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Abstract — This study presents a comprehensive 

electromagnetic and thermomechanical assessment of 

reinforced concrete structures of a hydroelectric dam subjected 

to direct lightning currents. A detailed 3D model of the dam’s 

pier foundations and associated metallic superstructures was 

developed and evaluated using XGSLab in both the frequency 

and time domains, applying a 100 kA First Positive Stroke in 

accordance with IEC 62305. A two-layer aquatic soil model was 

used to represent the soil conditions, including water, in which 

all reinforcing steel, anchors and structural elements are 

submerged in the dam on site. The investigation quantified 

lightning-induced electromagnetic force (EMF), current 

distribution and specific energy in embedded reinforcement, 

followed by calculation of hoop stresses and thermally induced 

expansion in the concrete. Results show that thermal stress is 

negligible, with temperature rise not exceeding 0.001 K for any 

member. Mechanical EMF-induced hoop stresses, however, 

present localised exceedances of the 1.4 MPa tensile limit at 

selected anchor positions, indicating potential cracking under 

extreme transient loading. The findings confirm that dedicated 

lightning-carrying conductors or improved rebar continuity to 

mitigate overstress is required as per IEC 62305. 
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I. INTRODUCTION 

Reinforced concrete structures exposed to direct lightning 
current may experience transient electromagnetic and 
thermomechanical stresses capable of exceeding concrete’s 
low tensile capacity, typically 10–15% of its compressive 
strength [1]. When lightning current flows through 
reinforcement or connected metallic systems, electromagnetic 
forces (EMF) and localised resistive heating may induce 
cracking or delamination, particularly where reinforcing 
continuity does not meet the lightning-carrying requirements 
of IEC 62305 [2]. 

Unlike power-frequency faults, lightning exhibits a broad 
frequency spectrum extending into the MHz range and follows 
a non-sinusoidal impulse form [3] [4]. Accurate assessment 
therefore requires combined frequency-domain (FD) and 
time-domain (TD) modelling. Rapid change in current (di/dt) 

produces magnetic-field-induced forces in conductors as 
described in IEC 60865-1 [5], while the specific energy of the 
current impulse governs any potential conductor temperature 
rise [6]. Both mechanisms must be evaluated to determine 
whether structural overstress may occur under extreme 
transient loading. 

In this work, a detailed 3D model of a hydroelectric dam’s 
reinforced piers, rock anchors and associated steelwork was 
developed and analysed using XGSLab software [7]. XGSLab 
is a specialised electromagnetic analysis software suite used 
to model and simulate grounding, impulse currents and 
electromagnetic interference in complex electrical power 
systems using rigorous field-theory-based numerical methods. 

 A two-layer aquatic soil model was incorporated based on 
published regional data [8], and all metallic elements were 
represented using equivalent cylindrical conductors. A 100 kA 
First Positive Stroke (LPL III) impulse from IEC 62305 [2] 
was applied to compute EMF, current distribution and specific 
energy. The resulting values were used to determine hoop 
stresses and thermally induced stresses in the surrounding 
concrete. 

II. BACKGROUND 

Lightning is one of the most severe transient stresses 
affecting hydroelectric dam reinforced concrete structures in 
open terrain. When high-amplitude current enters metallic 
components or reinforcement, the resulting electromagnetic 
forces (EMF) and rapid resistive heating can impose tensile 
stresses that exceed concrete’s limited tensile capacity. 
Because concrete is inherently brittle and poorly suited to fast 
transient loading, even short-duration impulses can trigger 
cracking or delamination if reinforcement continuity is 
insufficient or poorly detailed [9]. 

This issue is increasingly important across industry, 
where reinforced foundations are widely used for 
infrastructure such as substations, hydropower installations, 
transport structures, renewable-energy systems and water-
processing facilities. Modern structures often incorporate 
extensive metallic elements (walkways, platforms, masts and 
anchor systems) which may provide low-impedance paths for 
lightning current directly into concrete foundations. IEC 
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62305 therefore requires that reinforcement be suitably 
interconnected or supplemented with dedicated lightning-
carrying conductors to prevent overstress [2]. Figure 1 
illustrates a typical example of a foundation electrode that 
may be subjected to the electromechanical stress of lightning 
current with its associated dedicated conductors.  

As reinforcement layouts grow more complex, traditional 
empirical methods cannot reliably predict localised EMF or 
current distribution. High-fidelity simulation tools now 
provide industry with a means of quantifying lightning-
induced forces, specific energy absorption and the resulting 
structural stresses. This capability is increasingly demanded 
by asset owners and design authorities to ensure compliance, 
durability and long-term structural integrity [9]. 

 

 

Figure 1: Example Illustration of Foundation Earth Electrode [2] 

III. METHODOLOGY 

This study follows a structured electromagnetic and 
thermomechanical analysis process to quantify lightning-
induced stresses in reinforced concrete foundations associated 
with a hydroelectric dam installation. The foundations are 
submerged below the waterline, meaning all reinforcement 
cages, rock anchors and concrete elements are immersed in an 
electrically conductive environment. This significantly 
influences lightning current distribution, soil–water 
interaction, and the resulting electromagnetic fields. The 
methodology integrates soil characterisation, geometric 
modelling, frequency domain (FD) and time domain (TD) 
simulation, and subsequent stress evaluation in accordance 
with IEC 62305 , IEC 60865-1, and established lightning 
transient practices [3] [4] [6] [7]. 

A. Soil Model (Aquatic) 

Because the dam’s pier foundations are submerged, the 

surrounding medium consists of a freshwater body overlying 

compacted lakebed sediments. This configuration provides a 

low-impedance path for lightning current discharge, making 

accurate modelling essential. A two-layer aquatic soil 

structure was adopted, using published freshwater 

conductivity values and sediment resistivity data [8].  

 

 

 

 

The model comprises: 

• Layer 1: Freshwater surrounding the submerged 
foundation. This layer greatly influences near-field 
EMF and governs current entry paths into the concrete. 

• Layer 2: Lakebed material, providing the primary 
dissipation path for deep-soil conduction. 

Frequency-dependent permittivity was applied to both 
layers to ensure accuracy up to several megahertz [7]. 

Table 1: Soil Model (Aquatic) [8] 

Layer Resistivity (Ωm) Permittivity ℇ𝒓 Depth (m) 

1 

(Water) 
26 70 3 

2 

(Lakebed) 
12 70 ∞ 

 

B. Structural Modelling and Conductor Representation 

The reinforced concrete piers, rock anchors and metallic 

superstructure components of the dam were modelled in 3D 

using equivalent cylindrical conductors. As the foundations 

are submerged underwater and are connected to above-water 

structures through steel platforms and walkways, vertical 

current paths and submerged reinforcement continuity were 

explicitly captured. 

Figures 2 and 3 illustrate the representative model of the 

dam structure which was used to conduct the study.  

 

 
Figure 2: Front View of Simulated Dam CAD Structure 

 
Figure 3: 3D View of Simulated Dam CAD Structure 

Table 2 and the preceding Figure 4 provides the 

dimensions of each respective pier’s rebar cage and 

conductor size. 

  



Table 2: Pier Rebar Cage Dimensions 

Description Designation Dimension Material 

Internal Rebar Mesh  Width 
(X-Axis) 

1 875 mm Steel 

Internal Rebar Mesh  Length 
(Y-Axis) 

2 745 mm Steel 

Internal Rebar Mesh  Height 
(Z-Axis) 

3 745 mm Steel 

Pier Width (X-Axis) 4 4 950 mm Steel 

Pier  Length (Y-Axis) 5 2 300 mm Steel 

Pier  Height (Z-Axis) 6 3 000 mm Steel 

Rebar Diameter 7 19 mm Steel 

 

 
Figure 4: Illustration of Pier Rebar Cage Dimensions 

C. Lightning Impulse Current 

The lightning injection point is simulated on the above-

water metallic structure (e.g. light posts/platform steel), 

which is the most probable strike location. From there, 

current is distributed via steelwork into the submerged rock 

anchors and surrounding concrete. 

A 100 kA First Positive Stroke (LPL III) 10/350 µs 

impulse is used, in accordance with [2]. This stroke is 

implemented in XGSLab using the standard lightning 

parameters provided in [3]. 

 

 
Figure 5: Lightning Current Injection in XGSLab model 

D. Frequency Domain (FD) Simulation 

FD simulations are carried out as per the process 

described in [3], for a single frequency, which is used to 

represent the rise time of the equivalent time-based impulse.  

This method is used to assess the ground potential rise (in this 

case on the surface of the water), as well representation of the 

current distribution during the initial phase of the injected 

lightning current.  

Figure 6 illustrates the rise-time representation of a 25 

kHz sinusoidal waveshape in comparison with the rise-time 

representation of a 10/350 µs First Positive Stroke. The use 

of 25 kHz as representation of the wave rise time is suitable, 

as also described in [10]. 

The method of using a single frequency is useful in 

graphically representing and analysing the following 

variables: 

• Ground potential rise in and around the submerged 

foundations; 

• Current distribution in all above-water and 

submerged conductors; 

• Electromagnetic force (EMF) per unit length on 

selected conductors (N/m) and its associated vector 

(direction) in each element. 

 

 
Figure 6: Comparison of rise-time between 25 kHz sinusoid and 

10/350 µs impulse 

E. Time Domain (TD) Simulation 

The time domain (TD) analysis reconstructs the full 

10/350 µs lightning impulse from [2] by superimposing the 

outputs of the 167 frequency domain solutions. XGSLab 

applies its Heidler-based reconstruction procedure, ensuring 



that both the steep front and long tail of the stroke match the 

IEC 62305 LPL III parameters used in the study [2]. This 

approach ensures that the instantaneous electromagnetic 

forces and currents applied to the submerged reinforcement 

and rock anchors represent a realistic extreme lightning 

event. 

Table 3 provides the parameters of the lightning impulse 

as used in the study. 

 
Table 3: Lightning Impulse Parameters for Heidler Function [2] 

Parameter First Positive Stroke (LPL III) 

I (kA) 100 

𝜏1 19 

𝜏2 485 

k 0.93 

 

Figure 7 illustrates the time domain impulse with the 

parameters of Table 3 used in the approximation formula 

from the Heidler function as described in [2]. 

 

 
Figure 7: Illustration of injected Time Domain Impulse 

From the simulation, the resulting current, electromagnetic 

force and specific energy can be extracted for each element 

(member) of the concrete structure’s reinforcing.  

The extracted data is then utilised as follows: 

 

a) Mechanical (Hoop) Stress Calculation: 

For the purposes of this study, the concrete that is used for 

the casting of the foundations has the following properties, 

and limitations as indicated in Table 4. 

 
Table 4: Concrete Properties 

Parameter Tested capacity 

Compression strength 5 000 psi/ 34.5 MPa 

Tensile strength (𝜎𝑡) 1.4 Mpa/ 200 psi [11] 

  

In addition to assessing the concrete stress, the rock 

anchors, which are insulated with an epoxy material have to 

be evaluated as to how electrical charge will be distributed 

along its surface as the charge is not transferred through the 

conductive core. Figure 8 illustrates the setup of a FEM 

simulation to determine the transfer of the charge along the 

rock anchors’ surface. 

 

 
Figure 8: FEM Model for assessing epoxy insulated rock anchor 

charge distribution 

To assess the potential stress on the concrete, and to 

compare it to the concrete’s limits, the following method is 

followed: 

i. The EMF for each member of the reinforcing 

material inside the concrete is extracted from 

XGSLab in N/m.  

ii. The EMF result is then used to calculate the hoop 

stress as per [9]. (Hoop forces mean azimuthal 

forces in the θ direction, that attempt to change the 

circumference of the conducting vessel) 

 

𝜎ℎ𝑜𝑜𝑝 =  
𝐹

𝐴
 (1) 

Where: 

F = EMF extracted from XGSLab (N/m) and 

A = cross-sectional area per unit length of the rebar (m²/m) 

 

The result is then compared with the tensile limit of the 

concrete. Thus, if  

𝜎ℎ𝑜𝑜𝑝 >  𝜎𝑡 (2) 

cracking of the concrete due to electromechanical stress is 

likely to occur. 

 

b) Thermal Stress Calculation: 

      To further assess the possibility of cracking or 

delamination of concrete surrounding the reinforcing material 

(rebar) a thermal analysis is to be conducted. If the 

temperature rise of the rebar exceeds a specific temperature 

limit, vaporisation of gases and moisture surrounding the rebar 

within the concrete could expand to such an extent that tensile 

stress exerted onto the surrounding concrete could exceed the 

tensile limit, which could result cracking.  
To assess this phenomenon, the following methodology is 

followed as per [2] , [6] which explains that the specific energy 
of measured lightning current in each member may be used to 
calculate the temperature rise in each rebar member: 

i. The resistance of each member is calculated: 

𝑅 =  𝜌 ×  
𝐿

𝐴
 (3) 

Where: 

R = Electrical resistance of the steel rebar (Ω) 

𝜌 = Electrical resistivity of the steel (Ωm) 

L = Length of the rebar section (m) 

A = Cross-section of rebar (m²) 

 



ii. The energy dissipated by Joule heating is 
calculated: 

𝐸 =  𝑄 ×  𝑅 (4) 

Where: 

Q = Specific Energy input extracted from XGSLab (A²s) 

iii. Finally the temperature rise (in Kelvin): 

∆𝑇 =  
𝐸

𝑚 ×𝑐
 (5) 

Where: 

m = Mass of the rebar section  

𝑐 = Specific heat capacity of steel 

The temperature rise is evaluated against the limit as, if: 

∆𝑇 ≥  𝑇𝑙𝑖𝑚𝑖𝑡  (6) 

Where: 

𝑇𝑙𝑖𝑚𝑖𝑡 = 6 K [1] 

Cracking of the concrete is likely to occur if the temperature 
rise of the encased rebar exceeds Tlimit.  

 It is important to note that the DC resistance is used in 
(3). The shape of the rebar conductors are also an important 
criteria. As lightning contains high-frequency components, 
the skin effect phenomena could  possibly lower the effective 
rebar cross-section. This has not been considered in the 
study.   

F. Measurement Locations of Rebar Members 

As described in the previous sections, measurements on 
various rebar members are to be conducted through simulation 
to determine the relevant stress factors that could potentially 
cause cracking of the concrete.  

This section describes the locations of measurement of 
rebar members and the designation to be used throughout the 
study.  

As illustrated in Figure 9 and Figure 10, the above-ground 
structural members (yellow) are connected to vertical rock 
anchors that are epoxy coated and isolated from the concrete 
or any rebar material. A separate rebar cage (grey) is 
constructed, which is connected with copper tails to the above-
ground structures, is encased in concrete and submerged in 
water (under the dam water level). 

This is duplicated at each of the 11 dam piers (foundation 
piers). The designation of the structural members are as 
follows: 

i. Each above-ground structure is anchored with 
two feet, having two rows of rock anchors, 

ii. Each row has 4 vertical rock anchors, 

iii. Designation will follow the following order; 

a. “Pier #, Row #, Anchor #” 

 

Figure 9: Illustration of rebar cage and Piers 

 
Figure 10: Illustration of rebar member designations 

IV. RESULTS 

This section describes the results of simulation obtained 
by following the proposed methodology.  

A. Frequency Domain (FD) Simulation 

Through injecting the lightning current impulse described 
in Table 3, the following results with regard to the ground 
potential rise on the surface of the water as illustrated in Figure 
11 was noted. 

 

Figure 11: Illustration of GPR on water surface 

These results identify the critical piers (Piers 10 and 11) 
and specific rock anchors that experience the highest EMF and 
current and are therefore taken forward for detailed TD 
analysis. 

Figure 12 further illustrates the graphical representation of 
the EMF vectors and amplitudes for a single frequency. It can 



be noted that the EMF is most severe around the injection 
point and dissipates further down the structure and into the 
rebar.  

 

Figure 12: Illustration of EMF vectors for 25 kHz current 

B. Time Domain (TD) Simulation 

In keeping to the methodology proposed for TD 
simulations, the following is obtained from simulation for 
each rock anchor installed in Piers 10 and 11 to assess the 
potential for cracking of the concrete due to EMF and 
Temperature Rise. 

a) Mechanical (Hoop) Stress Calculation: 

As previously described, the EMF magnitude (N/m) is 
obtained from the XGSLab model. Figure 13 illustrates an 
example of the native output force measured in the software. 

 

Figure 13: Illustration of EMF measurement in XGSLab 

Computed results are obtained for each rock anchor of 
both rows of both Piers 10 and 11. In using the simulated 
results, calculations (1) and (2) are used.  

The following results are obtained for each anchor of Pier 
10 and Pier 11 and compared to the hoop stress limit of 1.4 
MPa. The results are consolidated in Figure 14. 

 

Figure 14: Consolidated results for EMF measurements 

It may be noted from Figure 14 that the anchors on the 
outermost part of each structural footing are subjected to the 
highest EMF as these anchors are connected to the rebar. In 
some cases, the tensile limit of the concrete is exceeded due to 
the high EMF.  

Simulation results also suggest that breakdown of the 
dielectric strength of wet concrete along the rock anchor 
surfaces would be possible during a lightning event. Figure 15 
and Figure 16 below show the simulated results for the electric 
field strength along a rock anchor length of 1.2 m, as 8.12 
kV/mm, exceeding the dielectric limit of wet concrete 
provided in [1].  

 

Figure 15: Simulated electric field strength along a rock anchor 

 

Figure 16: Resulting electric field strength along a rock anchor 

b) Thermal Stress Calculation: 

As previously described, the current magnitude (A) is 
obtained from the XGSLab simulation. From this output, an 
integral of the current-squared is applied to extract the specific 
energy associated with the waveshape. 

Through use of the extracted current waveshape, 
calculations, (3) to (6) are used to calculate the temperature 
rise in each rock anchor. The temperature rise is then assessed 



to determine if it exceeds the limit of  6 K. Figure 17 shows 
an example of the temperature rise calculated from the current 
simulated in each rock anchor. 

 
Figure 17: Example of processed temp. rise measurements 

V. DISCUSSION 

The combined electromagnetic and thermomechanical 
analysis provide insight into how lightning current interacts 
with submerged reinforced concrete foundations in 
hydroelectric dam structures.  

The simulations demonstrate that mechanical hoop stress 
driven by electromagnetic force is the governing load 
mechanism, with TD peak EMF values translating into tensile 
stresses that approach or exceed the concrete’s allowable 
limits at select anchor positions. This behaviour is strongly 
influenced by geometric current paths, conductor spacing and 
proximity to above-water steelwork, consistent with the 
electromechanical coupling principles described in [2]. In 
contrast, the thermal evaluation, based on measured specific 
energy, conductor resistance and predicted temperature rise, 
shows negligible heating effects, reaffirming that the 
microsecond-scale lightning impulse is insufficient to 
generate meaningful thermal expansion within submerged 
steel members, in agreement with  [2] [11]. The spatial 
distribution of mechanical overstress highlights the 
importance of electrical continuity and dedicated lightning 
current pathways in submerged foundations as required by [2]. 

VI. CONCLUSION 

This study presents a comprehensive electromagnetic and 
thermomechanical assessment of submerged reinforced 
concrete foundations subjected to a direct lightning impulse, 
representative of IEC 62305 LPL III conditions. Using a 
detailed 3D model, a two-layer aquatic soil profile and FD–
TD simulation, the investigation shows that lightning-induced 
electromagnetic forces are the primary contributors to 
concrete stress, while thermal effects from Joule heating are 
negligible.  

The hoop-stress evaluation identifies specific rock anchors 
where lightning current paths generate tensile stresses that can 
exceed the concrete’s allowable capacity, emphasising the 
sensitivity of submerged foundations to electrodynamic 
loading in the absence of sufficient reinforcement continuity 
or dedicated lightning current conductors as prescribed by IEC 
62305.  

The findings reinforce the need for including dedicated 
current-carrying conductors on rebar in concrete-encased 
structures. Results may vary based on the density of the 
internal rebar mesh size. The size of such meshes however are 
dependent on application and use of the rebar. 

VII. FUTURE WORK 

Future work could include experimental validation of the 
simulation results through controlled laboratory testing. High-
current impulse tests on reinforced concrete specimens or 
scaled structural assemblies could be used to replicate 
lightning current injection and measure the resulting current 
distribution, electromagnetic forces and potential cracking 
behaviour. Such testing would allow comparison between 
measured responses and the predicted stresses obtained from 
the electromagnetic simulations, thereby improving 
confidence in the modelling approach and helping refine 
assumptions related to conductor representation and current 
paths within reinforced concrete structures. 
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