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1.  Introduction 
 
Electric substation is the place where electrical 
transformers are installed in order to transform electric 
voltage from high to low level or otherwise before it can 
be distributed to respective customer. Typically, there are 
more than one transformers operating to supply 
electricity. 
 
 Reinforced concrete wall become in practice in 
Malaysia in order to protect another transformers in the 
event of transformer explosion, which is those 
transformer normally adjacent to each other.  
 

For comparison, as reported by (Duarte, 2004), 
initially the substations in Brazil were operating for some 
years with without wall in between transformer. Probably 
due to transformer fire at one of the substation, the 
firewall is constructed. In the studies revealed, the 

firewall can start to collapse after just one hour. In fact, 
the firewall is designed for 4 hours fire resistance. This is 
because, the energy released by the transformer 
explosion and the subsequent effect of fire didn’t take 
into consideration during the design stage. 
 

This study presents the simulation result of the 
potential damage of transformer tank rupture on a 
reinforced concrete wall. Although there is no direct 
experimental result available yet to validate the 
numerical result, the previous field test provided the 
indirect result for the comparison. 

2. Transformer Explosion 
 
In general, transformer explosions are originated from 
broken-down insulations, which may be caused by over 
load switching, lightning surges, deterioration of 
insulations, low level and moisture or acid contamination 
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A B S T R A C T A R T I C L E   I N F O 

Transformer is one of the vital equipment to provide stable and reliable electricity to the 
community. The transformer is quiet while in operation, therefore it is hardly to realise if 
placed inside the building. The price for one transformer can be up to few millions Malaysian 
Ringgit. The worst of the transformer explosion may lead to the major blackout. Transformer 
explosion may due to, lack of maintenance or the problems inside itself whilst in operation. In 
the past at substation, the transformers were placed adjacent to each other and without a wall 
in between. Nowadays, installing walls between transformers have become in practice to 
protect other transformers in the events of explosion. In Malaysia, a reinforced blast wall is 
built as the protection. The finite element method (FEM) is employed for the simulation of the 
potential damage of reinforced blast wall. A FEM software is used due to the capability of 
analysing and simulating reinforced concrete structures subjected to high rate and short 
duration dynamic loading in the previous research works. The simulation results clearly 
reveal, after the impact load is applied, the cracks start to occur at certain time instants at the 
bottom of the wall on the transformer side. This follows later with the cracks on the other side 
at about one third of the wall height. The propagations of the crack then continue to move 
downwards in the curvy shape. The previous work and the field test provide indirect evidence 
that the structural behaviour and the cracks patterns are comprehended. 
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in the transformer oil. Inside the transformer, with the 
high temperature and energy released by the arc, the 
insulation oil will be decomposed to highly explosive 
gasses, mainly Hydrogen and Acetylene. This 
decomposition process will generate pressure inside the 
transformer tank until the tank cannot withstand and the 
tank rupture occurred (Surasit, 2008, Chille et al., 1998, 
GexCon, 2007). 
 
 According to the Investigation Report Power 
Transformer Tank Rupture and Mitigation by the Task 
Force of IEEE Power Transformer Subcommittee on 
March 09, 2010 Houston, Texas, when the explosion 
happen the transformer are able to release the arc energy 
between 1 MJ up to 147 MJ (IEEE, 2010). 
 
3. Blast Pressure Analysis  

Detonation of high explosives usually produces an ideal 
blast wave, which is symmetrical. The pressure generated 
at distance R from the center of explosion originally at 
the ambient pressure, then instantaneously reach to peak 
pressure in the time of msec. From the positive pressure 
phase, the pressure decay to ambient pressure then drops 
to negative pressure phase before returns to ambient 
pressure. The resulting pressure can be described by the 
modified Friedlender equation, which is dependent on 
time. This equation allows some freedom to customize 
the pressure profile for any explosion at various distance 
from the source (Baker, 1973). 
 
3.1 TNT Equivalent 
 
The Trinitrotoluene (TNT) mass equivalent used to 
model the effect of the explosion that the energy released 
is equated to the mass of TNT, where the impact will 
give the equivalent amount of damage. Once the 
equivalent is assumed, the variation of overpressure and 
impulse will be determined according to a graph or 
related equation (Philips et al., 1994). For the transformer 
tank rupture, the highest arc energy reported is used to 
calculate WTNT for further blast analysis. 

 

 
The highest arc energy reported is used to calculate WTNT 
for further blast analysis.  
 
3.2 Scaling Law and Blast Load at Point Above Ground 
 
All blast parameters are primarily dependent of the 
amount of energy released by a detonation in the form of 
a blast wave and the distance from the explosion. It can 
be calculated from the relation of  
 

 
where R is the actual effective distance from the 
explosion and WTNT as an equivalent mass of TNT. The 
scaling law provides parametric correlations between a 
particular explosion and a standard charge of the same 
substance (Ngo et al., 2007). 

Angle of incident is one of the factor affect the blast 
load on structural component. The angle on incident is 
the angle between outward normal to the direct vector 
from the explosive charge as shown in Figure 1 
(Remennikov) . This method is used to determine the 
blast load at the point of interest on the surface of the 
blast wall. The formula is stated below 

 

 
 
Figure 1: Simplified geometry of typical bomb on the 
structure. 

 
3.3 Blast Calculation 

 
TM5-1300 (UFC 3-340-02) - Structure to resist the effect 
of accidental explosion by US Army Technical Manual 
(US Department of the Army, 1990) is used to predict the 
blast pressure on the structure. The scaling graph give the 
positive phase parameters for a surface burst of a 
hemispherical TNT charge is used. The important 
parameters provided are; peak reflected over pressure 
(Pr), peak over pressure (Pso), blast arrival time (ta), 
positive phase duration (to), and blast velocity of wave 
front (U). With the data provided from graph, the 
dynamic wind blast blast (Pq) as stated by Ngo (Ngo et 
al., 2007) is calculated by 
 

 
 
Kingery-Bulmash developed equations to predict air blast 
and it is widely accepted to predict free-field pressure 
and loads on structures (Kingery and Bulmash, 1984). 
The equation takes realistic approach and assuming an 
exponential decay of pressure in time as stated below 

 

 
 

where Pt is the pressure at time t (kPa); Pso is the peak 
incident pressure (kPa); to is the positive phase duration 
(msec); b is the decay coefficient (dimensionless); and ta 
is the arrival time (msec). To fully utilize the equation 
above, the following equation as mentioned by Lam 
(Lam et al., 2004) is used 
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3.4 Pressure Distribution 
 

The mapping method (Jaini and Feng, 2010) is used for 
the blast pressure distribution on the wall surface, where 
the arrival time (ta) is used as the identification for the 
grouping purpose. In the computation sheet, the arrival 
time (ta) for certain angles of incident will have a closer 
value. From this parameter, the different hemispherical 
radius can be mapped on the wall surface. The average 
value of blast pressures is taken for each groups based on 
the closest group of the arrival time (ta). Figure 2 shows 
18 areas with different blast pressures time histories 
according to the blast energy of 147MJ released at the 
centre and bottom of the transformer with a 1meter 
standoff distance. 
 

 
 
Figure 2: Blast pressure distribution. 

 
For each blast pressure areas, the blast pressure time 
history will be imposed with the load curve shows in 
Figure 3 accordingly. Only the positive blast pressure 
phase is considered. 

 

 
Figure 3: Blast pressure time history (Pt) 

 
4. Computational Model 
 
Elfen, a finite element package developed by Rockfield 
Software Limited in Swansea, UK (Rockfield), is used 
for the simulation in this research work. This is because, 
Elfen has the capability of analyzing and simulating the 
reinforced concrete structures subjected to high rate and 

short duration dynamic loading (Jaini and Feng, 2010, 
May et al., 2006). 
 

 The full scale of reinforced blast wall constructed 
by Tenaga Nasional Berhad (TNB) is modeled in Elfen. 
The blast wall constructed with Grade 30 (fcu=30N/mm2) 
concrete and high yields steel (fy=460N/mm2). It is 
consists the reinforcement of 12mm and 16mm radius 
steel bars center to center with 25mm reinforced cover. 
For the footing, both horizontal and vertical 
reinforcement arrangement used 16mm bars. However 
for wall structure, only vertical arrangement used 16mm 
bars. 

 
 Three-dimensional continuums with four-noded 

solid tetrahedral are used for both concrete and steel, 
where the size of 50mm unstructured meshes is used. 3D 
beam elements with an elasto-plastic property are used to 
model reinforcement bars, and a perfect bond condition 
is assumed between the concrete and the bars. 

 
 The Mohr-Coulomb criterion is used for the plastic 

strain of concrete, where it ranges between 0 to 100,000s-

1 and the tensile strength from 2.73×106 to 
60.18×106N/m2. The implementation of this compression 
elasto-plastic material includes a cut-off tension in the 
form of complete Rankine tensile corner with fracture 
(Rockfield). According to the previous research work 
(Jaini and Feng, 2010), there is no explicit softening law 
included for the tensile strength, while indirect softening 
does result from the degradation of cohesion. Fracture 
energy plays an important role to determine the crack 
propagation. The fracture energy for the concrete volume 
is taken between 75 and 100N/m. For steel, the hardening 
properties are range 0 to 0.0223s-1 of plastic strains with 
the tensile strength in the range from 2.5×108 to 6.3×108 
N/m2. The Von-Mises criterion is applied for steel and 
utilized the backward Euler stress update algorithms. 
This rate independent model is implemented in form of a 
nonlinear isotropic hardening form, where piecewise 
linear hardening is specified using hardening material 
and hardening properties. 
 
5. Result and Discussion 
          
The computational result from this study revealed the 
propagation of the crack propagation, fracture and 
displacement pattern at the specific time once impact 
loads is applied on the structure. The crack propagation 
clearly shows, after the impact load is applied, the cracks 
start to occur at certain time instants at the bottom of the 
blast wall on the billet side (transformer side). This 
follows later with the cracks on the die side (other side) 
at about one third of the blast wall height. The 
propagations of the crack then continue to move 
downwards to the center of the blast wall at the bottom 
part in the curvy shape. Figure 4 shows the crack 
propagations, where clearly stated at the time when crack 
start to appear at the interest positions. At the end of the 
simulation up to approximately 18msec, the maximum 
displacement recorded is 22.51mm.  
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Figure 4: Crack propagations 

Although, there is no attempt yet done on the exact 
type on the wall as simulated in this study, the test report 
by John Culberston (Culberston, 1997) shows favour 
agreeable. Where, the blast loading pressure map on the 
building and the post impact on the reinforced concrete 
wall shows in Figure 5 and Figure 6 below. In this test 
field, the wall is fixed at 3sides, which is different from 
the simulation done in the present work; however, the 
crack pattern highlighted shows a similarity. 

 

 
 

Figure 6: Blast loading pressure map on building 
 

 
Figure 7: Damaged resulting from the detonation 

 
6. Conclusion  
 
Finite element analysis of reinforced concrete wall with 
strip footing subjected to transformer tank rupture was 
presented. The behaviour and crack pattern of the 
reinforced concrete wall obtained from the present study 
is acceptable. This is because, the mapping method and 
the assumption for the Elfen package used for this study 
has already been proved in the previous research work, in 
which the simulation result shows the same crack pattern 
and behaviour in comparison to the experimental work. 
Besides, the blasts test done on the reinforced concrete 
wall building shows similarity in the crack pattern after 
the blast impact. 
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