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Artificial lightning strike tests and coupled electrical–thermal 
analysis on roofing glazed tiles of ancient buildings 

Jingxiao Li1,  Zhiling Fang1,  Lin Fu1 , Shangchen Fu2*,  Lihua Shi2, Yun Li2, Peidong Huo1 

Abstract 
Lightning strike is one of the natural disasters to the roof components of ancient buildings. To 

investigate the causes and damage effects of lightning strikes on the roofing glazed tiles of ancient 
buildings, artificial lightning strike tests were carried out on glazed tiles. Based on the experiment 
results, a coupled electrical–thermal finite element model of mortar-containing glazed tiles was 
established and the Joule heat effect of lightning current was further investigated. The results show that 
when the lightning channel is attached to the surface of the enamel and body with a low electrical 
conductivity, the lightning current is mainly released in the form of surface flashover, and a minor 
damage is induced along the flashover path; when the lightning channel is attached to the mortar with a 
high electrical conductivity, the lightning current is injected into the mortar, resulting in significant tile 
damage. The spatial distributions of the temperature present clear gradient characteristics. The high-

temperature area appears in the mortar while the high–thermal–stress area appears in the body 
connected to the grounding rail. As the peak of the lightning current increases, both the high-

temperature and high–thermal–stress areas of the glazed tiles expand. The combination of the 
experiments and the numerical analysis results demonstrate that the damage mechanism of lightning 
Joule heat effect to glazed tiles may include two aspects. One is the internal explosive force generated 
from the sharp vaporization and expansion of the moisture inside the tiles due to rapid temperature 
increase, and the other is the thermal stress caused by the uneven temperature distribution. 
Keywords: Glazed tiles; Lightning damage testing; Coupled electrical–thermal effect; Temperature; 
Thermal stress 

 

1 Introduction1 

As a precious cultural heritage, ancient 
architecture has great scientific, artistic, and 
tourist value. Glazed tiles, which are key roof 
components of ancient buildings, present distinct 
characteristics of the period in which they were 
laid. They vividly and intuitively reflect the 
cultural and technical prowess of bygone times 
and play an important role in studying ancient 
architecture [1, 2]. Glazed tiles are non-

renewable, and any man-made or natural damage 
is irreparable. Because of their position, 
material, and structure, ancient buildings are 
vulnerable to lightning strike damage. Glazed 
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tiles are typically laid on top of ancient buildings 
and are particularly exposed to lightning strikes. 
Under the effect of lightning current, glazed tiles 
are subjected to various types of damages, 
including fractures, breakage, and collapse; it 
can even lead to the burning of the entire 
building, resulting in incalculable losses. Among 
the factors that cause glazed tile damage in 
ancient buildings, lightning damage is one of the 
main natural disasters [3, 4]. Therefore, it is 
necessary to study the causes and damage effects 
of lightning strikes on the roofing glazed tiles of 
ancient buildings and the corresponding damage 
effect, to provide a basis and reference for the 
formulation of lightning protection measures.  

Researchers have carried out related studies 
on the mechanism of lightning strike through 
building components. Huang et al. [5] conducted 
lightning experiments on building material 
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samples and model blocks from the Palace 
Museum. They found that the combined impulse 
voltage of tiles, mortar, and wooden plate was 
lower than the sum of the individual impulse 
strengths of the three materials. Chen et al. [6] 
performed simulations of lightning ablation or 
cracking experiments on the golden roof of 
Potala Palace, Baima White Wall, and Alga soil 
using an impact current generator, demonstrating 
that the grass wall can easily ignite under long or 
multiple lightning strikes. Li et al. [7] 
experimentally investigated the factors affecting 
the lightning damages of the timber components 
of ancient buildings, including the lightning 
current, timber moisture content, and timber 
density. In addition, investigations on the 
lightning damage of reinforced concrete 
structures have been reported [8-10]. Chen et al. 
[11] found that the electrical–thermal coupling 
effect induces vaporization and rapid expansion 
of the water inside the concrete components of 
the building, causing damage. These studies 
provided some reference for analyzing lightning 
damage effects in glazed tiles. However, the 
results can hardly be directly applied to glazed 
tiles owing to their unique characteristics and 
material. In addition, experimental studies on 
lightning damage to glazed tiles are lacking, and 
investigations on the causes of damage are also 
insufficient. 

From the perspective of lightning 
protection, researchers have been conducting 
more studies related to the lightning damage 
mechanism of aircraft composite structures in 
recent years. The methodology they developed, 
implementing equivalent lightning strike tests 
[12-14] and observations [15, 16] under 
laboratory conditions to investigate the damage 
causes, and then combining with numerical 
simulations to further analyze the damage effects 
[17-19], provide effective reference methods for 
studying the lightning damage mechanism of 
glazed tiles and the corresponding damage 
effects.  

2 Research aims 

In this paper, lightning damage causes and 
damage effect of ancient roofing glazed tiles 

were investigated with artificial lightning current 
tests and numerical analysis. First, tests were 
conducted on the glazed tiles of ancient 
buildings containing enamel, body, and mortar 
using a lightning current generator, where a 
high–speed camera was used to monitor the 
conduction process of the currents under 
different lightning strike positions. The causes of 
lightning damage were then discussed. Based on 
the experiment results, coupled electrical–
thermal finite element analysis on mortar-
containing glazed tiles were carried out to 
further study the influence of lightning Joule 
heat effect. The relationship between the 
temperature field and time was analyzed, and the 
distributions of the temperature and thermal 
stress under different lightning current peak were 
compared. In addition, the damage rule of Joule 
heat produced by the lightning current on the 
glazed tiles was obtained. The combination of 
the experiment and the numerical analysis 
results demonstrated the damage mechanism and 
process of lightning Joule heat effect to glazed 
tiles. 

3 Materials and Methods 

3.1 Materials 

The specimens used in this study were 
provided by Beijing Research Institute of 
Architectural Heritages (Fig. 1a). The glazed 
tiles comprise round and plate tiles with the 
same material but different shapes and 
structures. The round tile is covered at the 
connection point of the two ridges of the plate 
tiles and has a raised arc shape and semicircular 
section, whereas the plate tile is above the round 
tile and is likely to be struck by lightning. The 
glazed round tiles (hereinafter referred to as 
glazed tiles) were selected in this study. Glazed 
tiles were fired using aluminum silicates with 
enamel applied to the surface. The specimens 
had a width of 1.8 cm, a full-block length of 35 
cm, an outer cross-sectional diameter of 14.4 
cm, and a height of 7.2 cm.  

The glazed tile is made of body, enamel, 
and mortar (Fig. 1b). The body is the main part 
of the glazed tile. The major components of the 
body are SiO2 and Al2O3, accounting for 37%–
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68% and 11%–36% of the total amount, 
respectively, and there are few other compounds 
such as Fe2O3, CaO, and MgO. The enamel in 
the form of lead silicate glass and with an 
average width of 130 μm was applied to the 
body surface for resisting water and decoration. 
To ensure a strong connection and waterproofing 
between the adjacent tiles, a tongue-like tenon 
(bear head) was fired at the top of each glazed 
tile piece. A grayish-white substance coated on 
the surface for bonding is called the mortar, 
which is composed of CaCO3, Mg (OH)2, SiO2, 
and NaAlSi3O8.  

Among the three components of a glazed 
tile, the body has similar conductivity as that of 
enamel, which is very low. The four-electrode 
method is used to evaluate the body 
conductivity, which is found to be approximately 
8×10−8 S/m. Compared with the body and   
enamel, the mortar exhibits much higher 
conductivity. As the conductivity of the mortar is 

typically in the range of 0.55–0.63 S/m [20], we 
set the mortar conductivity as 0.6 S/m (moisture 
content = 25%) in this study.  

According to the components of glazed 
tiles, there are four possible attachment locations 
when encountered with lightning strike. Hence, 
the specimens were divided into four groups, 
and each contained two specimens, as shown 
Table 1. The first group is full enamel 
specimens, which is used to simulate the 
situation of lightning current attached to 
complete glazed tiles. The second and the third 
group simulate the situation of attachment to 
different position of glazed tiles with exposed 
bodies, respectively. The last group simulates the 
attachment to mortar area. Additionally, besides 
the components, the moisture content of the tiles 
may also influence the lightning damage effect, 
and this has been investigated in another paper 
[21]. 

 

 

Fig. 1.  Specimens of (a) relatively intact glazed tiles; (b) half enamel and half body tile. 
Table 1 

Glazed tile specimens of four groups 

No. Specimen type 
Attachment location of  

lightning channel 
No. of specimens  

1 Full-enamel specimens  Central arc point of enamel  
1# 

2# 

2 Full-body specimens  Central arc point of body  
3# 

4# 

3 Semi-enamel, semi-body specimens  
Central point of the junction of 

enamel and body 

5# 

6# 

4 Mortar-containing specimens  Central point of mortar  
7# 

8# 

 

3.2 Lightning strike test method 

The artificial lightning current in the 
experiments is generated using an impulse 

current generator, referring to the lightning 
damage experiments conducted in previous 
studies [12-14]. The lightning current was 
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simulated using a customized impulse current 
generator shown in Fig. 2(a), and the waveform 
it generated was 8/20 μs (rise time/half-peak 
time). The lightning current was conducted by 
the diversion strip, and then injected into the 
specimens through a copper probe fixed above 
the glazed tiles. The distance between the copper 
probe tip and the specimens was set to 2 mm to 
ensure the arc discharge. The specimens were 
clamped with a custom fixture, and grounded by 
two copper guide rails fixed on two sides, as 
shown in Fig. 2(b). 

The peak value of the impulse current is 
selected as 40 kA and Fig. 1(c) shows the 
waveform of the current collected using an 
oscilloscope (MDO 3024, Tektronix Co., 
America) during the experiments. A high–speed 
camera (FASTCAM SA-Z, Photron, Japan) (Fig. 
1d) was used in the experiments to monitor the 
formation, development of the arc channel at the 
probe tip, and its interaction with the specimens. 
The frame rate of the high–speed camera was set 
to 700,000 frame/s. 

Fixture

G
N

D

Specimen

C

High-speed Video

Impulse Current Generator

Probe

Lightning Guide Strip

G
N

D

Grounding

Copper strips

         

                 (a)                                                                                    (b) 

         

                        (c)                                                                                         (d) 
Fig. 2. Experimental setup for artificial lightning strike Test, (a) Schematic of experimental setup; (b) Image 

of experimental setup; (c) Waveform of the impulse current in the experiments; (d) High–speed camera. 
 

3.3 Coupled electrical–thermal analysis 
Method 

3.3.1 Basic theory of coupled electrical–
thermal analysis 

When the lightning current attaches to the 
mortar surface and enters inside, the charge 

conservation equation should be satisfied during 
the conduction. The generated electricity can be 
represented as [22, 23]:  

E

ec
P E J E E       (1) 

where J  is the current density, E  is the electric 
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field strength, and E  is the conductivity 
matrix of the mortar, which is written as:  

( , )
E E

f
       (2) 

where   denotes the temperature, and 

, ( 1,2,...)f
    denotes the structure-dependent 

predefined field quantities that are related to the 
mortar structure. 

The above two formulae show that the 
temperature change will lead to a change in the 
electrical conductivity of the mortar structure 
and then affect the magnitude of the electric 
energy generated when the lightning current 
propagates in the mortar. Under the action of 
Joule heat, a part of the electrical energy 
generated by the lightning current is converted 
into heat energy:  

v ec
r P   (3) 

where v
  is the energy conversion factor. The 

heat energy after conversion follows the basic 
heat equilibrium equation in the mortar structure 
for propagation:  

V
V V

V S

C dV K dV
t

rdV qdS

   

 


   


 

 

 
 (4) 

where  , V
C , and K  are the density, specific 

heat, and thermal conductivity matrices of the 
mortar material, respectively, and q  is the heat 

flux per unit region inside the material. 
According to Equation (4), the heat generated by 
Joule heat will lead to a change in the 
temperature of the mortar material. 

In summary, since the mortar conductivity 
E  is a function of the temperature, the 

electrical conductivity will vary with the 
temperature. Joule heat generated due to the 
propagation of lightning current in the mortar 
material is the result of electrical energy 
conversion, i.e., the thermal energy generated in 
the tiles will be affected by the propagating 
current. The existence of the mortar material 
makes the conduction process of heat and 
electricity interrelated, leading to a coupled 
electrical–thermal effect. As the lightning current 
continues to pass through the mortar material, 
the temperature of the material increases due to 

Joule heat and is conducted to the adjacent body 
part. The combination of explosive force and 
thermal stress induces the damage of the tiles. 
3.3.2 Damage threshold analysis 

Because of the voids inside the glazed tile, 
the body and mortar have porosities 
approximately in the ranges of 10%–30% [24] 
and 16%–50%, respectively [20]. This ensures 
that the tiles will store some moisture during the 
thunderstorm season. The moisture content in 
the tile body is approximately in the range of 
15%–20% [25], and in the mortar is 
approximately in the range of 9%–42% [20]. 
When encountered with lightning current, the 
moisture in these voids vaporizes and expands 
rapidly because of Joule heat effects. However, 
the pores inside the glazed tile act nearly as 
confined spaces, and the adiabatic environment 
during transient lightning strike will block the 
heat exchange, which makes it very difficult for 
the water vapor to release, and eventually, an 
internal burst will be induced. The pressure from 
the vaporization of the water per unit mass in the 
pores of the glazed tiles can be calculated using 
the Clapeyron equation: 

 
RT

P
M


   (5) 

where M is the molar mass of water, 18 g/mol; ρ 
is the density of water, 1000 kg/m3; R is the gas 
constant, 8.314 J/mol/K; T is the thermodynamic 
temperature, which is 373.15 K for vapor. 

Therefore, it can be calculated that the 
pressure is approximately 0.172 GPa after the 
water instantly changes into water vapor in the 
voids of the glazed tiles. Because the internal 
pores are approximately closed spaces with a 
limited volume, the pressure increases, and an 
explosive force is produced because of the sharp 
expansion of the water in the tiles. 

Besides the explosion force, another 
consequence caused by Joule heat effect is rapid 
temperature variation, resulting in local regional 
heterogeneous temperature distribution and 
significant thermal stress.  Since glazed tiles are 
solid-state structure, which are unlikely to 
deform, and the tiles cannot offset the effects of 
the explosive force and thermal stress by 
stretching themselves, the cracks or even 
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fracture damage can easily occur. Therefore, the 
value of 0.172 GPa can be considered as the 
initial threshold for the initiation of damage. In 
addition, according to reference [26], cracking 
will occur when the stress of the tile exceeds 
approximately 0.9 GPa. After blast, the 
conduction of lightning current will be 
suspended, and Joule heat effect will disappear, 
so the influence of explosion force and thermal 
stress will terminate. Therefore, the upper 
threshold can be considered to be 0.9 GPa. 
3.3.3 Numerical modeling process 

The coupled electrical–thermal analysis is 
carried out with commercial finite element 
software ABAQUS 6.14. The dimension and the 
electric boundary condition of the model are 
both the same as the experimental setup, and the 
center of the mortar area is selected as the 
lightning attachment point, as shown in Fig. 3. 
For thermal stress analysis, the mechanical 
boundary condition is set to be completely fixed. 
Thermal radiation is given for all of the external 
surfaces except the grounded ones, and the 
emissivity is assumed as 0.9. 

The whole simulations are conducted in 
two phases. The first is the process of lightning 
current loading, and the element type is selected 
as the coupled electrical–thermal element 
DC3D8E. The second phase is heat transfer 
process, starting from the completion of loading 
of the lightning current with duration of 10 s, 

and the element type is heat conduction element 
DC3D8. The thermal stress analysis with the 
mechanical element C3D8R is then performed 
by bringing in the temperature field obtained in 
the coupled electrical–thermal analysis result. 

Studies on the structural mechanics and 
electrical–thermal characteristics of the body and 
mortar glazed tile are lacking, and it is difficult 
to obtain the related parameters from direct 
monitoring. Considering the similarity between 
the body and the composition of ceramic 
materials, the mechanical and thermal 
parameters of the body materials were set based 
on the ceramic materials, where the body 
conductivity was determined on the basis of the 
measurement results reported in Section 3.1. The 
mechanical and thermal parameters of the mortar 
materials were set with reference to those of the 
lime mortar. Table 2 lists the parameters. 

Since the vaporization or decomposition 
temperature of the glazed tile body and main 
components of the mortar is approximately 
2000 °C, the electrical–thermal characteristics of 
the materials will change significantly after 
vaporization or decomposition, which hinders 
the conduction of the current and makes it 
difficult to continue to rise. Therefore, the 
maximum temperature was limited to 2000 °C 
by involving the latent heat parameter. 

 

 

Fig. 3. Electrical–thermal coupling FEM of mortar-containing glazed tile 

Table 2  
Parameters for simulated materials 

Material 
type 

Density 

kg/m3 

Elastic 
modulus 

GPa 

Poisson’s 
ratio 

Thermal 
expansion 
coefficient 

Thermal 
conductivity 

W/(m·K)  

Specific 
heat 
J/kg 

Conductivity  
S/m 

body  3980 370 0.22 6.8×10−6 20 880 8×10−8 

mortar  1600 30 0.2 8×10−6 0.81 970 0.6 
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4 Results and discussion 

4.1 Experiment results and discussion 

Fig. 4 shows the monitored results of the 
lightning strike at different attachment positions 
(excluding the mortar) on the glazed tile 
specimens obtained using the high–speed 
camera. Clearly, a complete flashover channel is 
formed along the surface of the specimens due to 
the lightning current, indicating that no current 
was injected into the specimens, and the 
appearance integrity of the glazed tile is well 
maintained even after the experiment. Lightning 
ablation pits (Fig. 5a) or surface ablation along 
the flashover path (Fig. 5b) can be found on the 
full-enamel specimens following the experiment. 
Detailed pit damage resulting from Joule heat 
could be observed using scanning electron 
microscopy, as shown in Fig. 5(c). The results 
demonstrate that when the lightning current 
struck a location with a lower electrical 
conductivity, the energy was released mainly by 
flashover through the surface of the glazed tile, 
and it was difficult for the lightning current to 
enter the tile before the accumulation of Joule 
heat. This was why no significant damage effect, 

such as fracturing or cracking, was observed in 
the tile in the experiments. Additionally, Figs. 
4(c1) and (c2) show that the flashover channel 
tends to develop along the body surface when 
the enamel and body exist simultaneously (that 
is, semi-enamel and semi-body glazed tile). 

Fig. 6 shows the observation results of four 
continuous frames of the artificial lightning 
current-attached mortars in the two mortar 
specimens. The “bear head” of the glazed tiles in 
both the experiments nearly covered the 
complete mortars, with a thickness of 
approximately 1 cm. The entire propagation 
process of the flashover channel along the tile 
surface was not observed. The brightness of the 
entire mortar areas was enhanced before the 
monitored areas were fully exposed (Figs. 6 a3 
and b3), which might be due to the increase in 
temperature produced by Joule heat effect after 
the lightning current was injected into the 
mortar. In addition, an explosion-like loud sound 
was heard in both the experiments, and all the 
glazed tiles burst completely with scattered tile 
debris under the test platform after the 
experiment, as shown in Fig. 7(a) and Fig. 7(b). 

  

(a1)                                                                                               (a2) 

  

(b1)                                                                                           (b2) 

 

(c1)                                                                                                     (c2) 
Fig. 4. Lightning channels at different attachment positions based on high–speed camera observation, (a1) 
1# full-enamel glazed tile specimens; (a2) 2# full-enamel glazed tile specimens; (b1) 3# full-body glazed tile 

specimen; (b2) 4# full-body glazed tile specimens; (c1) 5# semi-enamel and semi-body glazed tile specimens; 
(c2) 6# semi-enamel and semi-body glazed tile specimens. 
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Fig. 5. Damage to enamel of glazed tile due to lightning strike, (a) Ablation pit in enamel; (b) Surface 
ablation in enamel; (c) Pit damage observed by SEM. 

  

(a1)                                                                                         (b1) 

  

(a2)                                                                                     (b2) 

  

(a3)                                                                                       (b3) 

  

(a4)                                                                                    (b4) 
Fig. 6. Lightning channels at mortar attachment positions based on high–speed camera observation, (a1) 
Position of 7# mortar; (b1) Position of 8# mortar; (a2) Position of 7# mortar; (b2) Position of 8# mortar; 

(a3) Position of 7# mortar; (b3) Position of 8# mortar; (a4) Position of 7# mortar; (b4) Position of 8# mortar 

    

Fig. 7. Damage to glazed tiles after artificial lightning strike on mortars, (a) Fractures of glazed tiles after 
lightning strike under the platform; (b) Collected fractures of glazed tiles. 

 

As shown in Figs. 4-7, since the 
conductivity of the mortar area is relatively high 
and the conduction process of the current in the 
mortar is affected by Joule heat, it is inferred that 
the damage process due to the lightning current 

to the glazed tiles is as follows: The current at 
the surface was transmitted inside the mortar 
where it released because of the relatively high 
conductivity after the mortar of the glazed tile 
was struck by lightning; it also produced Joule 

(b) 
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heat during conduction and  increased the mortar 
temperature. Subsequently, through the heat 
exchange, the temperatures of the body and 
enamel that were connected to the mortar also 
started to increase. The temperature changes 
resulting from Joule heat had at least two 
implications. The first was the destructive power 
or thermal stress resulting from the temperature 
changes due to Joule heat and local 
heterogeneous temperature distribution. The 
second was the rapid vaporization and expansion 
of the water in the internal voids of the glazed 
tiles, which produced a strong pressure or even 
local explosion (explosive force). Under the 
combined effect of these two forces, the strength 
and stability of the glazed tiles changed, and 
ultimately, the yield strength of the material was 
exceeded, causing the glazed tiles to fracture and 
finally undergo significant damage, as shown in 
Figs. 7 (a) and (b). 
4.2 Simulation results and analyses 

4.2.1 Validation of the numerical simulation 
method 

The lightning current showed in Fig. 2(c) 
was applied in the simulations of the coupled 
electrical–thermal effect to testify the 
effectiveness of the method. Fig. 8 shows the 
simulated temperature field distributions at 
different times. When the lightning current was 
loaded at 8 μs (wave head), the high-temperature 
field was mainly in the mortar. At the end 
moment of lightning current loading (100 μs), 
the temperature field magnitude was quite high, 
and the temperatures in all the parts of the 
mortar had reached a very high value. The 
temperature of the adjacent body also 
significantly increased to more than 100 °C, as 
shown in Fig.8(a). After the loading of the 
lightning current was completed, the temperature 
of the glazed tiles started to reduce instead of 
continuing to increase. It took approximately 10 

s for the temperature of the glazed tile to reduce 
to 25 °C, as shown in Figs. 8(b)–(d).  

Under the effect of lightning current, the 
temperature in the glazed tiles showed an uneven 
gradient distribution. The temperature of the 
mortar exhibited an evident increase because of 
its high electrical conductivity. However, the 
body had a narrow temperature spread range 
because of its lower conductivity, and a 
significant rise in the temperature was only 
observed in the part of the junction between the 
mortar and the body. 

Fig. 9 presents the thermal stress 
distribution of the glazed tiles at the end of the 
8/20 μs lightning current waveform with peak of 
40 kA. As observed, under Joule heat, the 
thermal stresses of the mortar and adjacent body 
zone of the tile reach the upper damage 
threshold limit, 0.172 GPa, whereas the thermal 
stress at the junction of the mortar and body as 
well as the grounding rail was more significant, 
even higher than the upper damage threshold 
limit of 0.9 GPa. Comparing Fig.9 with Fig. 8, 
the area with a thermal stress greater than 0.172 
GPa is mainly concentrated in areas with 
significant temperature differences, such as the 
connection between the mortar and body as well 
as the connection between the body and the 
grounding rail. Under the thermal stress induced 
by the regional uneven temperature distribution 
and explosive force inside the tiles due to 
vaporization, the swelling in the internal tiles 
accelerated and finally surpassed the yield 
strength, leading to deformation, cracks, and 
even fractures. From the results shown in Fig. 9, 
the spatial distribution and change range of the 
thermal stress are in good agreement with the 
experimental results; thus, the effectiveness of 
the simulations is validated.  
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(a) 

 

(b)                                                                                    (c) 

 

(d)                                                                              (e) 
Fig. 8. Temperature distributions of mortar-containing glazed tiles at different times under 8/20 μs lightning 

current waveform with peak of 40 kA, (a) 8 μs; (b) 100 μs; (c) 0.16 s; (d) 1.19 s; (e) 9.78 s. 

 

Fig. 9. Thermal stress distribution of mortar-containing glazed tile at the end of the 8/20 μs lightning 
waveform current with peak of 40 kA (at 100 μs)

 

4.2.2 Damage effect analysis under 10/350 μs 
current waveform 

Considering the parameters of the lightning 
current that the glazed tiles encountered is 

mainly 10/350 μs[27], theoretical 10/350 μs 
currents with different peak values are applied in 
the simulation to investigate the damage effect in 
detail. The distributions of the temperature and 
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thermal stress of the mortar-containing glazed 
tiles at the end (2 ms) of the 10/350 μs lightning 
current waveform were obtained through 
simulations, to study the effect of the change in 
the peak lightning current on the damage to the 
glazed tiles. Fig. 10 shows the simulation results. 
A comparison of the temperature distribution 
and thermal stress under different peak currents 
shows that, as the peak increased, the expanding 
range continues to increase despite the same 
loading duration of the current, and the high 
thermal stress area also keeps increasing and 
expands toward the tile ridge. The areas with the 
thermal stress over the damage threshold of 
0.172 GPa are mainly at locations that show 
heterogeneous temperature distributions. Fig. 
10(b) shows that, when the peak lightning 
current reaches 80 kA, the thermal stress in 
almost the entire body zone have surpassed 
0.172 GPa, suggesting that the total fracturing 
damage is likely to occur in the glazed tiles.  

As the lightning current enhanced, the areas 
with high temperatures and thermal stress in the 
initial stages sharply increased (Figs. 10 a1-b1-

c1, Figs. 10 a2-b2-c2), and the increments were 
significant; as the lightning current continued to 
enhance in the following stages, the ranges of 
the high temperature and thermal stress showed 
a gradual increase in their magnitude (Figs. 10 
c1-d1-e1, Figs. 10 c2-d2-e2). A preliminary 
analysis concluded that the tile had a limited 
capacity to conduct current in the body through 

the mortar, and when the lightning current was 
small, the magnification in the high-temperature 
area was evident, whereas it was not evident due 
to the influence of conduction channel when the 
lightning current was high. Unlike the results 
shown in Fig. 9, despite the highest temperature 
in the entire mortar area shown in Fig. 10, the 
temperature at the connection between the 
mortar and body grew significantly because of 
the long duration of the 10/350 μs current 
waveform, leading to a minor temperature 
difference and thus a lower thermal stress in the 
mortar. Additionally, similar to the results shown 
in Fig. 9, the high-thermal-stress area appeared 
in the body connected to the grounding rail, 
extending to the ridge of the tile, as shown in 
Fig. 10. This can be attributed to the ease of 
lightning current conduction toward the 
grounding rail, which caused frequent changes 
and an uneven distribution of the temperature in 
the grounding rail. 

In general, the combination of the 
experiments and the numerical analysis results 
demonstrate that the damage mechanism of 
lightning strike to glazed tiles may include two 
aspects. The first is the internal explosive force 
generated from the sharp vaporization and 
expansion of the moisture inside the tiles due to 
rapid temperature increase, and the second is the 
thermal stress caused by the uneven temperature 
distribution. 

 

(a1)                                                                                       (a2) 
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  (b1)                                                                                     (b2) 

 

  (c1)                                                                                      (c2) 

 

(d1)                                                                                             (d2) 

 

(e1)                                                                                           (e2) 
Fig. 10. Temperature and thermal stress fields of mortar-containing glazed tiles on completion of 10/350 μs 
current waveform with different peaks (at 2 ms), (a1) Temperature at 40 kA; (a2) Thermal stress at 40 kA; 
(b1) Temperature at 80 kA; (b2) Thermal stress at 80 kA; (c1) Temperature at 120 kA; (c2) Thermal stress 
at 120 kA; (d1) Temperature at 160 kA; (d2) Thermal stress at 160 kA; (e1) Temperature at 200 kA; (e2) 

Thermal stress at 200 kA. 

5 Conclusions 

Artificial lightning strike tests and coupled 
electrical–thermal analyses were carried out in 

this paper to investigate the causes and damage 
effect of roofing glazed tiles due to lighting 
current. The following conclusions can be 
drawn: 
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1) Joule heat effect is the main damage 
cause of lightning strike, as the tile damaged 
significantly when lightning current attached to 
the mortar with high electrical conductivity, 
while only surface flashover was observed when 
attached to the surface of the enamel and body 
with low electrical conductivity.  

2) Evident gradient distribution of 
temperature can be found in the coupled 
thermal-electrical simulation, and the range 
extended as the peak of the lightning current 
increased. The location with high temperature 
value concentrated in the mortar while the high 
thermal-stress area mainly appeared in the 
position where the temperature distribution was 
not uniform.  

3) The damage mechanism of lightning 
Joule heat effect to glazed tiles may rely on two 
aspects.  One is the internal explosion force 
generated from the sharp vaporization and 
expansion of the moisture inside the tiles due to 
rapid temperature increase, and the other is the 
thermal stress caused by the uneven temperature 
distribution. 
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Figures

Figure 1

Specimens of (a) relatively intact glazed tiles; (b) half enamel and half body tile.



Figure 2

Experimental setup for arti�cial lightning strike Test, (a) Schematic of experimental setup; (b) Image of
experimental setup; (c) Waveform of the impulse current in the experiments; (d) High–speed camera.



Figure 3

Electrical–thermal coupling FEM of mortar-containing glazed tile

Figure 4



Lightning channels at different attachment positions based on high–speed camera observation, (a1) 1#
full-enamel glazed tile specimens; (a2) 2# full-enamel glazed tile specimens; (b1) 3# full-body glazed tile
specimen; (b2) 4# full-body glazed tile specimens; (c1) 5# semi-enamel and semi-body glazed tile
specimens; (c2) 6# semi-enamel and semi-body glazed tile specimens.

Figure 5

Damage to enamel of glazed tile due to lightning strike, (a) Ablation pit in enamel; (b) Surface ablation in
enamel; (c) Pit damage observed by SEM.



Figure 6

Lightning channels at mortar attachment positions based on high–speed camera observation, (a1)
Position of 7# mortar; (b1) Position of 8# mortar; (a2) Position of 7# mortar; (b2) Position of 8# mortar;
(a3) Position of 7# mortar; (b3) Position of 8# mortar; (a4) Position of 7# mortar; (b4) Position of 8#
mortar

Figure 7

Damage to glazed tiles after arti�cial lightning strike on mortars, (a) Fractures of glazed tiles after
lightning strike under the platform; (b) Collected fractures of glazed tiles.



Figure 8

Temperature distributions of mortar-containing glazed tiles at different times under 8/20 μs lightning
current waveform with peak of 40 kA, (a) 8 μs; (b) 100 μs; (c) 0.16 s; (d) 1.19 s; (e) 9.78 s.



Figure 9

Thermal stress distribution of mortar-containing glazed tile at the end of the 8/20 μs lightning waveform
current with peak of 40 kA (at 100 μs)



Figure 10

Temperature and thermal stress �elds of mortar-containing glazed tiles on completion of 10/350 μs
current waveform with different peaks (at 2 ms), (a1) Temperature at 40 kA; (a2) Thermal stress at 40 kA;
(b1) Temperature at 80 kA; (b2) Thermal stress at 80 kA; (c1) Temperature at 120 kA; (c2) Thermal stress
at 120 kA; (d1) Temperature at 160 kA; (d2) Thermal stress at 160 kA; (e1) Temperature at 200 kA; (e2)
Thermal stress at 200 kA.


