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Iran is a seismically active country that has experienced many human casualties from
earthquakes. By understanding seismic behavior and applying proper retrofitting strategies,
it is possible to reduce future damage. On November 11, 2017, the Mw 7.3 Sarpol-e-zahab
carthquake struck a large part of Kermanshah Province in western Iran. The earthquake
caused extensive damage to buildings in Sarpol-e-zahab city. In this study, the nonlinear
behavior of an unreinforced masonry fire station building located in Sarpol-e-zahab city
was investigated. The damage to this structure, including diagonal cracks in the walls,
served as the basis for validating the analyses performed. The structure was modeled and
analyzed using a nonlinear dynamic method to develop retrofitting solutions. This structure
performed poorly due to large openings in the X-direction and the absence of an effective
cross-sectional area in the walls. Shotcrete was proposed as a retrofitting method. Using this
approach, the elastic stiffness in the X-direction was improved by 47.2%, the behavior
factor increased by 2.5 times, and the ductility ratio increased by 15.9% compared to the
initial condition. Additionally, after retrofitting, the same parameters in the Y-direction
showed significant improvements, with elastic stiffness increasing by 26.5%, the behavior
factor by 16.2%, and the ductility ratio by 56.9%, demonstrating improved performance

compared to before.
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Introduction

Natural disasters have long been regarded as a major challenge for humanity, and the effort
to understand them has continuously driven various scientific and technological progress.
Among these disasters, earthquakes are one of the most destructive, making research
focused on understanding and minimizing earthquake-related damage a longstanding
priority for seismically active nations. Iran is recognized as one of the world's earthquake-
prone regions. Masonry buildings, constructed with traditional materials, remain among the
most common types of structures, particularly in older cities. These buildings are typically
used for residential, educational, and service functions. However, most of them lack any
seismic resisting system and have low resistance to seismic forces. This underscores the
need to strengthen and retrofit unreinforced masonry buildings.

The primary causes of structural damage in masonry buildings include the use of heavy,
low-strength bricks, weak or insufficient mortar, a lack of or absence of confining elements,
interruptions in load transfer paths, non-rigid diaphragms, and inadequate load-bearing
walls. Retrofitting involves a series of measures aimed at increasing the resistance and
ductility of structural members against loads, thereby improving the overall integrity of the
building. By strengthening both horizontal and vertical elements and enhancing lateral
strength through various techniques, the box-like behavior of masonry walls can be
improved, increasing their ability to withstand lateral loads

Method

Among the common techniques used for seismic retrofitting, shotcrete is a prominent
example. It involves spraying a layer of concrete onto masonry walls—either covered with
or without a steel rebar mesh—and is widely adopted for strengthening masonry structures
against earthquakes.

This study involves retrofitting the building with shotcrete. The process for applying this
reinforcement layer, along with the rebar mesh, includes: first, attaching the steel mesh to
the wall to enhance its tensile and flexural strength, and then—whether using a dry-mix or
wet-mix method—the concrete layer is sprayed onto the surface through a nozzle at high
velocity and pressure.

To ensure shear stress transfer and achieve composite action between the wall and the
shotcrete layer, the steel mesh 1s anchored to the wall using various methods, such as drilling
holes and inserting shear connector bars into them. These bars are then firmly fixed with
injected grout or epoxy adhesive. In this research, the rebars used for shotcrete strengthening
of the building walls are No. 8 bars, with a 4 cm thick concrete layer, and the spacing
between the rebars in the shotcrete mesh is 15 cm.

Results

The selected building was retrofitted on both sides with reinforced shotcrete, with each
concrete layer having a thickness of 4 centimeters. The structure was then analyzed using
the Sarpol-e-zahab earthquake acceleration record. In the building retrofitted with reinforced
shotcrete, the seismic capacity in the X-direction increased by 5,000 kN, while in the Y-
direction, the capacity rose by 15,000 kN. Additionally, the stress in the shotcrete was 3.9
MPa, and the stress in the reinforcing steel bars embedded in the shotcrete reached 225 MP.
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Conclusions

Damages in unreinforced masonry walls typically occur mainly in the lower areas, the wall
toe, or along the diagonal, often accompanied by wide cracks. Applying shotcrete not only
provides a strong, rigid layer to the load-bearing wall elements but also, through the bond
created between the concrete and the masonry substrate, improves the wall's ductility. It also
helps spread damage over a larger area, thereby changing how the wall may fail. Based on
nonlinear time-history analysis using the Sarpol-e-zahab earthquake acceleration record, the
seismic capacity of the shotcrete-retrofitted specimen was found to be 1.4 times higher than
that of the unretrofitted specimen. The maximum stress in the unretrofitted model,
concentrated at the wall toe under the Sarpol-e-zahab ground motion recorded at station
SPZ, reached 3.92 MPa. After retrofitting with shotcrete, the maximum stress in the walls in
the X-direction of the structure decreased to 3.7 MPa, showing improvement in structural
performance.

By comparing the results of the nonlinear time-history analyses, the trend of increasing
structural capacity becomes clear. In the shotcrete-retrofitted building, the highest energy
absorption and stiffness were observed. The reinforced shotcrete retrofitting technique not
only demonstrated superior analytical performance but also proved effective in practical
aspects such as cost, availability of skilled labor and local materials, and minimal
interference with the existing structure, making it a highly suitable retrofit method.
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