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Abstract: Heritage is strengthened through proactive actions, known as preventive con-
servation, that are considered before earthquakes, rather than reactive actions addressed
when the emergency situation occurs. Considering that there are several regions around
the world with very active seismicity, conservation interventions should guarantee human
safety and the improvement of the inhabitant’s living conditions while keeping alive the
earthen fabric and adobe buildings, thus preserving the lives of the residents but also
preserving cultural heritage in the face of earthquakes. The main aim of this paper is to
define a comprehensive conservation procedure addressing the preventive conservation of
vernacular adobe vaulted houses in Yazd, an Iranian World Heritage property, since 2017.
The fundamental phases of this procedure, which this paper’s structure is based on, include
introducing the case study and addressing the conservation objectives, the assessment
of significance and value, the seismic criteria, the conservation strategies, seismic safety
assessment, and decision-making on interventions. The comprehensive preventive conser-
vation procedure presented in this paper was determined by relevant conservation criteria,
which contributed to an adequate seismic-retrofitted intervention design. This conservation
approach requires evaluation of the seismic performance and the buildings’ safety, through
which the decision regarding intervention could be made. Accordingly, this research also
dealt with the seismic safety assessment of an adobe building through numerical research
work performed using the software HiStrA Ver.2022.1.6. Based on the numerical results,
decisions on the need and on the extent of intervention techniques were addressed. In
addition, a comparative study was performed on different seismic strengthening techniques
available in the literature to define fundamental conservation criteria. In this way, there are
more chances for human lives to be preserved if an earthquake occurs.

Keywords: preventive conservation; vernacular; adobe heritage; earthen architecture;
vaulted house; seismic safety; Yazd; cultural heritage preservation; HiStrA software
Ver.2022.1.6

1. Introduction

Across the different continents, earthen heritage has always been present as part of
human history. In spite of its evident cultural importance, worldwide, vernacular earthen
architecture remains a fragile and vulnerable heritage that needs special attention and pro-
tection to survive, in particular as 15% to 17% of the world’s population [1] lives in earthen
dwellings. The number of earthen households around the world has been decreasing at
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a fast pace. Addressing preventive measures to avoid damage and degradation to these
structures is crucial for the survival of this ancient heritage.

Earthen architecture has been an outstanding expression of human ingenuity through-
out the centuries. Some of the oldest evidence of adobe architecture is from archeological
sites such as Jericho (8300-7600 BCE) and Catal Hoytik in Anatolia (7500-6400 BCE) [1]. A
wide and rich range of earthen typologies, techniques, and building cultures can be found
around the world. This is the case of pueblos and adobe missions in the American south-
west, pre-Columbian adobe Huacas in South America, and earthen pyramids in Central
America. From northern Africa to the Iberian Peninsula, a high diversity of architectural
heritage can be observed, from earthen Kasbahs, Ksours, and villages to rammed-earth
military architecture. In sub-Saharan Africa, living heritage can be traced from modest
dwellings and shrines to mosques and monumental palaces. In the Arab region, vernac-
ular earthen architecture can be found in oasis parts of cultural landscapes, but also as
skyscrapers in urban cities. Throughout Europe, earth was used to build farm buildings,
churches, urban dwellings, and factories, but also bourgeois castles and powerful fortresses.
Across Asia, a wide diversity of earthen techniques can still be found nowadays in places
of worship, caravanserai, but also ancient archeological sites, historic urban villages, and
desert cities along the Spice and Silk Roads.

Yazd, with its pristine earthen urban fabric, adobe wind-catchers, courtyards below
ground level, historic houses, and communal ganats, remains an international reference
for earthen architecture. The significance and value of Yazd as an adobe historic city
contributed, in 1972 and 1976, respectively, to the city hosting the first and second ‘Inter-
national Symposiums on the Conservation of Mud Brick Monuments’. These events are
known today as the first and second World Congresses on earthen architectural heritage.
In 2003, Yazd hosted the ‘Ninth International Conference on the Study and Conservation of
Earthen Architecture’. Terra 2003 is known today as the 9th World Congress of Earthen
Architectural Heritage organized under the aegis of ICOMOS-ISCEAH, the International
Scientific Committee on Earthen Architectural Heritage from ICOMOS, the International
Council on Monuments and Sites. Yazd is the only city in the world that has hosted the
Earthen Architectural Heritage World Congress three times, which also demonstrates its
special and unique character and importance.

Due to the relevance of Yazd’s Outstanding Universal Value, in 2017, around
200 hectares of its earthen fabric were designated as a World Heritage property. Un-
der the title ‘Historic City of Yazd’, this property was inscribed on the World Heritage List,
under criterion (iii), for being an ‘exceptionally elaborate construction system in earthen
architecture and the adaptation of the ways of living to hostile environment for several
millennia’, and under criterion (v), for being an ‘outstanding example of a traditional
human settlement (...) in a desert environment (...) that results from the optimal use and
clever management (...) [of the] qanat system and the use of earth (...)" [2]. Following
the World Heritage assessment, and due to the potential risk to the property due to earth-
quakes [3], one of the World Heritage Committee recommendations was that research
should be conducted regarding Yazd’s risk-preparedness for seismic events.

This World Heritage property is a high visited tourist destination in Iran. Historical
hotels and rehabilitated historical houses should be better prepared regarding preventive
strengthening measures. That is why significant consideration should be given to imple-
menting preventive conservation measures [4] by landowners and by ICHTO, the State
Iranian Cultural Heritage Organization.

In order to determine an effective intervention plan for seismic retrofitting, and thereby
to save the lives of residents and visitors, it is necessary to assess the seismic safety of
built heritage before an earthquake occurs. This evaluation should also take into account
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the cultural and historical significance of the heritage. Hence, the main objective of this
paper is to establish a comprehensive conservation procedure addressing the preventive
conservation of historical adobe dwellings in Yazd, with a special focus on safety evaluation
as a crucial step in the preventive conservation process. To this end, the seismic performance
and structural safety of an adobe house, along with the impact of a suitable reinforcement
methodology on its efficacy, are numerically assessed. It should be emphasized that
this paper does not aim to investigate the current damage to adobe buildings in the
historic fabric of Yazd and the applicable repair methods. The present research focuses on
addressing preventive measures for adobe buildings that are in good condition and still
in use.

2. Preventive Conservation

The notion of preventive conservation has been known about since the 19th century [5].
Notably, the process of identifying, evaluating, and controlling certain factors from inter-
disciplinary methods for the development of preventive conservation and maintenance
techniques mostly originated inside the museum setting [6]. However, the notion of pre-
ventive conservation for built heritage was not extensively adopted until the 1970s, when
it resurfaced after the recognition of the limited success and high expenses associated
with conventional remedial conservation methods. This concept gained recognition as a
distinct field in the early 1990s and underwent widespread dissemination, mostly due to
the attempts of the International Center for the Study of the Preservation and Restoration
of Cultural Property ICCROM) [5]. ICCROM determined that preventive conservation
should be defined as “The full range of actions designed to safeguard or to increase the life
expectancy of a collection or an object.” [7].

Nevertheless, the idea of preventive conservation has mostly been formulated within
the framework of research on movable heritage. However, it seems that the notion remains
equally applicable to built heritage [5]. This transition from collections to buildings involved
various considerations on the matters concerning usage and the economic consequences of
conservation, prompting studies to explore further aspects of community engagement and
integrated political agendas [8,9]. Initiatives within the context of preventive conservation
involve the establishment of a successful and methodical approach to recognize, assess,
and manage the risks that impact all cultural assets. The objective of these activities is to
mitigate these risks by assessing their level of influence on the consequences of degradation
and implementing suitable strategies to prevent or, at the very least, decelerate their adverse
impacts [10].

According to Ashurst [11], preventive conservation is a strategy that systematically
seeks to guarantee the long-term physical preservation of historical structures. It is impera-
tive for conservation professionals to acknowledge preventive conservation as the most
efficient method for advancing the long-term preservation of cultural property [12].

It is significant to highlight that the strategies employed for the conservation of
heritage in seismically active regions can be delineated into two distinct classifications:
pre-earthquake conservation and post-earthquake conservation. The former is examined in
the present study. The objectives of ICOMOS and ICCROM emphasize the need to establish
a culture of prevention prior to an earthquake event. This approach is not only more
cost-effective but also crucial, because reacting to emergencies after an earthquake may not
always be efficient, particularly when the damage is irreversible [13]. The Lima Declara-
tion [14] prescribed the establishment of a disaster mitigation culture and stressed the need
for ICOMOS National Committees to enhance the essence of conservation charters, taking
into account the mitigation of cultural heritage disasters in areas prone to earthquakes. In
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general, a thorough evaluation of the hazards that impact a site and its inhabitants and
visitors is needed for the purpose of disaster prevention.

Concerning vernacular heritage, inadequate craftsmanship, insufficient financial sup-
port, a large number of buildings without maintenance, and the use of substandard materi-
als require that measures be implemented to establish preventive conservation techniques
and criteria. These are essential to safeguard this traditional architecture from various
potential risks that may pose a threat in the future. Particular attention should be given
to preventive conservation for earthen architectural heritage, as earth as the base raw
material of the building is often inherently fragile and can degrade rapidly under certain
conditions [5]. Analysis of earthquake-related casualties and losses in recent years indicates
that seismic events can cause significant and devastating damage to buildings, particularly
when built with fragile materials like adobe.

In 2001 and 2007, two earthquakes with a moment magnitude of around 8 affected
various Peruvian regions and destroyed a vast number of adobe houses. In El Salvador,
two earthquakes (M,, of 7.7 and 6.6) caused severe damage and collapse in 200,000 adobe
houses [15,16]. Blondet et al. [17] and Dowling [18] summarized the typical failure of adobe
constructions due to earthquakes. Failures of adobe constructions (mainly dwellings) in
different parts of the world (Iran and Pakistan, 2013; Turkey, Maden-(Elaz1g), 2011; Peru,
Pisco, 2007; San Simeon in California, 2003) were investigated by Tarque et al. [19] based
on post-earthquake observations. Although there are different typologies of constructions
in these areas, it seems that the type of building failure is common in all of them, basically
being due to the low tensile strength of adobe masonry.

During earthquake events, the adobe material starts to fail at the zones of stress
concentration, such as the corners of openings. Also, vertical cracks at the intersection
of two orthogonal walls may appear. This is due to the absence of confinement elements
that can guarantee a box behavior on each floor. If walls continue to break, then the most
probable form of failure is due to the overturning of walls and the roof collapsing. The main
reasons for the failure of adobe buildings can be summarized as the brittleness of adobe
material, poor adhesion between mortar and adobe units, a lack of integrity (confinement
elements) and weak connections between walls and roofs, a lack of bond beams, weak wall
to floor connections, weak wall to wall connections, poor quality of the structural materials,
poor workmanship during the construction, etc. [20,21].

The Alpine-Himalayan earthquake zone as one of the most earthquake-prone areas
in the world and traverses the country of Iran. Over the course of the 20th century, Iran
saw 20 significant earthquakes, resulting in the deaths of over 140,000 individuals, the
demolition of a number of villages and cities, and substantial economic damages [22].
Recent seismic events that occurred in Tabas (1978), Bam (2003), and Dahoeieh-Zarand
(2005) have shown that adobe buildings are inherently more vulnerable to seismic damage
than other building types [23-25].

Notwithstanding its position in a region prone to earthquakes, Iran boasts a substantial
collection of historical adobe buildings, especially in its central and southern regions. The
historical city of Yazd, characterized by its significant adobe monumental and vernacular
architecture, has a rich earthen legacy originating from ancient cultures and civilizations
across several historical eras. The city’s historical fabric is characterized by a large number
of traditional vaulted adobe houses. A significant proportion of these houses remain in
good condition and continue to be used on a daily basis.

Adobe vaults are often distinguished by the use of weak and fragile materials, ex-
cessive weight, and inadequate connections. As a result, their collapse is a significant
contributor to human deaths, as was observed during the 2003 Bam earthquake [26-31].
Given the seismic risk in Yazd, characterized by a code-based peak ground acceleration of
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0.25 g (return period of 475 years), together with the widely recognized high susceptibility
of vaulted adobe houses to collapse during earthquakes, conservation efforts should priori-
tize a preventive approach regarding the irreversible collapse of these buildings during
occurrences of exceptional seismic activity. The existence of a potential risk leads to a
need to change conservation methodology components or to focus more specifically on
some of these components. The methodology regarding the preventive conservation of
historical adobe houses in Yazd presented in this paper includes different steps, such as
documentation and studies; the definition of objectives; the assessment of significance
and values; the definition of seismic safety and seismic intervention criteria; conservation
strategies and the prioritization of case studies; decision-making on interventions; and
seismic safety assessment.

3. Documentation and Studies

For the present paper, it was essential to examine Yazd’s historic earthen fabric, its
adobe architectural heritage, and its conservation practices. Additionally, it was also funda-
mentally important to assess the region’s seismic activity and its protective regulations in
that regard.

3.1. The City of Yazd and Its Seismicity

Centrally situated in Iran, the city of Yazd serves as the administrative hub of Yazd
province and is encompassed by expansive deserts characterized by a distinct climatic
environment. Yazd, being the most arid city in Iran, has a hot desert summer climate with
a maximum temperature of 45 °C, 12% relative humidity, and a high rate of evaporation; a
cold winter with a minimum temperature of —14 °C; an average of 3188 sunny hours per
year; and an estimated annual precipitation of 64 mm [32].

The combination of these natural conditions, together with the local abundance of
high-quality soil suitable for constructing adobe units, has established adobe architecture as
the prevailing building style in the historic fabric of Yazd (see Figure 1). The well-preserved
adobe architecture of Yazd includes religious buildings, palaces, defensive fortifications,
gardens, schools, and traditional dwellings that originated from different historical periods
after the Islamic Era, namely from the 6th and 7th centuries and thereafter.

(b)

Figure 1. Yazd's historic fabric: (a) general view; (b) view of residential buildings (source: M. Hoseini).

Based on the Iranian seismic design code (named hereafter Standard 2800) [33], the
city of Yazd is prone to earthquakes, with a likely peak ground acceleration (PGA) of 0.25 g
for a return period of 475 years (see Figure 2a). Furthermore, Ariamanesh [34] calculated
its likely PGA as 0.27 g for a return period of 75 years. Asadi et al. [35] also calculated
that Yazd has PGAs of 0.24 g for a return period of 475 and 0.35 g for a return period of
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2475 years. Historically, Yazd province has been susceptible to seismic activity. Figure 2b
illustrates the positions of earthquake epicenters and significant faults in the province and
its surrounding regions.

» 65<M<7.0

4” 6.0< M<6.5

N , 5.0sM<55

Thrust and i

A A
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—=—" Strike- 40<M<5.0

, slip fault =
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(b)

Figure 2. Earthquake hazard of Yazd province: (a) different seismic hazard zones of Iran [36];
(b) earthquake epicenters and main faults around the province [37].

The province saw nine significant historical earthquakes with an estimated magnitude
greater than 4 before 1900 (see Table 1). The most significant ones took place in 1824, 1844,
and 1853. However, there are no pertinent records documenting the extensive destruction
they inflicted [35,38,39]. Since 1900, there have been thirteen earthquakes with a magnitude
greater than 4.5 and an epicentral distance below 150 km from the city of Yazd, as presented
in Table 1 [40]. No significant damage to structures was recorded in any of these events.

Table 1. Historical earthquakes that occurred near Yazd province [38] and the earthquakes that
recently occurred near the city of Yazd [40].

Historical Earthquakes Recent Earthquakes
Year Ma‘(gl\l}li:;l de Year Magnitude Dfslziflil;t{;:n)
1344 5.7 1958 5.7 My 122
1459 6.6 1973 5M, 17
1591 5.9 1974 5.2 M, 121
1752 5 1978 45M, 18
1765 4 1979 4.6 My, 86
1784 4 1981 45M, 140
1824 6.4 1982 4.8 M, 128
1844 6.4 1995 4.8 My, 112
1853 6.5 2001 45M, 149
2005 45M, 56
2007 5 My 147
2012 45M, 64

2017 5My, 97
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While Yazd is generally susceptible to nondestructive earthquakes of low to moderate
intensity, the existence of eleven active faults in the city and its surrounding area (Figure 2b)
indicates a significant seismic risk. This phenomenon emerges from a widely acknowledged
seismologic theory, namely that devastating earthquakes are triggered by active faults
following millennia of seismic inaction. This phenomenon pertains to two catastrophic
seismic occurrences that took place in Iran, the 2003 Bam and 1978 Tabas earthquakes, both
of which were also experienced in the city of Yazd. The existence of the oldest mosques
in Tabas and in Arg-e-Bam dating back approximately 700 and 2000 years, respectively,
prior to the occurrence of the earthquakes indicates that the absence of previous seismic
events can lead to significant earthquakes characterized by extensively prolonged return
periods [41,42].

3.2. Adobe Houses in Yazd

A study conducted by Aqasafari et al. [43] revealed that in 2006, in the historic fabric
of Yazd, there were almost 4200 adobe houses over 60 years old. The majority of them
originate from the Qajar (1785-1925) and Pahlavi (1925-1979) eras, with just a small number
surviving from the Safavid period (1501-1736) and older [44]. The vernacular architecture
of Yazd’s adobe structures has evolved over several centuries, as a direct response to the
arid climatic conditions of the region. Each house is oriented towards a central courtyard
containing a central pool and with gardens around its sides, which serves as the focal point
for the living areas. Typically, the areas surrounding the courtyard are covered by a series
of adobe barrel vaults, high solid earthen walls around the building constructed for the
purpose of ensuring security and privacy and shielding against the sun and hot winds.
This also comprises the only opening to the street, which is through the main entrance [45].

Yazd’s vernacular adobe houses are commonly referred to as year-round houses due
to the living areas surrounding the courtyard, to be used throughout the various seasons of
the year [46]. A typical adobe house in Yazd is presented in Figure 3. It can be noted that,
in addition to adobe masonry, Yazd’s buildings also contain other materials, such as bricks
(baked adobe), wooden components, floor tiles, gypsum, and earthen plaster, a mixture of
clayish soil and straw.

- o
W
]l.'llrl'-ll

(b) (c)

Figure 3. Tehrani-ha house [47]: (a) plan view; (b) sectional elevation view; (c) perspective view.
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3.3. Protection Policy and Conservation Activities in Yazd with Special Focus on Seismic Safety

The preservation and respect of cultural heritage may be ensured by formulating
updated and protective regulations and legislation. However, there is a significant lack
of conservation policies specifically addressing adobe architecture. Currently, there are
no established regulations or criteria pertaining to the preservation of historical adobe
architecture, both before and after the occurrence of an earthquake. This situation results in
damage, devastation, or the loss of adobe heritage as a consequence of earthquakes, and
a noticeable absence of inclination towards the restoration or the rebuilding of damaged
adobe structures.

The Iranian codes for the seismic rehabilitation of existing buildings [48] and Standard
2800 [33] do not include adobe structures in the current construction codes. The absence
of comprehensive legislation and laws in the field of conservation of adobe heritage in
Yazd is evident, resulting in somewhat random conservation interventions. Moreover, Iran
lacks a national regulation for the conservation of adobe heritage. The 2003 earthquake
in Bam resulted in significant damage and destruction of several adobe structures in the
citadel [49]. The newly restored or rebuilt buildings now only retain a limited number of
architectural, cultural, and historical aspects of adobe heritage that existed previous to the
catastrophe. In the case of Bam city, Victoria Kianpour [50] states that this occurred as a
result of the urgency to accelerate reconstruction through the use of conventional building
materials, concerns regarding the safety of adobe construction methods, and the absence of
an established national building code or guidelines to support adobe construction.

Significant conservation efforts in the city of Yazd have been carried out under the
oversight of ICHTO (Iranian Cultural Heritage, Handcrafts and Tourism Organization),
keeping alive the World Heritage city earthen fabric and preserving its cultural heritage.
Public or private organizations or individuals rent or purchase the aforementioned build-
ings for a new purpose, such as offices, institutes, museums, hotels, restaurants, and schools
(see Figure 4). Over the past several decades, there has been an increasing inclination to
convert some impressive examples of architecture into conventional hotels and restaurants
catering to both domestic and foreign visitors. Nevertheless, there is concern regarding the
alteration of the identity of the houses when introducing new functions and activities.

(a) (b)

Figure 4. Distinguished adobe houses in Yazd historic fabric: (a) Golshan house (hotel-restaurant);

(b) Malek-o-Tojjar house (hotel-restaurant) (source: N. Haji Sadeghi).

The majority of conservation work in Yazd city has been carried out by masons who
specialize in preserving and restoring historic adobe structures, under the guidance of
architects or conservators. The conservation efforts described above did not take into
account the enhancement of the seismic performance of these adobe dwellings, but rather
focused on maintaining the visual integrity and preserving the original construction.
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In the historic fabric of Yazd, the majority of recent conservation interventions in
the adobe houses focused on immediate strategies to avoid collapse. Other conservation
measures include removing debris, cleaning surfaces, renewing plaster, repairing damaged
sections, restoring damaged parts, and rehabilitating traditional houses.

4. Conservation Objectives

Various goals are taken into consideration for the conservation and restoration of
adobe projects in seismically vulnerable areas in the existing literature. These goals include
the following:

- To improve the structural performance and safety of earthen buildings while mini-
mizing the loss of historic fabric (project for the seismic retrofitting of historic earthen
buildings in Peru) [51];

- To have minimal impact on the original building, but also to stabilize the ruins and
make it safer for people (a project that is part of the “Getty Seismic Adobe Project to
Historic Adobe Buildings”) [52];

- To seismically stabilize the site and to develop a design that satisfies life safety and
fabric preservation (a project at the Las Flores Adobe National Historic Landmark) [53];

- To protect the vernacular value in many of the villages in Peru (seismic risk manage-
ment research project) [54];

- To minimize earthquake catastrophes and losses (research regarding a seismic
retrofitting system in a historical adobe building) [52].

Significantly, the seismic upgrading of historic structures encompasses two separate
and seemingly contradictory objectives. According to the Lima Declaration [14], the
first priority for heritage protection in the face of catastrophes, such as earthquakes, is
to save human lives. The presence of numerous heritage buildings at risk of collapse,
used for housing, business, or tourism purposes ([14], Art 7), underscores the critical
importance of prioritizing human life safety. The preservation of the integrity, authenticity,
and historical features of built heritage must be prioritized as the subsequent objective in
heritage conservation.

One of the primary objectives of addressing the preventive conservation of historical
adobe houses in Yazd is to ensure the safety of a significant number of residents during
earthquakes, considering the city’s seismic risk levels. This need will be particularly crucial
because of the limited availability of emergency services within a reasonable timeframe
for a substantial portion of Yazd’s historic city. This issue has emerged due to the compact
urban structure of the historic fabric, characterized by narrow alleys and an organic layout
of pathways (see Figure 5) [55], which increases the risk of catastrophe and fatalities
during earthquakes.

The preservation of Yazd’s earthen fabric and cultural heritage, which will protect
the adobe houses during earthquakes, constitutes an additional goal for the conservation
procedure. Furthermore, one of the primary goals during the strengthening process should
be to ensure the conservation of the historical characteristics and integrity of the adobe
buildings. Due to the World Heritage status of the property, it is not acceptable to enhance
the safety of adobe buildings during earthquakes at the expense of damaging their historic
fabric in the process of reinforcement.

Implementing suitable retrofitting methods and confirming their effectiveness using
scientific methods, such as numerical modeling, can help to provide a systematic strategy
and guidance for selecting suitable strengthening techniques. It is relevant, when defining
the conservation process, to examine not only the architectural and structural elements but
also other factors such as cultural, social, and economic concerns.
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Figure 5. Narrow alleys and organic layout of pathways in the historic fabric of Yazd (source: N.
Haji Sadeghi).

5. Evaluation of the Importance and the Conservation of Values

An analysis of the reasons why Yazd’s earthen fabric is held in high regard for both
current and future generations could enable the evaluation of its importance. Considering
the significance of Yazd’s historical fabric and how this significance might be increased
through future use, interventions, preservation, and protection could be instrumental when
addressing preventive conservation decision-making.

Historical houses in seismically prone areas are first and foremost valued as housing for
current and future residents. What follows is an analysis of the earthen fabric’s significance
and the built heritage’s value. Research investigations indicate that there is a significant
number of historical adobe houses within the historic city of Yazd [43]. A substantial
proportion of these adobe dwellings are currently inhabited. These ancient residences
contribute to the overall fabric’s liveliness and activity, preserving cultural individuality
while also preventing cultural uniformity. Significantly, it can be stated that around the
world, Yazd’s earthen historic fabric is among one of the most extensive adobe urban sites
in use, and in a good state of conservation. Its historical adobe architecture is erudite in its
singularity, but vernacular in its origin [56]. The city is known for its traditional courtyard
houses and well-designed urban landscape. The historical urban environment of Yazd is
an indicator of the cultural, social, and religious configuration of the historical fabric. It
is widely acknowledged that the city center skyline, which is particularly known for its
minarets, wind-catchers, and domes, is a masterpiece and provides an exceptional view
and visual integrity that can be seen from a great distance (see Figure 6).

Figure 6. Skyline of the historic fabric of Yazd (source: M. Correia ©ICHTO).
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The techniques and the skills that are employed for the construction of vernacular
adobe dwellings in Yazd'’s historic fabric constitute a remarkable architectural technology.
The only local resources that are used to manufacture adobe units and mortar for the
construction of walls and vaulted roofs are water and soil, which are obtained by excavating
the earth to construct underground rooms of houses. The prevailing method used in the
construction of adobe vaults and dome roofs in these dwellings is a refined and advanced
roofing system, characterized by its construction without a framework.

Yazd’s adobe vernacular architecture exemplifies the human ability to optimize the
use of limited local resources in an effective way. Preserving this sustainable vernacular
architecture and conducting in-depth studies on it may enhance the design of new buildings
that ensure human comfort in challenging climatic conditions, and even further when facing
climate change’s stronger impacts in hot environments.

6. The Criteria for the Seismic Safety and Intervention

The diverse impacts of earthquakes on built heritage indicate that the characteristics of
potential seismic events are critical parameters for establishing seismic criteria. Considering
the seismicity of Yazd, the adobe houses should maintain their structural stability even
during the most severe expected earthquakes. Some damages to structural and non-
structural elements are allowable, only if these damages do not compromise the integrity
of the entire structure. To this end, the structural capacity of adobe houses should be more
than the seismic demand.

Preventive conservation interventions for vernacular adobe houses in Yazd must
take into account the cultural, social, and historical value associated with these structures.
Neglecting this value results in the erosion of people’s identity and culture. The present
and future functions of adobe buildings are critical for establishing seismic safety criteria.
The majority of adobe structures within the historic fabric of Yazd have served as private
residences. However, in recent decades, numerous adobe houses have been repurposed
for various functions, including schools, institutes, hotels, and university departments (see

Figures 4 and 7).

Figure 7. New function of adobe houses in the city historic fabric: (a) Art and Architecture Department
at Rasoulian house; (b) Rismanian house (Source: N. Haji Sadeghi).

It is necessary to establish seismic safety criteria for the preventive conservation of
Yazd’s historical adobe houses, considering the seismic activity in the area. Intervention
measures for preventive conservation, in accordance with general conservation criteria and
specific seismic safety criteria, should

- Ensure the safety of individuals (owner, user, visitor);
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- Enhance the seismic resistance of buildings (reducing damages during minor or
moderate earthquakes and minimizing structural damages during major earthquakes);

- Respect buildings” social, cultural, and historical value;

- Consider their current and future function;

- Create very limited alteration to the building’s appearance;

- Minimize invasiveness in the original structure of adobe houses;

- Use traditional techniques and materials; when this is not possible, then a combination
of traditional and modern techniques and materials should be considered (if their use
do not affect the integrity of the building);

- Respect historical adobe houses’ integrity and authenticity;

- Comply with original construction materials and techniques;

- Choose reversible materials with minimal impact on the adobe structure;

- Select economical materials (affordable materials for house owners);

- Consider the availability of materials and of technological competency in Yazd;

- Be durable in Yazd’s climatic condition;

- Be easy to maintain and monitor.

These are a few recommendations to consider when addressing seismic safety criteria
in preventive conservation.

7. Conservation Strategies and Prioritization of Case Studies

Considering the large number of vaulted adobe buildings existing in Yazd and the
limited budget to address preventive proactive measures, it is essential and even critical, to
prioritize the houses where conservation intervention will occur so that they are prepared
if an earthquake strikes. There are some criteria that strongly influence the prioritization of
adobe dwellings. This research focuses on the primary goal of the preventive conservation
of adobe dwellings, which is to ensure the safety of people during an earthquake. The
first parameter to consider is the number of residents in a house. The new use that can be
allocated to a house can significantly impact its occupancy rate.

According to Standard 2800 [33], structures such as schools, mosques, theaters, and
movie theaters, which can cause substantial loss of life when damaged, are classified as
important buildings. When comparing the functions of adobe houses with those of the
buildings in the specified categories, adobe houses serving as schools and universities,
such as the Art and Architecture Department, emerge as the most significant structures
due to the potential consequences of collapse and the associated loss of human life (see
Figure 7a). To this end, for the current research, one of the buildings belonging to the Art
and Architecture Department is considered as the case study for conducting seismic safety
assessment (Section 9).

It is important to note that for many years, certain houses within the historic fabric of
Yazd have hosted annual religious ceremonies on specific days. Most of these houses lack
permanent residents, yet they attract hundreds of visitors on certain days (see Figure 7b).
Consequently, prioritizing the preventive conservation of these buildings becomes essential.
Furthermore, the classification of buildings in Eurocode 8 [57] and Standard 2800 [33]
considers the social, cultural, and financial effects of building collapses.

Buildings in which damage would result in the loss of national heritage are extremely
important when assessing the effects of collapse. These encompass cultural institutions,
museums, libraries, and other locations where critical national documents and significant
artifacts are conserved. In the historic fabric of Yazd, few buildings exist in such conditions;
thus, it is essential to protect these dwellings in order for them to be able to withstand
earthquakes. Residential buildings, offices, and hotels are subsequently considered. Given
the implications of building failures, these structures possess moderate significance relative
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to those previously mentioned. The prevalence of adobe houses serving as residential
buildings necessitates the establishment of effective parameters to prioritize intervention
measures. The historical characteristics of adobe houses are a primary factor contributing to
their significance. Furthermore, adobe houses exhibiting notable architectural or structural
features should be prioritized for protection against earthquakes.

It is important to recognize that adobe houses within the historic fabric of Yazd are
not standalone structures; rather, they are integrated components of a larger building
complex. The safety of individual houses affects the safety of neighboring structures.
Identifying vulnerable houses and reinforcing them improves the seismic safety of the
entire complex. The challenges associated with rescue operations during an earthquake
contribute to an increase in disaster impacts and fatalities. The location of buildings may
serve as a significant factor in the prioritization of seismic strengthening measures. To
assess the challenges of rescue operations in the historical fabric, it is essential to consider
various parameters, including the proximity of the houses to emergency facilities, the width
of adjacent roads, and the distance of the houses from urban open spaces [58].

The aforementioned parameters facilitate the prioritization of adobe houses and their
classification into various levels according to the effects of their collapse. Each level
comprises several adobe houses, and it is evident that the house with the most vulnerable
structure to earthquakes should be prioritized for strengthening. To identify houses with the
highest seismic vulnerability, more accurate safety assessment methods must be developed.

8. Decision-Making Intervention

The evaluation of the safety of adobe dwellings requires the analysis and interpretation
of data obtained from their seismic safety assessment. Based on safety assessment results,
a conclusion is drawn regarding the need for intervention approaches. The review of
literature and field observations regarding recent earthquakes in regions with adobe archi-
tecture reveals that the vulnerability of such buildings is due to the insufficient compressive
and shear strengths, extremely low tensile strength, and inadequate stiffness of adobe
materials and structures. The unexpected failure of adobe structures and the dissemination
of suffocating dust during their collapse are the primary contributors to significant human
casualties [59]. Therefore, employing an appropriate retrofitting system to prevent or delay
their collapse may be effective in mitigating earthquake disasters. This section considers
intervention techniques aimed at the seismic retrofitting of adobe constructions.

Arya [60] introduced a set of intervention techniques and design recommendations de-
rived from traditional methods for non-engineered masonry construction in seismic zones.
Research conducted at the Getty Seismic Adobe Project (GSAP) has identified two primary
retrofitting design concepts for adobe buildings: strength-based and stability-based. These
concepts address elastic performance and post-elastic behavior, respectively. The former
set of retrofitting techniques seeks to postpone crack formation by enhancing the capacity
of adobe masonry or components within the elastic range. Stability-based retrofitting
techniques prioritize enhancing the structural ductility of a building’s post-elastic limit,
which is deemed more critical than the structural performance prior to crack formation.
These two retrofitting strategies may complement each other [14,61,62]. Michiels [61] and
Haji Sadeghi [63] reviewed various seismic retrofitting techniques applicable to historical
adobe buildings across each aforementioned group.

Despite the demonstration of vulnerability in adobe vaults during previous earth-
quakes, there is a shortage of experimental studies regarding the seismic behavior of vaulted
adobe structures in the literature. Research focusing on specific intervention techniques for
adobe vaults is also limited. In Peru, two vaulted adobe models—one unreinforced and
the other fully reinforced with a polymer mesh—were subjected to simulated seismic tests.
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The results indicated that the unreinforced adobe vault exhibited significant vulnerability,
whereas the fully reinforced vault demonstrated satisfactory performance [64]. Sathiparan
and Meguro [59] assessed the seismic performance of vaulted adobe house models utilizing
both PP-band mesh and tie-bars. In order to evaluate the seismic behavior of vaulted adobe
houses in Yazd, an experimental assessment of a typical adobe vault, strengthened with a
textile-reinforced mortar (TRM)-based compatible composite, was conducted [65].

Various techniques were applied in conservation projects for adobe vaulted buildings
across several cities in Iran, including Yazd, Bam, Kashan, and Isfahan. The techniques
include the use of steel tie-rods in adobe vaults, PVC mesh covered with Kahgel [66],
palm mesh and palm ropes covered with earth and straw mortar [67], fiberglass mesh
and clay-straw mortar applied to both sides of the vaults [67,68], plastic mesh covered
with industrial gypsum and clay mortar [69], and steel mesh covered with gypsum and
straw mortar.

When selecting appropriate methods for preventive conservation intervention, there
is first a need to establish conservation criteria and the principles of intervention. This is
why seismic criteria for adobe houses are established and incorporated in Section 6. The
final decision regarding an appropriate intervention technique for vaulted adobe houses
involves selecting relevant techniques and evaluating their compliance with established
seismic intervention criteria. The results are presented in Table 2.

Table 2. Assessment of intervention techniques for adobe buildings to determine seismic criteria.
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and earth plaster

The symbol “e” indicates the compliance of the presented intervention techniques with seismic criteria.

All of the aforementioned intervention strategies enhance the seismic performance
of adobe constructions. However, they also improve the structural behavior of adobe
constructions at various scales. The two final intervention strategies shown in the table
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above demonstrate a higher level of adherence to the specified seismic criteria compared
to the other techniques. The physical and mechanical characteristics of various mesh
types presented in several studies [63,70-74] have shown that geogrid mesh is superior to
impregnated natural fiber mesh for retrofitting adobe structures.

In addition to being compatible with adobe construction, natural fibers have cer-
tain limitations including moisture absorption leading to swelling and lower durability
compared to geogrid mesh. Natural fibers are also more susceptibility to termite attack,
and have inadequate fire resistance. Prior to the application of natural fibers in adobe
construction, it was common practice to impregnate the fibers with a resin, such as epoxy
or polyester resin. Impregnated natural fibers currently lack complete eco-friendliness.
Meanwhile, natural fibers are also more costly than a geogrid mesh, particularly in arid
towns like Yazd. Consequently, a geogrid mesh with earthen plaster is selected as the
proposed intervention technique for the vaulted adobe house studied in this paper in the
event of a need for seismic retrofitting. A numerical or experimental analysis should be
used to validate and show the effectiveness of the suggested intervention strategy.

The selection of intervention strategies for each adobe structure is determined by
the findings of the research on its historical and architectural characteristics, as well as
the evaluation of its seismic structural properties. Therefore, it is necessary to establish a
specific intervention plan for each adobe house. When dealing with exceptional structures
that serve as monuments in the historical fabric, it is also relevant to establish specific
criteria for seismic intervention and to choose suitable intervention techniques.

9. Seismic Safety Assessment

For built heritage in areas prone to earthquakes, safety assessment should ascertain
whether the building is in a state that needs the implementation of a seismic retrofitting
project and define the needed treatment measures. Within the preventive conservation
procedure proposed in this study, safety assessment plays a key role. This phase includes
several technical aspects, which require the phase presentation in more detail. Therefore, the
objective of this section is to present a step-by-step numerical method for the seismic safety
assessment of adobe vaulted houses in Yazd considering the principles of performance-
based earthquake engineering as well as the conservation criteria. To this end, this section
adopts a case study structure to which the method is applied. The method can be considered
as a model for informed decision-making in the seismic preventive conservation of Yazd
adobe vaulted houses in the future.

Strict structural analysis of any of the old vaulted adobe houses in Yazd is lacking, and the
behavior, stability, and safety of these structures that face potential damage during earthquakes
remain largely unknown. Generally, in the case of adobe structures, performed seismic studies
have mostly focused on surveying their behavior under seismic events [18,27,75,76] and on
the mechanical behavior of adobe units and prisms [77-79], adobe walls [15,80-82], and scaled
adobe constructions with wooden pitched or flat roofs [83—-86]. Despite the documented
susceptibility of adobe vaults to earthquakes in the past, there is a scarcity of research in the
literature regarding the seismic performance of vaulted adobe structures. The fact is that
experimental studies on the seismic performance of adobe vaults are limited in the published
literature [59,64,65].

Research performed by Kuwata, Takada, and Bastami [87] determined the natural
period of a collapsed adobe vaulted structure in Bam, Iran, following the March 2003
earthquake. Moreover, the building’s seismic response was examined including the discrete
element approach. A limited number of field survey studies have also been conducted on
the performance of vaulted adobe structures during the Bam earthquake [26,29]. Regarding
the seismic performance of vaulted adobe houses in Yazd, Haji Sadeghi et al. [88] employed
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a numerical method to assess their structural integrity. Furthermore, Haji Sadeghi et al. [65]
conducted an experimental evaluation of a traditional adobe vault in both reinforced and
unreinforced states.

Considering the limited data on the structural analysis and performance of historical
adobe buildings in Yazd, this section evaluates the structural performance and seismic
safety of a case study structure, creating its numerical model in the software HiStrA
Ver.2022.1.6 and performing several seismic analyses. The need to implement a strengthen-
ing technique, and its effectiveness on the structure’s behavior is also evaluated.

Since the vulnerability assessment of historic adobe buildings is beyond the scope of
the Iranian legal documentation (see Section 3.3), this section adopts the Italian guideline
for reducing earthquake risk for cultural heritage buildings [89] (named hereafter DPCM11)
and the Italian seismic code [90] (named hereafter NTC18). DPCM11 is one of the few
available references which not only relies on the ISCARSAH recommendations [91] but
also introduces specific numerical and analytical approaches for the seismic analysis and
assessment of historical buildings. The approaches and procedures proposed in DPCM11
are general and can be applied to any historical building around the world, although local
guidelines, if any, take precedence.

9.1. Description of the Case Study

As stated in Section 7, some adobe houses within Yazd’s historic fabric now have
new uses, such as schools, universities, and hotels, making earthquake-induced human
casualties more significant than under their residential roles. Due to the importance of
such houses in the disaster risk management of the city’s historic fabric, the adopted
case study addresses the building that hosts the Department of Art and Architecture of
Yazd University, located in the heart of the fabric-nominated core zone. The department,
with more than 500 students and staff members, is a historic complex including several
connected houses (Figure 8a) dating back to the Qajar period (about 200 years ago). The case
study, which is highlighted by the red line in Figure 8a, corresponds to the “Talar” space of
one of these houses. In general, “Talar” is a dominant space in most of the Yazd traditional
houses, comprising a three-sided room covered with a large-span barrel vault. Usually, it is
supported by adjacent vaults with a shorter span. The Talar space may experience the most
damage when an earthquake occurs, due to its large span with respect to the other vaults
of a house.

The case study structure bordered by a red line in Figure 8b consists of a main barrel vault
with a span and rise of 5.40 m and 1.70 m, respectively, and two adjacent vaults presenting a
lower span and rise of 2.80 m, 0.90 m and 2.40 m, 0.80 m, respectively (see Figure 8b for other
dimensions of vaults and walls). All the vaults under study have a thickness of 0.25 m in the
form of a segmental shape, which is very common in Yazd historic houses. All of the walls
maintain a constant thickness throughout their height except for the longitudinal continuous
wall that presents a thickness linearly increasing up to 0.40 m at the top level.

This Talar space was chosen among several similar spaces in the department complex
due to its simple form, consisting of a main central vault and two one-story adjacent
smaller vaults (for more information about the Talar geometry types, see [88]), as well as its
boundary conditions. The latter refers to the condition observed in the end section of the
case study, which makes its numerical simulation possible without modeling the adjacent
parts of the structure. As shown in Figure 8, the selected Talar space is surrounded by a
dome and a perpendicular vault on the right and left sides, respectively. It was assumed
that the existing dome and vault provide stiff boundary conditions on each side of the
studied structure, as assumed in [88]. This can be simulated in the numerical model by
considering supports at the end sections of the studied structure, namely on the exterior
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side of the ended transversal walls (see Section 9.2). However, to better simulate the real
out-of-plane behavior of these walls as well as the rigidity of the supports, the supports
were reproduced by three thick walls at the exterior side of each of the ended transversal

walls (see Section 9.2).
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Figure 8. The adopted case study structure: (a) position in the Department of Art and Architecture,
shown by a blue line; (b) the structure borderline, shown by a red line, and dimensions; (c) the

structure exterior view.



Buildings 2025, 15, 134

18 of 39

9.2. Numerical Simulation

Among the various structural component models available in the literature, a discrete
macroelement model implemented in the software HiStrA Ver.2022.1.6 (Historical Structural
Analyses) [92] was adopted in this paper. The link-based scheme for this macroelement
was first introduced by Calio et al. [93]. Subsequently, Panto et al. [94] improved the
macroelement to create a three-dimensional (3D) or spatial macroelement, incorporating
seven degrees of freedom to represent six rigid body motions and one in-plane shear
deformability. The 3D macroelement reproduces the main in-plane and out-of-plane
mechanisms of unreinforced masonry structures.

The macroelement consists of four rigid plates connected by hinges, along with a single
diagonal nonlinear link that rules the in-plane shear-diagonal failure mode (Figure 9a).
Four two-dimensional interface elements located around the main element implement a
specific set of nonlinear links to simulate the other possible mechanisms. The bi-flexural
and axial mechanisms are controlled by a discretized matrix of transversal links. Two
extra links placed along the thickness of the interface elements enable the out-of-plane
sliding and torsion movements of masonry panels. The in-plane shear-sliding mechanism
is governed by the single nonlinear link along the length of the interface elements [95].
The validity of the macroelement to model masonry infill panels [96], walls [94], and
entire buildings [97-99] has been confirmed with respect to the available experimental and
numerical results.

This simplified modeling method is capable of simulating curved masonry structures
by irregular spatial macroelements (see Figure 9b) [95]. The curved masonry structures are
discretized considering two different sets of grids composed of curved lines. The first and
second sets of grids (red and blue lines in Figure 9¢, respectively) are defined by means
of horizontal planes along the structure height and vertical planes rotating around a fixed
axis, respectively. This method, which has been validated in previous comparative research
(e.g., [100]), has been used to model domes [101] and complex vaults [102]. Hence, such a
spatial macroelement was adopted for the numerical simulation of the vaulted structure
studied in this paper.

The macroelement method is also able to model externally bonded composite layers
for the strengthening of masonry elements, as reported in [104,105]. As shown in Figure 9d,
this reinforcement is simulated by incorporating zero-thickness rigid flat elements that
are partially or completely connected to one of the macroelement surfaces by means of
two-dimensional interface elements. The interface elements consist of a two-dimensional
grid of transversal nonlinear links and a series of sliding nonlinear links to model the
flexural detachment and the shear debonding (delamination) of reinforcement, respectively.
Meanwhile, a specific one-dimensional interface element consisting of a discrete linear
distribution of nonlinear links is used to simulate the connection between the rigid flat ele-
ments (reinforcement) [105]. The modeling method has been validated by Panto et al. [106]
and by Cannizzaro et al. [107] regarding the experimental results.

To replicate the global behavior of the case study structure, the entire structure was
idealized in the HiStrA software Ver.2022.1.6 through a 3D numerical model. Figure 10
shows the computational model of the structure. In the numerical model, the actual
dimensions (Section 9.1) and the construction details of the structure were considered.
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Figure 9. The adopted modeling method: (a) the regular and (b) irregular 3D macroelements for
modeling masonry elements; (c) the discretization procedure of curved masonry structures; (d) the
zero-thickness element for modeling reinforcing layers [103] (blue, red, and black springs represent
different nonlinear links used in the macroelement).
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Figure 10. The computational model of the case study structure in HiStrA Ver.2022.1.6 (red dots
represent the considered control nodes in the pushover analyses).

The building has no visible structural damage due to soil settlement, gravity loads,
and environmental actions, resulting in a much simpler model without the need to sim-
ulate any existing cracks. The construction method of the structure, particularly the
connections between its various parts (such as walls and vaults), could potentially lead to
out-of-plane failures under seismic action, as observed for similar buildings during past
earthquakes [108]. This is in agreement with the ability of the adopted 3D macroelement to
simulate all types of failure modes of masonry structures.

Conducting in situ nondestructive tests to derive the mechanical properties of mate-
rials used in a historical building is a widely accepted and standard material assessment
methodology. However, conducting such tests is outside the objective of this study. On the
other hand, there are no ad hoc in situ studies to determine the mechanical properties of the
case study structure. Therefore, they were adopted from the available experimental results
in the literature. The entire building, including all the walls and vaults, are entirely made
of adobe units and mud mortar for bed and head joints. There are several experimental
research works about the mechanical properties of adobe masonry, including those ad-
dressed in [109] from different regions around the world. However, due to dependency of
adobe mechanical properties on the local soil type, the local production procedure, and the
difference between old and new material, this paper makes reference to an experimental
study performed on local and old adobe material.

To the best of the authors’ knowledge, Eslami et al. [79] conducted the only experimen-
tal research that addressed the mechanical properties of traditional adobe units and mud
mortar used in Yazd. They sampled a number of adobe units from a 100-year historical
building in Yazd to conduct the relevant material characterization tests.

They determined the mechanical properties of masonry prisms by sampling a number
of adobe units from a historic building that is roughly the same age as the case study
structure in this paper. Therefore, the relevant properties for the entire building model,
which are listed in Table 3, were adopted from the above-mentioned study. For performing
seismic analyses, it should be noted that the strengths were divided by the confidence safety
factor mentioned in NTC18 [90] and assigned to the lowest level of structural knowledge
(LC1), namely SF = 1.35.
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Table 3. Mechanical properties of the masonry material adopted in the numerical model [79].

Density (ke/m?) Compressive Modulus of Tensile Strength Shear Strength
y (ke/ Strength (MPa) Elasticity (MPa) (MPa) (MPa)
1745 1.12 214 0.1 0.057

In the vernacular adobe architecture of Yazd, there is a traditional method consisting
of spandrel walls and vaults, which is applied to vaulted adobe roofs/floors to flatten
their extrados without adding to their weight. Such extremely thin adobe walls and short-
span vaults, known as “Konou”, are built usually upon the vault’s transversal direction.
The structure under study uses such details at its roof level. In the numerical model,
Konou’s weight was considered and applied as a vertical load. Furthermore, the live
load determined by NTC18 [90] was applied, taking into account the fact that the roof is
only accessible for maintenance purposes. The seismic weight of the entire structure was
estimated to be about 2286 kN.

9.3. Seismic Analysis

Pushover analysis, a nonlinear iterative analysis method that subjects the structure
to incremental static lateral loading until it reaches a predefined analysis target, was
considered to evaluate the global seismic behavior of the structure. The analysis produces
a nonlinear force-displacement curve (capacity curve), where the base shear force and the
structure’s top displacement, respectively, represent the force and displacement. For this
study, the N2 method [110] was used as a common nonlinear static procedure (NSP) for
evaluating the seismic safety of historic buildings within the performance-based seismic
assessment framework (e.g., [111-114]).

The main limitation of the conventional NSPs, such as the N2 method, is that they
assume that the dominant translational mode captures the structure’s dynamic behavior. Ir-
regular masonry structures without box behavior typically exhibit a dynamic response with
predominant torsional or local modes, making the application of the N2 method impossible.
On the other hand, the extended N2 method [115], a non-conventional NSP designed to
account for higher mode effects in pushover analysis, is suitable for masonry structures
exhibiting box behavior and rigid diaphragms [116]. When applied to masonry structures
with flexible diaphragms, some other procedures, such as adaptive pushover analysis [117]
and modal pushover analysis [118], do not demonstrate significant improvements in the
capacity curve and failure mechanisms [119,120].

When exposed to multidirectional real earthquakes, irregular structures exhibit a
tridimensional complex response. A 3D building model’s nonlinear dynamic analysis
can accurately represent the real dynamic response by simultaneously adopting the two
horizontal components of seismic ground motions. None of the NSPs mentioned above
can accurately reproduce this complex behavior because they only look at incremental
lateral loading in the structure’s main directions, such as the longitudinal and transversal
directions. This is especially true for irregular masonry buildings without box behavior,
where the structural elements are vulnerable to local damage and failure mechanisms [121].

Hence, this study employed the multi-directional pushover analysis (MDPA) method,
first proposed and applied to an irregular historic masonry palace in [122]. The main
approach of the method involves performing individual pushover analyses in different
directions with respect to the structure’s plan, for which a mass proportional lateral load
pattern is assumed. This is achieved to capture various failure mechanisms of irregular
masonry structures, both in plan and elevation, which are roofed by flexible diaphragms
and lack box behavior. For the structure’s seismic performance assessment, the N2 method
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is applied to the MDPA method results. When applied to another historic masonry building,
Kalkbrenner et al. [121] verified the approach, comparing pushover analysis results with
those from nonlinear dynamic analysis in terms of damage patterns and capacity curve.
Furthermore, the method adopted in this study was previously used by Chacara et al. [123]
for seismic vulnerability assessment of a masonry mockup tested in a laboratory, for which
the out-of-plane failure mechanism was predominant during the test.

In order to capture effectively all the collapse mechanisms and torsion effects around
the structure, eight pushover analyses were carried out, changing the loading direction
with an angular step of 45°. Four analyses were conducted along the main directions of the
structure, which are typically considered for regular structures: positive X (P0), negative X
(P180), positive Y (P90), and negative Y (P180) (refer to Figure 8b for the X and Y directions).
We refer to the other analysis directions as P45, P135, P225, and P315 based on their angle
to the positive x direction.

The arc-length control and the modified Newton—-Raphson method were used to solve
the numerical problem during the nonlinear analysis. Each pushover analysis was run until
reaching structural collapse. It was assumed that the capacity curve’s collapse criterion
corresponds to a displacement that either causes a drop of at least 20% in the structure base
shear [90,124] or a numerical divergence due to large deformations of structural members
during the analysis. For each pushover analysis performed in this study, the gravitational
loading was first applied to the model, and then increasing the horizontal loading imposed
the model according to a mass proportional loading distribution.

This model considers the distribution of structural masses as well as additional masses
due to gravity loading in their actual locations. As reported in [122,123] for masonry
structures with higher mode effects, a set of 50 control points, which represent the mass
distribution within the entire structure, were determined to govern the complex out-of-
plane behavior of the structure. Some control points were considered at the approximate
locations in which the plastic hinges are formed in the vaults under cyclic lateral loading in
the X direction. Others were at the vaults” impost and the walls” middle height. A mass
was allocated to each control point based on the structure’s volume of influence. Within the
N2 method, the corresponding mass distribution of the adopted control points was used to
idealize the entire structure as a nonlinear single-degree-of-freedom (SDOF) system (see
Section 9.4).

In general, for masonry structures with rigid diaphragms well connected to the walls,
the center of mass of the top floor level is usually considered the control node to represent
the structure’s displacement in the capacity curve. However, selecting an appropriate
control node for irregular masonry buildings with flexible diaphragms, like the one in
this study, presents a challenge [120,125]. Several references, including [125,126], report
that the solution to this challenge is to consider different control nodes to capture the
response of the most critical structural elements during the analysis. Therefore, six points
located at the middle vault’s top level, which present the largest out-of-plane displacements,
were selected among the set of control points. The displacement of each of the selected
control points was monitored throughout the pushover analyses. The average value of the
displacements was employed to provide the analysis’s capacity curve, as reported in [121].

Figure 11 shows the capacity curves obtained from pushover analysis of the studied
structure along different directions. The significant difference between the obtained ca-
pacity curves in terms of displacement and base shear force indicate the sensitivity of the
structure’s seismic behavior to the loading direction, arising from its irregular configuration
and its lack of box-type behavior. This confirms the adoption of the MDPA method to
govern the complex seismic response of the case study structure. Figure 12 depicts the
results of analyses along the positive X and Y directions in terms of damage pattern. The
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formation of four plastic hinges in the vaults’ transversal sections primarily governs the
damage pattern in the X direction (Figure 12a). This implies that the in-plane action of
the vaults is more effective than the out-of-plane action of the transversal walls (the walls
along the Y direction) in resisting the X direction’s imposing loads. The vault span has
two hinges on each side, with additional hinges located at the vault’s imposts. This fail-
ure mode is common for vaulted structures under asymmetric lateral loading. In the Y
direction, the out-of-plane overturning of the longitudinal back wall due to insufficient
connections between the wall and vaults is predominant (Figure 12b). The failure modes
in both directions have been observed during past earthquakes—in particular, the 2003
earthquake that occurred in the city of Bam, characterized by its adobe vaulted buildings
(Figure 13) (for more information, see [108]).
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Figure 11. The pushover-obtained capacity curves of the unretrofitted structure in different analysis
directions.
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Figure 12. Cont.
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(b)

Figure 12. Damage (red-color contour of plastic strain) to the unretrofitted structure resulting from
(a) the positive X-direction and (b) the positive Y-direction pushover analyses.

(a) S

Figure 13. Real damage to adobe vaults during the 2003 Bam earthquake: (a) the in-plane failure
mode and formation of plastic hinges [59] and (b) the out-of-plane failure mode and overturning of
the vault’s back walls [17].

9.4. Seismic Safety Assessment of the Unretrofitted Structure

DPCML11 [89], which respects the conservation principles of built heritage such as
those recommended in ISCARSAH [91], proposes three levels of EL1, EL2, and EL3 for
seismic vulnerability assessment. The assessment at these levels requires progressively
more complex seismic analysis. At the EL1 level, a static linear analysis of the structure is
conducted using simple models based on limited geometric and mechanical parameters,
primarily obtained from qualitative visual inspections, to determine the corresponding
collapse acceleration. The EL2-level assessment examines macroelements in one or more
sections of the structure and uses kinematic analyses to investigate the potential activation
of various collapse mechanisms. At level EL3, the whole structure is analyzed globally
using a suitable numerical modeling method, such as finite element modeling, and different
static and dynamic analyses that are linear and nonlinear. Moreover, the EL3 level requires
applying a performance-based seismic assessment method to the entire structure.

This section evaluates the seismic performance of the studied structure using the
MDPA capacity curves, adhering to the EL3 level of DPCM11 [89]. To achieve this, a seismic
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assessment objective, which is the desired performance level against a specific earthquake
hazard, is defined. Next, the N2 method is applied to each direction’s capacity curve to
assess its compliance with the relevant performance criterion. A detailed description of the
procedure and the obtained results are presented in the following.

The N2 method involves identifying a structure’s inelastic displacement response,
known as the target displacement, by intersecting the idealized bilinear SDOF capacity
curve with the inelastic demand spectrum for the given earthquake. For this method to
work, the multi-degree-of-freedom (MDOF) structure capacity curve needs to be reduced
to the equivalent nonlinear SDOF system response. Each point of the SDOF capacity curve,
also known as the base shear (F*)-displacement (d*) curve, is obtained as follows:

_b

== 1)
* dﬂ
dr =3 (2)

where d,, and F, are the displacements and the base shear forces of the MDOF structure
resulting from the pushover analysis, respectively. I' is the modal participation factor,
which is given by:

r— Y m;Pb;

= S ()

where m* is the equivalent mass of the SDOF system, while m; is the mass of node i in a
MDOF masonry structure. ®; corresponds to the displacement of the same node within an
assumed normalized displacement vector @. The shape vector ¢ must be normalized so
that the displacement at the structure’s highest level equals one [110].

The MDPA method used in this study takes into account various analysis directions for
which determining the corresponding main translational mode from a modal analysis is not
straightforward. This makes it impossible to assume the fundamental mode shape as the
vector @. For this reason, the shape vector @ was approximately estimated proportionally
to the mass and height of each of the fifty control points, as suggested in NTC18 [90] and
used in [122,123]. In all of the analysis directions, this simplified procedure resulted in
constant values of 1.58 and 199 tons for the modal participation factor and the equivalent
mass of the SDOF system, respectively.

In the N2 method, the SDOF capacity curve is then idealized into a bilinear elastoplastic
curve by finding the stiffness k* and making the areas (dissipation energies) under both
curves equal up to the collapse capacity displacement d*, (Figure 14), as explained in
NTC18 [90]. The target displacement of the equivalent SDOF system (d*;) is obtained
by applying a coefficient greater than one C = pug/R to the system’s elastic demand
displacement d*,t, where the behavior factor R represents the ratio between d*,+ and d*
(the yield displacement of the SDOF system, as shown in Figure 14). For a given R, the
ductility demand yg can be calculated using Equation (4) (for T, see Figure 14), which was
developed by Guerrini et al. [127] for short-period masonry structures.

21
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where T* is the period of the equivalent SDOF system, which can be obtained using the

system’s yield shear force (F*)) as T* = 27, | %;f’ Table 4 presents the results of the N2

method applied to the studied structure. In Table 4, d; is the target displacement of the
MDOF structure obtained as d; = I'-d}.
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Figure 14. The procedure of the N2 method to determine the target displacement of short-period
structures (adapted from [128]) (the red curve represents the actual capacity curve of a SDOF struc-
ture).

Table 4. The N2 method results of the unretrofitted structure obtained for different analysis directions.

Analysis

Name d*, (mm)  F*, (kN) T* (s) k* d*, (mm) ult MR d¢ (mm)
PO 5.6 837.6 0.229 149.8 10.8 1.93 2.26 20.0
P45 4.2 791.1 0.205 186.8 7.1 1.69 3.05 20.4
P90 3.6 806.4 0.186 226.3 11.7 3.25 3.33 18.7
P135 4.1 759.7 0.205 186.4 7.2 1.76 3.45 22.2
P180 5.8 867.1 0.230 148.5 26.1 45 2.06 19.0
P225 53 1005.1 0.203 190.6 14.3 2.70 1.55 129
P270 3.9 816.8 0.192 211.6 20.1 5.15 3.03 18.5
P315 5.6 999.8 0.210 179.0 17.4 3.11 1.55 13.6

1 11 represents the capacity ductility of the SDOF structure as the ratio between the ultimate and yield displacements.

Once the target displacement of the equivalent SDOF structure is obtained, its seismic
vulnerability can be assessed based on different criteria. As stated in Section 4, built heritage
located in earthquake-prone areas should meet the life safety performance level. According
to DPCM11 [83], the displacement capacity for this performance level (dsry) is given as
dsry = 0.75d*,. This guideline defines the corresponding earthquake demand as one that
has a 10% exceedance probability of occurrence over the structure’s useful life. The return
period of this earthquake (T srv) is 475 years, given a useful life of 50 years. For the city
of Yazd, the PGA value corresponding to this hazard level (ag sv) is equal to 0.24 g, as
determined in [35].

In addition to the displacement-based criterion f; s;y (Equation (5)), two other criteria
are presented as capacity-to-demand ratios based on the acceleration response (f; s;/) and
the earthquake return period (Is s;y) according to Equations (6) and (7), respectively.

d
fasv = % )
f
a
fasy = — (6)

Ag,SLV
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Tsry
T ()
R,SLV

Isspy =

where agpy is the PGA value for an earthquake that causes the displacement capacity
(dsry) and demand (d*;) corresponding to the life safety performance level to be equal, i.e.,
d* 1 pgA = asLv = dspy. Also, TSLV is the earthquake’s return period, with the PGA equal
to agry. Tspy can be calculated from a probabilistic seismic hazard analysis such as that
performed by Asadi et al. [35] for the city of Yazd (Figure 15a).
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Figure 15. The earthquake demand employed in this study: (a) the seismic hazard curve of the city of
Yazd [35]; (b) the elastic spectrum adopted for the N2 method [33].

The main difference between the Is s;y and f, s;v factors is that Is sry also considers
the local site conditions and the earthquake history of the area under study. The minimum
value of these three factors (S.F.) can be conservatively considered as the structure safety
factor, which implies safeguarding the lives of the structure’s inhabitants against the given
earthquake when it exceeds one.

In this study, the elastic acceleration design spectrum defined by Standard 2800 [33]
for soil type III, which is moderately stiff and has an average shear wave velocity between
175 and 375 m/s at a depth of 30 m, was used when applying the N2 method. Figure 15b
shows the elastic spectrum obtained for PGA =0.24 g.

Table 5 shows the safety factors obtained for different analysis directions. The results
indicate that the studied structure does not comply with the requirements of the life safety
performance level and needs to be strengthened with an effective method.
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Table 5. The safety factors of the unretrofitted structure calculated for different analysis directions.

Analysis

Tsiy

Name d*; (mm) dgry (mm)  agpy (g) (year) fastv fasLv Issrv S.E
PO 12.7 8.1 0.199 313 0.64 0.83 0.66 0.64
P45 12.9 5.3 0.172 274 0.41 0.72 0.58 0.41
P90 11.9 8.8 0.219 377 0.74 091 0.79 0.74
P135 14.1 54 0.170 274 0.39 0.71 0.58 0.39
P180 12 19.6 0.288 662 1.63 1.20 1.39 1.20
P225 8.2 10.7 0.265 598 1.31 1.10 1.26 1.10
P270 11.7 15.1 0.259 578 1.29 1.08 1.22 1.08
P315 8.6 13.0 0.280 645 1.51 1.17 1.36 1.17

9.5. Seismic Safety Assessment of the Retrofitted Model

This section evaluates numerically the effectiveness of a mesh-based strengthening
technique, as already concluded previously. It is important to improve the seismic perfor-
mance of the studied structure in order to meet the life safety criteria. The strengthening
technique includes using a bonded TRM on the exterior side of the building’s walls and
vaults. The TRM layer is composed of a fiberglass mesh embedded in earth-based mortar.
There are detailed micro-modeling approaches in the literature for simulating the TRM
reinforcement on curved masonry substrates, such as the finite element model proposed
in [129]. However, such numerical models are not applicable in this study in which a
specific macroelement is used for masonry modeling. In this paper, the TRM layer was
numerically simulated, modeling the reinforcement element in HiStrA Ver.2022.1.6 (see
Section 9.2), while considering the elastic and bond-slip behavior of the TRM layer. The
bond-slip behavior of masonry specimens externally reinforced by TRM has been addressed
by a number of experimental and numerical research works (e.g., those addressed in [73]).
However, a very limited number of research contributions for the bond-slip behavior of
the TRM layer composed of a fiber glass mesh embedded in earthen mortar can be found
in the literature (e.g., [130,131]). Hence, the relevant material properties of TRM (Table 6)
were adopted from the experimental campaign performed by Romanazzi et al. [130] and
the analytical work by the same authors [132]. The mesh is very similar to that used in the
experimental campaign performed by Haji Sadeghi et al. [65] on adobe vaults. In Table 6, Ef
and ft are the tensile module and the ultimate tensile strength of the fiberglass mesh, while
the initial shear stiffness of the matrix ks, the ultimate debonding stress tf, the fracture
energy Gs, and the friction factor us characterize the TRM’s bond-slip behavior.

Table 6. Mechanical properties of reinforcing TRM adopted in the numerical model [132].

Tensile Bond-Slip
Ef (GPa) fr (MPa) ks (N/mm?) Tf (MPa) Gs (N/mm) ps (<)
32 626 3.75 0.45 0.55 0

There exist several techniques for implementing meshes on adobe structures. Meshes
can be constructed on either one or both sides of adobe components, such as walls and
vaults. Furthermore, mesh can be employed to enclose the entire structure or just the
crucial portions of the building. Concerning the second scenario, it is necessary to ascertain
the desired extent of the surface(s) that should be covered with mesh in order to ensure
sufficient resistance against a given earthquake-induced loading. Respecting the minimum
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intervention principle, a step-by-step procedure was followed to determine the desired
layout for TRM. For this, only the critical analysis directions along which the structure
could not comply with the criteria corresponding to the life safety performance level (i.e.,
PO, P45, P90, and P135) were considered.

Within the adopted procedure, first, an initial layout was assumed based on the
damaged parts of the unretrofitted structure. This indicates that the procedure intends to
find a reinforcing layout by which the main failure modes of the unretrofitted structure are
prevented. Next, the assumed layout was examined to determine whether the structure
met the acceptance criteria. Otherwise, the proposed retrofitting layout was changed
considering the damaged parts of the retrofitted structure. This procedure was repeated
until the criteria were satisfied for all the considered analysis directions.

For instance, Figures 16a and 17a show the retrofitting layouts considered in the two
last steps of the procedure before the final step. Concerning the first step, the results of
the analyses along the positive X and Y directions (Figure 16b) show that the retrofitting
layout considered in this step could significantly improve the damage conditions of the
unretrofitted structure, in particular the damage observed in the barrel vaults (see Figure 12
for comparison). However, some serious in-plane damages in the structure’s front walls and
the overturning of the longitudinal back wall are still observed in the X and Y directions,
respectively (see Figure 16b). For this reason, the front walls were retrofitted in the next
step (Figure 17a. The results show that this retrofitting layout could effectively prevent
the front walls” damage under the positive X direction analysis (Figure 17b). However, the
out-of-plane overturning of the longitudinal back wall still happens due to its insufficient
connection with the vaults. Hence, it was decided to add a TRM layer along the longitudinal

back wall to prevent the out-of-plane failure mode in the final step.

(@) (b)

Figure 16. The case study structure retrofitted with the TRM layers (black surfaces) in the first step
of the retrofitting procedure before the final one: (a) the computational model in different views;
(b) damage (red-color contour of plastic strain) of the retrofitted structure resulting from the positive
X direction (top) and the positive Y-direction (bottom) pushover analyses.
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(@) (b)

Figure 17. The case study structure retrofitted with the TRM layers (black surfaces) in the second
step of the retrofitting procedure before the final one: (a) the computational model in different views;
(b) damage (red-color contour of plastic strain) of the retrofitted structure resulting from the positive
X direction (top) and the positive Y-direction (bottom) pushover analyses.

As a result, the layout depicted in Figure 18 was obtained. The damage patterns
of the retrofitted structure resulting from the analyses in the positive X and Y directions
and corresponding to the ultimate capacity displacement of the unretrofitted structure
are shown in Figure 19. Comparing Figures 12 and 19, the effectiveness of the adopted
retrofitting technique in preventing the main in-plane and out-of-plane failure modes of
the studied structure is observed. As shown in Figure 19, the retrofitted structure exhibits
no serious damage in the X direction, while only minor damage to the base of some piers
is observed in the Y direction. The pushover-obtained capacity curves were obtained as
shown in Figure 20. The methods used for the seismic analysis and safety assessment
of the retrofitted structure were similar to the unretrofitted model. As a result, the N2
method parameters and the safety factors for the critical analysis directions were obtained
as reported in Tables 7 and 8, respectively. Figure 20 and Table 7 demonstrate that the
retrofitting technique is capable of improving all the capacity parameters including initial
stiffness, shear strength, and ductility, in particular in the X direction where both interior
and exterior sides of the vaults have been retrofitted.
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Figure 18. The computational model of the case study structure retrofitted with the final TRM layers
(black surfaces) in different views.

Table 7. The N2 method results of the retrofitted structure obtained for the critical analysis directions.

Analysis

Name d*, (mm) F*, (kN) T* (s) k* d*, (mm) u MR d; (mm)
PO 7.6 1250.8 (49%) 0.218 165.4 (10%) (1%167';0) 3.51 (82%) 1.03 12.3
P45 6.3 1285 (62%) 0.196 204.1(9%) 11.2(58%) 1.78(5%)  1.00 10.0
P90 32 1057.9 (31%) 0.155 326.3 (44%) 14.8 (26%) 4.63 (42%) 1.58 8.1

P135 4.8 1107.6 (46%) 0.185 228.9 (23%) 11.8 (64%) 2.46 (40%) 1.28 9.8

(The numbers in parentheses represent the percentage increase in the parameter with respect to the unretrofitted
condition).
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Table 8. The safety factors of the retrofitted structure calculated for the critical analysis directions.

Analysis Tsv

Name d*t (mm)  dsry (mm)  agry (g) (year) fasv fa,sLv Is sty S.F
PO 7.8 20.0 0.372 2083 2.57 1.55 4.39 2.57
P45 6.3 8.4 0.287 662 1.34 1.20 1.39 1.20
P90 5.1 11.1 0.292 689 217 1.22 1.45 1.22
P135 6.2 8.8 0.274 617 1.43 1.14 1.30 1.14

(b)

Figure 19. Damage (red-color contour of plastic strain) of the structure retrofitted with the final layout
resulting from (a) the positive X-direction and (b) the positive Y-direction pushover analyses.
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Figure 20. Capacity curves of the unretrofitted (dotted line) and retrofitted (continues line) structures
obtained from (a) P0; (b) P45; (c) P90; and (d) P135 analyses.

In this study, the main direction of the fiber glass mesh is parallel to the X or Y
directions. However, it is possible to use the mesh with a different orientation, such as a 45°
angle from the X and Y directions. On the other hand, pushover analyses were conducted in
different directions. In general, it is expected to obtain a more effective response when the
analysis load direction is parallel to the mesh main direction. For instance, if a 45°-oriented
mesh is used for retrofitting the vaults, the results under P45, P135, and P225 may be more
desirable than those obtained in this study. However, due to the absence of pullout tests for
oriented meshes embedded in earthen mortar in the literature, this subject was not studied
in the current paper.

10. Conclusions

Iran, one of the Middle East’s largest countries, is recognized as one of the most seismi-
cally active regions worldwide. Historical earthquakes in Iran, particularly the devastating
Bam earthquake in 2003, have illustrated the significant vulnerability of traditional vaulted
adobe structures to seismic forces. This paper studies the vernacular vaulted adobe houses
within the historic fabric of Yazd, addressing their seismic vulnerability. To mitigate the
potential loss of lives and the irreversible damage to the studied adobe dwellings caused
by future earthquakes, it is necessary to establish a comprehensive preventive conservation
program. The main goal of the current paper is to define the methodology of intervention
in preventive conservation through a case study building, focusing on the conservation
objective, significance and conservation value assessment, seismic safety and intervention
criteria, safety assessment, and the proposed conservation strategy and techniques.

It is worth noting that all of the aforementioned conservation phases play an important
role in the decision-making process when considering an intervention. Based on the studies
performed, ensuring the life safety of inhabitants during earthquakes was considered as
the first objective, which would be achieved through the preventive conservation of adobe
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houses in the historic fabric of Yazd. The assessment of the seismic performance and safety
of built heritage in earthquake-prone regions is a crucial step in the preventive conservation
process. Therefore, the main emphasis of this paper has been on evaluating the performance
and safety of a selected adobe house under seismic events through a numerical research
work. To this end, one of the adobe structures in the Art and Architecture Department
of Yazd University was chosen as the case study in this work, based on the potential
consequences of its collapse, involving the loss of many human lives.

The seismic safety of the case study structure was evaluated, creating its numerical
model in the software HiStrA Ver.2022.1.6 and performing several seismic analyses. The
obtained safety factors showed that the structure needs to be retrofitted. A TRM layer
composed of a fiber glass mesh embedded in earthen mortar was adopted for retrofitting
the structure. Next, different retrofitting layouts were numerically examined to find the
layout with the maximum structural effectiveness and minimum intervention.

Despite the seismic vulnerability of vaulted adobe architecture in Iran, the research on
this topic is still very limited in the literature. This also emerges from the fact that there is a
lack of research regarding this roofing type in vernacular adobe houses around the world.
This paper can be considered as one of the first steps toward developing a comprehensive
methodology for the pre-earthquake conservation of such adobe vaulted architecture. These
findings also respond to the World Heritage Committee recommendations following the
approval of Yazd on the World Heritage List in 2017. In addition, considering the lack of
literature in the research area, these outcomes can be used to provide guidelines for the
preventive conservation of adobe architecture when faced with earthquakes.

Future earthquakes in regions with a vaulted adobe architecture, such as city of Yazd,
may lead to damage and failure of this kind of historical adobe heritage. Consequently,
safeguarding these historical adobe structures not only ensures the safety of individuals
but also preserves this unique form of vernacular architecture for future generations.
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