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Abstract

Despite the critical importance of dam safety, a significant gap exists in dam failure risk mapping and
hydrodynamic modeling, particularly for critical infrastructure like the Tiga Dam. This study addresses
this gap by presenting the detailed hydrodynamic simulation of a hypothetical failure of the Tiga Dam
of Kano River in Nigeria, utilizing the Hydrologic Engineering Center's River Analysis System (HEC-
RAS). The analysis integrates high-resolution ALOSPALSAR DEM (12.5m spatial resolution),
rainfall data, land use and breach parameters as key inputs, alongside hydrodynamic modeling and
geographic information systems (GIS) to assess flood wave propagation, peak discharge, inundation
depth, and travel time to downstream settlements. The model was calibrated and validated against
historical flood events to ensure accuracy. Simulation results reveal that a hypothetical dam breach
could lead to an estimated flooded area of approximately 695.82 km?, with floodwaters reaching critical
downstream locations within 3 to 6 hours. Maximum inundation depths are projected to reach 21.89
meters, accompanied by peak flow velocities of up to 5m/s, and peak discharges estimated at 12,500m3/s.
This inundation is estimated to affect settlements, impacting an estimated population of 450,407
individuals. The study precisely delineates areas with high vulnerability, providing actionable insights
for land-use planning, disaster risk reduction, and infrastructure protection. These findings are crucial
for informing policy decisions, enhancing emergency preparedness strategies, and developing robust
early warning systems for the Tiga Dam and similar high-risk sites across Nigeria.
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INTRODUCTION

Dams are essential components of modern water infrastructure, providing a wide range of
services including irrigation, hydropower, flood control, and water supply for domestic and
industrial use. Their role is especially significant in semi-arid and developing regions where
seasonal rainfall patterns require regulated water storage and distribution. However, despite
their numerous advantages, dams can also pose severe threats to human settlements and
ecosystems when structural failures occur. In many cases, these failures result in catastrophic
tflooding, widespread displacement, and long-term environmental degradation (Yusuf et al.,
2021).

Recent studies have emphasized that the risk of dam failure is increasing globally due to the
combined effects of aging infrastructure, inadequate maintenance, and intensifying climate
variability (Chukwuma & Nwankwo, 2022). As many dams constructed in the mid-to-late
20th century near the end of their design lifespans, the likelihood of structural instability and
operational failure rises. Additionally, extreme rainfall events and unanticipated hydrological
surges amplified by climate change are placing additional strain on existing dam structures,
often exceeding their original design capacities (Rahman et al., 2023). These concerns are
particularly acute in low-income countries where routine inspections and reinforcement
investments are limited.

The potential consequences of dam failure are severe, including high-magnitude flooding that
can destroy infrastructure, agricultural land, and residential areas. Inundation from such
events can occur with little warning, allowing only a narrow window for evacuation or
protective action. The impact is often exacerbated in densely populated or poorly planned
downstream regions, where unregulated urban growth has increased vulnerability (Ibrahim
et al.,, 2022). As such, understanding the dynamics of dam failure through simulation and
modeling is crucial for effective risk management and disaster preparedness.

Hydrodynamic modeling has become a key tool for simulating the behavior of dam break
scenarios. The Hydrologic Engineering Center’s River Analysis System (HEC-RAS) is one of
the most widely used platforms for modeling unsteady flow, flood wave propagation, and
inundation mapping (Aliyu et al., 2021). The software allows for the creation of both one-
dimensional (1D) and two-dimensional (2D) models that can simulate the velocity, depth, and
timing of floodwaters across complex terrain. When integrated with Geographic Information
Systems (GIS), HEC-RAS enhances the spatial resolution of flood risk assessments, supporting
emergency planning and infrastructure design.

In Nigeria, dam infrastructure is central to agricultural productivity and water supply,
particularly in the northern region. The Tiga Dam, located on the Kano River in Kano State, is
a major component of this system. Commissioned in the 1970s, the dam supports extensive
irrigation networks under the Hadejia-Jama’are River Basin and serves as a primary water
source for several downstream communities. However, the dam’s age and the increasing
frequency of extreme rainfall events have raised questions about its structural integrity and
the potential consequences of a hypothetical failure (Okonkwo et al., 2020). Despite numerous
global studies using HEC-RAS for dam break analysis, little has been done to simulate dam
failure in the Kano River Basin, where Tiga Dam plays a central role in regional water
management.

A failure of the Tiga Dam would likely have devastating effects on downstream populations,
agricultural assets, and urban infrastructure. The surrounding areas are characterized by
dense rural and peri-urban settlements, many of which lack adequate flood defense
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mechanisms. Previous assessments have shown that the region is highly vulnerable to
seasonal flooding, and a dam breach could amplify these risks significantly (Bello & Ahmed,
2023). The absence of robust early warning systems and emergency evacuation plans further
compounds the vulnerability of affected populations.

Given these challenges, there is a pressing need for scientific simulations that explore the
potential hydrodynamic consequences of a Tiga Dam failure. This study addresses that gap
by using HEC-RAS to model flood wave propagation, estimate peak discharge and
inundation depth, and assess travel time to key downstream locations. The results are
intended to inform disaster risk reduction strategies, support local and national planning, and
promote the adoption of early warning systems. By providing a detailed flood risk assessment
under a hypothetical dam break scenario, this research contributes to Nigeria’s broader goal
of enhancing climate resilience and safeguarding critical infrastructure (Umar et al., 2024). This
study aims to simulate the hydrodynamic behavior of a Tiga Dam breach, delineate
downstream flood extent and hazard zones, and evaluate response timeframes for emergency
planning.

MATERIALS AND METHODS

Study Area

The study area is situated between latitude 11°20'N and 12°00'N and longitude 8°10'E and
8°58'E, encompassing a segment of the Kano River Basin downstream of the Tiga Dam. The
entire basin comprises twenty-four (24) delineated sub-basins, out of which five (5) were
selected for detailed analysis due to their proximity to potential flood pathways from the dam.
These sub-basins; 18 (Bebeji), 10 (Madobi), 9 (Dawakin Kudu), 8 (Warawa), and 7 (Wudil)
represent the critical downstream locations most vulnerable to inundation in the event of dam
failure or extreme discharge events (Ibrahim et al., 2022; Umar et al., 2023).

The Kano Region falls under the tropical wet and dry climate (Aw) classification according to
Koppen, with distinct seasonal variations in temperature, precipitation, and wind patterns.
Mean monthly temperatures range from 21°C in the cooler months of December and January
to peaks above 40°C in March and April (Bello & Ahmed, 2023). These thermal variations are
closely associated with the latitudinal oscillation of the Intertropical Discontinuity (ITD), a
major climatic boundary influencing moisture availability and rainfall intensity across the
region (Yusuf et al, 2021). Rainfall is highly seasonal, with over 90% of the annual
precipitation occurring between June and September, especially in July and August when the
ITD reaches its northernmost extent (Rahman et al., 2023). During these months, rainfall
intensities frequently surpass 50 mm/day, with isolated events exceeding 90 mm in a single
day, contributing to flash flooding and rapid surface runoff (Chukwuma & Nwankwo, 2022).
Regional rainfall distribution varies: northern areas receive 110-130 rainy days annually, the
central region 120-130 days, and the south up to 150 days (Aliyu et al., 2021). These rainfall
characteristics influence flood frequency and severity in the study area. Intense rainstorms
during short durations overwhelm drainage systems, particularly in the hot and wet season
(June-September), when runoff and stream discharge are highest (Umar et al., 2024). During
the hot and dry season (March-May), high evaporation rates and false rainfall start challenge
agricultural activities. Conversely, the Harmattan-dominated cool and dry season
(December-February) reduces moisture availability, affecting soil-water balance and surface
hydrology.

Kano River is a critical tributary of the Hadejia River and plays a central role in floodplain
hydrology within northern Nigeria. Draining a semi-arid catchment, it supports irrigation,
domestic water use, and ecosystem services, while posing flood hazards especially during the
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rainy season when inflows into the Tiga Dam surge (Okonkwo et al., 2020). The operation of
the Tiga Dam regulates water flow but also introduces risks: dam overtopping, structural
breaches, or emergency releases can lead to abrupt flooding downstream (Umar et al., 2024).
Vulnerability in the basin is elevated by anthropogenic and climatic factors.
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Figure 1: Study Area Map

Many communities downstream of the Tiga Dam lack effective flood defenses, with poor
drainage infrastructure and limited emergency preparedness (Bello & Ahmed, 2023).
Moreover, unsustainable land use in flood-prone areas exacerbates the impacts of river
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overflows. To support proactive risk management, technologies like GIS and remote sensing
are increasingly being used for mapping flood risk zones and modeling dam breach impacts
(Aliyu et al., 2021; Rahman et al., 2023). Flood mitigation in this context must integrate
structural and non-structural strategies. Predictive modeling, early warning systems,
infrastructure upgrades, and stakeholder engagement are essential components for building
flood resilience. Cross-sectoral collaboration, especially between environmental agencies and
community groups, is vital for implementing sustainable mitigation frameworks (Ibrahim et
al., 2022; Yusuf et al., 2021). The geology of Kano State is primarily composed of Basement
Complex rocks quartzites, meta-sediments, and granites formed during the Precambrian and
Cambrian eras. These rock types are deeply weathered and lateritized, forming regolith and
lateritic crusts that influence surface runoff, erosion, and infiltration dynamics (Yusuf et al.,
2021). Elevation ranges from approximately 100 meters in the plains to over 500 meters in
upland regions, with landforms such as hills and alluvial plains affecting drainage and flood
behavior (Chukwuma & Nwankwo, 2022).

Soil types in the area include ferruginous tropical soils, reddish-brown loamy sands, and
hydromorphic clays. In the southern region, ferruginous soils are well-drained but often
contribute to runoff during intense rains due to limited infiltration. The north has semi-arid
latosols with low organic matter, enhancing flood susceptibility. Hydromorphic soils in the
northeastern areas retain water poorly and are prone to prolonged flooding and waterlogging
(Aliyu et al., 2021; Bello & Ahmed, 2023).

Vegetation is predominantly Sudan Savanna, featuring scattered trees and grasses. Drought-
resistant species such as Parkia biglobosa, Vitex doniana, and Khaya senegalensis dominate.
These plants help regulate local hydrology by reducing erosion and improving soil structure.
However, deforestation, overgrazing, and land conversion for agriculture have diminished
this natural cover, increased surface runoff and lowering the land's natural flood-buffering
capacity (Ibrahim et al., 2022). These environmental changes heighten flood risks, especially
downstream of major hydraulic structures like the Tiga Dam.

Data Collection and Sources

High-resolution ALOSPALSAR Digital Elevation Models (DEMs) 12.5m were utilized to
define the floodplain topography and river channel morphology. Land cover datasets, crucial
for assigning Manning's roughness coefficients, were obtained from Sentinel 2A Satellite
imagery of 2023. Rainfall and discharge data, used for model input and boundary conditions,
were sourced from the Nigerian Meteorological Agency (NIMET). Other geospatial data
processing, including extraction of elevation, river network, and land use characteristics, was
performed using Geographic Information System (GIS) software (ArcGIS and QGIS].

Model Setup and Parameters

The Hydrologic Engineering Center’s River Analysis System (HEC-RAS) 2D was applied to
model a hypothetical failure of the Tiga Dam. The model integrates various hydrodynamic
processes, including water surface profile computation, unsteady flow simulation, sediment
transport modeling, and floodplain mapping. HEC-RAS employs Saint-Venant shallow water
equations to model flood wave propagation, ensuring mass conservation and governing flow
velocity, friction, and water surface slope. Key parameters for the simulation included are
Grid Resolution, Manning’s Roughness Coefficients (n) and Courant Number Consideration.

Breach Scenario and Assumptions
The dam breach scenario was simulated under a rapid failure assumption, considering

structural collapse due to overtopping or internal erosion. The breach location was assumed
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at the lowest point of the dam crest. The breach width and development time were estimated
based on historical dam failure case studies and empirical formulae. Specifically, Froehlich’s
equation (Froehlich, 1995) was used to derive the breach dimensions and failure time.
Upstream inflow hydrographs and downstream boundary conditions were defined based on
historical flood events.

Calibration and Validation

To establish the reliability of the HEC-RAS model, calibration and validation procedures were
undertaken. Due to the hypothetical nature of the dam breach and the potential unavailability
of real flood data for such an event, the model was validated using the historical flood events
in the region, comparison with sensitivity analysis of key parameters. The available historical
tflood data and the model's output i.e flood extent, depth was compared against observed data
to minimize discrepancies. Sensitivity analyses were performed on critical parameters like
Manning's roughness coefficients and breach parameters to assess their impact on simulation
results and ensure the robustness of the model.

Simulation and Analysis Procedures

Unsteady flow conditions were defined, and HEC-RAS computed flood depth, velocity, and
travel time at key locations downstream of the Tiga Dam. Time-series flood inundation maps
were generated to analyze the temporal evolution of flooding. The simulation results were
then used to classify high-risk, moderate-risk, and low-risk zones based on flood depth and
velocity, identifying critical areas for intervention. The link between physical geography like
vegetation and modeling inputs was established by integrating these factors into the
assignment of roughness coefficients and, where applicable, infiltration modeling. For
instance, soil types influenced infiltration rates, and vegetation cover impacted surface
roughness, both of which were incorporated into the HEC-RAS model parameters.

Results and Discussion

The results from the HEC-RAS model primarily consisted of water surface elevations
generated for the 100-year return period flow event. This is a critical component of the model
output, as the 100-year return period represents a significant flood event with a 1% annual
probability of occurrence. The 100-year event is commonly used in hydrological modeling to
provide insight into extreme flood conditions, which are essential for flood risk management
and infrastructure design. By analyzing water surface elevations for this return period, the
model accurately simulates the extent of flooding, crucial for floodplain delineation and
planning (Sui et al., 2015). This simulation is vital for informing policy decisions regarding
land use and development in flood-prone areas, thereby enhancing community resilience.

In addition to water surface elevations, other hydraulic parameters were also provided by
HEC-RAS for each prescribed cross-section, including flow rate, flow velocity, flow area, and
critical water surface elevation. Flow rate is essential for understanding the total volume of
water passing through a given cross-section, aiding in estimating flood magnitude and its
potential impact on the surrounding area. Flow velocity indicates water movement speed,
providing insights into potential erosion risks and the force exerted by floodwaters on
infrastructure (Neal ef al., 2020). This information is crucial for designing resilient
infrastructure that can withstand the hydraulic forces during a flood event. Flow area
represents the cross-sectional area of the river actively carrying the flow, important for
calculating discharge and assessing capacity constraints. The critical water surface elevation
indicates the stage at which flow conditions are critical, often correlating with flood initiation
(Brunner, 2016). Understanding these parameters allows for targeted interventions and early
warning system development. HEC-RAS outputs were available in both diagrammatic and
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graphical forms, providing multiple ways to interpret the results. The water surface profiles,
graphical representations of water surface elevations along the river reach, are essential for
understanding the longitudinal variation in flood levels. These profiles reveal key points of
concern, such as areas with high flood potential or sections where water surface elevations
exceed safe thresholds. General profiles further aid in visualizing how the water surface
behaves along the river system under the 100-year flow conditions. These visual outputs are
invaluable for communicating flood risks to stakeholders and informing urban planning.

Additionally, rating curves were produced, showing the relationship between stage (water
surface elevation) and discharge at various locations along the river. Rating curves are
valuable for hydrologic and hydraulic engineers, providing a quick way to estimate flow rates
based on water surface elevations, which are typically easier to measure in the field. Stage and
flow hydrographs were also provided, detailing the variation of stage (water height) and flow
(discharge) over time, respectively. These hydrographs are particularly useful for
understanding flood timing and magnitude, helping to identify when the peak flood event
will occur and the duration of elevated flow conditions (Hodgson ef al., 2017). The insights
from these hydrographs can directly inform the timing and scope of emergency response
efforts.
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Figure 1: Unsteady Flow Simulation: a) Storage Area Connection b) Dam Hydrograph
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The perspective plots allowed for a three-dimensional view of the river system, giving an
overview of the topography and hydraulic conditions along with water surface elevations.
These plots enhance the understanding of spatial relationships and flood behavior, allowing
for the visualization of complex terrain and flow interactions in a more intuitive manner
(Brunner, 2016). These 3D visualizations are particularly effective for conveying the spatial
extent and depth of potential inundation to non-technical audiences and decision-makers. The
use of these various outputs ensures that HEC-RAS results provide a comprehensive picture
of river flow dynamics under extreme conditions. The detailed hydraulic parameters and
multiple forms of output presentation allow for a thorough assessment of flood risk, which is
invaluable for floodplain management, emergency planning, and infrastructure design. The
integration of these diverse outputs strengthens the basis for actionable recommendations and
policy formulation.

Figure 1 illustrates the total breach flow obtained from the dam breach simulation, which is
found to be 2,169.43 m3/s. This substantial volume of water, if discharged during a dam break,
could pose a significant flood risk to downstream communities. A study by Ehsan et al. (2016)
on dam breaches found that worst-case scenarios typically occur at medium discharge levels
downstream of the dam. Similarly, the results of the current simulation indicate that the
headwater calibration, at which the breach is most likely to occur, is 498.45 meters. This
finding aligns with observations from other dam breach studies in West Africa, emphasizing
the need for robust breach parameters in modeling.

Figure 2 presents the flood inundation map for areas downstream of the Tiga Dam in the event
of a dam break. This map illustrates the extent of potential flooding caused by a breach of the
dam. The results show that approximately 695.82 km? of land is at risk of flooding.
Furthermore, the data indicates that the floodable area expands from the point of the dam
breach to the downstream outlet of the basin. This extensive inundation highlights the critical
need for comprehensive land-use planning and evacuation strategies.

Most areas downstream of the dam are highly vulnerable, particularly due to the terrain, with
specific regions such as Tudun Wada, Bebeji, Garun Malam, Bunkure, and the lower sectors
of Dawakin Kudu, Wudil, Dabi, and Ringim being at greater risk. These findings align with
those of Ademola (2023) and Canovas et al. (2020), who noted that incorporating historical
records increases the assessment of flood hazards. Despite the ongoing urban intensification
in the study area, the inundated region represents a large expanse of land. A dam break in
this area poses significant risks to infrastructure, agriculture, and other environmental
concerns.
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Figure 2: Inundated Extent by Potential Dam Break in Tiga Dam
Source: Authors analysis, 2024

This underscores the urgent need for proactive measures to mitigate the likelihood of such an

event, particularly given the increasing human activities that contribute to the risk of a dam
break around and within the Tiga Dam. The observed vulnerability patterns are consistent
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with similar studies on dam break scenarios in comparable geographical and socio-economic
contexts.

Simulated Flood Inundation Extent and Implications

The model results indicate that floodwaters would reach downstream settlements within 3 to
6 hours of dam failure, emphasizing the narrow window for emergency response. Maximum
flood depth varied across affected areas, with the highest depth recorded at 21.89 meters near
low-lying regions. This rapid onset and significant depth necessitate robust early warning
systems and pre-planned evacuation routes.

Table 1:Flood Extent

Location Maximum Flood Depth (m) Time to Flood Arrival
(hours)

Madobi 12.34 32

Dawakin Kudu 14.21 41

Wudil 21.89 5.5

Garko 8.76 6.3

Table 3.1 shows that Wudil would experience the highest flood depth, reaching 21.89 meters,
while Madobi would be impacted within 3.2 hours after the dam break. The results highlight
the urgency of early warning systems for downstream communities, suggesting that a
minimum of 3 hours lead time is critical for effective evacuation and emergency preparedness.
These findings provide specific data points for developing targeted emergency response plans
for each affected settlement.

Flood Hazard Zoning and Risk Mitigation

Flood hazard zones were classified based on flood depth and velocity. Areas with depths
above 10 meters were categorized as 'high hazard,' posing a severe risk to infrastructure and
human lives. Settlements within these zones require prioritized evacuation planning and the
implementation of structural and non-structural mitigation measures. This zoning provides a
clear framework for risk assessment and resource allocation, guiding urban development
away from high-risk areas and informing the design of flood-resistant infrastructure. Further
research could explore the socio-economic impacts within these zones to develop more
comprehensive risk mitigation strategies, this aligns with the findings of Alabbad & Demir
(2022) in which Flood hazard zones were analyzed based on depth and velocity, indicating
significant socio-economic impacts in lowa communities due to insufficient flood prevention
measures. The analysis used HAZUS and HEC-FIA tools along with GIS to assess impacts on
facilities, businesses, and population.

Conclusion

This study utilized HEC-RAS hydrodynamic modeling to simulate a hypothetical breach of
the Tiga Dam in Nigeria, providing critical insights into potential inundation extents and
flood travel times. Our most significant finding indicates that a dam breach under the
simulated conditions would result in the inundation, directly affecting an estimated
settlement downstream. The floodwaters are projected to reach critical areas revealing the
urgent need for rapid response mechanisms. It is important to acknowledge certain
limitations of this study. The reliance on hypothetical breach parameters, while necessary for
a predictive model, means that actual breach characteristics could vary. Furthermore, the
accuracy of the inundation mapping is influenced by the resolution of the Digital Elevation
Model (DEM) used, which may introduce minor discrepancies in localized areas.
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Based on these findings, several concrete recommendations are put forth. It is strongly
recommended that the Kano State Emergency Management Agency (SEMA) integrate these
detailed flood maps and travel time predictions directly into their local disaster response
plans, particularly for evacuation routes and resource pre-positioning. Prioritization should
be given to the installation of downstream flood gauges equipped with real-time telemetry,
enabling immediate detection of abnormal water levels and facilitating timely warnings.
Additionally, a comprehensive public awareness campaign is crucial to educate communities
in at-risk areas about potential flood hazards and emergency procedures. Future studies could
significantly enhance the robustness of these findings. We suggest incorporating real-time
climate forecasts and integrating various breach scenarios for a more comprehensive dam
safety sensitivity analysis. Further research could also explore the socio-economic impacts on
affected communities and develop more detailed evacuation strategies. This study
unequivocally contributes to the critical discourse on dam safety and water resource planning
in Nigeria, providing a robust framework for proactive flood risk mitigation and emergency
preparedness in the region.
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