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presents findings from the Earthquake Engineering Field Investigation Team (EEFIT) mission.
Different radar and optical remote sensing techniques were used to identify areas most affected by
earthquake-induced landslides and building damage, guiding the field investigations. A total of
2671 earthquake-induced landslides were identified; although relatively limited for an event of
this magnitude, they significantly impacted road accessibility and emergency response. In par-
allel, 455 buildings were assessed on site and classified using the EMS-98 scale. Seismic per-
formance was primarily influenced by construction practices and detailing rather than structural
typology. Traditional unreinforced masonry buildings exhibited the highest vulnerability, largely
due to substandard materials and construction practices, and limited upkeep, which are common
in remote villages. Hybrid constructions combining traditional and modern techniques also
performed poorly. Confined masonry and reinforced concrete buildings generally performed
better, although deficiencies in detailing and irregular configurations were frequently observed.
Cultural heritage assets sustained predominantly moderate damage, and stabilisation efforts are
ongoing. By combining remote sensing and systematic engineering field observations within a
common geospatial framework, the study presents a multi-layer reconnaissance framework for
interpreting landslide inventories, building damage, and cultural heritage observations together
in data-scarce mountainous regions, while highlighting priorities for future research and practice.

1. Introduction

On 8 September 2023 at 22:11 local time, a moment magnitude (M,,) 6.8 earthquake struck Morocco's High Atlas Mountains [1],
causing 2960 fatalities, 5600 injuries, and the damage or destruction of over 50,000 housing units [2]. The most severe impacts were
concentrated in Al Haouz Province, extending westward into Chichaoua, southward into Taroudant, and towards Ouarzazate and
urban areas such as Marrakesh. Fig. 1 shows the spatial distribution of the event, while Fig. 2 provides a few representative examples of
earthquake impacts. The mainshock was followed by a relatively limited aftershock sequence. Only two aftershocks exceeded the
routine cataloguing threshold (M, 4.5) of the U.S. Geological Survey National Earthquake Information Center (NEIC) [1]: an My, 4.9
event occurring approximately 20 min after the mainshock and an My, 4.6 event on 14 September 2023 (see Fig. 1). NEIC also reported
three additional lower-magnitude events (one M, 4.0 and two My, 4.2); however, no further events met the publication criteria due to
the limited availability of arrival-time observations. As a result, the aftershock dataset remains sparse and does not provide sufficient
constraints to further refine the geometry of the causative fault(s) [3,4].

The most affected areas were characterised by dispersed mountain settlements situated along steep slopes, often built from locally
sourced materials and using traditional techniques (Fig. 2a). However, impacts were also observed in urban centres further from the
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Fig. 1. Locations of the main event and aftershocks, peak ground acceleration (PGA) contours (%g) from the U.S. Geological Survey (USGS) [5-7],
and sites inspected during the field mission. Note: M}, = Body Wave Magnitude; M;, = Local Magnitude; M,, = Moment Magnitude. The inset shows
the location of the earthquake epicentre in relation to Morocco's national administrative boundary.
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epicentre, including Marrakesh. The earthquake produced severe social and economic consequences, with total losses estimated at
$8-11 billion and a national reconstruction programme of approximately $11.7 billion announced by the Moroccan government [2,8].
Widespread destruction of residential buildings was reported, particularly in remote communities where non-engineered constructions
are common, resulting in extensive partial and total collapses (Fig. 2b). The event also triggered numerous landslides, which damaged
and blocked roads and electricity infrastructure, further isolating mountain settlements (Fig. 2¢) [9-11]. In addition, significant im-
pacts were recorded on Morocco's built cultural heritage, including 27 protected monuments such as the UNESCO World Heritage sites
of the Medina of Marrakech and the Ait Ben Haddou ksar, as well as the Tinmel Mosque, listed on the UNESCO Tentative List [5-7].
This event highlighted the vulnerability of mountainous regions, where strong ground shaking interacts with steep terrain, triggering
secondary hazards such as landslides. This combination amplifies impacts and complicates both emergency response and
post-earthquake damage assessment (Fig. 2d).

Following the earthquake, Moroccan authorities and international organisations mobilised extensive emergency response opera-
tions involving civil protection agencies, armed forces, and humanitarian organisations [12-16]. In parallel, the Government of
Morocco, supported by the World Bank, the European Union, and the United Nations, undertook a Post-Disaster Needs Assessment
(PDNA) to quantify the physical, social, and economic impacts of the earthquake and identify priorities for recovery and resilient
reconstruction [17]. Concurrently, scientific teams conducted rapid engineering reconnaissance, remote sensing (RS) analyses, and
field investigations to support damage assessment, including building damage classification, the identification of predominant con-
struction typologies, and mapping of earthquake-induced landslides [18-25]. Building on these governmental and scientific assess-
ment activities, numerous studies have subsequently investigated the seismotectonic characteristics of the earthquake, ground motion
patterns, RS products, and engineering performance of the affected building stock.

Although Morocco lies within a complex tectonic setting related to the convergence of the African and Eurasian plates, strong
earthquakes are relatively uncommon in the High Atlas Mountains, and the region remains underrepresented in global ground-motion
databases. Consequently, several studies have examined the seismotectonic context, rupture processes, and ground-motion charac-
teristics of the event [26-29]. RS, including optical satellite imagery and Synthetic Aperture Radar (SAR) techniques, has also been
widely used to support damage detection and analysis of co-seismic ground deformation following the 2023 Morocco earthquake
[30-35].

Building on previous RS and field-based reconnaissance studies of the 2023 Al Haouz earthquake, and on the Earthquake Engi-
neering Field Investigation Team (EEFIT)'s international experience, including missions in Sumatra (2009) [36], Nepal (2015) [37],

Fig. 2. Earthquake impacts in the High Atlas region: (a) overview of Imi N'Tala Al Haouz Province (High Atlas Mountains), showing a typical
mountain settlement with dense construction along steep slopes; (b) extensive collapse of residential buildings in Imi N'Tala, constructed with non-
engineered techniques in remote communities; (c) earthquake-triggered rockfalls and landslides along the Tizi N'Test corridor, obstructing mountain
roads and requiring clearance operations; and (d) collapse of hillside dwellings in Talat N'Yaaqoub, illustrating the interaction between steep terrain
and structural vulnerability.
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Albania (2019) [38], Haiti (2021) [39], Turkey (2023) [40], this study extends previous investigations that have primarily examined
individual aspects of the event, such as seismotectonic processes, RS analyses, or building damage. It does so by developing a spatially
consistent, multi-layer post-earthquake framework in which complementary RS products and systematic field observations are
organised within a common geospatial environment. Specifically, the study: (i) uses complementary RS techniques to identify and
prioritise areas for detailed field reconnaissance; (ii) develops a systematic inventory of landslides, including earthquake-induced
landslides (EQLs), from high-resolution satellite imagery, refined through field observations, and relates their spatial distribution to
road accessibility and the observed impacts on affected communities; (iii) undertakes a systematic georeferenced assessment of res-
idential and non-residential buildings using European Macroseismic Scale (EMS-98) damage classifications, linking building typology,
construction characteristics, observed damage, and failure mechanisms within a common spatial framework; and (iv) assesses
damaged designated cultural heritage assets, documenting their construction characteristics, pre-earthquake state of conservation,
observed damage, emergency stabilisation measures, and conservation interventions alongside their cultural and socio-economic
significance. The novelty of the study does not lie in the individual datasets themselves, but in their combined use within a com-
mon spatial framework. Rather than focusing on a single aspect of the earthquake, the framework brings together regional RS,
landslide mapping, engineering assessments of buildings, and cultural heritage investigations, enabling relationships between hazards,
accessibility disruption, structural performance, and heritage impacts to be interpreted across regional, settlement, and asset scales.
This provides a more comprehensive understanding of the earthquake than would be possible from any individual dataset alone.

This study follows a four-phase reconnaissance workflow (Section 2). Following an overview of the seismological context of the
event (Section 3), the pre-field phase provides a regional-scale screening of earthquake impacts using RS, focusing on landslides
(Section 4.1) and building damage (Section 5.1). This is followed by field and post-field analyses that draw upon the complementary
thematic layers organised within the common geospatial framework to examine landslides and road disruption (Section 4.2), building
damage and structural performance (Section 5.2-5.4), and impacts on cultural heritage (Section 6). Although the results are presented
in thematic sections corresponding to the principal reconnaissance components, their interpretation is informed by complementary
observations from the remaining thematic layers, enabling regional RS-derived disturbance patterns to be examined alongside detailed
engineering evidence collected during the field reconnaissance. This common spatial framework supports a coherent multi-scale
interpretation of the earthquake impacts and their implications for reconstruction priorities, future risk reduction, and context-
specific recommendations.
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Fig. 3. Multi-layer reconnaissance and post-earthquake assessment framework.
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2. Mission structure and methodological approach

The EEFIT reconnaissance approach follows a structured four-phase workflow comprising: (1) pre-field analysis/planning, (2) field
reconnaissance, (3) post-field multi-layer interpretation, and (4) knowledge transfer and stakeholder engagement (Fig. 3). The pre-
field stage uses complementary RS products to provide a regional screening of earthquake impacts and prioritise reconnaissance lo-
cations. The field reconnaissance stage collects systematic georeferenced engineering observations of landslides, roads, buildings,
infrastructure, and cultural heritage. The post-field stage brings together RS products and field observations within a common geo-
spatial framework, enabling complementary datasets to be interpreted together while retaining their individual thematic purpose.
Finally, the knowledge-transfer stage supports dissemination of the findings and engagement with stakeholders to inform recon-
struction and disaster risk reduction.

2.1. Pre-field analysis/planning

Since the early 2000s, EEFIT has integrated RS in post-earthquake assessment missions [39-42]. This approach has evolved into a
hybrid operational model in which remote analysts and field teams collaborate, enabling continuous exchange of data throughout the
reconnaissance process. Within this multi-hazard reconnaissance framework, this phase focused on identifying the areas most affected
by the earthquake and providing a rapid regional overview to support field mission planning.

High-resolution optical imagery (e.g., Maxar Open Data) was first used to identify and map landslides, providing an initial regional
assessment of their spatial distribution. Beyond establishing a preliminary EQL inventory, this analysis identified areas where slope
failures were likely to affect the principal mountain transport corridors, highlighting locations where road access could be disrupted
and where field access might be constrained. This information was used to support reconnaissance planning, optimise field routes, and
identify priority areas for subsequent ground verification.

In parallel, SAR-based Damage Proxy Maps (DPMs), Nighttime Light (NTL) analysis, and Normalised Difference Vegetation Index
(NDVI) filtering were used to identify settlements with potential building damage. The complementary RS products, including the
preliminary landslide inventory, DPMs, and reductions in NTL intensity, were interpreted jointly by the reconnaissance team to
prioritise settlements exhibiting the strongest overall evidence of earthquake disturbance. The prioritisation did not rely on predefined
thresholds or a formal weighted scoring system. Instead, the survey plan was refined by considering road accessibility, safety and
logistical constraints, while deliberately including additional settlements representing different damage levels and geological settings
to broaden the geographical coverage of the survey and reduce potential bias towards the most severely affected or most accessible
locations. This strategy provided broad spatial coverage of the affected region and a robust basis for subsequent field reconnaissance
and integration of field observations with regional-scale RS analyses.

The pre-field analysis is designed to be undertaken immediately following an earthquake, as soon as suitable RS data become
available. The interval between completion of the pre-field analysis and field deployment depends not only on operational, logistical,
and administrative constraints, but also on the timing and availability of suitable datasets for the specific event. Consequently, the
workflow is intended to support, rather than replace, official post-earthquake reconnaissance and damage assessment activities by
supporting reconnaissance planning and the efficient allocation of field resources.

This phase also included mission planning activities, such as team selection, coordination with local institutions, and logistical
preparation.

2.2. Field reconnaissance

The field reconnaissance phase built upon the pre-field RS analysis by collecting the engineering observations required to refine,
interpret, and contextualise the regional-scale RS observations within the common multi-layer assessment framework. Rather than
functioning as an independent survey, the field investigations provided the engineering evidence necessary to explain the regional
disturbance patterns identified during the pre-field analysis.

The principal field mission was conducted in April-May 2024 in the priority areas identified during the pre-field planning phase
(Fig. 1). Although the RS analysis was completed shortly after the earthquake, deployment of the international field team was delayed
by governmental authorisations and logistical considerations, including the Ramadan period. These constraints affected the timing of
the deployment but not the reconnaissance strategy or the selection of the priority survey locations. A follow-up mission in December
2024 was undertaken to verify selected observations, document post-earthquake interventions, and collect supplementary information
where required.

Landslides were systematically investigated to refine the preliminary RS mapping. Field observations documented landslide
location, failure type (e.g., rockfall, slide, topple), approximate dimensions, lithological setting, runout characteristics, and impacts on
terrain and infrastructure. Attention was given to road blockages, transport corridors, and evidence of repeated clearance operations,
providing information on post-earthquake road accessibility and the identification of accessible and isolated settlements. All field
observations were georeferenced and linked to photographic records.

Within each district selected during the pre-field analysis, contiguous (agglomerated or clustered) groups of buildings along
accessible roads were systematically surveyed. Where possible, all visible buildings within each survey unit were assessed. Conse-
quently, the number of buildings surveyed in each settlement varied according to settlement size, the extent of the accessible built area,
and field accessibility rather than a predetermined sample size. Surveying complete groups of adjacent buildings is standard practice in
post-earthquake reconnaissance [43-45], as it minimises selection bias, including the tendency to preferentially inspect the most
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severely damaged buildings, thereby providing a more representative assessment of earthquake performance across the surveyed area.

Although national housing statistics are available for Morocco through the 2024 High Commission for Planning (HCP) census [46],
they classify buildings primarily according to construction materials and housing characteristics rather than structural typologies.
Furthermore, Morocco's seismic regulations [47] do not provide an engineering-based classification of existing buildings. These
limitations are particularly relevant in the High Atlas region, where mixed construction techniques and incremental modifications are
common, making the engineering classification of existing buildings more challenging. Accordingly, a bespoke digital survey form was
developed using Google Forms to systematically document the structural typology, construction materials, roof and floor systems,
number of storeys, observed failure mechanisms, EMS-98 damage classification [48], and georeferenced photographic documentation
for each surveyed building. Unlike conventional reconnaissance forms based on predefined building categories, the survey form was
designed to capture mixed construction materials, hybrid structural systems, structural irregularities, and other vulnerability char-
acteristics through structured fields and free-text observations. The same survey protocol was applied to non-residential buildings,
including schools, healthcare facilities, religious buildings, commercial premises, hotels, and industrial facilities.

Designated cultural heritage assets of monumental character were surveyed within the areas selected for the field campaign, where
previous reports and local information indicated earthquake damage. Buildings sharing the same traditional construction techniques,
but without formal heritage designation, were assessed using the standard building survey described above. For each monument, the
survey documented construction materials, structural typology, structural and non-structural damage, dominant failure mechanisms,
emergency stabilisation measures, the pre-earthquake state of conservation, evidence of previous conservation interventions, and
georeferenced photographic records. Damage was classified using the EMS-98 damage grades [48], while its interpretation considered
the construction characteristics, conservation condition and heritage significance of each asset. The objective was not to produce a
comprehensive inventory of all damaged heritage assets, but to document representative monuments exhibiting different construction
techniques, damage levels, and post-earthquake conservation responses.

As the field surveys were undertaken several months after the earthquake, some sites had already undergone debris removal,
emergency stabilisation, road clearance, demolition, or partial reconstruction. Where these post-earthquake interventions were
observed, they were documented during the reconnaissance and considered when interpreting the observed earthquake damage.

2.3. Post-field multi-layer interpretation

Following the field campaign, all RS outputs and field observations were compiled within a common GIS environment to create a
spatially consistent, multi-layer post-earthquake dataset. All datasets were referenced to a common coordinate system, enabling
complementary information collected at regional, settlement, and building scales to be visualised, compared, and interpreted within a
common spatial framework. Georeferenced field observations were linked to photographic documentation to support interpretation,
verification, and traceability.

The dataset was organised into five complementary thematic layers, each addressing a different aspect of the earthquake impacts.
While each layer can be analysed independently according to its specific objectives, their co-location within a common GIS envi-
ronment enables observations from one layer to provide spatial and engineering context for interpreting the others. Together, the
layers support a more comprehensive understanding of earthquake impacts than would be possible from any individual dataset alone.
(i) A regional RS layer containing the pre-field DPM, NTL, NDVI, and preliminary landslide products. This layer provided the regional
context for the field campaign by identifying areas exhibiting different levels of earthquake impact together with relative road
accessibility, supporting the prioritisation and selection of reconnaissance locations. (ii) A landslide layer documenting the mapped
landslide inventory identified during field reconnaissance, including geological and geomorphological characteristics and associated
impacts. The combination of remotely mapped and field-validated observations enabled the distinction between earthquake-triggered
and pre-existing landslides and improved the interpretation of the geological and geomorphological controls governing landslide
occurrence, susceptibility, and associated impacts on road accessibility, buildings, and infrastructure. (iii) A residential building
layer containing structural typology, construction characteristics, EMS-98 damage classifications, and observed failure mechanisms,
enabling the interpretation of relationships between construction characteristics and observed damage, the identification of the most
vulnerable construction typologies, and the preliminary identification of factors influencing differences in seismic performance within
and between reconnaissance locations. (iv) A non-residential building layer containing equivalent structural and damage infor-
mation for schools, healthcare facilities, commercial buildings, mosques, and other public infrastructure, supporting the interpretation
of earthquake impacts on critical facilities. (v) A cultural heritage layer documenting construction characteristic, pre-earthquake
state of conservation and past interventions, damage classifications, observed failure mechanisms, and emergency stabilisation
measures for surveyed heritage assets, enabling the interpretation of heritage vulnerability and priorities for conservation and post-
earthquake recovery.

The complementary nature of the thematic layers enables observations to be interpreted in relation to one another. The regional RS
layer provides the spatial context for field observations, the landslide layer explains variations in accessibility and local hazard
conditions, the residential and non-residential building layers relate these conditions to structural performance and community
functionality, and the cultural heritage layer extends the assessment to historically significant assets. Considered together within a
common spatial framework, these layers provide a more complete interpretation of earthquake impacts across regional, settlement,
and asset scales than could be achieved through any single layer alone. Together with ancillary datasets, including regional ShakeMap
ground motion estimates, these complementary layers support a more comprehensive interpretation of earthquake impacts across
regional, settlement, and asset scales, while allowing each thematic layer to retain its specific purpose and level of detail.

This common spatial framework underpins the analyses presented in Sections 4-6. Although each section focuses primarily on one
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or more thematic layers, the shared GIS environment enables the findings to be interpreted alongside complementary observations
from the remaining layers, supporting a coherent multi-scale understanding of the earthquake impacts.

2.4. Knowledge transfer and stakeholder engagement

As a final stage of the reconnaissance workflow, knowledge transfer and stakeholder engagement were undertaken to support the
dissemination of results and facilitate exchange with stakeholders. This phase included a dedicated workshop held in May 2025 at
Mohammed VI Polytechnic University (UM6P) in Benguerir, Morocco, organised in collaboration with local partners, including re-
searchers, technical experts, practitioners, and policymakers. The workshop provided a structured platform to discuss preliminary
observations from the mission in relation to local needs and priorities. Discussions were organised around key themes, including
seismic hazard characterisation, performance of traditional and non-engineered construction, landslide impacts, and post-earthquake
reconstruction. The exchanges were consistent with observations from the field investigations and analyses presented in this study,
particularly regarding challenges related to compliance with seismic codes, the need for context-specific damage classification ap-
proaches, and limitations in available geophysical and geotechnical data for hazard assessment. Discussions also addressed the
importance of open-access, centralised geospatial databases and emphasised the need to align data collection and integration efforts
with stakeholder requirements to support a multi-hazard risk assessment and informed decision-making. This stage complements the
technical workflow by linking field-derived observations with broader considerations for reconstruction, data sharing, and future risk
reduction. While the conclusions of this study are grounded in the proposed multi-layer reconnaissance framework, stakeholder
engagement provided additional context for identifying practical needs and implementation pathways. A detailed description of the
workshop objectives, programme, activities, and outcomes has been published separately [49]. Within the context of the present study,
the workshop served to contextualise the reconnaissance findings in relation to national reconstruction priorities, practical imple-
mentation challenges, and stakeholder perspectives. The evidence-based recommendations presented in the Conclusions (Section 7)
are informed by both the multi-layer assessment developed in this study and the outcomes of these stakeholder discussions.

3. Seismology

Although Morocco exhibits a lower seismic activity compared to other Mediterranean regions, its seismic hazard remains signif-
icant, as demonstrated by destructive events such as the 1960 Agadir earthquake (~12,000 fatalities) and the 2004 Al Hoceima
earthquake (629 fatalities). Seismicity in Morocco is primarily linked to the ongoing convergence between the African and Eurasian
plates, occurring at rates of approximately 4-8 mm/year. Despite extensive cataloguing efforts (e.g., Cherkaoui & El Hassani, 2012
[50], documenting ~25,000 events between 1901 and 2010), the mechanisms controlling earthquake distribution and frequency
remain poorly understood. Morocco's tectonic framework is complex, comprising four principal geological domains: the Precambrian
Anti-Atlas, the Hercynian Meseta, the Atlas intracontinental belts, and the Rif Alpine belt. These domains are separated by major fault
systems, with additional internal strike-slip faults contributing to structural complexity. Regionally, seismicity is concentrated in the
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Rif domain (notably Al Hoceima), the Western Rif (NW-SE alignment), and the Atlas domain. The Atlas Mountains, comprising the
Middle and High Atlas, represent an intraplate setting that continues to accommodate Africa—Eurasia convergence. Deformation is
expressed through thick-skinned thrusting and folding within a double-vergent mountain belt structure. Major tectonic features
include the North Atlas Fault (NAF) and South Atlas Fault (SAF), both associated with historical seismicity, including the 1960 Agadir
event [51].

The 8 September 2023 M, 6.8 Al Haouz earthquake occurred in the High Atlas, approximately 550 km south of the plate boundary,
within a region of relatively low historical seismicity. The event was generated by oblique-reverse faulting in the lower crust
(15-35 km depth), without surface rupture, indicating activation of a blind fault. Two main source models have been proposed: (i) a
steep north-dipping fault linked to the Tizi n’Test structure, and (ii) a moderately south-dipping fault associated with the NAF. Current
evidence favours the latter, involving dip slip (up to ~2.2 m) on a low-angle thrust [52]. Fig. 4 shows the three-component acceleration
time histories recorded at the Tiouine (TIO) station, located approximately 100 km away from the epicentre [53], together with the
corresponding response spectrum. Tiouine is one of the very few seismic stations available in Morocco and is in Zone 2 of the 2011
version Moriconi seismic code (RPS2000), corresponding to a design PGA of 0.1g for 475-year return period [47]. The recorded PGA in
Tiouine was ~0.05g (Fig. 4a), while the peak spectral acceleration reached ~0.19g (Fig. 4b). However, the absence of instrumental
stations in the near-source region limits the direct characterisation of ground shaking close to the epicentre and the ability to establish
robust correlations between recorded motions and the observed damage [54]. The earthquake sequence included several aftershocks
with magnitudes up to Mb 4.9 [1]. Despite its larger magnitude, the mainshock caused less catastrophic damage than the 1960 Agadir
earthquake because of its greater focal depth and distance from major urban centres. Fig. 1 shows the USGS ShakeMap estimates,
indicating PGA values of approximately 0.4-0.5g across the surveyed area, with lower values in peripheral zones [1]. These estimates
provide valuable regional context but are subject to uncertainty because they are derived from sparse instrumental observations in the
High Atlas region. Furthermore, uncertainty in local site response, including topographic amplification and valley (basin) effects,
cannot be adequately characterised because of the lack of detailed site characterisation and reliable Vs,30 maps. These limitations
should be considered when interpreting the relationship between the estimated PGA values and the observed damage patterns.

Fig. 5. Maxar satellite image examples of rockfalls triggered by the September 2023 Al Haouz earthquake. (a-b) Pre- and post-event imagery
illustrating a typical, difficult-to-identify small-scale cliff failure in Mesozoic limestone. (c) Rare large-scale cliff failure rockfall of Mesozoic
limestone with long runout.
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4. Earthquake-induced landslide (EQLs) and road access disruption: observations and geotechnical assessment
4.1. Spatial analysis of landslides and road access disruption (Pre-Field)

A range of RS techniques was evaluated during the EEFIT Mission to provide a first-order regional assessment of landslide
occurrence. EQLs represent a major secondary hazard associated with seismic events, often exceeding the direct impacts of ground
shaking in terms of damage, fatalities, and infrastructure disruption. Events such as the 2018 Hokkaido [55] and the 2015 Gorkha [56]
earthquakes demonstrate the scale at which EQLSs can occur, highlighting their importance in hazard assessment and disaster response.

The 2023 Al Haouz earthquake in Morocco provides a further case study of the significant role of landslides in shaping post-
—earthquake impacts, particularly in mountainous regions such as the High Atlas. The earthquake-affected area of the High Atlas
presents a complex geological and geomorphological setting that strongly influences landslide occurrence. Unlike many seismically
active mountain belts, the High Atlas is in an intraplate setting, several hundred kilometres from the primary Africa-Europe plate
boundary in the Mediterranean to the north. As a result, earthquake activity, and consequently earthquake-triggered landsliding, is
relatively infrequent.

The region comprises a Precambrian crystalline basement overlain by Palaeozoic, Mesozoic, and Cenozoic sedimentary sequences,
deformed into a fold—thrust belt with numerous reactivated tectonic structures. These structures, including the Tizi n’ Test fault system
associated with the Al Haouz earthquake, play a critical role in controlling slope stability by introducing discontinuities within rock
masses. Lithologically, the study area is dominated by Palaeozoic quartzites and schists, Mesozoic sandstones and limestones, and
Quaternary alluvial deposits. These materials exhibit varying mechanical properties that influence landslide style and distribution.
Stronger lithologies, such as quartzites and limestones, tend to produce blocky rockfalls, whereas weaker materials, such as schists and
unconsolidated soils, are more prone to shallow slide failures. Topographically, the High Atlas is characterised by steep slopes (25°
mean), high relief (exceeding 3000 m), and deeply incised river valleys reaching hundreds of metres in depth [57].

A range of RS techniques were evaluated during the EEFIT Mission, including SAR and high-resolution optical imagery. However,
the SAR data was characterised by a relatively coarse spatial resolution (10 m), limiting its effectiveness in detecting small-sized EQLs.
Additionally, similarities in radar backscatter between landslide scars and surrounding terrain further complicated detection. In
contrast, high-resolution optical imagery from the Maxar Open Data Program proved more effective for detailed landslide mapping.
With a spatial resolution of approximately 0.3 m, these data allowed for visual identification of changes in terrain, vegetation, and
surface characteristics (Fig. 5). Due to limitations in automated classification—caused by image distortions, small landslide size, and
sparse vegetation cover—manual interpretation of pre— and post—event imagery across a 2400 km? area encompassing the earthquake
epicentre and its highest intensity ground shaking (Modified Mercalli Intensity (MMI) VIII-V) was employed (Fig. 5).

Fig. 6 represents the landslide layer of the common multi-layer post-earthquake dataset. Although only the mapped landslides are
displayed, each georeferenced observation is combined within the common database to detailed field information, including landslide
classification, dimensions, lithological setting, runout characteristics, and impacts on roads and surrounding infrastructure. This multi-
layer approach enables the mapped landslides and the identified EQLs to be interpreted alongside road access disruption, building

Fig. 7. Earthquake landslide field examples. (a) Mesozoic limestone rockfall with long runout; (b) Mesozoic limestone debris partially blocking the
road; (c) Palaeozoic schist rockfalls/slides and soil slide debris runouts; (d) Soil slide failures of Quaternary River terrace sediments.
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damage, geological conditions, and the complementary RS products within a common spatial framework. This approach resulted in the
identification of 2671 landslides that were predominantly classified as shallow translational slides and rockfalls, with rarer deep—
seated failures (Fig. 7). Landslides were mainly concentrated 15-30 km E and SE of the epicentre along the large Oued N'Fis river valley
within the zone affected by very strong (MMI = VIII) ground shaking. The Oued n’Fis, is one of the main river systems of the central
(Marrakech) High Atlas that exploits the Tizi n’Test shear zone, a network of faults whose rupture initiated the Al Haouz event and its
aftershocks. Importantly, this valley also contains the principal mountain transport corridors linking numerous remote settlements.
Consequently, the spatial concentration of EQLs within this corridor provides regional-scale information on the areas, most susceptible
to road disruption, highlighting where road blockages and restricted access to mountain communities were most likely to occur
following the earthquake. These accessibility constraints have important implications for emergency response, the delivery of hu-
manitarian assistance, and the prioritisation of post-earthquake reconnaissance in remote mountainous environments.

Fig. 8. (a) Mesozoic sandstone rockfall initiated from the ridgeline cliff: (i) Maxar satellite image; (ii) Field image, and (b) R202/N7 road widening
near Imgdal village, with failure of Palaeozoic schist and Quaternary soil cut slope, resulting in road blockage and clearing. The failure has
reactivated multiple times since the initial failure and clearing.
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4.2. Field observations and Earthquake-Induced landslide (EQLs) and road access disruption

A spatial framework was developed to provide a regional-scale screening of earthquake impacts across the affected area. Rockfalls
were the most common failure type, occurring predominantly in both Palaeozoic metamorphic rocks and Mesozoic sedimentary units.
In Palaeozoic quartzite-schist terrains, closely spaced discontinuities facilitated rockslides with fragmentation into smaller blocks
(<1 m) and granular material. In contrast, Mesozoic sandstone and limestone terrains comprised wider spaced discontinuities of
bedding and joints. This facilitated rockfalls and topples that comprised larger-scale blocks (>1 m). Landslide debris sometimes
occurred as runout across valley floors, as blocks and granular debris, or as localised debris cones along the main river channel
margins. However, landslide runouts were frequently channelised, with debris often stored within the hillslopes. This slope-sediment
storage configuration presents remobilisation hazards, especially if future low frequency-high magnitude dryland flash floods or
wetter winter conditions are experienced. In addition to rockfalls, failures in unconsolidated coarse-gravel soils were observed,
particularly along Quaternary River and fan terraces. These failures were typically shallow and associated with pre-existing erosional
features such as gullies, indicating that seismic shaking reactivated geomorphologically conditioned slopes. Such processes highlight
the importance of antecedent landscape evolution in determining landslide susceptibility.

RS and field observations following the earthquake revealed that most landslides were initiated along slope breaks such as
ridgelines and cliffs. Rockfalls, topples, and shallow debris slides were the dominant failure types. In many cases, initial small m-scale
rockfalls fragmented into granular material that travelled downslope through pre-existing hillslope channel networks, often with
limited runout distances (~10's m) and small area coverages (~10-100's mz) (Fig. 8a). Anthropogenic factors also contributed
significantly to the occurrence and impacts of landslides. Road infrastructure, particularly along the R203/N7 highway, was widely
affected by landslides (Fig. 8b). Failures were commonly associated with road cuttings, slope undercutting, and engineered slopes,
which introduced additional instability. In some cases, large road-blocking landslides associated with Palaeozoic schists occurred in
areas undergoing road widening reconstruction, demonstrating the interaction between human activity and natural hazard processes.
Blockage of roads by landslide debris, often comprising large boulders of Mesozoic sandstone or limestone, significantly impeded
emergency response and recovery operations by restricting access to remote mountain communities, delaying search-and-rescue ac-
tivities, the delivery of humanitarian assistance, and the mobilisation of engineering teams responsible for road clearance and post-
earthquake damage assessment.

The results of the study highlighted that the Al Haouz Earthquake triggered landslides at the expected locations, primarily near the
epicentre, and showed a strong influence of rock type, material strength, and slope geomorphology. Nevertheless, although 2671
landslides were documented across the 2400 km? study area (Fig. 6), this number can be considered low for a M,, 6.8 event, compared
to predictions for this event [1] and to previous observations from other events, which triggered ~5000-10,000+ landslides [58,59].
The dryland climate setting likely accounts for this low number of EQLSs, despite the steep mountain slopes and variable rock-soil
strength. However, the concentration of landslides within the principal river valleys east and southeast of the epicentre is particularly
significant because these valleys coincide with the principal transport corridors linking numerous mountain settlements. Conse-
quently, although the overall number of mapped EQLs was relatively low for an earthquake of this magnitude, their spatial concen-
tration increased the potential for repeated road blockages, restricting access to remote communities and delaying emergency
response. This demonstrates that, in mountainous regions where settlements rely on a limited number of valley roads, relatively
localised landsliding can have disproportionate consequences for road accessibility and the temporary isolation of affected commu-
nities. Overall, the study demonstrates that EQLs in the High Atlas are controlled by a combination of geological structure, lithology,
topography, geomorphological history, and human activity, and illustrates how even moderate-magnitude events can trigger land-
sliding in susceptible terrain.

These findings underscore the importance of incorporating landslide hazard assessments into earthquake risk management,
particularly in mountainous and infrastructure-limited regions. Understanding the spatial distribution and controlling mechanisms of

Fig. 9. Tension cracks and damage to small retaining structures along the R202/N7.
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EQLs is critical for improving preparedness, guiding emergency response, and reducing future risk. In addition to the EQLs, the road
infrastructure was affected by a range of geotechnical issues. Several occurrences of tension cracks, associated with cut and fill on sharp
bends in the road, along the main route, were identified, together with damage to multiple small retaining structures, including failures
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Fig. 10. Spatial distribution and statistical summaries across the High Atlas region: (a) Damage Proxy Map (DPM) values from SAR coherence
change detection; (b) mean and standard deviation of DPM values across the analysed settlements; (c) Normalised Difference Vegetation Index
(NDVI) values; (d) mean and standard deviation of NDVI values across the analysed settlements; (e) nighttime light (NTL) intensity changes across
selected areas; (f) mean and standard deviation of NTL changes. For (b), (d), and (f), the x-axis shows the site names, ordered according to the
numbering used in the maps (e.g, site 1 corresponds to Adassil and appears first on the x-axis).
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caused by landslide and rockfall impacts (Fig. 9).

The combined spatial analysis demonstrates that road disruption was governed primarily by the location of landslides rather than
by their overall number. The spatial correspondence between the mapped EQL inventory and the principal mountain transport cor-
ridors shows that many High Atlas settlements rely on a limited number of valley roads. Consequently, relatively localised slope
failures were sufficient to restrict access to remote communities, delaying rescue operations, the distribution of humanitarian assis-
tance, and post-earthquake engineering assessments, while also influencing the prioritisation and logistics of the field reconnaissance.
Field observations confirmed road blockages, failures of engineered slopes, and repeated clearance operations along the main
mountain routes, providing field evidence that explained the regional accessibility patterns identified from the RS analysis.

5. Building damage and performance: observations and structural assessment
5.1. Spatial analysis of building damage (Pre—Field)

Building on the RS-based screening, a spatial framework was developed to contextualise earthquake impacts across the affected
region. Administrative boundaries for the provinces of Al Haouz, Chichaoua, and Taroudant were sourced from the GADM database via
the UC Davis Geodata repository [60]. These vector datasets established the basis for analysing rural municipalities (communes),
including Adassil, Amizmiz, Azgour, Ighil, and Talat N'Yaaqoub. Within these communes, the analysis focused on specific settlements
and villages (douars), such as Ijoukak, Tafeghaghte, Tagharte, Taouss, and Timmel. Baseline settlement data were derived from the
German Aerospace Center's (DLR) World Settlement Footprint (WSF) suite [61,62]. Specifically, the WSF Evolution (WSF-EVO) dataset
was used to track settlement extent at 30 m resolution for the period 1985-2015, while the WSF 3D dataset provided morphological
data, such as average building height and volume, at 90 m resolution. Together, these layers enabled the generation of district-level
overview maps detailing building density, footprint, height, and approximate construction age. For each analysed settlement, mean
values and standard deviations were calculated from all raster pixels contained within the corresponding settlement boundary to
enable consistent comparison of the DPM, NDVI, and NTL datasets across the study area.

Potentially affected areas were identified using SAR-based DPMs derived from multi-temporal coherence change detection [40,63].
This approach detects surface and structural changes by comparing interferometric coherence between pre- and post-event SAR ac-
quisitions, where reductions in coherence indicate changes in scattering properties associated with damage [61,64-68]. DPM products
used in this study were sourced from NASA's Jet Propulsion Laboratory (JPL) ARIA (utilising JAXA's ALOS-2 PALSAR-2 data [63]) and
from the Earth Observatory of Singapore [69,70]. Additional DPM maps, based on Copernicus Sentinel-1 C-band imagery, were
analysed to support a regional-scale assessment. An independent dataset was also generated using Sentinel-1 data processed with
GAMMA SAR software [71] and the PyGMTSAR Python library [72]. The resulting DPM maps (Fig. 10a) highlight areas of strong
decorrelation, which served as primary indicators for prioritising field survey locations. No absolute DPM threshold was adopted to
classify earthquake damage. Instead, DPM values were interpreted comparatively, together with the complementary RS products, to
identify settlements exhibiting consistently stronger disturbance signals for subsequent field reconnaissance. Statistical analysis
(Fig. 10b) reveals higher mean DPM values in settlements such as Azgour, [joukak, Talat N'Yaaqoub, and Tinmel, reflecting significant
earthquake-induced structural changes. Conversely, lower values in Amizmiz indicate comparatively limited surface disturbance. The
standard deviation across all locations remained consistent, suggesting that the mean values are representative of the overall distri-
bution and not skewed by outliers. Together, these spatial patterns provided a first-order regional screening of earthquake impacts that
informed and prioritised the subsequent field reconnaissance.

Optical imagery from Landsat-8/9 [73] was used to compute the NDVI to assess whether vegetation variability influenced the
SAR-based DPM signals. NDVI was computed using the near-infrared (Band 5) and red (Band 4) bands of the Landsat-8 OLI sensor.
Because vegetation can cause SAR decorrelation unrelated to earthquake damage, understanding vegetation density is critical for
validating coherence-based results. Landsat data are freely available and were accessed for this study through the USGS Earth Explorer
portal [71]. The resulting NDVI maps (Fig. 10e) and statistical analysis (Fig. 10f) reveal generally low vegetation cover across all study
sites, with mean values ranging between 0.08 and 0.12. These results are consistent with the sparse vegetation typical of the High Atlas
environment. Given that Sentinel-1 C-band coherence is largely unaffected by vegetation when NDVI is below ~0.15 [72], these values
suggest that vegetation did not significantly skew the DPM signals. Consequently, the observed coherence loss can be more confidently
attributed to earthquake-induced disturbances caused by building damage rather than to seasonal phenological changes.

Finally, to complement the SAR-based assessment, variations in NTL intensity derived from NASA's Black Marble VNP46A2 dataset
[74,75] were analysed to identify potential disruptions to electricity supply and nighttime activity. Data accessed via the Google Earth
Engine (GEE) platform were filtered within a 30-day pre- and post-event window to minimise cloud contamination and ensure
comparable lunar illumination. Given the coarse spatial resolution (500 m), a downscaling approach integrating Landsat-8 built-up
features was applied to generate a 30 m resolution “Black Marble HD” product [76]. The resulting NTL difference maps (Fig. 10c),
calculated as pre-event minus post-event intensity, highlight spatial variations across the study area. Larger decreases in NTL intensity,
observed in Azgour and Talat N'Yaaqoub, indicate significant disruptions, whereas smaller changes in Ighil and Taouss suggest more
limited impact. These trends are consistent with the statistical analysis shown in Fig. 10d and were used to further prioritise survey
locations.

The integrated use of SAR-based damage indicators, NDVI filtering and NTL analysis provided a robust regional-scale screening of
earthquake impacts. This approach facilitated the prioritisation of settlements for field reconnaissance, ensuring the survey targeted
areas of high disturbance while maintaining a representative sample across varying damage severities. The field observations pre-
sented in Section 5.2-5.3.1 build upon this preliminary assessment, providing detailed insights into specific building performance and
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structural failure mechanisms.
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The interpretation of the RS products should be considered in the context of the inherent limitations of the individual datasets. SAR-
based DPM provide regional-scale indicators of surface and structural change but may be less sensitive to localised damage in sparsely
distributed rural settlements, where heterogeneous building materials, irregular settlement layouts, steep topography, and complex
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radar scattering conditions can influence the coherence signal. Likewise, although the high-resolution optical imagery enabled sys-
tematic mapping of landslides, smaller failures, shallow rockfalls, or features obscured by vegetation or topographic shadow may not
be fully captured. For these reasons, the RS products were not interpreted in isolation but were used as complementary indicators to
guide and prioritise the field reconnaissance. The subsequent georeferenced field investigations provided the detailed engineering
evidence required to refine, interpret, and contextualise the regional-scale RS observations within the combined multi-layer geospatial
framework.

Based on the pre-field RS assessment described in Section 2.1, Azgour, Talat N'Yaaqoub and Ijoukak were selected as the principal
survey locations because they exhibited elevated SAR Damage Proxy Map (DPM) values and significant reductions in Nighttime Light
(NTL), indicating extensive structural damage. Amizmiz was selected as the principal location for the systematic building survey
because its accessibility, relatively large building stock, and recommendations from local stakeholders enabled a comprehensive
assessment of a broad range of building typologies and damage states. Although it exhibited comparatively lower DPM values than the
priority locations, its reported damage characteristics provided an opportunity to investigate structural behaviour and damage
mechanisms beyond areas characterised by widespread collapse. To complement these principal survey locations, Ouirgane was
included to broaden the spatial coverage of the reconnaissance and capture a wider range of geological settings and damage condi-
tions. Smaller settlements, including Amghrasa, Outagheri, and Tiniskt, were also surveyed because they were in areas affected by
EQLs and contrasting geological and topographic conditions, providing an opportunity to investigate the influence of terrain and local
site conditions on damage distribution and earthquake performance.

This combination of survey locations enabled the field campaign to document earthquake impacts across a broad range of damage
severities, construction typologies, and geological settings, providing the basis for the building performance observations presented in
the following sections.

5.2. Field observations and building

A total of 455 buildings were assessed across 21 urban and rural areas. The largest number of buildings was surveyed in Amizmiz
(229), followed by Talat N'Yaaqoub (45), Ijoukak (41), Ouirgane (37), Azgour (18), and Amghras (14). Smaller numbers of buildings
were documented in additional remote locations to broaden the geographical coverage of the survey and to investigate areas where
EQLs had contributed directly to building damage or whether their principal impacts were associated with road access disruption and
the temporary isolation of mountain communities. Within each location, contiguous clusters of buildings were selected for systematic
survey, with all visible buildings within each cluster assessed wherever possible (Section 2.2). Fig. 11a summarises the distribution of
surveyed buildings by occupancy.

Residential buildings accounted for 74% of the dataset, reflecting the dominant exposure of housing in the High Atlas region; their
seismic performance is discussed in Section 5.3. Non-residential buildings, primarily religious, educational and commercial structures,
are discussed in Section 5.3.1, while monumental heritage assets are examined in Section 6. Assessments relied primarily on external
visual inspections, as access to buildings, particularly healthcare facilities and private dwellings, was generally restricted.

5.3. Residential buildings

Within the surveyed residential stock (Fig. 11b), confined masonry (CM) was the predominant structural typology (41.0%), fol-
lowed by unreinforced masonry (URM, 22.3%). Hybrid configurations accounted for 17.1% of buildings, referring to buildings
combining different structural systems or materials, most commonly URM buildings at lower storeys with CM added at upper levels.
Reinforced concrete (RC) buildings only accounted for 6.1%. Approximately 12% of the surveyed structures were classified as
incomplete buildings (staged construction), referring to partially built structures (e.g., wall panels constructed but lacking complete
floor systems). In many of these cases, construction occurred in stages over time, reflecting incremental and informal construction
practices and often resulting in the combination of different structural systems or materials within the same building; these are
therefore classified as hybrid configurations, as detailed in Section 5.3.3. This should be distinguished from buildings with protruding
reinforcing bars (jetting rebars), which are commonly observed and typically indicate provision for future vertical expansion. Such
cases are not included here, as buildings are classified based on their as-built structural typology. The year of construction and
compliance with seismic design standards could not be systematically established, as many buildings had undergone incremental
construction and successive modifications. Consequently, the classification is based on observed as-built structural characteristics
rather than building age or presumed code compliance. A further 13.5% were classified as “Unknown”, as the structural system could
not be confidently identified from the accessible field evidence owing to limited visual access and the absence of distinguishing
structural features.

Approximately 60% of the surveyed residential building stock was low-rise (i.e., 1-2 storey), consistent with the rural and
mountainous context (Fig. 11c). Mid-rise (i.e., 3-5 storey) buildings accounted for ~30%, while high-rise (i.e., 6+ storey) structures
were rare. RC roof slabs were common in CM and RC buildings (~67%), whereas timber-mud roofs remained prevalent in URM
constructions (~16%) (Fig. 11d). Fig. 11e and f presents the distribution of damage grades assessed using the EMS-98 [48], from DG1
(slight damage) to DG5 (total collapse), expressed both as the number of buildings and as relative percentages. Marked differences in
seismic performance were observed among residential typologies. Excluding the buildings classified as “Unknown”, CM generally
performed better, with 58% of buildings classified within DG1-DG3, although ~20% still experienced DG4-DG5. In contrast, URM and
hybrid constructions were significantly more vulnerable, with around 62% and 42% of buildings, respectively, falling within
DG4-DG5. RC buildings exhibited comparatively lower damage, with ~68% remaining in DG1-DG3 and no observed collapse.
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Nevertheless, Fig. 11e and f also demonstrates that all principal structural typologies exhibited a broad distribution of EMS-98 damage
grades rather than a single characteristic level of performance. Buildings of the same structural system frequently experienced
markedly different damage levels. This demonstrates that structural typology alone cannot explain the observed seismic performance
and highlights the importance of construction quality, structural detailing, continuity of the load path, maintenance, and local site
conditions in controlling earthquake damage.

Fig. 12 presents the residential building layer, illustrating the spatial distribution of the surveyed buildings and their corresponding
EMS-98 damage grades. Each georeferenced building is linked within the common geospatial framework to additional engineering
attributes, including structural typology, construction materials, number of storeys, roof system, observed damage mechanisms,
vulnerability characteristics, and photographic documentation (Section 2.2). This allows the spatial distribution of residential damage
to be interpreted alongside complementary information on regional earthquake impacts, landslides, accessibility, geological condi-
tions, and ground motion estimates. In Amizmiz, which represents the largest portion of the dataset, 65% of buildings fall within
DG1-DG3, while ~33% reach DG4-DGS5, consistent with the comparatively lower levels of disturbance identified by the comple-
mentary RS indicators. The systematically surveyed buildings in this area were relatively diverse, comprising ~50% CM, ~13% RC
frame structures, and ~12% traditional URM buildings, with the remainder corresponding to hybrid or unknown structural types. In
contrast, [joukak and Talat N'Yaaqoub exhibited substantially higher damage levels, with ~50% and ~54% of buildings, respectively,
reaching DG4-DGS5, in agreement with the higher levels of disruption identified through RS indicators. In Ijoukak, the building stock
consisted of URM construction (=23%), CM structures (~20%) and hybrid systems (~14%) with the remainder corresponding to
unknown structural types, while RC frame buildings were rare. In Talat N'Yaaqoub, the corresponding percentages for URM, CM, and
hybrid buildings were 22%, 24%, and 29%, respectively. Ouirgane, which was not identified as one of the principal priority areas
during the pre-field RS assessment, presented an intermediate pattern, with ~39% of buildings falling within DG4-DG5 and a hybrid
building stock composed mainly of URM (x52%), RC (~21%), CM (~15%), with the remainder corresponding to hybrid and unknown
structural types.

As illustrated in Fig. 12, the spatial distribution of the surveyed building damage is broadly consistent with the regional ShakeMap-
derived PGA contours. However, these estimates should be interpreted as providing regional context rather than precise represen-
tations of local ground motion. Consequently, the observed spatial variability in building damage should not be interpreted as resulting
from estimated PGA values alone. Instead, the common geospatial framework enables regional-scale ground motion estimates to be
interpreted alongside detailed georeferenced building observations, EQL mapping, road access disruption, geological and topographic
information, and engineering assessments, providing the broader environmental and structural context needed to interpret the
observed variability in earthquake impacts.

To further interpret these patterns, Table 1 synthesises the quantitative damage distributions presented in Fig. 11e and f and Fig. 12
together with the principal vulnerability characteristics and dominant failure mechanisms identified during the onsite field recon-
naissance for each residential structural typology. The table links structural typology with EMS-98 damage distribution, observed
vulnerability characteristics, and dominant failure mechanisms, while the engineering evidence underpinning these observations is
presented and discussed in detail in Sections 5.3.1-5.3.4. Representative examples illustrating this variability are also presented in
Sections 5.3.1-5.3.4, where buildings of the same structural typology are shown to exhibit markedly different seismic performance
owing to differences in construction quality, detailing, maintenance, structural irregularities, and local site conditions.
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Fig. 12. Residential building layer, showing the spatial distribution of the surveyed residential buildings and their corresponding EMS-98 damage
grades. The figure also includes the USGS ShakeMap-derived peak ground acceleration (PGA) contours (%g) and the location of the 8 September
2023 Mw 6.8 Al Haouz earthquake epicentre [1].
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Table 1
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Synthesis of the field reconnaissance, linking observed EMS-98 damage distributions with principal vulnerability characteristics and dominant failure
mechanisms for the main residential structural typologies.

Structural typology

Observed EMS-98 damage
distribution

Principal vulnerability characteristics

Most frequent observed failure mechanisms

Confined masonry
(™)

Unreinforced
masonry (URM)

Hybrid construction

Predominantly DG1-DG3, with
approximately 20% classified as
DG4-DG5

Predominantly DG4-DG5, with
approximately 62% classified as
DG4-DG5

Predominantly DG3-DG5, with
approximately 42% classified as
DG4-DG5

Poor reinforcement detailing, inadequate
confinement, lack of toothing between masonry
and RC tie-elements, poor-quality masonry
units and mortar, plan and vertical irregularities
Weak mortar and material cohesion, poor wall-
to-roof and corner connections, lack of
transverse ties, heavy roofs, flexible timber
diaphragms, poor maintenance, irregular
configurations and buildings founded on slopes
Incremental (staged) construction, different
structural systems between storeys, weak
connections, structural irregularities (vertical
irregularity, setbacks, irregular plans),

Diagonal shear cracking (~50%); overturning
of masonry wall panels (~50%); crushing and
spalling of masonry (~30%); partial roof
collapse (~20-25%)

Out-of-plane wall failures (~55%); corner
failures (~30%); roof collapse (~30%); in-
plane shear cracking (~20%); pounding-
induced damage (~10%)

Differential structural response between
construction phases, interface cracking/
failures (~40%), partial collapse of added
upper storeys and roofs (~30%), local wall

discontinuous load paths and incompatible
materials

Plan and vertical irregularities (balconies,
setbacks, re-entrant corners, transferred
structures), soft-storey configurations, short
columns, inadequate detailing, poor infill-frame
interaction, irregular configurations

collapse, diagonal shear cracking

Reinforced concrete
(RC) frame with
masonry infill

Predominantly DG1-DG3, with
approximately 68% classified as
DG1-DG3 and no observed
collapse

Infill wall cracking (diagonal and around
openings) (—~45-50%); plaster spalling/local
crushing (~30%); local panel dislodgement
(~20%); soft-storey mechanisms (~10%);
pounding-induced damage (~10-15%)

Note: The EMS-98 damage distributions were derived from the complete onsite survey, while the percentages reported for the dominant failure mech-
anisms were calculated from the onsite field reconnaissance dataset and represent the proportion of surveyed buildings within each structural typology exhibiting
the corresponding mechanism. Individual buildings frequently exhibited more than one failure mechanism; therefore, the reported percentages are not
mutually exclusive and do not sum to 100%.

5.3.1. Confined masonry buildings (CM)

In the Moroccan seismic code (RPS 2000), CM is referred to as Maconnerie Chainée (literally “chained masonry”) and is addressed
within the masonry building requirements, particularly Article 7.3.3.2 (Construction and detailing of masonry walls) [47]. However,
unlike internationally recognised CM standards [77-80], the RPS does not define CM as a distinct structural system with dedicated
seismic design procedures. Instead, the provisions focus primarily on construction detailing and the inclusion of RC tie-elements within
masonry construction, without explicitly defining the structural role of the masonry walls and RC confining elements or identifying the
walls-first construction sequence as a defining characteristic of the CM system [81]. Consequently, buildings incorporating both
masonry and RC elements are frequently described locally as Magonnerie Chainée, irrespective of whether the masonry walls function
as the primary gravity- and lateral-load-resisting system or as non-structural infill within an RC frame.

This creates ambiguity, as the structural system cannot be determined reliably from the locally adopted terminology alone.
Consequently, reliable classification requires engineering interpretation of the structural configuration and the respective roles of the
masonry walls and RC elements. Accordingly, buildings were classified as CM when the masonry walls constituted the principal
gravity- and lateral-load-resisting system, while the RC tie-columns and tie-beams provided confinement without forming an inde-
pendent structural frame, such that the masonry walls and RC confining elements acted compositely as an integrated structural system.
Construction deficiencies, including poor detailing or inadequate confinement, were not considered sufficient to alter this classifi-
cation. These buildings were therefore considered deficient examples of CM rather than a different structural typology. Buildings in
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Fig. 13. (a) Concrete Masonry Units (CMUs) with large voids and insufficient web thickness; (b) hollow clay bricks with large voids and insufficient
web thickness; (c) poor reinforcement in the Reinforced Concrete (RC) tie—elements (d) debris showing poor—quality concrete and smooth rein-
forcement bars used for the RC elements; (e) Confined Masonry (CM) panels and floor system composed of RC joists and CMU infills; (f) typical RC
joists used in CM floor construction; (g) lack of toothing between masonry walls and RC tie-columns.
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which the RC members formed a continuous structural frame resisting the majority of the gravity and lateral loads were classified as RC
frame buildings with standard masonry (e.g. clay or concrete masonry units (CMUs)) infill (Section 5.3.4). Buildings exhibiting
characteristics of both systems, typically associated with staged or incremental construction were classified as hybrid frame-wall
systems (Section 5.3.3). This category included buildings in which RC framing was combined with traditional masonry materials
(e.g., rammed earth (RE) or stone masonry (SM)), resulting in structural configurations that did not conform to either conventional CM
or typical RC frame buildings with masonry infill. Where the available field evidence was insufficient to distinguish confidently be-
tween these structural typologies, the buildings were classified as Unknown.

Based on these criteria, buildings classified as CM appear to be widely distributed across both rural and urban areas of Morocco and
include both single- and multi-storey construction. However, this observation cannot be verified using the available census data [46],
as the reported building categories do not distinguish between different masonry structural systems, reflecting the absence of a
dedicated structural classification for CM within the Moroccan seismic code. Approximately 70% of the surveyed CM buildings were
constructed using CMUs, while approximately 25% were constructed using hollow clay bricks with large voids and thin webs (Fig. 13a
and b). Although all of these buildings satisfied the adopted classification criteria for CM, they exhibited substantial differences in
construction quality and detailing. Common deficiencies included inadequate dimensions and detailing of the RC confining elements,
insufficient anchorage, smooth reinforcement bars, and poor-quality concrete (Fig. 13c and d). Masonry wall panels frequently
exhibited damaged or poorly manufactured units, irregular mortar joints and weak mortar (Fig. 13e), while the floor systems typically
comprised RC joists with CMU infill blocks that also exhibited inadequate reinforcement detailing (Fig. 13e and f). A lack of proper
toothing between the masonry walls and RC tie-columns was also frequently observed (Fig. 13g), limiting the mechanical interlock and
reducing the composite action between the masonry walls and the RC confining elements.

The construction deficiencies illustrated in Fig. 13 are reflected in the observed damage patterns. Fig. 14 presents the principal in-
plane failure mechanisms identified in the surveyed CM buildings. Shear-related damage, characterised by diagonal or X-shaped
cracking across masonry wall panels, was observed in approximately 50% of the surveyed buildings, predominantly around corners
and openings where stress concentrations developed. Localised crushing and spalling within compression zones were identified in
approximately 30% of the buildings, particularly adjacent to RC tie-columns and wall edges and were generally associated with the
most severe damage states. These damage mechanisms were frequently accompanied by poor masonry quality (Fig. 14a—c) and were
further exacerbated by structural irregularities. Buildings exhibiting vertical irregularities, typically associated with a reduced upper-
storey height relative to the ground floor, commonly developed cracking that initiated at the second storey. Similarly, buildings with
plan irregularities, particularly jetty-type configurations, exhibited torsional effects that contributed to increased damage concen-
trations (Fig. 14d and e).

Out-of-plane instability and roof collapse represented the most severe damage states observed within the CM building stock
(Fig. 15). Complete roof failure occurred in approximately 20-25% of the surveyed buildings and was predominantly initiated by
overturning of masonry wall panels, representing the dominant collapse mechanism (approximately 50% of cases; Fig. 15a and b).
Wall overturning frequently triggered progressive collapse involving beam-wall and column-wall interfaces (Fig. 15c). Damage at
beam-wall and column-wall interfaces was identified in approximately 5% and 10% of the surveyed buildings, respectively. Similar
interface failures were also observed in buildings that did not experience complete roof collapse (Fig. 15d), where panel dislodgement,
severe material degradation and exposed reinforcement indicated poor concrete quality, inadequate confinement and deficient
reinforcement detailing.

The damage mechanisms described above are representative of buildings that satisfied the adopted classification criteria for CM.
However, because buildings incorporating RC elements within traditional masonry construction are commonly referred to locally as
Magonnerie Chainée, field reconnaissance identified a small number of buildings whose structural classification required further en-
gineering interpretation. Representative examples are presented in Fig. 16 because they illustrate the ambiguity associated with the
locally adopted terminology and the practical application of the adopted classification methodology. The discussion below focuses on
the structural characteristics that led to their exclusion from the CM category, while a detailed description of this structural typology is
provided in Section 5.3.3.

In the buildings shown in Fig. 16a and b, the RE and SM walls may have been constructed before the RC tie-elements were cast.

Fig. 14. Confined Masonry (CM) buildings showing (a-c) X-shaped and diagonal shear cracks, with localised crushing and spalling of Concrete
Masonry Units (CMUs) associated with poor masonry quality; (d) vertical irregularity; and (e) plan irregularity.
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Fig. 15. Confined Masonry (CM) buildings showing roof failure driven by: (a-b) overturning of panels; and failures at beam-wall (c) and col-
umn-wall interfaces. CM building showing (d) panel dislodgement and material loss in columns with exposed reinforcement.

Fig. 16. (a) Hybrid frame-wall system comprising RC framing combined with rammed earth (RE); (b) hybrid frame-wall system comprising RC
framing combined with stone masonry (SM); (c—d) hybrid frame-wall system comprising RC framing with stone masonry (SM) wall panels exhibiting
characteristic arch-shaped cracking.

However, the absence of effective mechanical interlocking between the masonry walls and the RC elements (Fig. 16a), together with
the excessive spacing of the RC tie-elements (Fig. 16b), prevented the development of the composite action that characterises con-
ventional CM. Consequently, these buildings did not satisfy the adopted CM classification criteria and were excluded from the CM
category.

By contrast, the buildings shown in Fig. 16c and d exhibit relatively large RC members forming a continuous structural framework
around the SM walls. Although the original construction sequence cannot be established from post-earthquake reconnaissance alone,
the observed structural configuration and damage patterns indicate that the masonry walls and RC elements did not develop the
composite action expected in conventional CM. Furthermore, the thick traditional stone masonry walls cannot be assumed to function
solely as non-structural infill, distinguishing these buildings from conventional RC frame buildings with masonry infill. This inter-
pretation is supported by the extensive damage observed within the stone masonry, including arch-shaped cracking, dislodgement of
masonry units and, in multi-leaf SM, separation of the external leaf (Section 5.3.2). These damage mechanisms are consistent with
frame-wall interaction rather than the integrated behaviour expected in conventional CM. Consequently, these buildings did not
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Fig. 17. URM typologies (a) RE; and (b) SM. Construction details: (c) RE with gravels and small pebbles; (d) RE with straw; (e) rounded SM; and (f)
flat SM.
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satisfy the defining characteristics of either conventional CM or conventional RC frame buildings with masonry infill and were
therefore excluded from the CM category. Their classification as hybrid frame-wall systems is discussed in Section 5.3.3.

5.3.2. Unreinforced masonry buildings (URM)

URM typologies (Fig. 17a and b) represent the predominant traditional building stock in the surveyed settlements and exhibited the
highest proportion of severe damage within the EEFIT dataset (Fig. 11c and d). The most severe damage occurred in villages located
near the epicentre (Fig. 1), where strong ground shaking intensity and possible local site amplification effects were reported [82-85].
The following section first describes the material and construction characteristics of URM typologies, including wall and roof systems,
and then links these to the global seismic failure mechanisms observed in the field.

Within the surveyed URM buildings, 57% were constructed using load bearing RE walls, compacted in situ within formwork and
typically incorporating gravel, small pebbles, and straw (Fig. 17c and d). These structures are built on elevated stone plinths to mitigate
the impact of ground water and rising damp [18-25]. RE construction relies on layered compaction within formwork, making material
quality and interlayer bonding critical to structural integrity [86,87]. Evidence of poor compaction and weak cohesion in RE buildings
was observed, leading to vertical cracking along construction joints in approximately 20% of cases (Fig. 17a). Partial abandonment and
irregular maintenance further exacerbated material degradation.

The remaining URM stock consisted of load-bearing SM walls constructed with irregular, rounded, or flat granite or limestone
stones (Fig. 17e and f). SM buildings were historically associated with more affluent households due to higher construction costs
compared to RE [88-90]. SM walls typically comprise two stone leaves enclosing a cavity filled with loosely bonded rubble and
low—quality mortar (Fig. 18a). Consistent with typical multi-leaf masonry behaviour under lateral loads [91-93], SM walls exhibited
material loss (Fig. 18b) and leaf separation (Fig. 18c and d). These material-level damage mechanisms, when combined with roof
hammering in the direction of seismic loads, often lead to out-of-plane arch-type failures at the wall crest (Fig. 18e-g), ranging from
partial material loss to complete collapse.

The predominant floor system in URM buildings (~80%) consisted of flat timber roofs, covered with compacted mud (Fig. 19a).
Primary beams (Fig. 19b) often lacked full-span continuity or adequate overlap, while secondary elements consisted of small wooden
branches or bamboo (Fig. 19b-d). Beams often passed through the bearing walls and extended beyond the external face but were
typically seated directly on the masonry or on loose stone layers at the wall crest (Fig. 19c¢).

This configuration creates weak interfaces and localised stress concentrations, evidenced by vertical cracks (Fig. 20a), reducing
load transfer. Perimeter timber bands tying walls together and enhancing wall-roof interaction were observed only in retrofitted URM
buildings or later additions (Fig. 20b). The high flexibility of the roof diaphragm, combined with limited in—plane stiffness and poor
wall-roof connections, contributed to partial or total roof collapse in ~30% of buildings. In ~10% of cases, the original lightweight
timber roofs were replaced with heavier RC slabs, increasing seismic demand and thereby contributing to collapse (Fig. 20c).

Out-of-plane wall failures were among the most recurrent mechanisms, affecting approximately 55% of URM buildings and
including the arch-type behaviour described above for SM walls. Representative examples for RE and SM are shown in Fig. 21a and
22a. In RE buildings, typically built as isolated units (e.g., detached house) and therefore lacking lateral restraint from adjacent
buildings, overturning susceptibility was further increased by construction sequences in which longer walls, built before shorter
transverse walls, lacked adequate corner interlocking (Fig. 21b). This mechanism was characterised by vertical cracking at the wall
edges. In contrast, SM buildings were noted in both isolated and clustered configurations. Isolated SM buildings (Fig. 22a and b) were
significantly more vulnerable to partial or total out—of-plane collapse than clustered ones, with failures characterised by stone loss and
progressive separation of the external leaf (Fig. 22c). Corner failures were also widespread (~30%), affecting both RE and SM buildings
(Fig. 21c and d and Fig. 22b, respectively). In clustered SM buildings, particularly those with plastered walls (Fig. 22c—e), increased
lateral restraint limited the development of out-of-plane collapse. In these cases, out-of-plane behaviour was primarily manifested
through vertical cracking without significant material loss (Fig. 22c). Consequently, in-plane failure modes (Fig. 22d) occurred in
~20% of URM buildings. Pounding between adjacent buildings was also identified in ~10% of cases, leading to localised damage at the
contact zones (Fig. 22e).

Traditional strengthening measures reflecting local awareness of past earthquakes [84] were observed in RE buildings, including
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Fig. 18. (a) Schematic of a multi-leaf SM wall, modified from Ref. [91]; (b) schematic of leaf separation due to material loss, modified from
Ref. [92] (c) schematic of leaf separation due to roof hammering, modified from Ref. [93]; (d) leaf separation; (e) severe and (f) complete collapse
due to arch-type failure. (g) Arch failure mode sketches adapted from Ref. [94].
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Fig. 19. Timber floor/roof system: (a) timber roof with compacted mud; (b) primary beams with secondary branch elements; (c) stone layer
beneath the roof at the wall crest; (d) primary beams with secondary bamboo canes.
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Fig. 21. RE buildings showing (a) severe vertical cracking along block joints; (b) out—of-plane failure; (c—d) corner failures; (e) smooth timber ties
at the corner. Failure mode sketches adapted from Ref. [94].

timber ties inserted at wall corners to improve connections (Fig. 21e). However, their smooth surfaces and insufficient anchorage often
failed to prevent wall separation and corner failures.

Similar strengthening measures were identified in SM buildings, including wooden lintels above openings (Fig. 23a), elongated
cornerstones enhancing interlocking (Fig. 23b), and timber pegs connecting wall wythes and orthogonal corners (Fig. 23c). Despite
generally better preservation in SM buildings, their application remained irregular and non-systematic, limiting their effectiveness in
controlling crack propagation and preventing leaf separation and overturning (Fig. 23d). Buildings shown in Fig. 23a and b, where
maintenance or strengthening interventions were more systematic, exhibited reduced damage. In contrast to conservation principles
aimed at preserving traditional construction techniques, recent URM construction often incorporates RC elements under the
assumption that modern materials inherently improve seismic performance. This practice is particularly common in SM buildings,
where RC ring beams and slabs are introduced during construction (Fig. 24a). However, effective connections with the brittle masonry
walls are rarely achieved, leading to dislodgement at the wall-roof interface and out—of-plane failures characterised by arch-shaped
cracking (Fig. 24b), often resulting in partial or complete roof collapse (Fig. 24c and d). In several cases, these failures were more
severe than those observed in traditional URM buildings without RC additions.
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Fig. 22. SM buildings: isolated configurations with (a) out-of-plane failure and (b) corner failure; clustered configurations with (c) out-of-plane
failure, (d) in—plane failure, and (e) pounding between adjacent buildings. Failure mode sketches adapted from Ref. [94].
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Fig. 23. (a) Timber lintels above openings; (b) cornerstones enhancing interlocking; (c) timber stitches/dowels within the wall; (d) timber dowels
at corners.
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Fig. 24. (a) SM building with RC beams at lintel and roof levels; (b) out-of-plane wall dislodgement from the RC beam; (c) RC roof collapse; (d)
failure of a lightly reinforced RC slab.

5.3.3. Hybrid buildings

Hybrid buildings, defined by informal incremental construction practices involving staged extensions, varied structural systems,
and mixed materials, typically guided by local know-how rather than formal engineering design [95-97], were commonly observed in
rural villages of the High Atlas region near the epicentre (Fig. 1). EEFIT post-earthquake reconnaissance indicates that this typology
exhibited poor seismic performance, accounting for a substantial proportion of severe damage states (more than 50% in DG3 or above;
Fig. 11e and f). Their behaviour is interpreted within a three-stage informal construction process, which provides a structured
framework to classify the main forms identified in the field. Similar processes have been documented in Kenitra, Morocco [98],
consistent with patterns observed in the High Atlas. Accordingly, three principal forms are identified, corresponding to progressive
stages of construction: (i) temporary shelter configurations with incomplete structural systems; (ii) intermediate housing with partially
completed vertical and horizontal elements; and (iii) permanent housing characterised by completed but heterogeneous structural
systems.
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Stage 1—Temporary Shelter consists of a partially completed ground floor constructed with reused materials to establish an initial
dwelling footprint [98]. In practice, these configurations may remain in this incomplete state for extended periods due to financial
constraints. Two typical configurations corresponding to the CM typology (Section 5.3.1), are observed. The first (Fig. 25a) comprises
RC tie—columns and beams with CMU wall panels, where the slab has not yet been constructed. The absence of diaphragm action leaves
the walls unsupported and highly susceptible to out-of-plane failure. The second (Fig. 25b) includes RC tie-columns and beams with
SM wall panels with a temporary traditional floor, with characteristics and deficiencies similar to those described in Fig. 19. As dis-
cussed in Section 5.3.1, the ineffectiveness in the confinement between RC elements and masonry infill, due to material incompatibility
and incorrect construction sequence, leads to arch-type panel failure (Fig. 17) associated to masonry leaf separation (Fig. 18).

Stage 2—Intermediate Housing is characterised by the completion of a permanent floor system at least at the first level, marking the
transition from a temporary shelter to a more structurally consolidated occupation. This stage often involves partial development of
upper storeys as income-generating units, commonly through informal rental or Rahn arrangements [98]. The generated income is
typically reinvested into subsequent construction phases, linking structural consolidation with incremental financing. The building
shown in Fig. 25c illustrates this condition: the first storey comprises CM with SM infill panels, while the temporary floor (Fig. 19) has
been replaced with an RC joist-CMU slab (Fig. 13e). At the upper storey level, only the CMU walls have been partially constructed,
with an RC sill band in place, while the slab has not yet been completed. Fig. 25d provides a further example of this condition. In this
case, the same structural system and materials are used. However, only the masonry panels are constructed, and no floor system is
present, resulting in a cantilever behaviour of the walls. Projecting reinforcement bars, left for future extensions, further increase the
risk of corrosion.

Stage 3—Permanent Housing represents the final phase in the construction (Fig. 26), where temporary elements are replaced with
permanent materials and finishes, or where existing buildings are vertically extended through successive construction stages, resulting
in hybrid structural behaviour driven by the interaction between existing and newly added storey or components, often characterised
by incomplete interfaces, poor bonding, and unfinished elements. Nonetheless, substantial heterogeneity in construction quality
persists, reflecting household financial capacity. Some buildings remain unfinished (Fig. 26a), while others exhibit partial or “patched”
construction with mixed materials (Fig. 26b and c). Material and detailing heterogeneity, discontinuous load paths, and incompatible
deformation capacities, combined with the deficiencies outlined in Section 5.3.1 and 5.3.2, often lead to local brittle failure mecha-
nisms, typically concentrated at storeys where changes of the structural system occur rather than resulting in a global structural
response. Observed failures include diaphragm failure due to inadequate anchorage, severe shear cracking, overturning of unanchored
infill panels, and plastic hinging of columns in stiffer upper storeys, frequently culminating in localised corner failures (Fig. 26c—e).
This complexity hinders the clear identification of dominant failure mechanisms and complicates decision-making regarding appro-
priate interventions, particularly when choosing between retrofit and replacement.

5.3.4. Reinforced concrete buildings (RC)

RC buildings represented only a small fraction of the structures surveyed in settlements close to the epicentre (Fig. 1). In many
cases, as discussed in Section 5.3.1, distinguishing between RC moment-frame systems and CM was challenging because buildings
incorporated heavy masonry infills and had RC beams and columns with relatively small cross-section. Several of these buildings
experienced moderate to severe damage, including partial and localised collapses—most commonly at upper storeys, such as terrace
levels (Fig. 27a). The extent of damage is mainly linked to shortcomings in construction quality, detailing, and structural irregularities,
rather than to intrinsic weaknesses of the RC system. Typical damage patterns included extensive in-plane shear cracks in walls,
horizontal cracking at slab levels, and diagonal cracks around openings, often accompanied by the dislodgement or complete loss of
infill panels (Fig. 27b-e). Additional observations included plaster spalling and partial failure of wall and roof elements, particularly at
weak wall-slab connections. Multiple vulnerability factors contributed to the observed damage. Vertical and horizontal
irregularities—such as variable storey heights, irregularly distributed openings, re-entrant corners, setbacks, and overhanging
volumes—were present. Other common weaknesses included soft—storey mechanisms and short-column effects. Buildings constructed
on sloping terrain exhibited even more complex behaviour due to uneven load paths and torsional responses. Similar to other con-
struction typologies, non-structural components—parapets, chimneys, and roof overhangs—proved particularly susceptible to dam-
age, often cracking or collapsing because of weak anchorage and heavy roofing systems.

() (d)

Fig. 25. Temporary shelter: (a) Confined Masonry (CM) with Concrete Masonry Units (CMU) panels without first—floor slab; (b) CM with stone
masonry (SM) panels with traditional floor. Intermediate Housing: (c) CM with SM panels with a reinforced concrete (RC) sill band enclosing short
CMU, (d) CM with CMU panels without the sill band.
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Fig. 27. Reinforced concrete (RC) buildings in settlements close to the epicentre: (a) failure of upper storey; (b) shear cracking in infill walls; (c—e)
dislodgement and loss of infill panels.

In contrast, RC buildings constituted the predominant construction typology in Agadir. Following the extensive destruction caused
by the 1960 earthquake, reconstruction in the city incorporated modern construction techniques and seismic design provisions.
Although ground shaking in Agadir during this event was significantly lower (Fig. 1), the RC building stock demonstrated markedly
superior performance. Field observations revealed only limited instances of damage, and these were generally minor, affecting pri-
marily non-structural elements such as cracking at seismic joints and slight damage to finishes (Fig. 28). This comparison underscores
the positive influence of code-compliant design and sound construction practice on the seismic performance of RC buildings.

5.4. Non-residential buildings

Non-residential buildings—including mosques, schools, healthcare facilities, hotels, commercial, and industrial buildings—were
also inspected during the field reconnaissance mission. Following the methodology described in Section 2.2, the georeferenced ob-
servations collected for these buildings were incorporated into the multi-layer post-earthquake framework as the non-residential
building layer. Although these buildings generally follow construction practices similar to those identified for residential buildings
(Section 5.3), differences in structural configuration, occupancy, code compliance, and construction quality may influence their
seismic response. Fig. 29 presents the non-residential building layer, showing the spatial distribution of the surveyed buildings and
their corresponding EMS-98 damage grades [48]. For clarity, only the building type and EMS-98 damage grades are displayed;
however, each georeferenced building is linked within the thematic layer to the full set of engineering observations collected during
the field reconnaissance (Section 2.2), including structural typology, construction materials, number of storeys, roof system, observed

@ ' ® © @

Fig. 28. Reinforced concrete (RC) buildings in Agadir: (a—c) Cracking observed at seismic joints; (d) Light damage to non-structural elements.
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Fig. 29. Non-residential building layer, showing the spatial distribution of the surveyed non-residential buildings—including religious (mosques),
educational (schools), healthcare, commercial, industrial buildings and designated cultural heritage buildings —and their corresponding EMS-98
damage grades. The figure also includes the USGS ShakeMap-derived peak ground acceleration (PGA) contours (%g) and the location of the 8
September 2023 Mw 6.8 Al Haouz earthquake epicentre [1].

damage mechanisms, vulnerability characteristics, photographic documentation, and other survey attributes. As with the residential
building layer, the observed damage patterns are interpreted within the common geospatial framework rather than in isolation,
allowing non-residential building performance to be evaluated alongside the regional ShakeMap-derived ground motion estimates,
EQLs, road access disruption, and local geological conditions.

5.4.1. Community mosques

Twenty-one community-built, non-heritage mosques located 17-58 km from the epicentre were assessed during the field
investigation. These structures represent typical community mosques serving local settlements and should be distinguished from the
historic monumental mosques discussed in Section.6.5. Their locations and associated damage grades are shown in Fig. 29. Compared
with residential structures in the same settlements, mosques generally exhibited lower damage levels, which may reflect improved
construction quality and workmanship, as these buildings are often funded and supervised by local communities. Generally, in contrast
to residential buildings of similar typologies (Section 5.3), full out-of-plane infill failures and roof collapses were not prevalent.
Damage was instead dominated by severe diagonal and X-shaped shear cracking accompanied by localised crushing and spalling. This
can be demonstrated in Fig. 30a and b for mosques constructed of CM with CMU infills (Fig. 30), where the observed damage is
consistent with the in-plane shear crack pattern previously identified for residential buildings (Figs. 25 and 26). Some mosques
consisted of CM frames with traditional SM infill panels (Fig. 30c). Damage patterns included plaster detachment, diagonal shear
cracking, and horizontal cracks along panel edges, indicating weak frame-infill interaction and insufficient confinement. This
structural response is consistent with construction sequences in which RC frames are erected first and subsequently infilled with stone
masonry panels, as described in Section 5.3.4 (Fig. 27). Traditional mosques constructed as URM buildings with RE and SM exhibited
damage associated with limited interlocking of masonry units, poor mortar quality, and weak wall-to-wall and wall-to-roof connec-
tions, similar to the behaviour discussed for residential URM buildings (Section 5.3.2). The most common failures involved partial
collapse of external load-bearing walls and out-of-plane mechanisms (Fig. 30d and e), generally followed by arch-shaped cracking at
wall heads indicating masonry leaf separation and localised material loss, likely triggered by timber roof beam impact and thrust
effects during seismic loading (Fig. 30). Additionally, diagonal shear cracking was observed in internal load-bearing walls (Fig. 30f
and g), and opening corner cracks were also common (Fig. 30h), along with floor cracking (Fig. 30i and j) that reflected combined
in—plane action.

A common structural feature of the surveyed mosques was the presence of slender square-shaped minarets, typically constructed as
RC frame structures that act as vertically independent elements. However, the absence of adequate seismic separation joints resulted in
pounding interactions with adjacent prayer halls (Fig. 30k), as the slender minaret structures and the main mosque buildings exhibit
different dynamic responses during seismic excitation. This interaction was evidenced by vertical interface cracking and shear damage
in adjacent infill panels; however, no global collapses were observed. The most severe damage involved partial failure of unconfined
upper parapets lacking continuous tie beams (Fig. 301), and shear cracking in the infill panels along the upper minaret shafts
(Fig. 30m). In several cases, local repair and stabilisation measures had already been implemented to address pounding-related and
shear-induced damage (Fig. 30n and o).
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Fig. 30. CM mosques with CMU infill panels showing: (a-b) severe diagonal and X-shaped widespread shear cracking and partial collapse of infill
panels; CM mosques with SM infill panels showing: (c) diagonal and horizontal infill separation cracks along with plaster detachment, indicating
poor frame-infill interaction; URM mosques with RE and SM showing: (d-e) partial collapse of external walls, (f-g) diagonal shear cracking of
internal walls, (h) opening corner cracks, (i-j) floor cracks; Minarets showing: (k) pounding damage; (1) partial collapse of unreinforced upper
parapets; (m) diagonal shear cracking of infill panels; (n-o) repair interventions.

5.4.2. Other Non-Residential buildings
Field observations also included commercial buildings, schools, healthcare facilities, and hotels. Seven healthcare facilities were
inspected externally only, as access was not authorised during the mission. RC frame and CM buildings with CMU infill generally

(®)

Fig. 31. (a) Concrete spalling; (b) separation between infill panel and RC frame; (c) possible column hinges with insufficient reinforcement
confinement; (d) shear cracking and CMU block loss in infill panels; (e) residual drift in adjacent RC framed structures; (f) prefabricated concrete
classroom showing panel separation and localised damage.
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performed satisfactorily and remained operational, with damage limited to DG1, typically consisting of hairline or minor diagonal
cracks in infill panels. In contrast, the only traditional SM facility experienced DG4, characterised by shear cracking in load-bearing
masonry walls.

Seven schools were inspected and were predominantly RC moment-frame structures with CMU infills and RC slabs. Damage ranged
from DG1 to DG3, including plaster cracking and concrete spalling exposing the steel reinforcement (Fig. 31a), pounding damage
between adjacent buildings (Fig. 31b), possible column hinging with insufficient reinforcement confinement (Fig. 31c), and shear
cracks in infill panels (Fig. 31d). Residual drifts were also evident in some buildings as shown in Fig. 31e for two adjacent RC framed
structures. In some cases, damage was associated with structural irregularities such as soft-storey configurations or buildings con-
structed on sloping terrain. Schools built with precast concrete panels generally performed better, although limited panel displacement
and localised damage were observed (Fig. 31f) in addition to roof damage due to inadequate roof-to-wall connections (Fig. 31).

Hotel buildings showed mixed performance, however, most remained operational and sustained only limited damage. Three hotels
were inspected in detail. The most severe case involved a four-storey RC frame hotel constructed on a slope that experienced a
soft-storey collapse (DG5), resulting in partial structural failure (Fig. 32a). A second three-storey RC frame hotel with hollow clay
brick infill experienced DG2, mainly non-structural damage, including detached rendering and diagonal cracks in panels (Fig. 32b and
c). A traditional RE riad exhibited DG3, with shear cracking in external and internal walls and damage associated with inadequate
roof-to-wall connections. While hotels are generally built and maintained to meet accreditation standards and guest expectations,
their relatively rapid recovery may have been influenced by owners prioritising reopening over accessing government stipends,
particularly where projected revenues exceeded available subsidies. This may explain why performance indicators were not readily
traceable during the field mission.

A total of 29 commercial buildings were inspected, exhibiting a wide range of structural typologies, including RC frames, CM with
CMU infill, and URM construction. Most buildings experienced DG1-DG3, typically characterised by plaster cracks, infill damage, and
separation between frames and panels. However, several cases of DG4-DG5 were observed, particularly in RC frame buildings affected
by structural irregularities such as soft-storey configurations, re—entrant plan geometries, or construction on sloping terrain. URM
buildings showed damage associated with weak connections and heavy roof systems. Two complete collapses of commercial mar-
ketplaces were documented. Fig. 32d shows an RC frame building from the 1930s where one portion collapsed due to inadequate
reinforcement and confinement detailing, while the adjacent portion remained standing but exhibited severe column shear failure,
likely associated with torsional response due to asymmetric lateral stiffness. Another collapse case is shown in Fig. 32e, where debris
similarly revealed poor reinforcement detailing and inadequate confinement.

6. Cultural heritage damage and conservation response

Designated cultural heritage assets known to have sustained earthquake damage were inspected during the field reconnaissance,
with site selection informed by the preliminary post-earthquake assessments undertaken by the Moroccan Ministry of Youth, Culture
and Communication, together with logistical considerations and the field itinerary [5-7]. Following the methodology described in
Section 2.2, the EEFIT mission inspected nine protected heritage sites dating from the 12th to the 19th century that sustained
earthquake damage across the provinces of Marrakech, Al Haouz, Ouarzazate, and Taroudant (see Table 2). The resulting georefer-
enced observations were incorporated into the common multi-layer geospatial framework as the cultural heritage layer (Fig. 29). This
layer is interpreted alongside the complementary thematic layers, enabling the observed heritage damage to be evaluated in the
context of regional ShakeMap-derived ground motion estimates, EQLSs, local geological conditions, and the performance of the sur-
rounding building stock.

The monuments are primarily constructed using traditional Earthen materials (E), including RE and adobe, or SM in the form of
load-bearing walls with timber floors and roofs. Consequently, they share many construction characteristics with the traditional URM
residential building stock described in Section 5.3.2. Field observations indicated that many of the designated heritage monuments
exhibited higher standards of historical craftsmanship together with evidence of previous conservation and maintenance in-
terventions. However, the pre-earthquake state of conservation varied between sites, ranging from recently restored monuments to
structures showing more limited maintenance. The assessment of these monuments therefore provides a complementary perspective
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Fig. 32. (a) Four-storey RC hotel exhibiting a soft-storey collapse; (b—c) three—storey RC frame hotel showing external and internal non—structural
damage; (d) RC frame commercial building with full collapse, while the adjacent structure remains intact due to sufficient lateral stiffness; (e) RC
frame commercial building showing total collapse with debris indicating poor reinforcement detailing and inadequate confinement.
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Table 2

Inspected monuments, reported Modified Mercalli Intensity (MMI) intensity and observed damage level.
Monument Province Epic. Dist. (km) Max. MI [1] Date URM Damage
Koutoubiya Mosque Marrakech ~72 7.8 12th c. SM DG2
El Badi Palace Marrakech ~72 7.8 16th c. RE DG3
Saadian Tombs Marrakech ~72 7.8 16th c. RE DG3
Bahia Palace Marrakech ~72 7.8 19th c. Mixed DG4
Marrakesh Wall Marrakech ~72 7.8 12th c. RE DG3
Tinmel Mosque Al Haouz ~30-35 9.1 12th c. RE DG5
Ait Ben Haddou OQuarzazate ~125 5.9 17th c. E, SM DG4
Kasbah Taourirt Ouarzazate ~130 5.9 18th c. E DG3
Taroudant Wall & Babs Taroudant ~95 6.1 12th —16th c. RE DG3

on the seismic performance of traditional URM construction by illustrating the influence of construction quality and pre-earthquake
conservation on observed earthquake damage. Observed damage ranged from DG2 to DG5, with most monuments experiencing DG3,
typically manifested as seismic crack patterns and localised structural failures. The most severe damage occurred at Tinmel Mosque
(DG5), which experienced partial structural collapse (Sec 6.5).

6.1. Immediate response: consolidation and early repair of protected heritage sites

Site inspections indicate that Moroccan authorities rapidly implemented stabilisation measures at damaged heritage sites. Tem-
porary propping and shoring were widely used to stabilise walls and structural elements while conservation strategies were being
developed. For example, extensive timber shoring supported the remaining walls of Tinmel Mosque (Fig. 42f). While steel propping
was installed in the central courtyard of the Large Riad at Bahia Palace (Fig. 33a).

Similar interventions were observed along the RE city walls of Marrakech and Taroudant, where bastions were stabilised using
horizontal timber boards stitched through the walls to control vertical cracks (Fig. 33b-d). Site observations suggest that conservation
responses generally relied on traditional materials and techniques, consistent with international conservation principles for historic
structures [99].

The urgency of these interventions reflects the strategic importance attributed by the Moroccan authorities to cultural heritage, not
only as a repository of cultural value but also as a key driver of tourism, a sector contributing more than 7% of Morocco's GDP [5]. This
is exemplified by the reopening of various affected heritage sites to visitors within one month of the earthquake, including major
monuments in the World Heritage Site of the Medina of Marrakech [7].

In several locations, earlier restoration interventions using compatible materials were evident, such as previous repairs along the
Taroudant city wall (Fig. 34). In some cases, post—earthquake repairs had already begun during the EEFIT mission, including crack
stitching with timber poles embedded in earthen mortar at Kasbah Taourirt (Fig. 35). The conservation approach applied to monu-
mental architecture contrasts with the more limited and often ad hoc maintenance practices observed in residential buildings con-
structed with traditional materials. Although some URM structures incorporate traditional mitigation measures such as timber ties,
dowels, or cornerstones (Fig. 21e and 23), these elements were often irregularly implemented or poorly anchored, limiting their
effectiveness.

The following case studies illustrate the observed range and extent of damage in different monumental heritage sites affected by the
earthquake that have been conserved and repaired using primarily compatible materials.

6.2. Ait Ben Haddou

Ait Ben Haddou, a fortified ksar recognised as a UNESCO World Heritage Site since 1987, provides an example of earthquake
damage in protected earthen settlements. The site comprises earthen buildings constructed along the slopes of a hill and enclosed
within defensive walls. Its authenticity is preserved through conservation and management measures that promote the continued use
of traditional materials and construction techniques [62]. At the time of inspection, the site exhibited low-to-moderate damage.
Extensive spalling of earthen render was observed, particularly around corners and openings in taller buildings, although more
generalised render failure occurred in some structures, possibly where the state of conservation was poorer (Fig. 36). Corner separation
cracks associated with out-of-plane wall behaviour and spalling around openings were also recorded (Fig. 37a and b), while diagonal
shear cracks around openings were also frequently recorded (Fig. 37c and d). Local failures occurred in some buildings, with repairs
underway. Piles of reconstruction materials were observed on site, including E blocks for rebuilding damaged elements, alongside
some cement blocks (Fig. 38).

6.3. Bahia Palace

Bahia Palace is a 19th—century complex located within the Medina of Marrakech World Heritage Site. Constructed in two phases
during the 1860s and 1890s under the patronage of Moussa Ben Ahmed El Boukhari and his son Ahmed Ben Moussa [100], the complex
comprises courtyards, riads, gardens, and associated structures built primarily of masonry walls with timber floor and roof systems.

Prior to the earthquake the palace was in generally good condition following several restoration campaigns undertaken during the
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Fig. 33. Propping and consolidation interventions: (a) Central courtyard of Large Riad, Bahia Palace, Marrakech; (b) Marrakech city wall bastion;
(c) Taroudant city wall bastion, external view; (d) Taroudant wall bastion, internal view.

e e AR R
@ ®) © )

Fig. 34. Diverse states of conservation and past restoration interventions along the city wall of Taroudant.
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Fig. 35. Post—earthquake crack stitching interventions at Kasbah Taourirt, Ouarzazate.

past century. The earthquake caused moderate to significant damage across the complex, which remained closed to visitors for one
month before reopening on 8 October 2023 together with other major tourist sites [7]. Local collapses were mainly observed in taller
structures, roof parapets, and corners, with the most significant failure occurring at the roof of the large pavilion in the Courtyard of
Honour (Fig. 39a). In-plane shear cracks were recorded around openings and corners (Fig. 39b and c), while separation of orthogonal
walls produced vertical corner cracks in several areas (Fig. 39d). The Large Riad exhibited extensive out-of-plane and shear cracking
along the central courtyard (Fig. 33a) and remained closed to visitors. Temporary stabilisation measures, including propping and
scaffolding, were installed during the early conservation response (Figs. 33a and. 39a).



V.I. Novelli et al. International Journal of Disaster Risk Reduction 145 (2026) 106400

(a) (b) (©

Fig. 36. Ait Ben Haddou: (a—c) Spalling of earthen render around corners and openings.
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Fig. 37. Ait Ben Haddou: (a-b) Corner separation cracks indicating out—of-planes failure (c-d) diagonal shear cracks to openings.
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Fig. 38. Ait Ben Haddou: post—earthquake rebuilding materials: (a-b) adobe blocks; (c-d) cement blocks.

6.4. Taroudant city wall

The Taroudant city wall, an approximately 8 km-long defensive ramparts constructed between the 12th and 16th centuries,
represents one of the most extensive rammed-earth fortifications in Morocco [101]. Prior to the earthquake, the wall displayed
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Fig. 39. Bahia Palace: (a) failure of roof of large pavilion at the Courtyard of Honour; (b-c) diagonal shear cracks at various locations; (d) corner
cracks at top of walls.

heterogeneous conservation conditions along its length due to repairs undertaken during different historical periods (Fig. 34).

Earthquake damage ranged from minor seismic cracking to failure, with the extent of damage influenced by several factors,
including wall orientation relative to the direction of shaking (in—plane versus out-of-plane), wall height and stiffness, state of
conservation, and the characteristics of past conservation interventions. Vertical cracks at or near corners were frequently observed at
bastions along the western stretch of the rampart, where the wall was subjected to out-of-plane motion.

These cracks followed construction joints between rammed-earth panels (Fig. 40a and b). Material crumbling and toe crushing at
the base of the wall under out-of-plane loading (Fig. 40c), as well as the reopening of previously repaired cracks under both in-plane
and out-of-plane loading (Fig. 40d), were also observed. These damage patterns highlight the behaviour of earlier repair interventions
using traditional techniques, such as masonry rebuilding with soft mortar or the use of timber keys across cracks. At the time of the
EEFIT inspection, several sections had already been temporarily stabilised through propping (Fig. 33c and d). The Babs, or gates of the
wall, also exhibited notable seismic damage., including out-of-plane cracking at the base of merlons at Bab Targhount and vertical
corner cracks with partial parapet collapse at Bab Ouled Bonouna (Fig. 41).

6.5. Historic mosques

Historic mosques in Marrakech and the surrounding areas exhibited varying levels of earthquake damage and subsequent repair
interventions [19]. The Kharbouch Mosque sustained significant structural damage and was undergoing stabilisation and repair works
during the EEFIT inspection. Follow—up observations indicate that the structure is currently under partial reconstruction as part of
ongoing restoration efforts (Fig. 42a and b).

In contrast, major monuments such as the Koutoubia Mosque remained largely intact, although conservation works were observed
on the minaret (Fig. 42c and d). Previous reconnaissance studies [18] reported cracking in the upper portion of the 77 m minaret and
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Fig. 40. Taroudant city wall: (a-b) vertical cracks at or near corners; (c) toe crushing at the wall base; (d) reopening of past crack repairs.
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Fig. 41. Babs of Taroudant city wall: (a) out-of-plane cracks at the base of merlons at Bab Targhount; (b) vertical corner cracks at Bab Ouled
Bonouna; (c) partial collapse at the top of the wall at Bab Ouled Bonouna.
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Fig. 42. Historic mosques affected by the 2023 Al Haouz earthquake: (a-b) Kharbouch Mosque inspected during the EEFIT mission in 2024 and
during a follow-up visit in December 2025; (c—d) Koutoubia Mosque inspected during the EEFIT mission in 2024; (e) conservation interventions
observed on the Koutoubia minaret in December 2025; (f) Tinmel Mosque showing extensive temporary interventions.
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the installation of temporary steel bracing after the earthquake to stabilise the structure. The mosque was reopened to the public in
September 2025 following conservation works, although monitoring and minor repair interventions continue (Fig. 42e). The Tinmel
Mosque, located in the High Atlas Mountains, experienced the most severe damage among the inspected religious monuments. This
12th-century Almohad structure suffered major structural collapse during the earthquake. Its severe damage is likely to reflect the
combined effects of its close proximity to the epicentre and the associated high levels of ground shaking, together with its structural
configuration and the ongoing restoration works at the time of the event, including the presence of scaffolding throughout parts of the
site [6]. Temporary stabilisation measures and reconstruction work have since been initiated. These observations highlight the varying
seismic responses of historic mosques depending on their proximity to the earthquake source, structural configuration, construction
materials, and pre-earthquake conservation conditions.

7. Conclusions

This study presents a multi-layer post-earthquake reconnaissance framework that combines five complementary remote sensing
(RS) with systematic engineering field observations within a common geospatial framework. The resulting multi-layer geospatial
dataset comprises complementary thematic layers, including regional-scale RS observations, earthquake-induced landslides (EQLs),
road accessibility, residential and non-residential building assessments with EMS-98 damage classifications, and cultural heritage
investigations. Organised within a common spatial framework, these complementary layers enabled earthquake impacts to be
interpreted consistently across regional, settlement, and asset scales, linking regional patterns of disturbance with the engineering
processes responsible for the observed damage. This multi-layer farmwork, therefore provided a means of examining different, but
interconnected, consequences of the earthquake-induced hazards, including regional disturbance, landslides, accessibility disruption,
structural performance, and cultural heritage. By combining regional and local-scale observations, the framework helped identify
where earthquake impacts occurred and explain the factors contributing to differences in their severity and distribution, providing
engineering insights that neither RS nor field reconnaissance could have achieved independently.

The combined use of SAR-based Damage Proxy Maps, Nighttime Light data, and Normalised Difference Vegetation Index filtering
enabled the rapid identification of settlements exhibiting different levels of regional disturbance, supporting the prioritisation of field
reconnaissance. However, these regional-scale products alone could not explain the causes of the observed damage. Systematic en-
gineering investigations provided complementary information unavailable from RS, including damage severity, structural failure
mechanisms, construction practices, and the influence of local geological and site conditions. Conversely, the RS products placed these
detailed observations within their broader spatial context, enabling local damage patterns to be interpreted in relation to regional
earthquake impacts and supporting a more representative assessment of seismic performance across the affected region. Importantly,
the regional screening also ensured that settlements exhibiting lower levels of disturbance were included, allowing earthquake per-
formance to be evaluated across a broader spectrum of damage conditions rather than only the most severely affected locations. Thus,
the integration of regional RS screening with systematic field observations provided both a means of efficiently targeting recon-
naissance and a broader spatial context for interpreting detailed engineering observations.

A total of 2671 landslides were identified, with their spatial distribution strongly controlled by topography and local geological
conditions. While the landslide inventory documented the extent of slope failures, their principal consequences became clearer when
the regional EQL observations were interpreted together with the road damage and accessibility observations recorded during the field
reconnaissance. Landslides were concentrated along the principal mountain valleys, which also contain the main transport corridors
serving remote settlements. Field observations confirmed that landslide debris, rockfalls, failures of engineered slopes, and other
geotechnical damage resulted in road blockages and restricted access along these routes. Consequently, the significance of the
landslides was not determined solely by their number or size, but also by their location within a road network on which remote
communities depend. These disruptions constrained emergency response, reconnaissance activities, road-clearance operations, and
the delivery of humanitarian assistance. In contrast, the building surveys demonstrated that structural damage within these settle-
ments was primarily associated with seismic shaking rather than direct landslide impacts. Interpreting the EQL inventory together with
the field observations of road disruption therefore revealed a different consequence of the earthquake from that captured by the
building assessments: landsliding primarily affected accessibility, whereas seismic shaking governed the distribution and severity of
structural damage. This demonstrates the added value of interpreting the regional landslide inventory together with systematic field
observations of infrastructure impacts rather than considering the landslide inventory in isolation.

The integration of the building observations with the regional RS and ShakeMap-derived ground-motion information further
demonstrated the importance of combining regional and asset-scale observations. The systematic assessment of 455 buildings showed
that, although confined masonry (CM) and reinforced concrete (RC) buildings generally exhibited lower damage grades than tradi-
tional unreinforced masonry (URM) and hybrid buildings, seismic performance varied considerably within each structural typology.
Buildings of the same structural typology located within areas exhibiting similar levels of RS-derived disturbance and comparable
regional ShakeMap ground-motion estimates frequently experienced markedly different damage levels. Because local site effects
remain uncertain owing to the limited availability of instrumental recordings, and the lack of reliable Vs,30 maps for the High Atlas
region, these regional ground-motion estimates and RS-derived disturbance patterns alone could not fully explain the observed
variability in seismic performance. Instead, the field investigations demonstrated that construction quality, structural detailing, ma-
terial properties, continuity of the load path, maintenance, and local geological conditions were equally important in governing the
observed damage. The combined interpretation therefore showed where regional-scale indicators were insufficient to explain local
structural performance and highlighted the importance of detailed engineering observations for understanding the mechanisms un-
derlying observed damage.
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The assessment of cultural heritage within the same geospatial framework highlighted the distinct vulnerabilities and recovery
requirements of historic assets compared with the wider building stock. Although predominantly constructed using traditional ma-
terials and generally sustaining moderate damage, with localised severe cases such as the Tinmel Mosque, the observed performance
reflected the influence of prior maintenance, construction quality, and conservation practices. The emergency interventions docu-
mented during the reconnaissance, which largely adopted compatible materials and traditional stabilisation techniques, demonstrate
that post-earthquake recovery strategies for cultural heritage require intervention approaches distinct from those applied to the wider
building stock, recognising both the structural characteristics and the cultural and socio-economic significance of these assets. The
integration of cultural heritage observations within the wider earthquake-impact assessment therefore allowed the vulnerability and
recovery requirements of historic assets to be considered alongside, but distinguished from, those of the general building stock.

More broadly, this study demonstrates the value of organising complementary RS products and systematic engineering field ob-
servations within a common multi-layer geospatial framework. The added value lies not in requiring direct spatial or statistical re-
lationships between every dataset, but in enabling distinct but interconnected earthquake consequences to be interpreted within a
common spatial context. The framework links regional disturbance with observed infrastructure disruption, structural performance,
and heritage vulnerability, while allowing the limitations of regional-scale indicators to be identified through detailed field obser-
vations. This integrated approach provides a more comprehensive understanding of earthquake impacts across regional, settlement,
and asset scales than could be achieved through RS analysis or field reconnaissance alone.

Building on these insights, and informed by stakeholder engagement activities (Section 2.4), which helped contextualise the results
in relation to practical needs and reconstruction priorities, the following evidence-based recommendations are proposed for future
research, practice, and implementation in similar mountainous and resource-constrained contexts.

e Multi-hazard, road disruption, and site conditions. The multi-layer post-earthquake assessment showed that earthquake-
induced landslides primarily disrupted road access rather than directly causing widespread structural damage. Future work
should extend this framework through explicit cross-layer analyses to examine how hazard impacts, road accessibility, building
damage, and community functionality interact and influence post-earthquake recovery. This could include synthesis matrices
linking field observations with RS-derived indicators and other spatial datasets, supporting improved understanding of earthquake
impacts and the development of scalable, data-driven methods for rapid post-earthquake assessment in data-scarce and inaccessible
environments.

Construction practices and capacity building. The assessment of 455 buildings demonstrated that construction quality and
structural detailing influenced seismic performance more strongly than structural typology alone. Recurrent deficiencies such as
inadequate wall-to-roof connections, discontinuous load paths, poor reinforcement detailing, and poor-quality construction ma-
terials governed the dominant failure mechanisms. These findings emphasise the need for targeted training and capacity building
for masons, contractors, and local builders, particularly in rural areas where informal and incremental construction is prevalent.
Context-specific construction solutions. The observed variability in seismic performance within the same structural typologies
demonstrates that reconstruction guidance should be tailored to the specific vulnerabilities of traditional masonry, hybrid, and
other non-engineered buildings. RC, often introduced into traditional systems, should not be considered a universal solution but
should be integrated only where compatible with local construction practices, available skills, and materials.

Role of local context and co-production. The observed variability in construction quality, maintenance, and structural detailing
highlights the importance of understanding how buildings are constructed, modified, and maintained within specific social and
economic contexts, and should be developed through co-production with local communities and stakeholders.

Heritage conservation and resilience. The observed performance of heritage structures highlights the importance of mainte-
nance, construction quality, and conservation practices in reducing seismic vulnerability. Post-earthquake interventions should
prioritise the use of compatible materials and traditional stabilisation techniques, while recognising the socio-economic value of
heritage assets, including their role in supporting local tourism.

Data integration and digital tools. The multi-layer geospatial evidence base developed in this study demonstrates the value of
combining systematic field observations with very-high-resolution satellite imagery. Future work should build on this approach by
generating labelled datasets that link ground-based damage assessments with RS products, supporting improved damage classi-
fication and the advancement of scalable, data-driven methods for rapid post-earthquake assessment in data-scarce and inacces-
sible environments.

Reconstruction and future research. Future efforts should focus on developing context-specific reconstruction guidelines for
traditional masonry, hybrid, and other non-engineered buildings, informed by the dominant vulnerability characteristics and
failure mechanisms identified during this study. These should be complemented by expanded data collection in underrepresented
seismic regions and further development of integrated RS and field-based approaches to support rapid post-earthquake assessment,
risk reduction, and resilient recovery.

The integrated multi-layer reconnaissance framework developed in this study provides a structured and reproducible workflow for
post-earthquake assessment that can be adapted to other remote, data-scarce, and multi-hazard-prone regions. While the overall
workflow provides a structured and reproducible methodology, its implementation should be tailored to the local context, considering
the availability of RS data, accessibility constraints, geomorphological setting, and local construction practices. Adapting the recon-
naissance strategy to these regional characteristics will maximise the value of the integrated framework for supporting informed, risk-
aware decision-making and resilient recovery.
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