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Land Subsidence Hazard and Building Collapse Risk in the
Coastal City of Lagos, West Africa
L. O. Ohenhen' () and M. Shirzaei!

'Department of Geosciences, Virginia Tech, Blacksburg, VA, USA

Abstract Every year incidents of building collapse claim many lives and cause enormous financial losses
around the world, which are often blamed on low-quality materials, non-compliance with standards, lack of
oversight, and failure to enforce building codes. Here, we highlight the role of land subsidence in triggering
unprecedented collapses in the city of Lagos, Nigeria, which has reported over 200 casualties during 152
building failures since 2005. We used acquisitions from radar satellites for 2018-2021 and provided data that
link subsidence to foundation damage and high building failure risk in the region. We estimate that an area of
5-81 km? and 255-4,000 buildings are exposed to a high to very high risk of collapse for short-term (10 years)
to long-term (75 years) periods. Differential land subsidence can trigger building collapse, and the data
presented here will enable authorities to create adequate building codes and standards and devise mitigation
strategies.

Plain Language Summary Low-quality materials, non-compliance with standards, a lack of
oversight, and failure to enforce construction codes are frequently cited as causes of the annual global increase
in building collapses that kill countless lives and result in tremendous financial losses. In this article, we focus
on the impact that land subsidence plays in causing building collapses in Lagos, Nigeria. We employed radar
satellite acquisitions from 2018 to 2021 to present evidence linking subsidence with foundation damage and

a significant risk of building failure in the area. We calculate that in the future, between 5 and 81 km? and
255-4,000 buildings are at a high to very high risk of collapsing.

1. Introduction

Building collapse is a common phenomenon often resulting from the structural failure of a building, culminating
in its collapse. Worldwide, multiple events of building collapse are recorded each year, with an average of eight
building collapses per year, resulting in greater than 300 deaths each year (Keim, 2021). Lagos, Nigeria, the
third most populous coastal city in the world and the second most populated city in Africa (Figures 1a and 1b),
with an estimated population of ~15 million, has recorded an unabating incidence of building collapse over the
past 50 years. The existing literature reports approximately 300 collapsed buildings between 1978 and 2022 in
Lagos (Ebehikhalu & Dawam, 2014; Okunola, 2021), with more than 400 deaths, 6,000 displaced households,
and an estimated loss of property worth about US$ 3.2 trillion (Okunola, 2021, 2022). Four such major inci-
dences of collapsed buildings in Lagos have resulted in the loss of 191 lives (Figure 1c). Despite the significant
socioeconomic and human impacts of these occurrences, incidences of building collapse in Nigeria are hugely
underreported and do not receive major scholarly and media attention (Windapo & Rotimi, 2012). For exam-
ple, a global report on building collapse over the last 50 years, reported only 12 collapsed buildings in Nigeria
(Keim, 2021), which is 20 times less than the factual number of collapsed buildings (Akinyemi et al., 2016;
Awoyera et al., 2021; Ebehikhalu & Dawam, 2014; Okunola, 2021; Oloke et al., 2017; Windapo & Rotimi, 2012).

In Nigeria, these occurrences have been a source of concern to stakeholders, leading to increased diffusion of
engineering knowledge to examine the causes of building failure (Ebehikhalu & Dawam, 2014). The cause has
majorly been attributed to carelessness, poor workmanship, design flaws, and the use of substandard construction
materials (Adetunji et al., 2018; Ebehikhalu & Dawam, 2014; Okunola, 2021). However, a statistical compari-
son of three major cities with the highest rate of building collapse in Nigeria shows that incidences of building
collapse in Lagos are 700%—1,900% (8-20 times) greater than in the other two cities (Akinyemi et al., 2016;
Ede, 2010). This suggests an intrinsic process exclusive to the coastal city of Lagos that may be driving the inces-
sant occurrence of building collapse.
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Subsidence, the lowering of land elevation, affects most megacities worldwide, with significant socioeconomic
implications (Nicholls et al., 2021). More than 150 cities worldwide are experiencing subsidence of varying
magnitude (rates up to tens of cm per year in some cities) (Wu et al., 2022; Zhou et al., 2020) and 15 of the 20
major coastal cities are at high risk of inundation due to subsidence (Herrera-Garcia et al., 2021). Recently, the
co-occurrence of subsidence and sea-level rise (SLR) in coastal cities has garnered greater attention due to the
potential for increased future inundation hazards resulting from relative SLR (Miller & Shirzaei, 2021; Nicholls
et al., 2021; Restrepo-Angel et al., 2021; Shirzaei & Biirgmann, 2018; Shirzaei et al., 2021; Wu et al., 2022).
However, subsidence is a more immediate problem in many regions than climate-induced SLR, particularly
in areas experiencing rapid urbanization (Cian et al., 2019; Nicholls et al., 2021). Continuous subsidence may
severely damage infrastructure (Ferndndez-Torres et al., 2020). The risk to infrastructure from subsidence is
primarily due to spatially uneven settlements over the extent of the structure, for example, a building (Cigna &
Tapete, 2021a; Ozer & Geurts, 2021). This inhomogeneous spatial subsidence causes an angular distortion, which
may lead to the tilting, cracking, deformation, and failure of a building (Bjerrum, 1963; Burland et al., 1975; Ozer
& Geurts, 2021). As a result, urban areas exposed to subsidence with high property densities are often expanding
into vulnerable areas and structures are at risk of failure (Mohamadi et al., 2020).

Subsidence in Lagos has been documented by other authors and examined within the context of relative
SLR-induced hazards, such as saltwater intrusion and the increased frequency of flooding (Cian et al., 2019;
Ikuemonisan & Ozebo, 2020). In this contribution, we investigate the risk to buildings associated with subsidence
in the coastal city of Lagos. We use measurements of vertical land motion (VLM) obtained from Interferometric
Synthetic Aperture Radar (InSAR) collected between 2018 and 2021 to calculate the hazard associated with
differential subsidence. This hazard map from subsidence is then combined with a building density map to create
a structural-vulnerability risk map for Lagos and identify areas with a high risk of building collapse.

2. Materials and Methods
2.1. Building Collapse Data Set

We compiled a data set of building collapse locations for Lagos. Our study uses a data set of 106 collapsed
buildings in Lagos (Data Set S1 in Supporting Information S1), compiled from eight different studies (Adetunji
et al., 2018; Akinyemi et al., 2016; Awoyera et al., 2021; Ayeni & Adedeji, 2015; Ebehikhalu & Dawam, 2014;
Odeyemi et al., 2019; Oloke et al., 2017; Windapo & Rotimi, 2012) and three online news media including Cable
News Network, Vanguard Nigeria, and The Guardian. The meta-analysis includes data on all collapsed buildings
from 1978 to 2022. We screened the data to extract 43 collapsed buildings between 2000 and 2022 where the
precise geographic coordinates could be extracted and the buildings were not under construction at the time of
the collapse (Figure 1b).

2.2. SAR Analysis

We measured ground deformation in Lagos using multitemporal SAR interferometric analysis of the Sentinel-1
A/B C-band satellite. The SAR data set includes 109 and 106 images acquired in ascending (18 March 2018-28
October 2021) and descending (13 March 2018-23 October 2021) orbit geometry, respectively (Figure 1a). Using
these data sets, we generated 603 interferograms for the ascending mode (average incidence angle = 39.29° and
heading angle = 347.95° within the study area) and 530 interferograms for the descending mode (average inci-
dence angle = 43.93° and heading angle = 192.05°). The maximum temporal and perpendicular baselines for the
data sets are 400 days and 250 m, respectively.

We generated high-resolution time series of deformation for the ascending and descending data sets using a multi-
temporal wavelet-based InSAR algorithm (Shirzaei, 2013; Shirzaei & Biirgmann, 2012). To this end, the geomet-
rical phase was calculated and removed using the 30-m Shuttle Radar Topography Mission digital elevation
model (Farr et al., 2007) and the satellite's precise ephemeris data (Shirzaei & Biirgmann, 2012). Next, the time
series of the complex interferometric phase noise was calculated in the wavelet domain and analyzed statistically
to identify the elite pixels (Shirzaei, 2013). We then implemented an iterative 2D sparse phase unwrapping algo-
rithm to obtain the absolute estimate of the phase change for the elite pixels. Each unwrapped interferogram was
corrected for the effect of orbital error (Shirzaei & Walter, 2011) and the topography-correlated atmospheric delay
(Shirzaei & Biirgmann, 2012). Using a robust regression, we inverted the phase changes from the interferograms
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Figure 1. Study Area and Data sets. (a) Footprint of Synthetic Aperture Radar satellite images (Ascending and descending Sentinel-1A/B) in Lagos. (b) The location
of Lagos in Nigeria and Africa. (c) Lagos map showing 43 geolocated collapsed buildings from 2000 to 2022 (white circles). The red, orange, yellow, and blue circles
are locations of the 4 collapsed buildings with the highest reported casualty. The background image in panels (a and c) is satellite data from Google Earth.

and applied continuous wavelet transforms to reduce the temporal component of the atmospheric delay. Lastly, we
calculated the velocities along the line-of-sight (LOS) direction for each elite pixel. The LOS displacement veloc-
ity is calculated as the slope of the best fitting line to the associated time series using a reweighted least squares
estimation, with a reference point 21 km outside the city boundary (Figure S1 in Supporting Information S1). The
final LOS displacement velocity and standard deviation for the ascending and descending data sets are shown in
Figure S1 in Supporting Information S1.

The obtained LOS displacement velocity is composed of three components in the horizontal (east-west and
north-south components) and vertical (uplift-subsidence component) directions. Given the near polar-orbiting
satellites and a lack of up-to-date global navigation satellite system (GNSS) data, only the east-west and up-down
components can be obtained reliably. Thus, we assume that motion in the north-south direction is negligible.
Consequently, we combine ascending and descending LOS velocities to solve for east-west (E) and up-down (U)
rates (Miller & Shirzaei, 2015).

To this end, we first identified co-located pixels of LOS displacement velocity from the ascending and descending
tracks to obtain two co-located LOS displacement velocities. The model to combine the ascending and descend-
ing LOS displacement velocities to generate a high-resolution and accurate map of the £ and U velocities is given
by Equation 1:

ASCios cxc e | E 0
DESi0s cs s |l u

where, ASC, s and DES, ¢ are the ascending and descending Sentinel-1 LOS displacement velocities, respec-
tively. C are unit vectors projecting the displacement onto the LOS (Hanssen, 2001), which are functions of the
incidence and heading angles. The final solution to Equation 1 is given by Equation 2:

X=A"L 2

Where,
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Figure 2. Spatial maps of 2D velocity, subsidence-induced hazard, and elements at risk in Lagos. (a) Vertical and (b) east displacement rates relative to the reference
point (latitude: 6.87027° and longitude: 3.190534°). (c) Total angular distortion, f,, for a 4 year period (2018-2021) and (d) building densities. The white circles are the
locations of 43 collapsed buildings from 2000 to 2022. The background image in panels (a—d) is satellite data from Google Earth.
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The resulting VLM rate and east velocity are shown in Figures 2a and 2b.

2.3. Assessing Structure Damage Risk Due To Differential Subsidence

To assess the risk level that buildings are exposed to due to land subsidence, we adopt the risk matrix. The risk
matrix comprises 5 categories; R,—Very low, R,—Low, R,—Medium, R,—High, and R,—Very high. In each
category, a given hazard likelihood is related to hazard severity, namely building damage (Cigna & Tapete, 2021a).
The severity of damage in Lagos is approximated using angular distortion (Burland et al., 1975; Skempton &
Macdonald, 1956). The angular distortion is commonly applied in geotechnical engineering to estimate the
severity of building damage associated with subsidence/differential settlement (e.g., Cigna & Tapete, 2021a;
Fernandez-Torres et al., 2020; Ozer & Geurts, 2021; Vassileva et al., 2021). Differential subsidence is a hazard
to buildings, with the potential to cause significant damage, failure, and ultimately the collapse of buildings
(Burland et al., 1975; Cigna & Tapete, 2021a; Fernandez-Torres et al., 2020; Vassileva et al., 2021). Damage to
buildings due to differential settlement is a result of strain changes between two adjacent points which causes
angular distortion, a hazard to buildings (Burland et al., 1975; Vassileva et al., 2021).

Given [ is the horizontal distance between adjacent InSAR pixels (75 m in this study) and § is the differential
vertical displacement between adjacent InSAR pixels, the angular distortion, £ is given by Equation 4:

p=3 “)
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The calculated f at the location of each pixel is shown in Figure S2 in Supporting Information S1. Several f
based on empirical data have been suggested as the critical value, which defines the threshold of negligible to
very severe damage to buildings and infrastructure. Wood (1958) reported £ of 1/1,000-1/100 as likely to cause
cracks and damage to brick walls and encased steel frames. For brick-bearing walls, £ greater than 3.25/1,000
will cause moderate to very severe damage (Boscardin & Cording, 1989). Structural damage appears in beams
and columns when S exceeds 6.6/1,000 (Skempton & Macdonald, 1956), and f greater than 3.3/1,000 may cause
cracking of walls in buildings with steel or reinforced concrete frames (Bjerrum, 1963; Day, 1990; Skempton &
Macdonald, 1956).

It should be noted that f calculated using Equation 4 is the distortion rate affecting the buildings. To obtain the
total distortion, S, over the InSAR period (Figure 2c), we multiply the calculated angular distortion (Figure
S2 in Supporting Information S1) with the period of 4 years. The f obtained for the InSAR period is only the
partial distortion and does not reflect the total distortion accumulated over the lifetime of buildings (Cigna &
Tapete, 2021a). To investigate future risks to building due to land subsidence, we examine different scenarios
hypothesizing that the measured subsidence rate is continuous in the region. This hypothesis follows the assump-
tion of a linear rate of VLM during the 21st century (Shirzaei et al., 2021), a widely used scenario for assessing
future hazards, for instance, due to relative SLR (Fox-Kemper et al., 2021). To this end, given the values shown
in Figure S2 in Supporting Information S1, we calculate the accumulated 3, , in Lagos over 10 years (hereafter
short-term period: 2018-2028), 35 years (hereafter intermediate-term period: 2018-2053), and 75 years (hereaf-
ter long-term period: 2018-2093).

Next, we resample the 5, on a 0.2 X 0.2 km grid, and following Cigna and Tapete (2021a), defined four classes:
low (0 < B, < 1/3,000), medium (1/3,000 < B, < 1/1,500), high (1/1,500 < g, < 1/500), and very high
(B > 1/500), indicative of the increasing likelihood of damage (Figure S3 in Supporting Information S1). High
B, identifies hot zones with the greatest strain changes. Typically, §,., in excess of 1/3,000 is likely to cause struc-
tural damage (e.g., tilting and cracking) and foundational problems to buildings (Skempton & Macdonald, 1956;
Zhang & Ng, 2007), and a critical # of 1/3,300 defines the damage threshold for sand-built structures (Burland

etal., 1975).

To quantify the likelihood, we extracted the building footprint for Lagos from the Open Data Commons Open
Database License (ODbL) available from Microsoft. Using the building density classification for urban housing
in developing countries (Sanya & Mwebaze, 2020), we resample the building counts on the 0.2 X 0.2 km grid. We
categorized building density into three classes with an increasing number of buildings per km?: low (0 < building
density < 2,000), medium (2,000 < building density < 4,000), and high (building density > 4,000) (Figure 2d).
Using the §, , and the building density, we then create the risk classifications for Lagos.

3. Results
3.1. Spatial Pattern of Subsidence

The spatial distribution of the VLM rate indicates broad-scale subsidence in Lagos (Figure 2a), with rates exceed-
ing 4 mm/yr in most regions (Figure 3a), consistent with previous studies (Cian et al., 2019; Ikuemonisan &
Ozebo, 2020; Mahmud et al., 2016). Subsidence hotspots with rates exceeding 6 mm/yr are noted along the
coastline of the Atlantic Ocean, the southwestern region of Lagos; Lekki, the flood plains, and regions bounding
the Lagos Lagoon (Figure 2a). To validate the observed InSAR measurement, we compared the VLM rate for
an inactive GNSS station with data coverage between 2011 and 2013 with InSAR measurements between 2018
and 2021 (Figure S4 in Supporting Information S1). The VLM rate for the GNSS station (ULAG station) is
the vertical rate obtained directly from the Nevada Geodetic Laboratory (Blewitt et al., 2016, 2018), while the
InSAR VLM rate is obtained by averaging pixels within 100 m radius of the ULAG GNSS station (Figure S4 in
Supporting Information S1). The comparison of the VLM rates shows a difference of 0.07 mm/yr (Figure S4 in
Supporting Information S1).

The associated horizontal velocity, which measures motion in the east-west direction (Figure 2b) relative to the
reference point (Figure S1 in Supporting Information S1) shows velocities of +£1 mm/yr for ~50% of the pixels
(Figure 3b). However, enhanced east and west velocities are observed to cohere with some regions with high
subsidence rates, such as the regions (Figures 2a and 2b). We further evaluate the subsidence rate at the location
of 43 collapsed buildings between 2000 and 2022 where the precise geographic coordinates could be extracted,
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Figure 3. Distribution of 2D Velocity. (a) Histogram showing the distribution of vertical land motion rate (mm/yr). (b)
Histogram showing the distribution of east-west velocity (mm/yr). The vertical lines on the histograms show the median
velocity. The numbers on each bar are the number of collapsed buildings with the corresponding velocities.

and the buildings were not under construction at the time of the collapse (Figure 1c). The majority (>30) of the
43 geographically mapped collapsed buildings are located in areas with high subsidence rates and enhanced
east-west velocities (Figures 2a, 2b, and 3). Additionally, the time series of VLM indicate continuous subsidence
in all 43 locations of collapsed buildings, exceeding 30 mm in some locations (Figure S5 in Supporting Infor-
mation S1). This observation may suggest a causal relationship between land subsidence and building collapse.
However, we note that we cannot investigate this relationship further due to the lack of historical observation.

Noteworthy, the time series data (Figure S5 in Supporting Information S1) shows a change in the trend recorded
toward the end of 2020, which may indicate a poroelastic response to change in groundwater use due to the
increased/decreased groundwater use in 2020 during the Covid-19 lockdown or “Covid-effect.”

3.2. Angular Distortion Assessment

Figure 2c shows the spatial distribution of the total accumulated angular distortion (8,,) in Lagos for 4 years
(2018-2021). The accumulated f,, is low (0 < S, < 1/3,000), with only 0.7 km? of the city classified as a
medium (1/3,000 < 8, < 1/1,500) hazard zone (Figure S3a in Supporting Information S1). However, higher 8, ,
values (>1/5,000) are localized in some areas with subsidence rates exceeding 5 mm/yr, which indicates uneven
subsidence rates in these regions (Figure 2c). While the , , for the 4 years period in Lagos is below the thresh-
old of critical £ of 1/3,300 for sand-built structures (Burland et al., 1975), the 8, , accumulates rapidly for short,
intermediate, and long-term periods (Figures S3b—S3d in Supporting Information S1). For a short-term period
(10 years: 2018-2028), the total area classified with low, medium, and high 8, are 993.4, 67.8, and 8.2 km?,
respectively, with no area having very high S, , values (Figure S3b in Supporting Information S1). The total area
classified with low, medium, high, and very high g, for the intermediate term period (35 years: 2018-2053)
are 753.6, 214.5, 93.5, and 8.0 km?, respectively (Figure S3c in Supporting Information S1). For the long-term
period (75 years: 2018-2093), the total area with low, medium, high, and very high g, , are 606.6, 285.8, 147.9,
and 29.2 km?, respectively (Figure S3d in Supporting Information S1).

3.3. Building Collapse Risk Assessment

The produced risk maps for Lagos (Figure 4 and Table 1) are based on the hazard severity for the different
periods (f,,) combined with the building density in an area (Figure 4e). The different risk maps are due to the
B, in four-time periods (InSAR period, short term, intermediate term, and long term periods). Here, we assume
the building density to be immutable, however, the building density in Lagos is expected to increase with the
projected population increase, which may exacerbate the risk to the region. From the risk map, the total areas with
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Figure 4. Risk maps for Lagos. Risk zoning of buildings at 0.2 km grid resolution for (a) Interferometric Synthetic Aperture Radar (InSAR) period (4 years:
2018-2021), (b) short-term (10 years: 2018-2028), (c) intermediate-term (35 years: 2018-2053), and (d) long-term (75 years: 2018-2093). (e) The risk matrix used

to combine the total angular distortion (f,,,) and building density data to obtain the risk map. The exposure to the different risk level for (f) INSAR period (4 years:
2018-2021), (g) short-term (10 years: 2018-2028), (h) intermediate-term (35 years: 2018-2053), and (i) long-term (75 years: 2018-2093). The white circles are the
locations of 43 collapsed buildings from 2000 to 2022. The risk level for 43 collapsed buildings are shown in Figure S6 in Supporting Information S1. The background
image in panels (a—d) are satellite data from Google Earth.

very low-, low-, and medium-risk for a 4-year period are 540, 488, and 26 km?, respectively, with no high-, and
very high-risk areas (Figures 4a and 4f, Table 1). This risk increases over longer periods. Short-term, the high-
and very high-risk areas are 5 and 0.3 km?, respectively (Figures 4b and 4g, Table 1). The area of the high-risk
zones for the intermediate and long-term periods are 39 and 67 km?, respectively, with very high-risk areas of 6
and 14 km?, respectively (Figures 4c, 4d, 4h, and 4i, Table 1). The spatial distribution of the 43 geographically
mapped collapsed buildings shows that ~50% or more of the collapsed buildings occur within the medium- to
very high-risk zones for short-term to long-term scenarios (Figure S6 in Supporting Information S1).

Useful information for policymakers in assessing hazard zones is identifying high-risk-hazard-prone zones within
each district (known as local government area; LGA in Nigeria). These statistical risk maps classified based
on districts are essential resources for developing the most effective risk reduction and management strategies
(Cigna & Tapete, 2021a) and urban development planning for the next 35 years. Here, we provide a useful risk
map categorized by the 20 LGAs in Lagos utilizing the risk map for the intermediate-term period (Figure 5
and Table 2). The major LGAs with more than 1 km? of high- and very high-risk areas are Ajeromi, Alimosho,
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Table 1

Area of Different Risk Levels in Lagos for Interferometric Synthetic
Aperture Radar Period (4 Years: 2018-2021), Short Term (10 Years:
2018-2028), Intermediate-Term (35 Years: 2018-2053), and Long Term
(75 Years: 2018-2093) Period

Seventy-
Risks Four years  Tenyears  Thirty-five years five years
Very low 539.6 496.6 347.3 259.1
Low 488.3 501.6 5243 516.0
Medium 26.1 50.7 137.8 197.4
High 0.0 4.8 38.6 67.4
Very high 0.0 0.3 5.9 14.2
No data 958.9 958.9 958.9 958.9
Total (km?) 2012.9 2012.9 2012.9 2012.9

Amuwo-Odofin, Eti-Osa, Ikorodu, Kosofe, Lagos Island, Lagos Island, Ojo,
Oshodi, and Shomolu (Figure 5 and Table 2).

4. Discussion

The coastal city of Lagos is the largest in Nigeria, and the most populous
coastal city in Africa, with a population of ~15 million people. The inces-
sant occurrence of building collapse in Lagos is an immediate and emerg-
ing threat to the population, infrastructure, and economy. Here, we provide
the first structural risk map of Lagos using high-resolution measurements of
VLM. There are certain limitations to our study, which help identify future
research needs. First, the lack of a comprehensive data set for buildings in
Lagos (such as the age of buildings and collapsed building database) provides
uncertainties in our structural vulnerability analysis. Also inherent in our
analysis is the assumption of a linearly continuous subsidence rate. VLM is
dynamic and may decrease (or increase) even within short time scales (Figure
S5 in Supporting Information S1), this change in the VLM may cause the
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Figure 5. Thirty-five years (2018-2053) risk map categories for the 20 districts or local government areas (LGAs) in Lagos. (a) Risk map showing the boundaries for
the different LGA. Risk levels for (b) Agege, (c) Ajeromi, (d) Alimosho, (¢) Amuwo-Odofin, (f) Apapa, (g) Badagry, (h) Epe, (i) Eti-Osa, (j) Ibeju-Lekki, (k) Ifako/
Tjaiye, (1) Ikeja, (m) Ikorodu, (n) Kosofe, (0) Lagos Island, (p) Lagos Mainland, (q) Mushin, (r) Ojo, (s) Oshodi/Isolo, (t) Shomolu, and (u) Surulere. *Epe LGA is
undersampled with total spatial coverage less than 5 km?. NCB is the number of collapsed buildings in each LGA (Data Set S1 in Supporting Information S1). The

background image in panel (a) is satellite data from Google Earth.
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Table 2

Area of 35 Years (2018-2053) Risk Map for Different Districts (or Local

Government Areas) in Lagos

risk to buildings in Lagos to be lower or higher for different time intervals.
Nevertheless, the current risk products for Lagos are valid under the current
rates of VLM and building densities.

s The spatial distribution of VLM shows broad-scale subsidence across Lagos.
Very Very No  Total Two possible drivers of coastal subsidence in the region are natural compac-
LGAs low Low Medium High high data (km®)  (ion of Holocene sediments and compaction associated with the decrease in
Agege 54 108 03 00 00 0.0 16.5 pore-fluid pressure due to fluid extraction (Blackwell et al., 2020; Khorrami
Ajeromi 16 59 30 15 02 0.0 116 et al., 2020; Minderhoud et al., 2020; Shirzaei et al., 2021). The geology
o 195 1032 145 41 05 95 1513 along the AtlaI.mc Ocean' coasts and Fhe bank of Lagos Lagoon compr'lse
Holocene alluvium deposits (Ikuemonisan & Ozebo, 2020). The compaction
SO L S s A of these unconsolidated sediments enhanced by the weight of the overburden
Apapa 10.1 5.6 24 08 00 19.5 385 may be driving subsidence in the region. This subsidence may be further
Badagry 20.1 25.1 5.0 03 00 1053 1558 accelerated by anthropogenic effects caused by the weight of the overlying
Epe 3.8 02 0.0 00 0.0 203.8 207.8 city (Parsons, 2021) and fluid extraction associated with the unregulated
Eti-Osa M43 47 215 34 01 1399 2561 exploitation of groundwater from the ~150,000 boreholes in the region
Tbeju Lekki 158 134 16 04 00 823 1154 (Balogun et al., 2017; Ikuemonisan & Ozebo, 2020; Mahmud et al., 2016).
Ifako 34 244 34 02 0.0 0.3 31.7 The observed subsidence in several locations in Lagos is a potential hazard
Tkeja 203 162 3.1 05 00 57 458 to buildings, considering that total settlements greater than 51 mm may
Ikorodu 1152 1254 132 12 01 1351 3902 compromis_e the structural integrity of isolated bl.lilding foundations 0¥1 sand
. 61 128 e 70 17 409 80,1 and clay soils (Skempton & Macd.onald, 1956). Given the gverage_submdence
rate of 5.4 mm/yr (Figure 3a), this threshold of total subsidence is exceeded
Lagos Island 86 44 55 sz 44 253 for buildings older than 10 years. Differential subsidence can potentially
Lagos Mainland 4.7 62 4.6 12 02 69 237  cause the failure and collapse of buildings (Fernandez-Torres et al., 2020;
Mushin 6.6 8.3 2.2 0.1 0.0 0.0 17.2 Vassileva et al., 2021). The accumulation of differential subsidence over a
Ojo 198 413 10.3 20 02 973 1708 distance represented by S is a present hazard in Lagos and can potentially
Oshodi/Isolo 73187 46 26 03 45 379 compromise the structural integrity of buildings. For example, several areas
in Murtala Muhammad airport (M. M. Airport in Figures 1c and 2) are clas-
Shomolu 1.0 40 6l 34 14 26 18.4 sified as high and very high hazard zones (Figures S3b—S3d in Supporting
Surulere 80 176 42 04 00 00 302 Ipformation S1), which corresponds to the cracks observed in pillars within
Total (km?) 3473 5243 1378 386 5.9 9589 20129  the airport (Figure S7a in Supporting Information S1). Additionally, studies

Note. The risk levels for different districts for an InSAR period (4 years:
2018-2021), short term (10 years: 2018-2028), and long term (75 years:
2018-2093) period periods are shown in Tables S1-S3 in Supporting

Information S1.

based on visual inspection of buildings have identified cracked, sinking, and
tilted foundations across Lagos city, located primarily in areas with subsid-
ence rates exceeding 6 mm/yr and with the greatest differential subsidence
for short-, intermediate-, and long-term periods, such as Kosofe (Figure 2a,
Figures S7b—S7d in Supporting Information S1, Oloruntola et al., 2018;
Oyedele et al., 2012).

The temporal evolution of the risk for short-term to long-term periods is indicative of current and future building
collapse risk in Lagos. Considering a minimum building density in Lagos of 50 buildings/km?, the minimum
number of buildings at high- to very high-risk for short-term, intermediate-term, and long-term scenarios are
255, 2,250, and 4,050, respectively. This is significant in view of the large population in Lagos, almost double
New York City's population. Over the last decade (2012-2022), the number of recorded casualties in Lagos
from 44 collapsed buildings has exceeded 600 (337 deaths and 284 injuries), with 12 reported in 2022 (Data
Set S1 in Supporting Information S1). There have been 100 documented building collapses in the last 35 years
(1987-2022), resulting in 911 casualties (538 deaths and 373 injuries) (Data Set S1 in Supporting Informa-
tion S1). This highlights the present and persistent threat to people residing in high-risk areas. We emphasize that
a building residing in a high or very high-risk zone is not sufficient criteria to cause the collapse of a building.
Other factors for consideration include the soil type and foundation materials (Skempton & Macdonald, 1956;
Zhang & Ng, 2007), type of building construction material, the age, and maintenance state of the buildings
(Cigna & Tapete, 2021a; Ozer & Geurts, 2021). Thus, the use of substandard building materials and poor mainte-
nance culture of buildings prevalent in Lagos (Ayeni & Adedeji, 2015; Ede, 2010; Odeyemi et al., 2019; Okagbue
et al., 2018; Okunola, 2021) are likely to unfavorably tilt the scales of a building from a low- to high-risk zone.
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For a 35-year development plan, the high- and very high-risk zones within each LGA constitute hotspots for
building collapse in Lagos. For example, in the Lagos Mainland and Island LGAs, while the high and very
high-risk zones within these LGAs are less than 15% of the total area in the district, the total area of high- and
very high-risk zones for Mainland and Island are 1.4 and 2.3 km?, respectively capable of hosting more than 100
buildings. Three LGAs of particular concern, with a high risk, are Island (Figure 50), Mainland (Figure 5p), and
Shomolu (Figure 5t), with approximately 50% of the total area within the LGA having medium to very high risks
and 10 or more reported incidence of collapsed buildings since 1978 (Data Set S1 in Supporting Information S1).
Given the considerable number of reported collapsed structures (34 collapsed buildings), as well as the rapid
expansion of population and infrastructure on Lagos Island, we categorize this area as an emergent high-risk
zone disposed to the future incidence of collapse buildings and should be a focus of frequent monitoring. From a
management and risk assessment standpoint, regular monitoring of VLM, building, and population changes are
required to continuously update the derived risk map for the city.

Future studies exploiting the ages of buildings in Lagos will improve the derived products in this current study.
Future investigations to map the soil mechanical properties of Lagos and detailed statistical analysis of building
construction standards within Lagos would be useful to tease out the relative contribution of differential subsid-
ence and substandard engineering practice to building collapse in Lagos.

Building failure occurs worldwide and poses a significant danger to lives and properties. In November 2012, a
five-story building collapsed in Accra, Ghana, causing the death of 14 people, with 61 injuries (Boateng, 2020).
The 2013 collapse of the eight-story Rana Plaza in Savar, Dhaka, Bangladesh, resulted in more than 1,100
deaths and an estimated 2,500 injuries (Kabir et al., 2019). In June 2021, the collapse of a twelve-story building
in Miami, Florida, USA claimed the lives of 98 people (Lu et al., 2021). As cities expand, the effects of natural
and anthropogenic subsidence are expected to increase, posing unprecedented risks to population and infra-
structure. In response, monitoring surface deformation using remotely sensed techniques is essential to provid-
ing up-to-date subsidence hazard risk assessment maps (Blackwell et al., 2020; Cigna & Tapete, 2021a, 2021b;
Fernandez-Torres et al., 2020; Mohamadi et al., 2020; Vassileva et al., 2021; this study). Our analysis demon-
strates the potential role of subsidence in causing the collapse of structures and in creating risk assessment maps
for buildings in megacities experiencing subsidence. These maps are invaluable in informing policy decisions
about priority risk reduction and adaptation strategies and identifying the most vulnerable communities.

5. Conclusion

In this study, measurements of vertical ground motion using radar satellite observation from 2018 to 2021 show a
subsidence rate of more than 4 mm/yr in most parts of Lagos, West Africa. We synthesized the subsidence hazard
and building density maps to create the first structural vulnerability map for the region and provide evidence
suggesting differential land subsidence plays a role in frequent incidences of building collapse in Lagos. Our
analysis shows that an area of 5-81 km? and 255-4,050 buildings are exposed to a high- to very high risk of
collapse for a 1075 years period. This poses a significant threat to the more than 15 million people in Lagos and
highlights the vulnerability of sinking megacities worldwide.

Data Availability Statement

The ascending (Path 1, Frame 1200) and descending (Path 95, Frame 571) SAR data sets are obtained from the
Alaska Satellite Facilities (https://search.asf.alaska.edu/#/). The tabular collapsed building, VLM data, and the
risk maps necessary to evaluate the conclusions in the paper are available at https://doi.org/10.7294/19738957.
The building footprint data used to create the building density map is available from Microsoft under the Open
Data Commons Open Database License, and the vector tile is available from ArcGIS (https://www.arcgis.com/
home/item.html?id=f40326b0dea54330ae39584012807126).
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