focus on seismic response and governing stability mechanisms, this
approach allows the effects of material heterogeneity to be reasonably captured in a
practical and code-consistent manner. This micro-scale modeling approach allowed the
interaction between stone blocks and mortar joints, as well as the effects of joint thickness
and material discontinuities, to be explicitly captured. Based on the elastic modulus values
obtained at the micro scale, the modeling framework was subsequently extended to a
macro-scale finite element model with anisotropic material properties, enabling a realistic
representation of the direction-dependent behavior of the masonry system.

In the finite element modeling, the walls were represented as a masonry assemblage
composed of stone blocks and bonding mortar. To ensure uniform and homogeneous load
transfer, elastic layers with appropriate mechanical properties were introduced at the top
and bottom surfaces of the model. These elastic layers facilitate a more realistic definition
of boundary conditions and stress distributions. The limestone blocks were modeled with
average dimensions of approximately 40 x 25 x 100 cm and arranged in a staggered pattern
with mortar joints varying between 2 and 4 cm in thickness. The overall geometric
dimensions of the finite element model were defined in the SAP2000 program as 4.00 x
3.50 m (Figure 3), and the presence of elastic layers ensured that loads and displacements
were distributed uniformly throughout the model. By deriving the elastic modulus at the
micro scale and transferring it to the anisotropic macro-scale model, the effective stiffness
of the masonry system reflects not only the properties of individual materials but also
their structural arrangement and load-transfer mechanisms. This micro-to-macro
transition provides a physically consistent basis for the numerical analyses and leads to
more reliable predictions of deformation, stress distribution, and overall structural
response.

(b)
Figure 3. Wall model: (a) Emirgan Grove retaining wall; (b) SAP200 Wall micro model.

The finite element model, consisting of 58,667 shell elements, was subjected to
controlled vertical and horizontal loading schemes to evaluate the elastic and shear
stiffness characteristics of the masonry system and to verify the consistency of the elastic
modulus transferred from the micro-scale model to the macro-scale representation. For
this purpose, a low-magnitude vertical load was first applied to ensure that the structure
remained entirely within the linear elastic regime. A nodal load of 300 N was uniformly
distributed over the nodes of the elastic layer located at the top of the model, resulting in
a total vertical load of 107.7 kN. The magnitude of the applied load was intentionally
selected to prevent cracking, damage initiation, or nonlinear material behavior. The
resulting vertical displacement of 0.0068 mm (Figure 4a) confirms that the response of the
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model was purely elastic and that the adopted elastic modulus was consistently
represented at the macro scale.

Subsequently, to assess the horizontal (shear) stiffness of the masonry system,
opposing horizontal loads of 10,000 N were applied to the elastic layers located at the top
and bottom of the model. In these analyses, the model was restrained only in the vertical
direction, while the degrees of freedom in the horizontal direction were preserved. This
boundary condition allowed the deformation capacity of the structural element under
shear-dominated behavior to be observed without introducing artificial lateral
constraints. As a result of the applied horizontal loading, the maximum horizontal
displacement was determined to be approximately 0.004 mm (Figure 4b). The horizontal
displacement values obtained from these analyses were used as the basis for evaluating
the shear stiffness of the model and for assessing the stiffness characteristics of the
masonry structure under lateral loading.

(@) ’ (b)

Figure 4. Young model analyses: (a) Vertical displacement; (b) Lateral displacement.

Since the material behavior is direction-dependent (anisotropic), the elastic moduli
in the horizontal and vertical directions were calculated using Equations (1) and (2),
respectively. By substituting the applied forces, geometric dimensions, and the
corresponding displacement values into these equations, the vertical elastic modulus was
obtained as Ev = 13,858 N/mm?, while the horizontal elastic modulus was calculated as En
=12,694 N/mm?2.
FxL

Fv=—""
V= Axar

M

Eh=2xG (1+9), @)

In the developed wall model, the unit weight of the stone and the cement-lime
mortar were defined in the software as 28 kN/m? and 21 kN/m?, respectively. The mass of
each shell element was automatically calculated by the program and lumped at the
corresponding nodal points. For the natural stone, the Poisson’s ratio was adopted as 0.15
based on values reported in the literature [48-50].

By summing the nodal masses, the total mass of the wall model with dimensions of
4.00 m x 3.50 m x 1.00 m was calculated as 32.727 kN-s?/m, corresponding to a total weight
of 321.05 kN. The wall volume was obtained as 14 m?, based on the geometric dimensions
of the model. Accordingly, the average unit weight of the masonry wall was determined
as 22.93 kN/m? by dividing the total weight by the wall volume. This value is consistent
with typical unit weights reported for composite stone masonry walls in the literature [48-
50], indicating that the adopted material definitions provide a realistic representation of
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the physical system. Moreover, the close agreement between calculated and expected unit
weight values supports the reliability of the mass distribution used in the subsequent
static and seismic analyses.

2.3. Geotechnical Assessment

The geotechnical assessment of the stone retaining and boundary walls located
within Emirgan Grove was conducted based on field observations, geophysical
investigations, and engineering judgment. The subsurface conditions along the wall
alignment are characterized by a heterogeneous and layered soil profile, consisting of fill
material and topsoil near the surface, underlain by highly weathered to weathered rock
layers, and relatively competent rock at greater depths. This complex soil stratification
plays a decisive role in the structural behavior and stability of the retaining walls.
Geophysical measurements, revealed low to moderate shear-wave velocity (Vs) values
within the fill and highly weathered rock layers, indicating reduced stiffness and
increased deformation potential. According to the Turkish Building Earthquake Code
(TBEC-2018), the foundation soils beneath most wall segments predominantly correspond
to ZC soil class, with local transitions to ZB soil class where higher Vs values were
observed. No soil conditions corresponding to the ZD class were identified beneath the
investigated wall foundations (Figure 5). The retained backfill materials mainly consist of
heterogeneous fill and weathered rock, which impose additional lateral earth pressure
and surcharge effects on the walls, especially under seismic loading.

S-wave velocity cross-section 10 Profil - 11 Profil

Swave
velocity

1470

1260
Competent Rock

1290

100

L4 b b4&db Lo

0 -4 8 12 15 20 24 28 32 36 50 32 34 36 40 42 44 46 48 50 52 54 68 52 (maec)

Distance (m) Scale = 1:1044.
Figure 5. Combined soil type map and GPR sections for the investigated masonry retaining wall.

Ground Penetrating Radar (GPR) surveys (Figure 5) further indicated that the
masonry wall thicknesses vary considerably along the site, ranging from approximately
0.60 m to 1.20 m, with locally thicker historical sections reaching up to 1.80-2.00 m. These
geometric variations result in non-uniform stiffness and load transfer mechanisms,
contributing to localized stress concentrations and differential deformation behavior.
Based on the combined evaluation of wall geometry, foundation soil conditions, and
backfill characteristics, four retaining walls located at different heights were identified as
unfavorable sections. These walls represent the most critical cases due to their greater
heights, which significantly increase static and seismic earth pressure demands, as well as
their foundation on ZC-ZB class soils with limited stiffness. In addition, the presence of
geometric irregularities, heterogeneous backfill materials, and surcharge loads originating
from pedestrian use, vegetation, and local service roads further amplifies lateral loading
effects. The coexistence of increased wall height, deformable foundation soils, unfavorable
backfill conditions, and surcharge effects leads to the most demanding structural
scenarios in terms of stability and deformation capacity. Therefore, these four retaining
walls were selected as representative unfavorable cases for detailed numerical analysis
and seismic performance evaluation.

All soil parameters adopted in the numerical model are summarized in Table 2. These
parameters were selected based on site investigations, geophysical measurements, and
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the provisions of TBEC-2018. The adopted soil properties reflect the geotechnical
conditions of the study area and were used to realistically represent the soil-structure
interaction in the numerical analyses. This approach ensures that both static and seismic
responses of the retaining walls are evaluated under representative ground conditions.

Table 2. Geotechnical and soil-structure interaction parameters.

Parameter Symbol Value Unit Description/Source

Unit weight of soil Y 18 kN/m3 Soil properties

Soil friction angle 0] 35 ° Soil properties
Soil-foundation friction coefficient tan d 0.60 - TBEC-2018

Soil-foundation friction angle 0 30.96 ° 0=2/3 ¢
Strength reduction factor T 1.50 - TBEC-2018
Effective ground acceleration coefficient Ao 0.40 - TBEC-2018
Design spectral acceleration coefficient SDS 0.633 - TBEC-2018
Soil class - ZD - TBEC-2018
Base sliding resistance T 450 kN
Wall-soil horizontal angle P 89.77 °

The geotechnical and soil-structure interaction parameters summarized in Table 2
were selected based on site investigations, geophysical measurements, and the provisions
of the Turkish Building Earthquake Code (TBEC-2018). The unit weight and friction angle
of the soil were used to evaluate static and seismic earth pressure components acting on
the retaining walls, while the soil-foundation friction parameters directly governed the
assessment of sliding resistance at the wall base. The adopted soil class and seismic design
parameters (Ao and SDS) define the seismic hazard level and spectral characteristics of the
site, which were used in the determination of equivalent seismic earth pressures. These
parameters collectively ensure a realistic representation of soil-structure interaction
effects and provide a consistent basis for evaluating the static and seismic performance of
the investigated masonry retaining walls.

Soil-structure interaction (SSI) effects were incorporated into the numerical analyses
using the site-specific geotechnical parameters summarized in Table 2 and the code-
consistent earth pressure formulations prescribed in TBEC-2018. The interaction between
the retaining walls and the surrounding soil was represented by considering active and
passive earth pressures, surcharge effects, and base friction resistance, which directly
influence sliding and overturning behavior under seismic loading. Although the soil
continuum was not explicitly modeled, the adopted SSI representation captures the
dominant influence of soil stiffness and strength on the seismic response of masonry
retaining walls within the equivalent static analysis framework.

3. Retaining Wall Analysis

The numerical analysis of the structural model was carried out using the SAP2000
v20 software. In order to assess the potential hazard associated with deformations
observed in the retaining and boundary stone walls located within Emirgan Grove, all
perimeter walls were systematically coded on the site layout plan with a spatial resolution
of 10 m, taking a defined reference point as the origin. The continuity of the walls from a
static perspective was considered, and the overall system was initially examined using
observational assessment methods. Based on the field observations, wall segments that
were considered to pose potential static risk were identified. Among these segments, four
stone retaining walls located at different positions and identified as being in the most
unfavorable conditions were selected for detailed evaluation. These representative wall
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sections were subsequently analyzed using the finite element method to investigate their
structural behavior.

Analysis of Loads Acting on the Retaining Wall

Based on field observations and preliminary static assessments, retaining wall
segments that were considered to pose potential structural risk were first identified along
the study area. Among these segments, four stone retaining walls with heights of 2.5 m,
3.5 m, 40 m, and 6.30 m, located at different positions and representing the most
unfavorable conditions in terms of geometry, ground conditions, and loading
characteristics, were selected for detailed evaluation. These walls were chosen to represent
increasing wall heights and the corresponding variations in earth pressure demands and
stability requirements. For each selected retaining wall, all load components acting on the
system —including self-weight, static active earth pressure, static active surcharge
pressure, static passive earth pressure, and seismic active earth pressure—were calculated
separately. The calculated load components were applied to the numerical models as
uniformly distributed loads along the wall height and base, consistent with conventional
earth pressure theory. The surcharge load (q = 2.0 kN/m?) was adopted to represent
pedestrian use and environmental surface loads acting on the backfill.

Seismic active earth pressures were evaluated using an equivalent static approach in
accordance with the provisions of TBEC-2018, and the contribution of static passive earth
pressure at the wall base was considered in the assessment of sliding resistance. All
calculated load components were subsequently defined as input parameters in the
SAP2000 finite element models, enabling a consistent evaluation of the structural response
and stability of the retaining walls under combined static and seismic loading conditions.
As a representative example, the detailed load analysis and load distribution
corresponding to the 6.30 m high retaining wall, which represents the most critical
configuration among the analyzed cases, are presented in Figure 6.

Figure 6 illustrates the definition of static and seismic loads and their implementation
in the finite element model for the 6.30 m high retaining wall, which represents the most
unfavorable case among the analyzed configurations. The finite element models were
discretized using an element spacing of 0.25 m, which was selected as a compromise
between numerical accuracy and computational efficiency, ensuring adequate resolution
to capture stress gradients and load distribution along the wall height. Figure 6a
schematically presents the static active and passive earth pressures, surcharge loads, and
equivalent seismic loads acting on the wall. Static, active, and passive earth pressures were
applied to the numerical models as triangularly distributed loads, whereas the static
active surcharge pressure, seismic active earth pressure, and seismic active surcharge
pressure were imposed as uniformly distributed loads. Figure 6b shows the SAP2000
finite element model to which these loads are applied, while Figure 6c illustrates the
definition of these load components along the wall height within the numerical
framework.
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Figure 6. Schematic representation of static and seismic loads acting on the 6.30 m high wall. (a) on
the 6.30 m high wall loads acting; (b) Finite Element Model; (c) Wall loads in SAP200.

4. Results

The evaluations were carried out in accordance with the provisions and stress
calculation procedures specified in Chapter 11 of the Turkish Building Earthquake Code
(TBEC-2018). The internal forces obtained from the shell elements in the SAP2000 v20
structural analysis software were assessed in terms of both force and stress magnitudes,
considering axial, compressive, tensile, and shear effects. Based on the internal forces and
stresses defined in the program outputs, compressive and shear stresses were calculated
and checked against the corresponding limit values prescribed in TBEC-2018. The stresses
were derived with respect to the local coordinate systems of the shell elements, as
described in the previous section, and were evaluated in terms of normal
(tensile/compressive) and shear stress components. In the interpretation of the analysis
results, the sign convention of tensile stresses was taken into account, where negative
stress values indicate compression, while positive values correspond to tensile stresses.
The seismic and static stability analyses of the stone retaining walls were conducted in
accordance with the provisions of the Turkish Building Earthquake Code (TBEC-2018).
For all wall configurations, static active and passive earth pressures, surcharge-induced
pressures, and seismic earth pressure components were evaluated separately using the
formulations given in TBEC-2018. The equivalent horizontal and vertical seismic
coefficients were taken as kh = 0.1688 and kv = 0.0844, respectively. These coefficients were
calculated in accordance with the provisions of the Turkish Building Earthquake Code
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(TBEC-2018). The horizontal seismic coefficient was defined as kh = SDS/(2.5 x r), using
SDS = 0.633 and r = 1.50, which results in kh = 0.1688. The vertical seismic coefficient was
taken as kv =0.5 x kh, giving kv = 0.0844. In TBEC-2018, seismic design inputs are defined
through site-specific design spectra derived from probabilistic seismic hazard analysis
(PSHA) and are not associated with a single deterministic design earthquake magnitude.
For reference, the DD-2 earthquake level defined in TBEC-2018 (10% probability of
exceedance in 50 years, corresponding to a 475-year return period) approximately
corresponds to a moment magnitude of Mwg = 7.1 for the Marmara region [51].
Accordingly, the equivalent horizontal and vertical seismic coefficients adopted in this
study were computed directly from the TBEC-2018 design spectrum parameters
corresponding to the DD-2 earthquake level (10% probability of exceedance in 50 years,
i.e., a 475-year return period) and the local site class, following the code-prescribed
expressions.

Table 3 and Figure 7d jointly illustrate the variation of active, surcharge, and passive
earth pressure components as a function of wall height. As can be observed, the active
earth pressure (Ka.y.H) increases almost linearly with increasing wall height, which is
consistent with classical earth pressure theory. In contrast, the surcharge-induced active
pressure (Ka.q) remains nearly constant for all wall configurations, indicating that its
contribution to the total lateral pressure is independent of wall height and relatively small
in magnitude. The passive earth pressure (Kp.y.H'), however, exhibits a significantly
steeper increase with wall height, reaching substantially higher values compared to the
active components. This pronounced growth highlights the dominant role of passive
resistance, particularly for higher walls with greater embedment depths. Overall, the
combined evaluation of the tabulated results and graphical representation demonstrates
that while active pressures govern the loading demand, passive pressures play a critical
role in stability and resistance mechanisms as wall height increases.

Table 3. Active, surcharge, and passive earth pressures.

Wall Height Active Earth Surcharge Pressure  Passive Earth
(m) ® Ka Kp Y (kN/m?) q (kN/m?) Pressure (kN/m?) (ki/mZ) Pressure (kN/m?2)
2.5 0.0965 10.1751 18 2 4.343 0.193 91.58
3.5 0.09618 10.1417 18 2 6.059 0.192 146.0
4.0 0.10481 11.0732 18 2 7.546 0.210 179.4
6.30 0.10131 10.6835 18 2 11.49 0.203 250.0

For the 2.5 m high retaining wall, the calculated static active earth pressure coefficient
remained relatively low, and both overturning and sliding safety factors were well above
the minimum limits prescribed by TBEC-2018 under all loading conditions. The wall
exhibited a stable response under static, static + seismic, and seismic-only loading cases,
indicating sufficient resistance against both sliding and overturning. In the case of the 3.5
m high retaining wall, seismic effects became more pronounced. While the wall satisfied
the stability requirements for static and static + seismic loading conditions, the
overturning safety factor under the seismic-only loading case locally approached or fell
below the code-specified limit. This behavior indicates that, for intermediate wall heights,
seismic effects may govern overturning checks even when sliding stability remains
adequate. For the 4.0 m high retaining wall, the static active earth pressure coefficient
increased to approximately Ka = 0.105, resulting in higher lateral pressure demands.
Nevertheless, the calculated passive earth pressure coefficient (Kp = 11.07) provided a
significant stabilizing contribution. Both overturning and sliding safety factors exceeded
the minimum requirements of TBEC-2018 for all loading cases, with an overturning safety
factor of approximately 2.18, indicating a stable structural response without the need for
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additional strengthening. The 6.30 m high retaining wall, representing the most critical
configuration, exhibited the highest static and seismic earth pressure demands due to
increased wall height. Despite this increase, the combined contribution of base friction
resistance and passive earth pressure ensured that sliding stability conditions were
satisfied for all load combinations. Overturning safety checks confirmed that stabilizing
moments exceeded overturning moments for static and static + seismic cases, while
remaining close to the allowable limits under seismic-dominant conditions. Overall, the
comparative evaluation demonstrates that wall height is the primary parameter
governing the seismic response of stone retaining walls, particularly with respect to
overturning behavior. As a result of the analyses, the distributions of the maximum
(tensile) and minimum (compressive) principal stresses developed in four retaining
structures with different dimensions were obtained using the macro-modeling technique
(Figure 7a,b). The macro-modeling approach adopted in the finite element analysis of
unreinforced masonry structures is defined in the Turkish Building Earthquake Code
(TBEC-2018), in which masonry is represented as an equivalent homogeneous continuum
with averaged mechanical properties, enabling an efficient and code-consistent evaluation
of stress redistribution and deformation behavior under seismic loading. In Figure 7a,b,
the color scale represents the magnitude of the principal stresses, where warm colors (red
to yellow) indicate higher stress levels and cool colors (green to blue) correspond to lower
stress values. Positive values of the maximum principal stress denote tensile stresses,
while negative values of the minimum principal stress represent compressive stresses. All
stress values are expressed in MPa. The retaining structures with different dimensions
selected in this study generally represent the characteristics of the existing walls located
in Emirgan Grove. Moreover, these structures correspond to the most structurally
vulnerable examples within their respective groups.
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Figure 7. Principal stress distributions obtained from macro-model analysis for retaining walls with

different heights; (a) o1, Maximum principal Stress; (b) o3, Minimum principal stress; (c) Principal
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stress distributions; (d) Variation of active, surcharge, and passive earth pressures with wall height

(stress values in MPa).

When the retaining walls are evaluated in terms of compressive stresses, it is
observed that the maximum compressive stress occurs in the wall with a height of 6.30 m,
reaching approximately 0.48 MPa. These compressive stress values are significantly lower
than the allowable compressive stress of 4.50 MPa. Therefore, the retaining structures
exhibit a high level of safety with respect to compressive stresses. In terms of tensile
stresses, the maximum tensile stress is also observed in the 6.30 m high wall, with a
magnitude of approximately 0.28 MPa. Since the obtained tensile stress values are lower
than the allowable tensile stress of 1.00 MPa, it can be stated that the retaining walls have
sufficient thickness to prevent the development of critical tensile stresses. When the
retaining walls are examined with respect to shear stresses, the highest shear stress is
again observed in the 6.30 m high wall, with a value of approximately 0.25 MPa. These
shear stress values exceed the allowable shear stress of 0.10 MPa. It is observed that the
shear stresses are concentrated mainly along the soil-wall interface on the front face of the
walls.

The exceedance of allowable shear stress limits observed in taller masonry retaining
walls indicates the potential initiation of localized damage, particularly along the soil-
wall interface, where stress concentrations develop under seismic loading. From a
structural assessment perspective, this behavior does not imply instability of the retaining
wall system, but rather highlights critical regions that may be susceptible to local cracking
or sliding. Therefore, this finding should be interpreted as an assessment-related concern
for existing historic masonry retaining walls rather than a design deficiency. The results
emphasize the importance of identifying vulnerable zones and, where necessary,
implementing localized strengthening or soil-wall interface improvement measures to
mitigate seismic damage while preserving the original structural configuration.

The numerical results indicate that wall height is the dominant parameter governing
the seismic response and stability of historic masonry retaining walls. As the wall height
increases, static and seismic earth pressure demands become more significant, leading to
increased tensile and shear stress concentrations, particularly near the base and along the
soil-wall interface. While compressive stress levels remain well below the allowable limits
for all analyzed configurations, overturning behavior becomes critical under seismic
loading in taller walls. In contrast, sliding stability is consistently ensured in all analyzed
cases due to sufficient base resistance and the mobilization of passive earth pressure.
These findings demonstrate that seismic vulnerability in masonry retaining walls is
primarily controlled by geometric configuration rather than compressive capacity,
highlighting the importance of detailed numerical assessment for reliable seismic safety
evaluation.

5. Conclusions

This study investigated the seismic performance of historic masonry retaining walls
through a finite element-based numerical framework that explicitly accounts for
anisotropic masonry behavior, soil-structure interaction, and code-consistent seismic
loading. Representative wall segments with heights of 2.5 m, 3.5 m, 4.0 m, and 6.30 m,
selected from the perimeter retaining walls of Emirgan Grove in Istanbul, were analyzed
under combined static and seismic loading conditions in accordance with the Turkish
Building Earthquake Code (TBEC-2018). By adopting the anisotropic macro-modeling
approach defined in TBEC-2018 and integrating site-specific geometry and material
characteristics, this study provides a practical and regulation-consistent methodology for
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the seismic assessment of existing historic masonry retaining walls. Based on the
numerical results, the following conclusions can be drawn:

e  This study demonstrates, through a TBEC-2018-based anisotropic macro-modeling
framework, that wall height is the dominant parameter governing the seismic
response and stability of historic masonry retaining walls, with increasing height
leading to significantly higher static and seismic earth pressure demands and
increased overturning susceptibility.

e  The numerical analyses confirm that active earth pressures increase approximately
linearly with wall height, in agreement with classical earth pressure theory, while
surcharge-induced pressures remain nearly constant and contribute marginally to
the overall lateral load demand.

e A major contribution of this study is the explicit quantification of the stabilizing role
of passive earth pressure, which increases markedly with wall height and provides a
substantial contribution to sliding resistance, particularly for taller walls with greater
embedment depths.

e  The results show that sliding stability is consistently ensured in all analyzed cases,
even under seismic loading, due to the combined effects of base friction resistance
and mobilized passive earth pressure, highlighting a key distinction between sliding
and overturning performance in historic masonry retaining walls.

e The study identifies overturning behavior, rather than sliding, as the governing
seismic stability mechanism for intermediate and tall masonry retaining walls,
providing important insight for seismic safety evaluation and retrofit prioritization.

e  Computed compressive stresses remain well below the allowable limits prescribed
by TBEC-2018, demonstrating a high safety margin against compressive failure and
confirming that compressive capacity is not a controlling factor in the seismic
performance of the investigated walls.

e  Tensile stress demands do not exceed allowable tensile stress limits, indicating that
the existing wall thicknesses are generally sufficient to prevent critical tensile
cracking under the considered loading scenarios.

e An important outcome of the macro-modeling approach is the identification of
localized shear stress concentrations, particularly along the soil-wall interface in
taller walls, indicating that shear behavior may govern damage initiation under
seismic loading and should be carefully considered in preservation-oriented
strengthening strategies.

e  The study confirms the effectiveness of the TBEC-2018-defined anisotropic macro-
modeling approach in capturing internal stress redistribution and identifying critical
regions susceptible to seismic damage in historic masonry retaining walls.

e  Opverall, this research highlights the necessity of detailed finite element-based
numerical analysis for historic masonry retaining walls, as simplified rigid-body or
pseudo-static approaches are insufficient to capture governing failure mechanisms
and seismic vulnerability.

From a practical perspective, the results indicate that wall height is a key parameter
in the seismic assessment of historic masonry retaining walls. Walls exceeding
approximately 4.0 m in height showed increased susceptibility to overturning and
localized shear damage, indicating that such structures should be prioritized in seismic
inspection and assessment programs. In particular, the soil-wall interface and lower
regions of taller walls emerge as critical inspection zones due to recurring stress
concentrations. These findings support the use of height-based screening criteria and
targeted strengthening strategies for existing historic masonry retaining walls.

The results should also be interpreted considering certain limitations. The numerical
analyses were conducted using site-specific material and geotechnical parameters
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representative of the Emirgan Grove retaining walls, and different soil conditions or
masonry typologies may lead to different seismic responses. In addition, the analyses
were based on two-dimensional numerical models and an equivalent static seismic
approach, which may not fully capture three-dimensional effects, post-cracking behavior,
or dynamic soil-structure interaction.

Within the scope of this study, the equivalent static method was considered
appropriate for evaluating global stability, stress demand, and governing failure
mechanisms of existing masonry retaining walls, in full compliance with the provisions
of TBEC-2018. Although the equivalent static analysis approach adopted in this study is
fully consistent with TBEC-2018 provisions and is suitable for evaluating global stability
and stress demand, near-fault ground motions characterized by pulse-like effects may
impose increased displacement demands, particularly in taller masonry retaining walls.
Therefore, for near-fault scenarios expected in the Marmara Sea region, complementary
nonlinear analyses may be required to further assess displacement-based performance
and post-cracking response. Future studies may extend the proposed numerical
framework by incorporating nonlinear material behavior, more advanced soil-structure
interaction models, and time-history analyses using recorded near-fault and far-field
ground motions. In addition, the effectiveness of different strengthening and retrofit
techniques, such as localized shear strengthening or anchorage systems, could be
investigated within the same modeling framework, supported by experimental validation
studies on representative masonry wall specimens.
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