
American Journal of Construction and Building Materials 

2026, Vol. 10, No. 1, pp. 5–19 

https://doi.org/10.11648/j.ajcbm.20261001.12 
 

 

 

 

Received: 25 March 2026; Accepted: 9 May 2026; Published: 5 June 2026 

 

Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed 

under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which 

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 
 

Research Article 

Aircraft Impact Response of Concrete Gravity Dams:  

A Finite Element Study 

Ibraheem Rais1 , Mohammad Faraz Athar2 , Aklilu Shitu3, * ,  

Md. Imteyaz Ansari4 , Md. Rehan Sadique1  

1Department of Civil Engineering, Aligarh Muslim University, Aligarh, India 

2Department of Civil, Environmental and Geodetic Engineering, The Ohio State University, Columbus, USA 

3Department of Civil Engineering, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia 

4Department of Civil Engineering, Jamia Millia Islamia, New Delhi, India 

 

Abstract 

The safety of critical infrastructures like concrete gravity dams against high-strain dynamic loads has gained significant attention 

due to their strategic importance. This study presents a finite element analysis to evaluate the structural response of five 

differently shaped concrete gravity dam models under aircraft impact loading. A three-dimensional simulation was performed 

using the Finite Element Method (FEM), employing the Concrete Damaged Plasticity (CDP) model to accurately capture the 

nonlinear behavior of concrete under high-strain rates. The impact of a Phantom F4 aircraft impacting at a velocity of 215 m/s, 

simulated using Riera’s reaction-time force history, targeting the freeboard region of each dam model. Comparative analysis 

revealed that the maximum deformation (620 mm) and tensile damage were concentrated around the impact zone, particularly 

for Dam 1, while other dam geometries exhibited distributed stress patterns and lesser damage. Stress-time history plots 

demonstrated tensile dominance near the impact region and compressive dominance near the dam base. The findings indicate 

that dam geometry significantly influences the damage and stress distribution under aircraft impact, with certain profiles being 

more vulnerable. This research provides critical insights for the design and assessment of concrete gravity dams to enhance their 

resilience against potential high-energy impact scenarios. 
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1. Introduction 

Aircraft and missile impact on structures represent extreme 

dynamic loading conditions characterized by high strain rates 

and complex material behavior. The behavior of concrete 

structures under quasi-static and dynamic conditions has been 

analyzed by different researchers in the past using both experi-

mental and numerical methods [1-6]. High strain loading due to 

deformable and rigid projectiles had been studied separately. 

Sugano et al., [7] performed an experimental program by hitting 
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a concrete slab with a Phantom F4 aircraft and reported the be-

havior of concrete under the impact loading. Apart from this 

study, limited full-scale investigations are available for aircraft 

impact on concrete structures, However, a few small-scale anal-

yses have also been reported [8, 9]. Nevertheless, numerical 

methods are extensively used by researchers to analyze the be-

havior of concrete structures under aircraft loading [10-12]. 

Riera et al., [13] and Abbas et al., [14] subsequently developed 

the reaction time curve of an aircraft impact loading against a 

rigid target analytically and applied it to study the behavior of 

concrete structures. The Riera force–time history method is 

widely adopted for representing aircraft impact loading in nu-

merical simulations due to its ability to simplify complex air-

craft–structure interaction. 

In the open literature, researchers have analyzed various 

concrete structures like Outer Containment Structures [14, 15], 

reinforced concrete structures [9, 16], NPPs (nuclear power 

plant) [17-19], buried concrete structures, runway pavement 

[20], Cooling tower [21] under aircraft impact. However, there 

have been fewer studies available for high strain loading on 

concrete gravity dam [15, 22-24] mainly based on seismic 

loads. Thus, studies focusing on aircraft impact response of 

concrete gravity dams remain limited, particularly under high 

strain dynamic loading conditions. Dams have been consid-

ered an important strategic structure, storing the water for 

multipurpose development projects. Generally, it has been 

constructed to serve numerous amenities ranging from hydro-

electric generation, irrigation, flood control, to recreation. 

Considering strategic and economic importance of the dam, 

its safety is immensely important against any static and dy-

namic loading condition. Nevertheless, the failure of a dam 

will not only be an economic loss, but it will also adversely 

affect vegetation and human life downstream due to flash 

floods. Moreover, it will create a water scarcity issue for the 

irrigation and population for several years [25, 26]. Hence, the 

safety analysis of dams against high strain loading is im-

portant to ensure its reliability and safety against such events. 

Among the various safety measures employed, one is that 

dams should be structurally sound under high strain loading 

condition. In the current study this safety aspect of the dam 

has been studied. Concrete dams can also be a soft target for 

enemies and terrorist in case of conflict. In past, the German 

dams were bombed by Royal Airforce during World War II 

which caused catastrophic damage in the region. World Trade 

Centre incident in New York reveals the possibility of attack-

ing a dam by an aircraft, hence, attracting the researcher’s at-

tention in this field. These considerations highlight the need 

for focused numerical investigations that combine established 

impact loading models with advanced material modeling to 

assess the response of concrete gravity dams under aircraft im-

pact scenarios. 

Unlike previous studies that primarily focus on individual 

structural configurations, the present work introduces a pa-

rameterized geometric framework to systematically evaluate 

the influence of dam shape on impact response. By defining 

key geometric variables, the study aims to provide generalized 

insights into the role of dam geometry in governing defor-

mation, stress distribution, and damage characteristics under 

aircraft impact loading. This study introduces a detailed para-

metric analysis involving five different dam geometries with 

varying freeboard thicknesses to assess their structural perfor-

mance under aircraft impact loading. Using the Finite Element 

Method and adopting Riera’s reaction-time history approach 

for simulating aircraft loads, the research aims to systemati-

cally evaluate the influence of dam geometry on deformation 

patterns, stress distribution, and damage evolution. The pri-

mary objective of this work is to provide insights into the in-

fluence of geometric configuration on the structural response 

of concrete gravity dams subjected to high-energy impact 

loading. The study aims to develop a comparative understand-

ing of deformation, stress distribution, and damage character-

istics under consistent impact conditions, which may serve as 

a basis for future, more detailed investigations toward resili-

ence enhancement of critical hydraulic structures. 

2. Numerical Modelling 

2.1. Finite Element and Geometrical Modelling 

Numerical analyses were performed using the Finite Ele-

ment Method. Three-dimensional models of typical concrete 

gravity dam monolith were developed through Abaqus CAE. 

The geometric parameters of all five models have been shown 

in Figure 1. The thickness of the dam monolith model has been 

20m in all cases. As shown in Figure 1 models have different 

geometries (hence, the freeboard for different models is dif-

ferent) but the aircraft impact location has been kept at the 

middle of freeboard available in each case. The dam model 

was discretized in a consistent manner for all cases. 

To ensure a systematic comparison among different dam 

configurations, the geometric variations considered in this 

study have been parameterized using key governing variables. 

These include the thickness of freeboard (Tf), crest width (Bc), 

base width (Bb), and the upstream and downstream face 

slopes. While the overall height of the dam is kept constant 

across all models, variations in these parameters lead to dis-

tinct geometric profiles. To facilitate a quantitative compari-

son, all five dam models have been characterized in terms of 

these parameters, as summarized in Table 1. This parameteri-

zation enables the identification of trends in structural re-

sponse with respect to geometric variations, allowing the re-

sults to be interpreted beyond case-specific observations. To 

generalize the findings, non-dimensional geometric ratios 

such as Tf/H and Bb/H are also evaluated, enabling broader 

interpretation of the influence of geometry on impact response 

(see Table 2). 

A three-dimensional, eight-noded reduced integration ele-

ment (C3D8R) was used to model the dam body, as shown in 

Figure 2a. A mesh convergence study was performed in the 

defined impact region, in which the mesh was progressively 
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refined and the corresponding maximum deformation at the 

impact location was monitored. It was observed that beyond 

an element size of 0.5 m, further refinement resulted in negli-

gible variation in deformation (see Figure 2b). Therefore, an 

element size of 0.5 m was adopted within the 6 m diameter 

impact zone to ensure a balance between computational effi-

ciency and accuracy. The rest of the dam body is meshed with 

relatively coarser elements to optimize the total number of el-

ements in the model. Table 3 shows the number of elements 

for all the geometries. The analysis was performed in two 

steps: a static general step followed by a dynamic explicit step 

in the Abaqus module. 

Table 1. Geometric parameters of dam models. 

Dam 

Model 
Height H (m) 

Base Width Bb 

(m) 

Crest Width 

Bc (m) 

Freeboard Thickness 

Tf (m) 
Upstream Face Downstream Face 

Dam 1 52.72 42.3 4.88 4.27 Inclined Steep inclined 

Dam 2 103 70 14.8 36.5 Vertical Inclined 

Dam 3 122 96.8 9.80 8.2 Slight incline Inclined 

Dam 4 197 215 14 13 Stepped Inclined 

Dam 5 235 262.5 10 10 Vertical + kink Inclined 

Table 2. Non-dimensional geometric parameters of dam models (freeboard thickness ratio Tf/H and base width ratio Bb/H). 

Dam Tf/H Bb/H 

Dam 1 0.081 0.80 

Dam 2 0.35 0.68 

Dam 3 0.067 0.79 

Dam 4 0.066 1.09 

Dam 5 0.043 1.12 

 
Figure 1. Details of different shapes of dam (a) Dam 1 (b) Dam 2 (c) Dam 3 (d) Dam 4 (e) Dam 5. 
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Figure 2. Details of meshing (a) Discretization of model (b) Mesh convergence study in dam model at the point of impact. 

Table 3. Number of elements in each model of dam. 

Dam Model Number of elements 

Dam 1 10956 

Dam 2 8480 

Dam 3 8884 

Dam 4 7424 

Dam 5 10400 

 

2.2. Material Characteristics 

The structural behavior of the model strongly depends on 

the assigned material model; different material models can be 

utilized in the finite element solvers. To perform a precise fi-

nite element analysis, the material characteristic must be prob-

lem oriented. For behavior of concrete under high strain load-

ing, concrete damage and plasticity are the two main factors 

on which structural behavior of concrete has been studied. In 

Abaqus, Concrete Damaged plasticity (CDP) Model has been 

extensively used by researchers for simulating high strain 

loading on concrete structures [27-30]. The CDP model is a 

modified form of Drucker-Pager strength hypothesis [31]. The 

CDP model has the ability to incorporate both the plain and 

the reinforced concrete structures under high strain loading 

conditions. The main failure mechanism in CDP depends on 

compression crushing and tensile cracking failures. Moreover, 

out of all available concrete models in Abaqus, CDP provides 

highest accuracy in results [32] and most appropriate for im-

pact problems [33]. 

It is important to note that although the present study in-

volves high-strain dynamic loading due to aircraft impact, 

strain-rate effects have not been explicitly incorporated in the 

constitutive model through Dynamic Increase Factors (DIF). 

The primary aim of the study is to investigate the influence of 

geometric configuration on structural response. Therefore, a 

rate-independent formulation of the CDP model has been 

adopted to ensure consistency in comparative analysis across 

all dam geometries. This assumption is consistent with several 

numerical studies focusing on relative structural performance 

under impact loading. The CDP model accounts for material 

degradation through scalar damage variables in tension (dt) 

and compression (dc), which represent stiffness degradation 

due to cracking and crushing, respectively. The evolution of 

damage is governed by the stress–strain relationships in ten-

sion and compression, as defined in the model. In the tensile 

regime, damage initiates after reaching the tensile strength and 

evolves with increasing cracking displacement, representing 

crack propagation. In compression, damage evolves beyond 

peak compressive stress, reflecting crushing behavior. 

The tensile behavior of concrete is defined using parameters 

such as tensile strength (st) and cracking displacement (Uto). 

The cracking displacement represents the displacement at 

complete loss of tensile stress transfer across a crack and is 

related to the fracture energy of concrete. These parameters 

control the post-peak softening response in tension and play a 

critical role in capturing crack initiation and propagation un-

der impact loading within the Abaqus CDP framework. A 

small viscosity parameter is implicitly considered in the CDP 

model to improve numerical convergence and stability in dy-

namic explicit simulations. This regularization helps to miti-

gate convergence issues associated with strain localization and 

softening behavior, without significantly affecting the overall 
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structural response. It should be noted that element deletion or 

erosion techniques have not been employed in the present 

study. Instead, material failure is represented through progres-

sive stiffness degradation using the damage variables of the 

CDP model. This approach allows continuous tracking of 

damage evolution without introducing numerical instabilities 

associated with element removal. 

In the present study, CDP model has been used to simulate 

the structural responses of concrete gravity dam due to its ver-

satility. The CDP is plasticity damage material model, yielding 

in concrete is achieved by isotropic damage elasticity in com-

bination of isotropic tensile and compressive plasticity. 

 
Figure 3. Stress-strain relation in CDP (a) Tension (b) Compression. 

The final yield surface has been defined by two hardening 

parameters 𝜀𝑐
~𝑝𝑙

and 𝜀𝑡
~𝑝𝑙

. These are equivalent plastic-strains 

of concrete in compression and tension, respectively. The The 

CDP model follows a linear stress–strain distribution under 

uniaxial tension until failure occurs. Figure 3(a) shows stress-

strain relation under uniaxial tension and Figure 3(b) under 

uniaxial compression. Post failure for uniaxial tension con-

crete experience softening stress-strain response. The stress-

strain relation for uniaxial compression is linear till initial 

compressive strength reaches, in plastic region strain harden-

ing occurs until the ultimate compressive strength is reached. 

Beyond that strain-softening happens. The stress-strain rela-

tions of CDP model are governed by equation (1) and equation 

(2) for uniaxial tension and uniaxial compression respectively, 

where dt and dc are tension and compression damage variables, 

respectively. The Material parameters used for the present 

study are shown in Table 4 [34]. The stress–strain relation-

ships and corresponding damage evolution laws used in the 

CDP model are illustrated in Figure 4(a-b) [35]. 

𝜎𝑡 = (1 − 𝑑𝑡)𝐸0(𝜀𝑡 − 𝜀𝑡
~𝑝𝑙

)            (1) 

𝜎𝑡 = (1 − 𝑑𝑡)𝐸0(𝜀𝑡 − 𝜀𝑡
~𝑝𝑙

)            (2) 

Table 4. Material properties for concrete modelling [34]. 

Concrete Density (ρ) 2400 kg/m3 

Modulus of Elasticity € 27.386 Gpa 

Poisson’s Ratio (𝜈) 0.17 

Dilation Angle (ψ) 30 

Eccentricity 1.0 

Initial Equi-biaxial Compressive Yield Stress to Initial Uniaxial Compressive Yield Stress (fb0 / fc0) 1.16 

Shape Factor (K) 0.666 

http://www.sciencepg.com/journal/ajcbm


American Journal of Construction and Building Materials http://www.sciencepg.com/journal/ajcbm 

 

10 

  
(a)                              (b) 

Figure 4. CDP constitutive behavior (a) stress–strain curves (compression and tension) (b) damage evolution (dc and dt) [35]. 

2.3. Loading and Boundary Conditions 

The dynamic analysis was performed using the Abaqus/Ex-

plicit solver, where numerical stability is governed by the crit-

ical time step. The simulations were carried out with automat-

ically controlled time increments satisfying the stability crite-

rion. In addition, the energy balance was carefully monitored 

throughout the analysis. The ratio of artificial energy to total 

internal energy remained within acceptable limits, indicating 

that the numerical solution was stable and free from signifi-

cant non-physical effects. 

The major forces acting on a concrete gravity dam are Grav-

ity, Hydrostatic pressure, uplift pressure, wind pressure, and 

in some cases silt pressure and ice pressure. These are the 

forces considered in the design of concrete gravity dams in 

general, however earthquake effects shall be considered ac-

cording to the prescribed codal provisions. In the present study, 

no effect of uplift and wind pressure have been considered 

while gravity force and hydrostatic water pressure have been 

considered in the analysis (see Figure 5). The base of the dam 

is assumed to be rigid by applying an encastre boundary con-

dition in all the analysis steps. It means at base nodes all de-

grees of freedom have been assumed zero values (U1 = U2 = 

U3 = UR1 = UR2 = UR3 = 0). The sides of dam geometry 

have been assigned roller support (see Figure 5). 

Apart from the above-mentioned forces, the present study 

investigates the effect of aircraft impact loading on a concrete 

gravity dam. The impact load is modeled using Riera’s force–

time history approach, which represents the equivalent force 

generated by a deformable aircraft striking a rigid target, 

thereby avoiding the need for explicit modeling of complex 

aircraft geometry. 

In this study, a Phantom F4 fighter jet impacting at a veloc-

ity of 215 m/s is considered for all simulations. The corre-

sponding Riera force–time history curve is adopted from es-

tablished literature and is shown in Figure 6, where curves for 

different velocities are presented. Among these, the 215 m/s 

curve is used in the present analysis to ensure consistency 

across all dam models. 

The impact load is applied over a circular area of 6 m diam-

eter located at the freeboard region of the dam. The force–time 

history is implemented in Abaqus/Explicit as a time-depend-

ent distributed load, where the total force obtained from the 

Riera curve is converted into equivalent pressure over the de-

fined impact area. The selected velocity is consistent with 

commonly adopted values in the literature for impact assess-

ment of critical infrastructure. 

 
Figure 5. Boundary condition and applied forces. 

http://www.sciencepg.com/journal/ajcbm


American Journal of Construction and Building Materials http://www.sciencepg.com/journal/ajcbm 

 

11 

 
Figure 6. Reaction time response curves for Phantom F4 aircraft at different velocities (the curve corresponding to 215 m/s is adopted in the 

present study). 

3. Validation 

This section focuses on validating the finite element model 

to ensure the accuracy of the numerical simulation using 

Abaqus/Explicit. In this study, validation is conducted by 

comparing the numerical results with previous experimental 

findings related to impact loads. To validate the current finite 

element simulation under impact loading, numerical results 

were compared with those from a previous experiment carried 

out by Andersson [36]. The numerical results were compared 

with experimental results, as shown in Table 5. A steel mass 

weighing 600 kg was used for the impact loading on a 0.2 m 

x 0.2 m area at the center of a concrete slab. The height from 

which the mass was dropped varied between 1 m and 2 m onto 

a concrete slab that measured 1.75 m x 1.75 m and had a thick-

ness of 0.12 m. The dimensions of the slab, loading conditions, 

and material modeling were adopted in accordance with the 

report by Andersson [36]. 

It is acknowledged that the selected validation case, involv-

ing impact on a reinforced concrete slab, represents a simpli-

fied structural system compared to the large-scale and com-

plex behavior of concrete gravity dams subjected to aircraft 

impact. In particular, the validation does not explicitly account 

for Riera-type distributed loading, large structural mass ef-

fects, or full-scale damage evolution in massive hydraulic 

structures. 

Nevertheless, the adopted approach is consistent with sev-

eral previous numerical studies, where validation against 

benchmark impact problems is used to establish confidence in 

the modeling framework. The present study is primarily in-

tended as a comparative parametric analysis, and therefore the 

same validated modeling approach is consistently applied 

across all dam configurations to ensure meaningful relative 

comparisons. 

Table 5. Comparison of experimental and numerical results for RC slab under impact load. 

Slab Number 
Height of Impact 

Load (m) 

Experimental Displacement in 

Slab [36] (mm) 

Numerical Displacement in 

Slab (mm) 

Percentage Error in  

Displacement (%) 

4 1.0 46 42.62 7.35 

5 1.5 63 58.92 6.48 

6 1.5 50 48.81 2.38 

8 1.0 60 56.24 6.27 

9 1.2 61 58.91 3.43 

10 2.0 77 73.02 5.17 

   Average Error 5.18 
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4. Results and Discussion 

A comparative numerical investigation has been conducted 

to evaluate the response of five different concrete gravity dam 

geometries subject to the impact of a Phantom F4 aircraft. 

Three-dimensional finite element analyses were performed 

using the Abaqus software for each dam configuration. The 

impact scenario assumes that the aircraft collides with the up-

stream freeboard region at a velocity of 215 m/s. The study 

focuses on evaluating the impact-induced deformation, dam-

age patterns, and stress distribution within the dam structures. 

To enhance the general applicability of the results, the struc-

tural response of the dam models is interpreted in terms of 

governing geometric parameters rather than individual config-

urations alone. The geometric characteristics of the dams, in-

cluding height (H), base width (Bb), crest width (Bc), and 

freeboard thickness (Tf), are expressed in both dimensional 

and non-dimensional forms. In particular, the ratios Tf/H and 

Bb/H are used to systematically evaluate the influence of ge-

ometry on impact response. 

The comparison reveals that dams with relatively lower 

freeboard thickness ratios (Tf/H) tend to exhibit higher local-

ized deformation and tensile damage near the impact region. 

For instance, Dam 1, which has a relatively small Tf/H ratio, 

shows the maximum deformation of approximately 620 mm, 

indicating reduced resistance to high-energy impact loading. 

In contrast, dam configurations with higher Tf/H ratios 

demonstrate improved distribution of stresses and compara-

tively lower localized damage. Similarly, the base width ratio 

(Bb/H) influences the overall stress distribution within the 

dam body. Dams with larger Bb/H ratios tend to exhibit better 

stress dispersion towards the downstream region, thereby re-

ducing stress concentration near the impact zone. This behav-

ior is evident in Dam 4 and Dam 5, where relatively higher 

Bb/H ratios correspond to lower stress magnitudes and re-

duced tensile damage. Furthermore, the variation in upstream 

and downstream face profiles contributes to differences in 

load transfer mechanisms under impact loading. Dams with 

inclined downstream faces facilitate gradual stress redistribu-

tion, whereas configurations with abrupt geometric transitions 

tend to concentrate stresses locally. 

The five dam models are designated as (a) Dam 1, (b) Dam 

2, (c) Dam 3, (d) Dam 4, and (e) Dam 5. Figure 7 illustrates 

the deformation contours at the dam crest along the direction 

of impact. The results reveal that the most significant defor-

mation occurs in the vicinity of the freeboard impact zone, 

with Dam 1 exhibiting the highest displacement magnitude of 

approximately 620 mm. Minimal deformation is observed 

near the dam base in all cases, indicating localized damage 

confined primarily to the impact region. 

 
(a)                              (b) 

 
(c)                            (d)                              (e) 

Figure 7. Deformation along the direction of impact of all shape dam models (a) Dam 1 (b) Dam 2 (c) Dam 3 (d) Dam 4 (e) Dam 5. 
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Figure 8 presents the contours of equivalent (von Mises) 

stress for all five dam models. The maximum equivalent stress, 

with a magnitude of 20.45 MPa, is observed in Dam 1. In con-

trast to the other dam models, where stress is more widely dis-

tributed throughout the dam body, Dam 1 exhibits a distinct 

stress concentration localized near the impact region. This in-

dicates a more severe structural response in Dam 1 compared 

to the other configurations. 

 
(a)                                (b) 

 
(c)                            (d)                              (e) 

Figure 8. Contour of von mises stresses (a) Dam 1 (b) Dam 2 (c) Dam 3 (d) Dam 4 (e) Dam 5. 

  
(a)                                    (b) 
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(c)                            (d)                              (e) 

Figure 9. Principal stresses along the direction of impact (a) Dam 1 (b) Dam 2 (c) Dam 3 (d) Dam 4 (e) Dam 5. 

Figure 9 illustrates the stress contours along the direction of 

impact. Dam 1 exhibits the highest compressive and tensile 

stresses, with peak values of 3.70 MPa and 4.42 MPa, respec-

tively. These stresses are predominantly concentrated near the 

crest region of Dam 1. In contrast, for the other dam models, 

the stresses are more widely distributed along the downstream 

portion of the structure rather than being localized near the impact 

zone. Additionally, tensile stresses are observed near the neck of 

the freeboard on the downstream side in all models except Dam 1. 

Figure 10 presents the maximum principal stress contours for 

all dam models. The distribution of principal stresses exhibits a 

trend consistent with the equivalent stress and directional stress 

results shown in Figures 7 and 8. Tensile stresses are predominant 

throughout the dam bodies in all geometries, except at the imme-

diate impact zone, where compressive behavior is observed. The 

highest principal stress, with a magnitude of 15.6 MPa, is rec-

orded in Dam 1, while Dam 4 experiences the lowest principal 

stress, measuring only 0.7 MPa. An important parameter in as-

sessing the behavior of reinforced concrete structures in the 

Abaqus module is the concrete tensile damage, which provides 

insight into crack initiation and propagation under dynamic load-

ing. 

  
(a)                                  (b) 

   
(c)                            (d)                              (e) 

Figure 10. Maximum Principal Stresses (a) Dam 1 (b) Dam 2 (c) Dam 3 (d) Dam 4 (e) Dam 5. 
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Figure 11 displays the contours of the concrete tensile dam-

age parameter for the different dam geometries. In the Abaqus 

simulation framework, concrete is considered to undergo ten-

sile damage when the damage parameters dt (tensile) or dc 

(compressive) reach a value of 0.99. Among all the models, 

Dam 1 exhibits the maximum tensile damage with a value of 

0.99, indicating severe material degradation at the impact zone. 

In contrast, Dam 3 shows no tensile damage, with a recorded 

value of zero. The remaining models exhibit localized tensile 

damage primarily concentrated along the direction of impact. 

  
(a)                                (b) 

  
(c)                                      (d) 

Figure 11. Tension damage in the freeboard of dams (a) Dam 1 (b) Dam 2 (c) Dam 4 (d) Dam 5. 

Stress–time histories have been generated for two distinct 

locations: (1) along the impact region and (2) along the dam 

base, as indicated in Figure 12. At each location, stresses in all 

three principal directions, S11 (x-direction), S22 (y-direction), 

and S33 (z-direction), have been evaluated. The correspond-

ing stress–time curves are presented in Figures 13 and 14 for 

the impact region and base, respectively. Figure 13 reveals that 

tensile stresses dominate along the impact direction, whereas 

compressive stresses are predominant at the dam base, as 

shown in Figure 14. Among all dam geometries, Dam 1 ex-

hibits the highest stress magnitudes at both locations. In con-

trast, Dam 4 and Dam 5 demonstrate the lowest stress re-

sponses across all evaluated directions. 
 

Figure 12. Positions along which stress vs time curves are plotted. 
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(a) 

 
(b) 

 
(c) 

Figure 13. Stress-time plots along the direction of impact (a) S11 (b) S22 (c) S33. 

 
(a) 
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(b) 

 
(c) 

Figure 14. Stress-time plot along the base of the dam (a) S11 (b) S22 (c) S33. 

A quantitative comparison of key response parameters is 

presented in Table 6, based on values extracted from the finite 

element contour results. It is observed that Dam 1 exhibits sig-

nificantly higher displacement (~620 mm) and stress levels 

(~20.45 MPa), indicating greater vulnerability under the given 

impact conditions. In contrast, Dam 4 shows the lowest re-

sponse across all parameters, while Dam 2, Dam 3, and Dam 

5 demonstrate intermediate behavior with comparatively more 

distributed stress patterns. These results clearly highlight the 

influence of geometric configuration on the structural re-

sponse of concrete gravity dams under aircraft impact loading. 

Table 6. Quantitative comparison of structural response. 

Dam Max Displacement (mm) Max Principal Stress (MPa) Von Mises Stress (MPa) Remarks 

Dam 1 620.06 11.56 20.45 
Highest deformation and stress 

concentration 

Dam 2 16.11 2.16 2.87 Localized stress at impact zone 

Dam 3 31.14 5.13 4.99 Moderate stress distribution 

Dam 4 7.90 0.78 1.31 Lowest stress and deformation 

Dam 5 12.54 1.30 1.71 Distributed stress pattern 

 

5. Conclusion 

A three-dimensional finite element-based comparative par-

ametric study has been carried out to evaluate the response of 

five concrete gravity dam geometries subjected to aircraft im-

pact loading using Riera’s force–time history approach. A 

Phantom F4 aircraft impact at a velocity of 215 m/s has been 

considered. 

The main findings and their engineering implications are 

http://www.sciencepg.com/journal/ajcbm
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summarized as follows: 

1) Maximum deformation is concentrated near the impact 

region for all dam geometries, with Dam 1 exhibiting the 

highest displacement (approximately 620 mm), indicat-

ing greater vulnerability of this configuration to local-

ized impact loading. 

2) Tensile damage is primarily localized along the impact 

zone. Dam 1 shows severe damage, while Dam 3 exhib-

its negligible damage, suggesting that geometric config-

uration significantly influences crack initiation and 

propagation. 

3) The stress distribution shows that tensile stresses domi-

nate near the impact region, whereas compressive 

stresses are more significant near the dam base. Dam 1 

experiences the highest stress magnitudes, while Dam 4 

and Dam 5 show comparatively lower and more distrib-

uted stress patterns, indicating improved structural re-

sponse. 

4) The results demonstrate that geometric configuration 

plays a crucial role in governing deformation, stress dis-

tribution, and damage behavior under aircraft impact 

loading. 

5) Dam geometries like Dam 1 are more susceptible to lo-

calized damage, whereas configurations like Dam 4 and 

Dam 5 exhibit comparatively better performance, sug-

gesting that optimized geometric profiles can enhance 

impact resistance. 

6) The study presented here provides preliminary insights 

into the influence of geometric configuration on the re-

sponse of concrete gravity dams subjected to aircraft im-

pact loading. The findings highlight important trends in 

deformation, stress distribution, and damage character-

istics under the adopted loading scenario. 

Abbreviations 

FEM Finite Element Method 

CDP Concrete Damaged Plasticity 

DIF Dynamic Increase Factor 

Tf Freeboard Thickness 

Bb Base Width 

Bc Crest Width 

H Height of Dam 
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