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Abstract 

This literature review summarizes performed fire and explosion tests 
in tunnels and underground enclosures. Relevant pictures and graphs 
were inserted from the papers reviewed, to illustrate the test settings 
and the results. The report also gives a brief introduction to the subject 
itself. Questions that still need to be answered are identified and dis-
cussed. Furthermore it includes useful tables to compare the most 
common computer modelling and finite element codes AUTODYN, 
EUROPLEXUS and LS-DYNA used for calculation of blast load and 
construction response. 
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Preface  

This paper contributes to the METRO-project, which is executed by a 
group consisting of researchers from universities, research institutions 
and first responders linked to the Swedish Centre of Excellence for 
Fire Safety in Underground Construction. The participants are the 
Mälardalen University (MDU), the Technical Research Institute of 
Sweden (SP), the University in Gävle, the Greater Stockholm Fire Bri-
gade, the Swedish National Fortifications Administration (FORTV), 
the Stockholm Public Transport (SL), the Lund University (LU), the 
Swedish National Defence College (FHS), the National Center for Cri-
sis Management Research and Training (CRISMART) and the Swedish 
Defence Research Agency (FOI). 

This research will help design and operate safer underground mass-
transport systems by creating a more safe and secure environment for 
passengers, personnel and first responders in case of a fire or explosion. 
It will provide for improved tactics for first responders and lead to bet-
ter consideration of evacuation possibilities for persons with disabili-
ties. It is aimed to evaluate the existing interaction between technical 
and organizational measures for fire prevention and supply more relia-
ble data regarding design fires and construction sustainability in case of 
extraordinary strains and stresses. 

 

Västerås in September 2011, 

Gero Meyer & Bo Janzon 
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1. Introduction 

The METRO-project is a joint research project that will lead to an im-
provement of the safety and security concepts of underground mass 
transport systems with regard to structural and organizational 
measures. It is divided into several Work-Packages. Work Package 5 
(WP5) is embedded in this project as the “engineering chapter”. The ob-
jective of WP5 is to estimate the effects of blast waves from explosions 
on constructions of complex geometries in order to produce relevant 
information that can be used for contingency planning by first re-
sponders, tunnel operators and owners of underground facilities. It is 
intended to evaluate the existing interaction between technical and or-
ganizational measures for fire prevention and supply more reliable data 
regarding design fires and construction sustainability in case of ex-
traordinary strain and stress. 

This report seeks to describe the state-of-the-art of knowledge by 
study of published reports and experiments concerning explosion and 
fire in confined spaces and tunnels. It as well gives an insight into some 
existing calculation software such as AUTODYN, EUROPLEXUS and 
LS-DYNA used for calculation of blast load and construction response. 
This paper consists of problem identification, connected with explo-
sions in tunnels. On the basis of existing scientific papers, pressure dis-
tributions in tunnels, scaling of explosions, interaction with objects 
and the reaction of objects are discussed. 
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2. Method 

The literature survey includes resources found in internal databases of 
Government agencies such as FORTV and FOI, literature found at In-
ternational symposia like MABS and by searching in the databases of 
the US National Technical Information Service (NTIS) as well as 
searching for free internet resources found with search engines like LI-
BRIS and Google Scholar. 

3. Limitations 

The present study is confined to secondary data only. The reviewed 
reports and tests contribute to a study for improved safety in road and 
railway tunnels. Tests and reports about ammunition storages and 
mining tunnels are excluded from this review, and no classified infor-
mation is used. 
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4. Collection of previous theoretical and 
experimental work with fire and ex-
plosions in tunnel  

The literature reviewed is a collection of theoretical and experimental 
tests with fire and explosion in tunnel that were carried out world-
wide. It includes theoretical analysis of general phenomenon due to 
fire and explosion in tunnel and aims for a support in the development 
of safety of tunnel used for human traffic. 

4.1. Experiments and papers dealing with fire in con-
fined spaces 

Fire was ever since an element of interest for the human being. Even 
though it is such a well studied topic, there are fields and niches that 
are quite unknown. One of these niches is the behavior of fire in con-
fined spaces like tunnel. The following chapters are summaries of 
found literature correlated to this topic. The trailing numbers within 
brackets in the headings below indicate the source which can be found 
in the reference list.  
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4.1.1. How much do tunnels enhance (or reduce) the heat release 
rate of fires? [1] 

This paper is pointing out the importance of the ratio of heat release 
rates (HRR) which is defined as  

Ψ = Qtunnel /Qopen 

Ψ is the ratio of the heat release rate inside a tunnel (Qtunnel) and the 
heat release rate in the open field of a similar fire (Qopen). This paper is 
describing the factors which Ψ is related to. It compares some fire tests 
with different parameters like tunnel geometry, type of fuel, size of the 
pool and the pool shape in order to get Ψ defined. A chart of a sum-
mary of pool fire tests in tunnels is listed as well. 

Figure 1: Possible variation of Ψ with fire dimensions (pool fire) [1] 
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Table 1: Summary of some pool fire tests in tunnels [1] 

 



4. Collection of previous theoretical and experimental work… 

17 

4.1.2. Smoke and temperature development in tunnels –
experimental results of full scale fire tests [2] 

20 full scale fire tests were arranged in a tunnel close to Repparfjord 
(Norway). The results obtained are presented in this paper. The tunnel 
consists of two tubes with very rough surface.  

Figure 2: Tunnel plan and cross section [2] 

 

The results show the influence of different vehicle structural materials 
and the effect of forced ventilation on the fire development and fire ef-
fects. Table 2 consists of the fire loads and a description of the test ve-
hicle and materials. The paper includes a detailed list of the measuring 
instrumentation and a close description of the assembling of the meas-
urement equipment. 

Table 2: List of fire tests conducted in Repparfjord Tunnel, Norway 
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4.1.3. A study on thermal analysis for tunnel structures in the event 
of fire [3] 

This computational analysis is considering different types of cross-
sections of the tunnel structure, such as circular and rectangular. The 
circular cross sections are further broken down into double tracks in a 
single tube and single tracks in twin tubes. 

The conditions for road tunnels are chosen as a heat output of 
30 MW with a wind speed caused by the ventilation system of 2,5 m/s.  

Table 3: Tunnel conditions and the coefficients of computational model [3] 

 

Figure 3 and figure 4 are illustrating the temperature distribution in 
road tunnels according to the cross section in the case of fire. The cir-
cular cross-section has been found to be the better construction in or-
der to stay within the permissible temperature limit of concrete.  

Figure 3: Temperature Distribution at Concrete Surface within Road Tunnel 
Circular Cross-section [3] 
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Figure 4: Temperature Distribution at Concrete Surface within Road Tunnel 
Rectangular Cross-section [3] 

 

Figure 5 and 6 are illustrating the temperature distribution in rail tun-
nels according to the space in a double track single tube or a double 
tube tunnel in a case of fire. The double track cross section has an ad-
vantage over the others as far as heat environment is concerned. The 
two tube case is also more advantageous for smoke control and evacua-
tion. 

Figure 5: Temperature Distribution at Concrete Surface within Rail Tunnel 
(double track) [3] 
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Figure 6: Temperature Distribution at Concrete Surface within Rail Tunnel 
(single track) [3] 

 

4.1.4. Lessons learnt by the sad tunnel incidents of the year 1999 [4] 

After the fire in the Mont-Blanc tunnel, a very detailed study was un-
dertaken in Austria, in which a risk analysis based on standard data for 
tunnels was carried out. 

The paper is listing short term measures that became effective with-
out delay after the disaster as well as long term measures including 
constructional and electromechanically measures. This paper gives a 
general idea about electric and safety equipment needed according to 
the risk classification of a tunnel. The Austrian guidelines for safety 
equipment are dividing tunnels into four danger classes. The classes are 
defined by the traffic volume, the amount of traffic lanes and the 
number of heavy goods transports.  

Table 4 shows the dependence of the individual safety equipment on 
the respective danger classes. 

- Installation not required and/or not permitted 
X Installation absolutely required 
o Installation upon special investigation 
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Table 4: Electric and safety equipment according to risk classification [2] 

Electric and Safety Equipment Risk Classification 
I II III IV 

Power supply system     
 Electricity network     
  Supply from one electricity network O O O - 
  Supply from two independent sources - O O X 
 Emergency power supply     
  Uninterrupted Supply Equipment - O O X 
  Short-time interruption (0,02 sec.) O O - - 
  Interruption for a limited period up to 15 sec. O O O O 
Air monitoring equipment O O O O 
 Traffic guidance and monitoring     
  Traffic lights     
  Three colour traffic lights inside the tunnel, at lay-by niches, O O X X 

   after height check X X X X 
   in portal area O X X X 
  Yellow flashing traffic light at emergency call niches X X X X 

 Lane control signs - - O O 
 Traffic signs     
  Speed limit X X X X 
  No overtaking for heavy vehicles in one way traffic X X X X 
  No overtaking in two way traffic X X X X 
  Attention: Two-way traffic O O O O 
  Attention: Traffic lights ahead O O O O 
  Green arrow showing escape route X X X X 
  Escape route orientation along the tunnel X X X X 
  Not illuminated escape route indicators in emergency exits X X X X 
  Reminder to switch on headlights X X X X 
  Emergency telephone X X X X 
  Information on FM radio frequency O X X X 
  Variable speed limits indicators etc. - - O O 
  Road studs O O O O 
 Variable alphanumerical messages - O O O 
 Traffic counting number of passenger cars (s. RVS 9.27) O O - - 
  Number of passenger cars and trucks (s. RVS 9.261) O O X X 
  Traffic jam detection O O X X 
  Detection of occupation of a lay-by niche O O X X 
  Traffic counting (9 categories of vehicles) O O O O 
 Closed Circuit Television System O O X X 
  CCTV Picture Evaluation System O O O O 
  Video Recording System O O O X 
 Height Check O O O O 

Emergency call system     
 Emergency call system O O X X 
 Simplified emergency call system O O - - 
 Emergency call column at the portal on the right side (of each traffic direc-
tion) O O X X 
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Electric and Safety Equipment Risk Classification 
I II III IV 

Communication systems     
 Service telephone system O O O O 
 Public system O O X X 
 Tunnel radio system     
  Category 1 O O - - 
  Category 2 - O X - 
  Category 3 - - O X 

Fire alarm and other detecting systems     
 Manual push buttons X X X X 
 Automatic fire detectors     
  In the tunnel O O X X 
  In electric operating rooms O X X X 
 Slow fire detection in the tunnel - O O O 
 Manual surveillance of dangerous goods transports O O O O 

Special systems     
Automatic surveillance of dangerous goods transports O O O O 

Fire fighting systems     
 Portable fire extinguishers O O X X 
 Water supply     
  Empty main in tunnels > 500 m < 1 000 m O O - - 
  Permanently filled main tunnels > 1 000 m O O X X 

Tunnel lighting     
 Tunnel, vehicle crossings, pedestrian crossings X X X X 
 Collectors, fresh air duct X X X X 
 Escape ways X X X X 
 Portal areas - O X X 

Data transmission     
 From Tunnel (Electricity supply niches, emergency call niches, electricity dis-
tribution rooms) to control station     
  Data transmission system with one transmission line only X O - - 
  Data transmission system with two transmission lines - O O O 
  Data transmission system with redundant equipment - - O O 
 From service building at the tunnel to the control station     
  Data transmission system with one transmission line only O O - - 
  Data transmission system with two transmission lines - O O O 
  Data transmission system with redundant equipment - - O O 
  Data transmission system via radio O - - - 

4.1.5. A review of incidents involving hazardous materials in road 
and rail tunnels [5] 

Twenty-two incidents were reviewed in ref. [5] and the four most well 
documented incidents such as the Holland Tunnel Incident of 1949 
(Road), the Caldecott Tunnel Incident of 1982 (Road), the Summit 
Tunnel Incident of 1984 (Rail) and the Myrtle St Subway Incident of 
1944 (Subway) were analyzed in detail. 
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Table 5: Summary of incidents involving hazardous materials [5] 

 

The incidents that occurred in road tunnels were primarily caused by 
vehicle collision with the fuel of the vehicle tanks as well as the haz-
ardous materials being carried affecting the development of the inci-
dent. The incidents that occurred in rail tunnels were primarily caused 
by derailment. The most serious one was attributable to a fatigue fail-
ure of a bearing cage. The subway incidents were both caused by outer 
influences such as for example a leaking chlorine cylinder on a truck 
on a road above the subway station. 

These incidents have been reviewed in ref. [5] and some common 
characteristics are discussed in the sections ventilation, evacuation, 
communication and emergency response. This review indicates the po-
tential severity of the consequences of accident with hazardous goods 
carried in road tunnels, rail tunnels and subways. It shows the im-
portance of structured emergency planning, the importance of tunnel 
ventilation and the significance of clearly labelled fixed evacuation 
points for passengers as well as the best means of evacuation which 
should be made known to passengers as soon as possible after the 
alarm is raised. Furthermore this review questions the suitability of 
simultaneous transport of human beings and hazardous goods in a 
tunnel. 
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4.2. Experiments and papers dealing with explosions 
in confined spaces 

Explosions are happening occasionally even in civilian areas and gener-
ate a great danger to human being if they occur unintentionally due to 
technical defects or intentionally caused by terrorists. The following 
chapters are summaries of literature that help to understand the phe-
nomenon of explosions in tunnel or confined spaces. 

4.2.1. Dynamic analysis of subway structures under blast loading [6] 

The three-dimensional Finite Element program ABAQUS was used to 
analyze the dynamic response and damage to subway structures in dif-
ferent ground media. The present study was focused on the dynamic 
response and damage of a single-track subway tunnel which was lined 
with cast iron, since this is common to the subway system in New 
York City. The inner diameter of the subway model tunnels is 5 m. 
From centre to centre they were 8 m apart from each other and were 
buried 9 m below the ground surface. Different ground media such as 
intact rock mass, average quality rock mass, poor quality rock mass, 
dense sandy soil and saturated soft soil were considered. The fill in all 
simulations was assumed to have a unit weight of 1930 kg/m3. The 
rock media and saturated soft soil were described with the Drucker-
Prager elasto-plastic model and the Cap model was used to describe the 
dense sand. This study assumes undrained condition and does not ad-
just the stiffness and strength of rock masses due to rate effects. The 
strengths of the geological materials were obtained considering plane-
strain condition. The effects of explosive weight, ground medium and 
burial depth of tunnels were investigated. The calculations were made 
independent from the material of the lining. 

The analysis focused on the maximum v. Mises stress in the tunnel 
lining, which determines the yield and damage of the lining material. 
Figure 7 shows the development of the v. Mises stress in the lining dur-
ing an explosion of 50 kg TNT. 
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Figure 7: Maximum v. Mises stress in the lining [6] 

 
The increase of the weight of the explosive caused an increase of the 
maximum v. Mises stress for the lining. Different ground media caused 
a different rate of increase as can be seen in figure 8. 

Figure 8: Maximum v. Mises stress for lining in different soils with 
different weights of explosives [6] 

 

The lining stress is directly related to the ground media, whereas the 
ground stiffness is more important than the ground strength, even in 
soft soil. An increase of the burial depth of the tunnel enhances the 
confinement and reduces the maximum lining stress under internal 
blast loading. The effect of the burial depth is shown in figure 9. 
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Figure 9: Relation between burial depth and v. Mises stress [6] 

 
The intensity of the explosion, the tunnel diameter, the ground condi-
tions, the lining stiffness and some other minor factors are responsible 
for the maximum pressure-magnitude (p) and the specific impulse (i). 
Therefore special attention should be given to tunnels with small di-
ameter, embedded in soft soil and with a small overburden soil layer. 

4.2.2. The Swedish tunnel trials – an overview [7] 

The Swedish tunnel trials are a series of experiments that were carried 
out in the 1990’s. The aim was to provide appropriate shelter in tunnel 
for army units. For this purpose an extra tunnel system was built in 
three stages. The tests investigated the pressure development inside the 
tunnel subject to differently sized exploding charges, different corner 
shapes at the tunnel intersections and barriers of brick walls with vari-
able openings. Corresponding model scale trials were done and the re-
sults were compared to the full scale results. 
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Figure 10: Plan of the tunnel system used at the Swedish tunnel trials [7] 

 
The calculation methods that have been used since the 1960’s have been 
confirmed by many of these trials. The following are the four most in-
teresting results considering from the test in these trials.  

After the second junction (in the third tunnel) the pressure is low 
and only weakly connected to the charges weight. The pressure rises 
slowly without any steep air blast wave. 

Soft corners in junctions can be more effective in disturbing the 
blast wave propagation into the next tunnel. However the differences 
were insignificant. 

The rear wall of a container inside a tunnel shows much lower load 
values than the other walls. There will be a standing wave created un-
derneath the object if there is any space to the ground. 

Table 6 shows the reduction of the pressure due to openings in pro-
tection barriers. The original size of the tunnel was 30 m2. 
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Table 6: Reduction of Pressure due to openings in protection wall [7] 

Opening Reduction 

3x1 m 50 % 

1x1 m 80 % 

0,3 m2 –  1 m2 75 % – 95 % 

4.2.3. The Swedish tunnel trials – a comparison between tests and 
calculations [8] 

This paper is a continuation of “The Swedish tunnel trials – an over-
view” [7]. The tests of the different stages where compared to state-of-
the-art literature and software. The test results of the first stages where 
compared with calculated results using FORTH2 [9] The predictions of 
the pressure were in reasonably good agreement with the experimental 
values except when it comes to detonation with 90° angle of incidence. 
In that case the predictions gave a higher value than the experiments. 
In stage 7 containers were placed inside the tunnel and the pressure 
measurements taken, were compared to numerical simulations with 
the software AUTODYN (ANSYS Inc.). The agreement between tests 
and simulations was very good. The final stages 9, 10 and 11 were 
about pressure protection walls with different sizes of holes. These 
stages were compared to “Handbok i skyddsanalys” [10] and LS2000 
[11]. The correlation between test results and calculation results con-
cerning the peak pressure is good but becomes worse when it comes to 
impulse density as the calculated values are lower than the experi-
mental ones. 

4.2.4. Tunnel explosion characteristics [12] 

High pressure withstanding structures are necessary for military as 
well as for some civil purposes. Vital infrastructure and buildings have 
to withstand stresses caused by for instance pressurized gas filled ves-
sels. The Swedish building design code prescribes dynamic explosion 
loads that have to be considered for certain structures in tunnels. 
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Table 7: Minimum dynamic explosion load to consider for road and railway 
tunnels [12] 

 

This paper gives a list of projects and activities carried out by FOI con-
cerning explosions in tunnels and their characteristics. The shock tube 
at Botele Udd north of Stockholm was used for studies of different ob-
jects´ response to dynamic or explosive loads. A great advantage of 
such a shock tube is the reproducibility of tests and the ability to cre-
ate different well defined loads. The response to shock waves of objects 
like blast valves, hatches and doors, wall elements and windows was 
investigated.  

Fortifications in rock were investigated in the Swedish tunnel trials 
[7]. A short overview and results are given in chapter 0. 

A series of experiments with up to 10 000 kg high explosive was ar-
ranged at Älvdalen to study the behaviour of the pressure wave at the 
adit of an underground ammunition storage facility (Singapore Large 
Scale Tests in Sweden). The propagation of the pressure wave when it 
exits the tunnel gets rather complicated as it propagates as a shock 
wave and a jet according to figure 11. 

Figure 11: Expansion of the blast wave at the tunnel adit [12] 

 

The short duration shock wave is spreading in all directions and is fol-
lowed by a long duration jet. This effect can be clearly seen in figure 
12. 
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Figure 12: Example of pressure time history against a target 100 m in front 
of the adit of an about 300 m long tunnel where 10 000 kg deto-
nates in a chamber at the inner end [12] 

 

The pressures generated by explosions in tunnels are considerably 
higher and have significantly longer durations than the pressures gen-
erated by unconfined explosions in the open. Important parameters 
that are affecting the pressure attenuation are: 

� Length of the tunnel 
� Standoff from the explosion to the target 
� Cross section area of the tunnel 
� Roughness (friction) of the walls 
� Turns of tunnel direction and area changes 

Figure 13 demonstrates the differences between a detonation of high 
explosives inside and outside a tunnel with a 400 kg and a 16 000 kg 
high explosive charge. 
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Figure 13: Calculated overpressure versus standoff for 400 kg and 
16 000 kg high explosive in a tunnel [12] 

 

There are basically three possibilities to prevent or reduce potential 
damage of explosions in tunnels. The first one is to prohibit high ex-
plosives and dangerous goods in tunnels, the second one is to install 
automated systems with blast energy absorbers and the third one is to 
design vital structures which prevent unacceptable damage. The last 
countermeasure is the most convenient one. 

4.2.5. Blast mitigation in confined spaces by energy absorbing mate-
rials [13] 

Different materials like water, glycol and water-based foam were tested 
to ascertain the mitigation effects on an explosion. Three types of ex-
plosives were used (TNT, Dynamex and Military Plastic Explosive), 
which were placed inside, close to and at some distance off the addi-
tives and were initiated in a completely closed room and in an open 
end shock tube. 

The Shock Tube Tests were arranged at the facilities in Märsta. 
Shock Tube III was loaded with 100 kg of high explosives (Dynamex, 
TNT). The Water to Charge Weight Ratio defined the amount of wa-
ter that was placed in bags beside the explosive. 

Figure 14 and 15 are illustrating the energy absorbing effect of water 
at different distances due to a detonation with 100 kg Dynamex and 
100 kg TNT. 
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Figure 14: pfront and i100 at different locations in Shock Tube III – 
100 kg Dynamex [13] 

 

Figure 15: pfront and i100 at different locations in Shock Tube III – 
100 kg TNT [13] 

 

Shock Tube IV was loaded with 1 kg high explosive (Dynamex, TNT). 
The water was substituted by 5 liters of glycol, turpentine or sand 
(W/Q = 5.8, 4.2 and 8.0 respectively the density). 
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Figure 16: Effects of different additives and 1 kg TNT [13] 

 
Figure 17 is comparing the test results of the energy absorbing effect of 
the additives that got placed in bags with contact to the explosive. 

Figure 17: pfront and i100 at different locations in Shock Tube IV – 
1 kg TNT [13] 
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Based on the test series the mitigation effects of water were established. 
No major difference between the effect on an oxygen deficient explo-
sive (TNT) and a balanced explosive (Dynamex) was not detected. The 
mitigating effect of diminishes with increading distance of the water 
bags from the explosive. 

4.2.6. Blast Propagation in a 100 m2 Tunnel Inlet [14] 

Two tunnels with a 90° angled footprint were used to measure the 
blast propagation of ANFO- and TNT-charges. One of the tunnels had 
a blind end prolongation and was called the T-tunnel, the other one 
was called the L-tunnel.  

Figure 18: Geometry of the tunnels and the positioning of the gauge points [14] 

 

Three test series are presented in this report. The first test series was 
using different charges (500 and 250 kg bomb, 200 kg ANFO and 100 kg 
TNT) detonating 7,5 m outside the T-tunnel adit. 

The results of these tests are presented in figure 19. 
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Figure 19: Registrations at Gauges 1 and 5 with different sized and 
types of explosive devices [14] 

 

Further tests were carried out with a 50 kg ANFO-charges detonating 
7,5 m inside the T-tunnel and 7,5 m outside the L-tunnel. 

Figure 20: T-tunnel test results [14] Figure 21: L-tunnel test results [14] 

The tests contained more than 50 explosions. Only a few of the results 
are presented in the paper. The calculations exclude the directional ef-
fect from the cylindrical charges and the effect of the casing. It was as-
sumed that the rebound energy of the ground took place without time 
loss although the charges were detonated 1 m above the ground which 
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means that the effect was about doubled compared to an explosion in 
free air. There is no energy loss assumed to be caused by cratering. 

4.2.7. Two-dimensional blast wave propagation [15] 

An experimental study of blast wave propagation in two dimensions 
was compared to an ideal two-dimensional behaviour model. This in-
vestigation was validating simplified assumptions for design purposes. 
The study only considered the side-on pressure, corresponding impulse 
per unit area and duration for the first overpressure-phase. The explo-
sives used were spherical, iso-statically pressed TNT charges 
(1,65 g/cm3) of 10 to 100 g weight. The side-on pressure was measured 
in three directions, each with three measurement-points (figure 22). 
The arrangement of the pressure-gauges was identical for tests 1 and 2. 

Figure 22: Design of structure used in 
test one [15] 

Figure 23: Design of structure used 
in test two [15] 

Tests 1 and 2 verified the applicability of the simplified assumptions 
for practical design cases. At ideal conditions the peak overpressure 
values from both tests showed good agreement with the values of [16]. 

4.2.8. Blast and Pressure Effects: An Overview [17] 

This paper is a technical review paper with condensed information 
about blast wave propagation. It provides a short inside into the Hop-
kinson-Cranz scaling and describes the basics of reflection and diffrac-
tion processes, which includes the oblique reflections as a regular or a 
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Mach reflection. A rectangular box was chosen to show simplified the 
effects of defraction of blast waves.  

This paper summarizes a review on long-term gas pressures which 
can occur with explosions in confined spaces. 

It offers simplified methods to estimate damage to structures by us-
ing the P-i curve concept and applications. Furthermore it offers pre-
diction curves or graphs for external blast wave properties and internal 
blast and gas transient pressures. 
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5. Some presently available codes for 
calculating blast loads 

This chapter presents the technical characteristics of some of the most 
common codes for simulating and calculating blast loads. The codes 
presented are AUTODYN, EUROPLEXUS and LS-DYNA. 

5.1. AUTODYN [18] 
ANSYS® AUTODYN® software is an explicit analysis tool for model-
ling nonlinear dynamics of solids, fluids and gases as well as their inter-
action. AUTODYN® software provides a platform for calculating and 
simulating structural dynamics, fast fluid flow, material modelling, im-
pact, blast and shock response. The numerical processors Lagrange, 
Euler, ALE, Shells and SPH are available within the software. 
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Table 8: Technical characteristics of AUTODYN [18] 

Formulation (solver methods) 
SPH (Smooth Particle Hydrodynamics) 

Lagrangian, Eulerian, ALE (Arbitrarily La-
grangeian Eulerian) 

Block structured, Unstructured 

Large deformations 

Nonlinear 

Solid / fluid mechanics 

Shock waves  

Coupled  
Analysis Techniques 

Explicit  

Transient dynamics 

Conditionally stable 

Hyper elastic 

Nonlinear 

Compressible flow 

Dynamic relaxation for quasi-static analysis 

Automated contact 

Automated fluid-structure coupling 
Coupling of Solvers 

Euler-Lagrange coupling 

Joints between structural elements (and SPH) 

Subcycling 

Combined structured and unstructured FE 
meshes 

Material Laws (strength models)  
Elastic 

Viscoelastic 

Strain hardening models 

Strain rate hardening models  

Thermal softening models 

Porous compaction models 

Concrete / soil (Drucker-Prager, RHT) 

Ceramic / glass (Johnson-Holmquist) 

Third invariant dependence 

Orthotropic yield / solid / shell 

Laminated shell 
Models 

Failure Models: 

Max. stress/strain, effective stress/strain, 
shear damage, orthotropic damage, 
Johnson-Holmquist, Johnson-Cook, ortho-
tropic stress/strain, Tsai-Wu, Tsai-Hil, 
crack softening , stochastic 

User specified models can be defined in all 
aspects 

Five erosion criteria 

User-defined erosion 

Post-Processing 
Visualization for large datasets 

Interactive intuitive interface 

Integrated with solvers and pre-processor 

Animation wizard and editor 

Stand-alone free viewer for 2-D and 3-D an-
imations 

Contours and isosurfaces 

Element examine probe 

Vectors 

Material location and status 

Gauge time history plotting 

Part histories 

Results profile 
Contact 

Flexible-flexible 

Flexible-rigid 

Self contacts 

Node to surface 

Edge to edge 

Friction 

SPH to deformable structural and rigid con-
tact 

Eroding contact 
Boundaries and Loads 

Initial conditions 

Translational / angular velocity 

Gravity 

Arbitrary time varying  

Energy deposiotion 

Pressure 

Point / edge load 

Wave transmission 

Fluid/material flow inlet/outlet 

Rigid wall 

Clamped 

Pinned 

Translational velocity constraint 

Rotational velocity constraint 

User specified 

Deformation heating  

Thermal expansion/softening 

Multiphase transitions and states  

Update seminars 
Platforms 

Supported systems are Windows® 
NT/2000/XP, Linux®, UNIX® 
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5.2. EUROPLEXUS [19] 
The general Finite Element software EUROPLEXUS can be used for 
non-linear dynamic analysis of Fluid-Structure systems subjected to 
fast transient dynamic loading. The computations are either performed 
in specialized 1D, in 2D or in 3D. This software is able to calculate and 
allegorize an explosion in enclosed chambers and can be used for stud-
ies of shocks and impacts of projectiles on structures. It is a tool to ana-
lyse pipelines in transient mode and creates safety evaluations of com-
plex Fluid-Structure systems under accidental situations. The software 
offers the possibility to use the most beneficial finite elements as well 
as finite volume formulation while modelling fluids. The fluid-
structure interaction enables the use of volume elements and shell ele-
ments to model the structure. The topological analysis of the corre-
sponding nodes of the fluid and the structure and the generation of the 
interaction conditions are automatically carried out by the program. It 
is possible to analyze the propagation of different types of flow (sub-
sonic, transonic and supersonic) in presence of obstacles.  

EUROPLEXUS was jointly developed since 2000 by the French 
Atomic Energy Commission (CEA), the EU Joint Research Centre 
(EC) and SAMTECH. 
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Table 9: Technical characteristics of EUROPLEXUS [19] 
 

Formulation 
Finite Elements, Finite Volumes, Spectral El-
ements, SPH Method 

Lagrangian, Eulerian, ALE 
Time Integration 

Explicit scheme 

TVD scheme for explosions 
2-D Element Library 

Volume (solid or fluid) 

Shell 

Membrane 

Rod 
3-D Element Library 

Volume solid or fluid (FE or finite volume) 

Shell  

Volumic shell 

Membrane 

Beam 
Material Laws (solids) 

Elastics 

Hyper elastic 

Elasto-plastic 

Damage (Lemaître and Chaboche) 

Multilayer 

User´s law 

Drucker Prager Material (rupture) 
Material Laws (fluids) 

Perfect gas 

Liquid 

Explosion models available 

Fluid defined by the users 

Multi-component fluids 

Local Springs and Dampers 
Bushing element 

Linear or non-linear laws 
Material Point  

Mass 

Concentrated point 
Contact 

Flexible-flexible 

Flexible-rigid 

Auocontact 

Friction 

Fluid-structure coupling (Fluid-Structure inter-
action automatically treated bi the code) 

Incompatible Mesh Junctions 
Structure to structure 

Volume to volume 

Volume to shell 

Shell to shell 

Fluid to structure 
Macro Constraints 

RBE 

Planarity 

Nodes on surface 
Impacts 

Rigid projectiles 

Projectile: spheres, cones 
Platforms 

EUROPLEXUS is available on most Unix, 
Linux and Windows NT/2000/XP Pro plat-
forms 

 

5.3. LS-DYNA [20] 
LS-DYNA is a combined implicit/explicit solver. This scalable code can 
be used for solving highly nonlinear transient problems enabling the 
solution of coupled multi-physics and multi-stage problems. The soft-
ware package includes a comprehensive material model library and a 
large element library. The developer designed specialized features for 
the automotive, aerospace and manufacturing industries.  
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Table 10: Technical characteristics of LS-DYNA [20] 

Formulation 
Finite Elements, SPH Method, EFG 
(Element Free Galerkin), rigid-body analysis 
(integrated rigid body solver), flexible 
multibody analysis 

Coupled thermal solver 

Lagrangian, Eulerian, ALE, Multi-material 
ALE  (multi-species) including Multi-material 
Eulerian 

Fluid-structure interaction 

All formulations available in 2D- (plane-
strain/stress, axisymmetric) and 3D-solvers 

Formulation: USA 
USA module (Underwater Shock Analysis 
module): Double Asymptotic Approximation 
elements, Cavitating acoustic spectral ele-
ments 

Time Integration 
Explicit scheme 

Complete implicit non-linear and linear 
solver 

Explicit-implicit coupled analysis 

Time integration on modal basis 
2-D Element Library 

Volume (solid or fluid) 

Shell 

Membrane 

Rod 

EFG, SPH 
3-D Element Library 

Volume solid or fluid (FE or finite volume) 

Shell  

Thick shells 

Membrane 

Beam 

EFG, SPH 
Blast loading models 

Conwep 

Conwep including coupling to Eularian 
Mapping 

Mapping of 2D MMALE (Multi-material 
ALE) to 3D, e.g. mapping of blast wave 

Material Laws (solids) 
~200 material models including many state 
of the art models for failure, strain rate, frac-
ture, delamination, adhesives, spotwelds,  etc. 

Elastics 

Hyper elastic 

Elasto-plastic 

Damage (Lemaître and Chaboche, Gurson, 
Johnson-Cook, etc.) 

Composites 

Concrete & Ceramics 

Glass 

User´s material models, user equation of state 

Drucker Prager Material (rupture) 
Contact 

Flexible-flexible 

Flexible-rigid 

Automatic self contacts  

Friction (several different models) 

Cable contacts 

Euler in Euler contact (3D-solver) for contact 
between solids analysed using the MMALE 
solver 

Incompatible Mesh Junctions 
Structure to structure 

� Volume to volume 

� Volume to shell 

� Shell to shell 

� Beam to solid/shell 

Concrete reinforments 

Fluid-structure coupling (fluid-structure interac-
tion automatically treated by the code) 2D 
and 3D-solver 

Macro Constraints 
RBE 

Planarity 

Nodes on surface 
Impacts 

Rigid and deformable projectiles 
Platforms 

Workstations and servers, supercomputers 
(MPI and SMP-parallel) 32 and 64 bit run-
ning: Unix, Linux, Windows 2000/XP/Vista/7/ 
HPC server 
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6. Impact of an explosion 

A variety of parameters and conditions will dramatically influence the 
impact of an explosion. This chapter gives an insight into the impact of 
the type, size and positioning of the explosive. 

6.1. Impact of the type of explosive 
Each explosive device has its own characteristic properties which lead 
to a varying intensity of the explosion. The impact depends on the 
mass specific energy [kJ/kg], the detonation velocity [km/s], the deto-
nation pressure [GPa] and other factors. 

Table 11 lists the properties of a number of common high explo-
sives. 

The general properties of an explosion source which govern the 
strength, duration and other characteristics of the resulting blast wave 
must then include at least its total energy (E), its energy density (E/V) 
and the rate of energy release, i.e. its power.[21] 
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Table 11: Conversion Factors (TNT Equivalence) for some High Explosives [21] 

Explosive 

Heat of 
Explosion 

[E/M], 
[kJ/kg] 

TNT 
Equivalent 

[(E/M)x/ 
(E/M)TNT] 

Density 
[mg/m3] 

Detonation 
Velocity 
[km/s] 

Detonation 
Pressure 

[GPa] 

Comp B (60% RDX, 39% 
TNT, 1% wax) 

5190 1,148 1,69 7,99 29,5 

RDX (Cyclonite) 5360 1,185 1,65 8,70 34,0 

HMX (Octogen) 5680 1,256 1,90 9,11 38,7 

Nitroglycerin (liquid) 6700 1,481 1,59 --- --- 

Octol 70/30 (70% HMX, 
30% TNT) 

4500 0,994 1,80 8,48 34,2 

PETN 
(Penterithrytoltetranitrate) 

5800 1,282 1,77 8,26 34,0 

Pentolite 50/50 
(50% PETN, 50% TNT) 5110 1,129 1,66 7,47 28,0 

Tetryl 4520 1,000 1,73 7,85 26,0 

TNT 4520 1,000 1,60 6,73 21,0 

Plastic Explosive, Comp C-4 
(91% RDX, 9% plasticizer) 

4870 1,078 1,58 --- --- 

PBX 9404 
(94% HMX, 3% nitrocellu-
lose, 3% plastic binder) 

5770 1,277 1,844 8,80 37,5 

60 Percent Straight Nitro-
glycerin Dynamite 

2710 0,600 1,30 --- --- 

Note: The values for mass specific energy and TNT equivalence in this 
table are based on reported experimental values for specific heats of 
detonation or explosion. Calculated values are usually somewhat great-
er than those given in the first column of this table.  
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Table 12: TNT Equivalence of gas and vapour cloud explosions [22] 

Explosive Energy 
ratio 

Efficiency TNT “Equivalence Factor” 

Hydrocarbons 10 0,04 0,4 

Ethylene Oxide 6 0,10 0,6 

Vinyl Chloride Monomer 4,2 0,04 0,16 

Acetylene Oxide 6,9 0,06 0,4 

Note: The energy ratio is defined as the “Energy of Combustion” di-
vided by “Energy of Detonation of TNT”. It only refers to the mass of 
fuel since the oxygen is taken from the ambient air. 

The effect of a blast is dependent on the exact composition of the 
explosive device. Therefore the impact of improvised explosive devices 
(IED) cannot be predicted. Usually they are less powerful than com-
mercial explosives. 

Paper [23] provides detailed information about the actual impact of 
the explosive devices used in terroristic attacks on railway system dur-
ing the last two decades. The explosives used in these attacks were 
commercial Goma-2 ECO ammonium nitrate based explosive, home-
made organic peroxide-based devices and the military high explosive 
hexogen (RDX). 

6.2. Impact of the positioning of the explosive 
The location of an explosion is crucial for the development of the air 
shock. The localization factors which are important for explosions are 
mainly the height of the explosion, nearby reflecting surfaces and the 
distance to a height of the object.[11] 

The incidence angle α (angle between the air shock front and the 
surface that it impacts) determines the nature of the reflective process 
and thus the pressure prα on the reflective surface. The reflection can 
be divided into three different types. A smooth wall and an incident 
angle α > 40° (see figure 11) will be generating a Mach wave, which 
will be orthogonal to the surface of the object. In contrast to that a 
dispersion of the angle of reflection is caused by rough uneven surfac-
es.[21] 
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Figure 24: Reflection angle [11] 

Vertical reflection: 
α = 0° 

 
Regular reflection: 
0° < α < 40° 

 
Mach reflection: 
α > 40° 
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7. Scaling  

There exist various methods for scaling. The most used and very con-
venient scaling method is the Hopkinson-Cranz method. 

7.1. Hopkins-Cranz scaling method  
This scaling method can also be described as cube-root scaling. [21] 

The charge mass W1 of diameter d1 is proportional to d1
3 and the 

charge mass W2 of diameter d2 is proportional to d2
3. [24] 

It follows that    

We definite the ratio of the two charge diameters as Lambda: d1/d2= λ. 
At the point where the overpressure qs of both charges (W1 and W2) is 
the same the ratio of the ranges(R1/R2), the ratio of the positive phase 
duration (Ts1/Ts2) and the impulse ratio (is1/is2) will also be λ.  

  

With help of this approach Hopkinson and Cranz were able to specify 
the scaled distance (Z) as 

 Z=R/W1/3 

Z is the constant of proportionality in relationships of (d1 and d2), (R1 
and R2), (Ts1 and Ts2) and (is1 and is2). Using Z in the figures allows a 
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compact and efficient presentation of blast wave data for a wide range 
of situations. 

Figure 25: Side-on blast wave parameters for spherical charges of TNT 
in free air [24] 
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Figure 26: Additional blast wave parameters for spherical charges 
of TNT in free air [24] 

 

7.2. Problems and risks 
It is relatively easy to measure shock front arrival times (according to 
[17]) velocities and entire time histories of overpressures, but there are 
also possible complications that can distort and even destroy the meas-
urements. Examples of such problems are: 

� Different impact angles of the shock wave cause great differences in 
the registration values. Thus the impact angle must be accurately 
known, and preferably orthogonal or parallel to the gauge surface. 

� The frequency response of the sensor must be high enough to accu-
rately represent the actual pressures encountered. Especially the 
shock-wave front has a very short rise-time, and its maximum 
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measured value can be severely affected by a too low self frequency 
of the gauge. 

� Vibrations in the fixture used to support the gauge can distort or 
destroy the desired output signal. 

� The sampling frequency of the data collection device (transient re-
corder) must be high enough to accurately represent the signal, and 
this may also be changed by the filtering applied to the signal. 

� Pressure sensors are usually heat sensitive. Exposing the sensor to 
the hot explosive gases may lead to erroneous measurements. To 
eliminate this fact the senor must be shielded from the gases, for in-
stance by a fluid or grease. 

� But adding a fluid or grease column in front of the gauge may also 
affect the signal in a negative way. 

These complications are many and severe enough to make some people 
contend that measurement of blast overpressures are indeed a “Black 
Art”. It is certainly true that there are many mistakes to be made and 
these kinds of experiments and measurements will require considerable 
experience to be set up. 
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8. Discussion 

An explosion is likely to be followed by a fire and it would certainly 
disturb the rescue operation and may causes injuries and death. Chap-
ter 4.1 mentions some interesting papers and reports dealing with fire 
and smoke in confined spaces. These papers give an insight into the 
danger of fire development especially in tunnel. Chapter 4.2 presents 
papers and reports dealing with explosions in confined spaces. The 
number of papers found which are directly related to explosions in 
underground mass transport systems is low. This leads to a need for 
better knowledge on this subject. The prediction of blast wave propa-
gation is a complex calculation and it is not possible to realize without 
a suitable computer code. Therefore some of the currently used codes 
are listed in chapter 5. The next chapters, 6 and 7, are giving some gen-
eral information about the impact of an explosion and the scaling 
methods for the model scale tests that are planned in the METRO-
project. 

There are many questions in this research field that are of high in-
terest and have not been answered yet. A rough uneven surface leads to 
dispersion of pressure wave reflections. How much influence does the 
tunnel wall have on the development of the blast wave? 

What impact has an explosion on the structure of the vehicle and 
how much will it affect the structure of the tunnel? The explosion will 
cause destruction of the interior which leads to a bigger assailable sur-
face for the fire. What impact can be noticed on the development of 
the ensuing fire after an explosion? How much do barriers in trains 
help provide safety in case of explosion and what material do they 
have to be made of for not turning into shrapnel themselves? Sensitive 
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objects and materials is a field in itself that has to be carefully looked 
after. How much does the pressure wave interact with the objects of 
the surroundings and what materials could serve to diminish the dan-
ger of injuries? 
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9. Conclusions 

Along the internet search for interesting papers and reports in the field 
of explosion in general you will notice that there has been done a lot 
of research for military purposes such as explosions in ammunition 
storages. Scientific investigations of explosions in civil areas are rare. 
And explosions in public areas like underground mass transport sys-
tems have been largely neglected. The present development of terror-
ism puts this kind of threat in a new focus.  

This report comprises summaries of various explosion and fire 
events and tests and includes useful tables to compare finite element 
codes, as well as pictures and graphs to illustrate the test settings and 
the results. The tests that are listed are mostly only marginally con-
nected to the theme of explosions in underground mass transport sys-
tems but give interesting insights in their topics. Further scientific in-
vestigations based on the increasing threat of explosions in under-
ground mass transport systems are planned within the METRO-
project. 
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Technology Corporation, 2007. 

[21] W.E. Baker, P.A. Cox, P.S. Westine, et al., Explosion Hazards and 
Evaluation vol. 5: Elsevier Scientific Publishing Company Inc., 
1983. 

[22] Smith P.D., Non-ideal explosions: Gas, vapour and dust explosions, 
in Blast Loading, 2011.  
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systems, not yet published, 2011. 
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Förteckningen nedan tar upp 
rapporter som har publicerats 
inom ramen för skriftserien Stu-
dies in Sustainable Technology 
(SiST).  

In the list below are the reports 
that have been published in the 
series of publications called Stud-
ies in Sustainable Technology 
(SiST). 

___________________ 
 

2009:1 Kumm, Mia &, Andreasson, Rolf. Insatsövning Hallandsåstunneln 
081107 - Emergency Exercise Hallandsås Tunnel 7th of November 2008. 
Arbetsrapport/Work report. Projekt/Project: Tunnelbyggaren. 
Språk/Language: svenska, engelska/Swedish, English. 

2009:2 Hansen, Rickard. Literature survey – fire and smoke spread in under-
ground mines. Forskningsrapport/Research report. Projekt/Project: 
Gruvan. Språk/Language: engelska/English. 

2009:3 Kumm, Mia. Brandbelastning i besöksgruvor. Arbetsrapport/Work re-
port. Projekt/Project: Gruvan. Språk/Language: svenska/Swedish. 

2009:4 Kumm, Mia. Insatsövning i Sala Silvergruva. Arbetsrapport/Work re-
port. Projekt/Project: Gruvan. Språk/Language: svenska/Swedish. 

2010:1 Hansen, Rickard. Site Inventory of Operational Mines - fire and smoke 
spread in underground mines. Arbetsrapport/Work report. Pro-
jekt/Project: Gruvan. Språk/Language: engelska/English. 

2010:2 Hansen, Rickard. Design Fires in Underground Mines. Forskningsrap-
port/Research Report. Projekt/Project: Gruvan. Språk/Language: eng-
elska/English. 

2010:3 Kumm, Mia. Rökfyllnadsförsök i besöksgruvor. Arbetsrapport/Work re-
port. Projekt/Project: Gruvan. Språk/Language: svenska/Swedish. 

2010:4 Kumm, Mia. Carried Fire Load in Mass Transport Systems. Forsknings-
rapport/Research report. Projekt/Project: METRO. Språk/Language: 
engelska, svenska/English, Swedish. 

2010:5 Kumm, Mia. Räddningstjänstens förflyttningshastighet under mark. Ar-
betsrapport/Work report. Projekt/Project: Tunnelbyggaren, Gruvan, 
METRO. Språk/Language: svenska/Swedish. 

2010:6 Hansen, Rickard. Ventilation and fires in mines. Arbetsrapport/Work 
report. Projekt/Project: Gruvan. Språk/Language: engelska/English. 

2010:7 Hansen, Rickard. Smoke spread calculations for fires in underground 
mines. Arbetsrapport/Work report. Projekt/Project: Gruvan. 
Språk/Language: engelska/English. 
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2010:8 Hansen, Rickard & Ingason, Haukur. Model scale fire experiments in a 
model tunnel with wooden pallets at varying distances. Forskningsrap-
port/Research report. Projekt/Project: Gruvan. Språk/Language: eng-
elska/English. 

2010:9 Hansen, Rickard. Final recommendations – GRUVAN project. Forsk-
ningsrapport/Research report. Projekt/Project: Gruvan. Språk/Lan-
guage: engelska/English. 

2010:10 Kumm, Mia. Rekommendationer gällande brand och utrymning i besöks-
gruvor. Forskningsrapport/Research report. Projekt/Project: Gruvan. 
Språk/Language: svenska/Swedish. 

2010:11 Kumm, Mia. Rescue Operations during Construction of Tunnels. Forsk-
ningsrapport/Research report. Projekt/Project: Tunnelbyggaren. 
Språk/Language: engelska, svenska/English, Swedish. 

2011:1 Meyer, Gero & Janzon, Bo. Literature Review of Fire and Explosion 
Tests in Underground Structures. An Introduction to performed tests and 
to common modelling and finite element codes. Forskningsrap-
port/Research report. Projekt/Project: METRO. Språk/Language: 
engelska/English. 

___________________ 

 

En majoritet av rapporterna finns 
tillgängliga i det Digitala Veten-
skapliga Arkivet (DiVA), 
http://mdh.diva-portal.org . 

I DiVA finns avhandlingar och 
andra publikationer i fulltext från 
ett antal nordiska universitet och 
högskolor. Publikationerna är 
lagrade i pdf-format. DiVA har 
utvecklats av Enheten för digital 
publicering vid Uppsala universi-
tetsbibliotek. 

A majority of the reports are 
available in the Academic Archive 
On-line (DiVA), http://mdh.diva-
portal.org . 

In DiVA, dissertations and other 
publications from a number of 
Northern European universities 
are available in full text. They are 
stored in PDF format. DiVA was 
developed by the Electronic Pub-
lishing Centre at Uppsala Univer-
sity. 
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Gero Meyer is a PhD student at Mälardalen Safety Science 
Lab (MSSL) within the MERO research area – Mälardalen Ener-
gy & Resource Optimization. Gero is a construction engineer 
and his PhD work is focusing on blast load and response in 
underground constructions.

A study from MERO
This study is published within the MERO research area (Mälardalen Energy and Re-
source Optimization) at Mälardalen University. The research within MERO is directed 
towards various aspects of a sustainable society, with particular focus on the optimiza-
tion and protection of community resources and infrastructure. The research groups 
within the area are mainly specialized in energy efficiency, resource conservation, 
design of systems and processes, remediation of contaminated land and fire safety in 
underground facilities. A common denominator is all aspects of optimization and risk 
management, where modeling, simulation, validation and applied mathematics are 
important tools. Responsible research leader is Professor Erik Dahlquist.

www.mdh.se/hst/research/research_areas/mero

ISBN 978-91-7485-030-7

Bo Janzon works as adjunct Professor within the MERO re-
search area. His work is mainly focusing on energetic materi-
als, e.g. in the Mälardalen Safety Science Lab research group 
(MSSL). 

FIRE AND EXLOSION TESTS IN UNDERGROUND STRUCTURES
This report is a literature review which summarizes performed fire and explosion tests 
in tunnels and underground enclosures. Relevant pictures and graphs have been inser-
ted from the papers reviewed, to illustrate the test settings and the results.

The report also gives a brief introduction to the subject itself. Questions that still 
need to be answered are identified and discussed. Furthermore it includes useful tables 
to compare the most common computer modelling and finite element codes AUTODYN, 
EUROPLEXUS and LS-DYNA used for calculation of blast load and construction response.

Box 883, 721 23 Västerås. Tfn: 021-10 13 00
Box 325, 631 05 Eskilstuna. Tfn: 016-15 36 00
E-mail: info@mdh.se  Web: www.mdh.se

STUDIES IN SUSTAINABLE TECHNOLOGY

FIRE AND EXPLOSION 
TESTS IN UNDERGROUND 
STRUCTURES
A literature review of performed tests and an 
introduction to common modelling in finite  
element codes

Gero Meyer
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