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Abstract. This article uses the knowledge gained from tunnel fires to address the 
structural analysis of tunnel walls during fire exposure. The designing at normal 
temperature and its theoretical background are discussed in the literature. As these 
books did not yet deal with the issue of fire protection designing, we tried to 
supplement the existing theoretical knowledge with the knowledge provided by the 
relevant standards for reinforced concrete tunnel walls. In addition, we have tried to 
add our own individual ideas to the theory where we felt that there were gaps. The 
theoretical summary has been compiled in such a way that it can be easily transferred 
and applied to everyday practice. In this article, we discuss in detail the calculation 
of the internal forces in tunnel walls during fire exposure. Due to space constraints, 
the issue of designing at normal temperatures is only touched upon in this article, 
limiting it to the knowledge available in the literature. Since finite element 
modelling has become a commonly used technique in tunnel design since the 1970s, 
we use its potential to investigate the effects of earth pressure and surface loads on 
the tunnel walls during fire and their changes, using specific software for 
geotechnical design. In accordance with the limitations of the scope, the 
determination of the equivalent thickness and the modulus of elasticity of the tunnel 
wall is also presented in order to determine the internal forces during the fire action. 

Keywords. Reinforced concrete, tunnel wall, stiffness changing, fire load, finite 
element method 

1. Introduction 

During fire exposure, the structure must be designed in an extreme design condition. 
Accordingly, the simultaneity of each effect shall be considered according to Eq. (1) in 
[1]. 
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where: 
Gk: characteristic value of the permanent load, 
P: representative value of the effect from tension, 
Ad: design value of the accidental effect (temperature change), 
Qk,1: characteristic value of the dominant variable effect, 
Qk,i: characteristic value of the i-th potential effect operating simultaneously with 
the dominant variable effect, 
ψ1,1: combination factor for the frequent value of the highlighted variable effect, 
ψ2,i: combination factors for the quasi-constant values of the additional possible 
impacts. 

 
MSZ EN 1991-1-2 [2] states an important principle: if the fire resistance 

requirements are defined by the standard effect of fire, indirect effects transmitted from 
adjacent elements (inhibited deformation, effects due to inhibition of thermal expansion, 
etc.) need not be taken into account. In all other cases, however, particular attention 
should be paid to the following effects and their consequences: 

� inhibited thermal expansion in structural elements; 
� unequal temperature changes in statically indeterminate structures; 
� non-uniform temperature distribution within the cross-section;  
� thermal expansion of adjacent structural elements; 
� the effect of thermal expansion of structural elements exposed to fire on the 

behaviour of structural parts outside the fire compartment. 
If a detailed study is carried out treating the support structure as a complete unit, 

indirect thermal effects cannot be ignored. As the tunnel lining is tested as a complete 
unit and for non-standard fire exposure, it is necessary to consider the inhibited deflection 
as shown in Figure 1. In this case the accidental effect (Ad) is a time/temperature 
dependent quantity. 

 
Figure 1. Verification of the strength requirements under fire-impact with inhibited deflection (Source: 

author’s own illustration) 

The application of Formula 1 requires special considerations in tunneling practice. 
In a research report [3] of the International Tunnelling Association (ITA-AITES), it was 
considered appropriate to investigate for the first time the load imposed on tunnel linings 
made of reinforced concrete segments in the ultimate limit state. The report takes into 
account the effects of earth pressure and groundwater in the discussed load combination 
8, as shown in Eq. (2), where the original source notations are used. 
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where: 
w: characteristic value of the dead load, 
WAp: characteristic value of groundwater pressure, 
EH: characteristic value of horizontal earth pressure, 
EV: characteristic value of vertical earth pressure, 
ES: characteristic value of the additional surface load. 

By observing the combination according to Eq. (2), we conclude that these effects, 
without the application of combination factors, can, together with their base value, load 
the wall in an extreme design condition. If we add to the formula a term representing an 
accidental effect (Ad), then a load corresponding to Eq. (3) should be applied to the tunnel 
wall. 

�� � �	�� � ��� � �� � �" � 	
 (3) 

where the markings are the same as previously stated. 
In special places where the wall is designed as a tunnel structure in tensioned soil, 

the effect of tensioning (P) should be added to Eq. (3). 
Knowing the loads, the internal forces (normal force and bending moment) in the 

tunnel walls can be determined. Whichever method is chosen by the investigator, it 
should be borne in mind that the normal stiffness (EA) and the bending stiffness (EI) of 
the wall will be a time/temperature dependent quantity during the fire action. Their value 
decreases as the temperature increases. For concrete and reinforced concrete walls, the 
change in stiffness during fire is largely due to changes in the dimensions of the 
undamaged concrete cross-section and to a lesser extent to changes in the modulus of 
elasticity. 

2. Materials 

To determine the stresses caused by external loads, it is necessary to reduce the stiffness 
of the wall. This can also be investigated using finite element modeling [4-5]. The 
standard [6] offers designers a stiffness reduction according to Eq. (4) for a general 
column cross-section. 

��# $ % &'(�)* +�  �(  #$ (4) 

where: 
(EI)z : equivalent stiffness of the reduced concrete cross-section, 
kc(θM): reduction factor for concrete strength at point M, 
Ec: modulus of elasticity of concrete at normal temperature, 
Iz: moment of inertia of the reduced cross-section. 

Formula 4 can be applied to reinforced concrete tunnels as follows: 
� the thickness of the wall should be taken into account in the calculation with the 

value hfi (reduced wall thickness). The interpretation of the dimensions can be 
seen in Figure 2. The definition of the value is presented in the Methodology. 
In case of software calculation, this requires a modification of the model, while 
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in case of manual calculation, the bending stiffness (EI) and normal stiffness 
(EA) must be determined from this thickness. 

 
Figure 2. Explanation of dimensions (Source author’s own illustration) 

� The stiffening effect of reinforcement, since it is typically not even taken into 
account in the ultimate limit state calculation, should also be ignored in the fire 
calculation. 

� The modulus of elasticity of concrete (Ec,θ) corresponding to θM (temperature at 
point M) is taken from Eq. (5), deriving it from Eq. (4). 

 
�(�, % &'(�)* +�  �(  (5) 

 
The inclusion of the concrete strength reduction factors kc(θi) and kc(θM) for normal 

concretes is based on the values in Table 1 (values up to a maximum temperature of 
800 °C are shown) [6]. In our article, we focused on concrete with quartz aggregates. 
Table 1. Concrete strength reduction factors for normal concretes and stress-strain diagram elongations [6] 

Temperature  
°C 

fc,θ / fck fc,θ / fck εc1,θ εcu1,θ 

quartz  
aggregate 

limestone 
aggregate 

quartz and 
limestone 

aggregates 

quartz and 
limestone 
aggregates 

20 1.00 1.00 0.0025 0.0200 
100 1.00 1.00 0.0040 0.0225 
200 0.95 0.97 0.0055 0.0250 
300 0.85 0.91 0.0070 0.0275 
400 0.75 0.85 0.0100 0.0300 
500 0.60 0.74 0.0150 0.0325 
600 0.45 0.60 0.0250 0.0350 
700 0.30 0.43 0.0250 0.0375 
800 0.15 0.27 0.0250 0.0400 

 
Based on laboratory tests, strength reduction factors can be determined for special 

cases and special concrete mixtures [7-8]. In this way, the effect of the materials that 
make up the concrete on the behavior of the concrete and the structure during fire can 
also be taken into account [9-11]. 
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3. Methodology 

The PLAXIS 2D geotechnical finite element model was used to model the fire effect. 
The reinforced concrete tunnel was embedded in loose sand. The hardening soil model 
with small strain stiffness was applied to describe the soil behavior [12]. The applied soil 
properties are summarized in Table 2. The effect of groundwater is neglected in the 
article, since its assumed depth does not influence the results. The reinforced concrete 
tunnel with a diameter of d=5.5 m was modeled by plate element (the initial thickness is 
300 mm) and the wall was modeled with an elastic material model. The surface load is 
24 kN/m2 in the applied model. 
 
Table 2. Soil properties [12] 

��unsat ��sat e0 E50
ref Eur

ref m c’ φ’ ψ ��0,7 G0
ref Rinter 

kN/m3 kN/m3 - MPa MPa - kPa ° ° - MPa - 

20 20 0.5 24000 72000 0.58 1 33 3 1,6E-4 87200 0.7 

The cross-section damaged by the fire must be replaced by a reduced cross-section, 
the damaged zone depth (az) of that thickness on the side exposed to the fire must be 
neglected [6]. The reduced wall thickness (hfi) can be calculated based on Eq. (6). Its 
value continuously decreases with increasing temperature. 

 
-.� % /01$  (6) 

 
Based on [6], the depth of the damaged zone can be determined based on Eq. (7), 

and the auxiliary quantity included in it can be determined based on Eq. (8). 
 

1$ % /  2� 0 3 �4�5
�4�,6 7

��89 (7) 
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where: 

kc,m : mean value of the cross-section reduction factors, 
kc (θi): the reduction factor for concrete strength at the centre line of each zone, 
kc (θM): reduction factor for concrete strength at point M, 
n: number of parallel zones within the tunnel lining thickness w. 

 
The calculation is detailed in [13]. The necessary theoretical foundations for this are 

summarized in [14]. The isotherms required for the practical calculation can be found in 
[15], the graphs valid for hydrocarbon fire curve are illustrated in Figure 3. The 
calculated input parameters are shown in Table 3.  
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Figure 3. Temperature distribution for varying density and specific heat values with the lower limiting 
coefficient of thermal conductivity - hydrocarbon fire curve (Source: author’s own illustration)

Table 3. Input parameters of the structure

t= 0 30 60 90 120 min
initial wall thickness w= 300 300 300 300 300 mm
damaged zone depth az= 0 29 44 52 58 mm

reduced wall thickness hfi= 300 271 256 248 242 mm
wall width b= 1000 1000 1000 1000 1000 mm

initial modulus of 
elasticity

E0= 11600 11600 11600 11600 11600 N/mm2

strength reduction 
factor at point M

kc(ΘM)= 1 0.924 0.8858 0.8646 0.8471 -

modulus of elasticity at 
temperature Θ

EΘ= 11600 9904 9102 8671 8324 N/mm2

wall thickness at time t w(t)= 300 271 256 248 242 mm
normal stiffness at time 

t
EA(t)= 3480000 2683930 2330072 2150503 2014386 kN

bending stiffness at 
time t

EI(t)= 26100 16426 12725 11022 9831 kNm2

The investigation can also be performed using other solutions, such as the 
hyperstatic reaction method (HRM) [16].

4. Results

PLAXIS 2D was used to determine the normal forces and bending moments in the crown, 
shoulders and invert of the tunnel based on the combination of the loads corresponding 
to Formula 3. The finite element mesh is shown in Figure 4. In our study, the analysis of 
accidental effects (inhibited deformation) was omitted. The results of the modelling are 
summarised in Table 4.
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Figure 4. Finite element mesh of the model (Source: PLAXIS 2D)

Table 4. Internal forces in the tunnel wall under fire effect

t [min] 0 30 60 90 120

crown
N(t) [kN/m] 105.3 109.9 112.4 113.3 114.2

M(t) [kNm/m] 52.18 38.99 32.55 29.2 26.66

shoulder
N(t) [kN/m] 251.4 242.4 238.3 236.0 234.4

M(t) [kNm/m] -48.33 -35.17 -29.2 -27.16 -25.06

invert
N(t) [kN/m] 108.8 110.9 111.4 112.0 112.7

M(t) [kNm/m] 36.49 23.33 17.55 14.87 12.98

Based on Table 3, we determined the relative change in both normal and bending 
stiffness from t=0 and did the same for the normal force and moment values reported in 
Table 3 at the investigated locations. The relative normal force values as a function of 
relative normal stiffness are shown in Figure 5 while the relative bending moment values 
as a function of relative bending stiffness are shown in Figure 6. As can be seen from the 
figures, a linear functional relationship between the relative stiffnesses and the relative 
internal forces can be assumed in the case under consideration. The trend of change 
(increasing or decreasing) and the rate of change are different for each load (normal force, 
bending moment) and for the investigated locations (crown, shoulder, invert).

Figure 5. Variation of normal force as a function of variation of normal stiffness (Source: author’s own 
illustration)
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Figure 6. Variation of bending moment as a function of variation of bending stiffness (Source: author’s own 
illustration)

The graphs shown in Figure 5 show that the resulting normal force is almost 
insensitive to changes in the normal stiffness. On the other hand, based on the graphs 
shown in Figure 6, it can be seen that the change in bending stiffness has a decisive effect 
on the bending moments.

In their article, the authors omitted the question of the use of fire protection. In their 
future research, they definitely want to investigate this by taking international results, 
fire protection materials and structural solutions into account [17-20].

5. Conclusions

In this article, the basic principles of fire-resistance design of tunnel wall have been
described in details and a concrete example of the internal forces arising from external 
effects have been given. A linear relationship between the investigated quantities as a 
function of the relative stiffness of the wall was found. It is important to verify the linear 
change on additional models (other soil types, other structure). By this way, nomograms 
and auxiliary tables can be edited for easier work. Even based on existing results, we can 
create an opportunity to extrapolate from them. As the results showed, the fire effect
typically causes a significant change in the bending moment. Based on the internal forces, 
we also consider it important to examine the stress level comparison, thus the effect of 
the two internal forces can be examined together.
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