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Abstract

The fires in tunnels can cause high temperature and can seriously affect tunnel structure.
Study on the work of tunnel lining under impact of high temperature is a challenge for
predicting the safety as well as proposing measures to repair the structures after the fires.
This study aims at analysis of stress-strain state in the tunnel lining that subjected to the
large changes of temperature due to the fires. The analysis is relied on numerical
simulations by finite element method with the assumptions of the plane strain problem for a
deep tunnel. The thermo-hydro-mechanical coupling behavior for the lining and the
surrounding medium is used in the simulation. The results obtained show that the influence
of the high temperature on the stress-strain state of the lining is significant and the region of
the lining near tunnel wall can be damaged.
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1. Introduction

The number of fire incidents occurring in tunnels is quite large, even in developed
countries where traffic safety and fire safety are given great attention [1, 2]. Although
the risk of vehicle accidents in the road tunnel network is often lower than the one on
the others, the catastrophe potential related to road tunnel fire is higher [3, 4]. Due to
traffic volume increases and more and longer tunnels are being built, the risk of vehicle
fires in the tunnels may increase [4]. The zone where occurs fires in the tunnels is an
enclosed space that impedes dissipation of heat and smoke as well as restricting access
to firefighters [3, 5]. On one hand, fire in the tunnel causes traffic obstruction, threatens
human life and assets safety. On the other hand, the impact of high temperatures caused
by fire results in damage for structures that affect its bearing capacity and shorten the
life of the construction (Figure 1). Studying the effect of the temperature due to the fires
on the tunnel structures should be considered in the context of the increasing the number
of underground traffic works, especially road and subway tunnels in Vietnam.
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Many studies on the effect of fire temperature on the work of the tunnel lining
have been carried out and are mainly based on two main approaches [5-9]. While some
works focused on estimation of the operation of tunnel under the influence of
temperature based on theoretical calculations [5, 7-9], the others conducted
experimental studies on the lining structure in the fire [6]. Numerical calculations
primarily refer to the tunnel lining and surrounding medium based on a dry material
model under the impact of temperature changes whereas due to expensive costs,
experimental studies are often limited by certain conditions of fire temperature and
structural materials [6].

In fact, the tunnel lining and surrounding medium are partially or fully saturated
materials. Thus, if the tunnel is subjected to the change of temperature, the interaction
between mechanical, hydraulic and thermal phenomena will occur. In Vietnam,
structural research under the impact of high temperatures, and especially considering the
behavior of porous materials according to a thermo-hydro-mechanical coupling model,
is still very limited [10]. This paper will be devoted to the study of the effect of the
temperature caused by small and average fires on the work of the tunnel lining based on
an isotropic thermo-hydro-mechanical behavior.
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Figure 1. Concrete thickness of the liner segments of the Channel tunnel (France-England)
has been completely expelled after the fire in 1996.
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2. Constitutive equations of thermo-hydro-mechanical behavior model
of porous medium

A porous material is a medium including 3 phases of solid, liquid and gas in
which the void of the medium may be partially or fully saturated. When subjected to
mechanical and thermal loadings, its behavior becomes very complicated due to the
interaction of the phases. In such a medium, the thermal load induces a strong interstitial
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thermal pressure that can significantly affect the hydraulic and mechanical responses of
the material [11]. Concretely, the thermal stresses generated will combine not only with
mechanical stresses but also with stresses due to coupled hydro-thermal phenomena
(changes in pore pressure). Indeed, the change in temperature can significantly affect
the distribution of pore pressure because of the large volume expansion of the pore
fluid. In turn, increasing of pore pressure causes changes of effective stresses as well as
heat transfer in the medium. For its part, the effective stresses counteract the pore
pressures, fluid and heat transfers, especially liquid transfer. Depending on the
permeability of the material, the process of thermal diffusion may be faster or slower
than the diffusion of fluid, leading to the behavior of the medium may be governed by a
fully or partially thermo-hydro-mechanical coupling [12].

For the purpose of reducing presentation, we do not present here fully the
relationships of thermodynamic theory for the thermo-hydro-mechanical behavior
model of the material (interested reader could consult for more details in [13]). In this
section, we present only some basic equations related to the main parameters of such a
model used in the paper.

The effective stress model of Biot for the porous material is used in the present
work in which the effective stress is expressed through total stress and pore pressure [13]:

o'=oc+brx 1)
Note that, in this study the conventional sign of solid mechanics is used with
positive tensile stress. In equation (1), o'and o express the effective and the total

stresses respectively; b is the Biot coefficient; 7 is the equivalent pore pressure that is a
function of water saturation and fluid pressure in the interstitiel:

1
[ s.(p)dp, if s, <1
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where P, is the capillary pressure and p, is the water pore pressure. The capillary

pressure related to the water pore and gas pressures p, by the following relationship:
Pe = Py — Pu 3)

The water saturation plays an important role in describing hydro-mechanical behavior.
According to Van Genuchten (1980), the water retention curve S, (p,)depends on two

parameters ( P. and n) according to the equation:
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S, ( pc): [1+(pc / Pr)nil(lfn)/n @)

For a given relative humidity RH, the capillary pressure is evaluated from Kelvin's
law assuming perfect gases:

='OVI</'I#In(RH) (5)

w

c

where R, p,, M are respectively the constant of perfect gases, the unit weight and
molar mass of water.
During the process of heat transfer in the porous medium, its porosity ¢ varies
according to the following relationship:
dp,, —SwdeJ
K

S

d(p:(b—(o)[dgv —3a,dT + (6)

where dg, is the change of volumetric strain, o, is the coefficient of thermal expansion

of the porous medium, dT is the change in temperature and Ks is the bulk modulus of the

solid phase. One has the relationship between the Biot coefficient, bulk modulus of the

solid phase and the drainage bulk modulus of the porous material Ko as follows:
b=1-K, /K, @)

It can be seen that, the effective stress defined by Terzaghi will be obtained,
corresponding to b = 1, is a special case of Biot effective stress when K, =K, .
The Fourrier equation for heat transfer in 3-dimensional Cartesian coordinate
system is:
4T [82T T asz T

+——+ = p,Cp — 8
8X2 ayz 822 pO P 61: ( )

In equation (8), A", p,and C,, respectively, are the thermal diffusion coefficient, unit
weight and specific heat capacity of the porous material. Within the framework of a

coupled thermal-hydro-mechanical model, the coefficient of heat diffusion A’ is
evaluated by the expression:

A =(1-) & +¢S,A, 9
in which A, 4, denote respectively diffusion coefficients of solid and liquid phases that

depend on the temperature.
137



Section on Special Construction Engineering

Darcy fluid diffusion equation in Cartesian 3-tridimentional coordinate system
is written:

o’p, . o°p,  O°p o&
H w + w + W[ — 10
&l [ o oy o ) P (10)

where & is the change of fluid volume per unit volume of the porous material. The
diffusion coefficient of the liquid is determined from the formula:

KK (5,)
" # (T)

in which K™ being intrinsic permeability that is one of characteristics of the porous

(11)

medium and being a function of the porosity; x, being the dynamic viscosity of water and
depends on the temperature; k' being the relative permeability of water and depends on
water saturation S, .

One has the relationship between diffusion coefficient and water permeability
coefficient kw below:

Ky =2" 1,8 (12)
where ¢ is gravitational acceleration.

3. Numerical simulation of the tunnel under high temperature loading

Let us consider a circular tunnel at depth of 500 m excavated in a saturated clay
stone formation with the radius of ro = 3,5 m. The tunnel lining with the thickness of
0,5 m is composed by concrete B60. The calculation parameters of the lining are given
in Table 1. The properties of the rock mass are chosen as in [14]. The initial stress field
with vertical and horizontal components are ov = on = -12,5 MPa.

The numerical solution is based on finite element method and implemented on
Code_Aster software. This is an open source code for numerical simulation in structural
mechanics, developed mainly by research and development department of Electricity of
France (EDF). Code_Aster is a powerful software in simulating multi-physical
phenomena including the coupled thermo-hydro-mechanical behavior.

It is assumed that the problem satisfies the conditions of plane strain, i.e., the
length of the fire along the tunnel is large enough. The evolution of the tunnel
excavation and installation of the lining are numerically simulated relied on the
convergence-confinement method proposed by Panet [15]. Assuming that the lining is
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installed at the tunnel face corresponding to the rate of stress release (1) reaches 50%.
Henceforth, the lining and rock mass work simultaneously. The numerical calculation
procedures are carried out so that at the beginning of the lining installation, the
displacement of the lining is zero. In the model, we use the 8-point quadrilateral finite
element with 4 corner nodes for degrees of freedom of displacement and 4 midpoint
nodes of the edges for degrees of freedom of pore pressure and temperature. Assuming
also that the temperature is imposed uniformly along the tunnel wall circumference.
Because of the symmetry of the model through tunnel axis, only a quarter one is used in
the simulation. The geometry model and boundary conditions are illustrated in
Figure 2a in which ®n and @ denote respectively hydraulic flux and thermal flux.
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Figure 2. Geometry model and boundary conditions of the tunnel used in numerical simulation
(a), and temperature acting on the tunnel wall (b).
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Figure 3. Evolution of temperature imposed on the tunnel wall,
assuming to is the beginning instant for heating the tunnel wall.

Several studies showed that, when occurring fires in the tunnel the temperature
increases very quickly. In many cases, the temperatures can reach over 1000°C in just
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few minutes [6-9]. However, concrete is a material with mechanical properties that
change much at high temperatures. According to [16], when the temperature is over
400°C, the physio-mechanical properties of the concrete change significantly.
Therefore, simulation of the work of the concrete at high temperatures is very
complicated. In present paper, we only study the behavior of the concrete lining
subjected to low-average temperatures, around 300°C. With respect to such
temperature, for the sake of simplicity, one supposes that the behavior of the concrete is
still in the limit of linear elasticity. Fig. 3 describes the temperature function acting on
the tunnel wall.

In fact, the concrete is often partially saturated by water. In this study, the
saturation degree of the concrete is taken as 60%.

Table 1. Calculation parameters of the lining concrete

Parameters Symbol Unit Concrete
B60
Compressive strength Rc MPa 60
Mechanical Young modulus Eo MPa 40000
Poisson coefficient . 0,25
Permeability K m? 1,0x1018
Water transfer -
Porosity f % 15
Heat diffusion coefficient y) W.m1K* 2
Heat transfer — -
Specific heat capacity Cp JkgtKt 1043
Biot coefficient b - 0.8
Thefrfmgl e;<pan5|on a K-L 2,6%10°
Thermo-hydro- coetticien
mechanical properties Pr MPa 2
Water retention curve _
(Van-Genuchten) m ' m=1-1n
n - 1,54

4. Results and disscusion

Figure 4a shows the temperature in the lining over time with t, being the
beginning instant of heating the tunnel wall. It can be seen that, the temperature in the
vicinity of the wall increases rapidly according to the one on the wall. Furthers, the high
temperature only appears in the range of the 0,15m from the wall where the highest one
reaches around 75°C. Beyond this zone one can consider the concrete working at
normal temperature.
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Figure 4b shows that the capillary pressure always appears (here is the pore
pressure with positive sign) because of the unsaturated state of the concrete. At the
distance of 0,18 m from the wall, the capillary pressures are always maintained at
large values (around 4,0 MPa). This is most likely due to the influence of both
mechanical and thermal phenomena on the hydraulic phenomenon in contrast to the
vicinity of the tunnel wall where large oscillations of capillary pressure and thermal
one are observed, and the rest region of the lining where there is not much influence
of the temperature.
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Figure 4. Temperature (a) and pore pressure (b) in the tunnel lining at instants:
to, to+10 minutes, to+1,5 hours, to+2 hours, to+2,5 hours, to+3 hours and to+27 hours.

Figure 5 shows the displacements and stresses in the tunnel lining. Figure 5a
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shows radial displacement while Figures 5b, 5¢ and 5d show radial stress, tangential
stress and longitudinal stress.

Figure 5a indicates that, at the instant to, due to the loading transported from the
rock mass the lining displaces towards the tunnel center, i.e., the radial displacement of
the lining take the maximum negative value (according to the sign convention in this
work). When the temperature increases, the lining displaces away from the tunnel
center. This is explained by the thermal expansion of the lining with respect to the heat
source (tunnel center-line).

Figures 5b, 5c, 5d show that the stresses increase with the rising of temperature
and vice versa. This is because as the temperature increases, thermal deformation causes

thermal stress, and the pore pressures (including pore water pressure and capillary
pressure) impact on the solid phase which promotes increasing of effective stresses. The
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large value of radial stress is observed in the zone around 0,2 m from the tunnel wall.
The tangential and longitudinal stresses take as the highest values on the tunnel wall
(approximately 400 MPa). In comparison with the radial stresses, the tangential and
longitudinal stresses are much greater and they exceed greatly the compressive strength
of concrete. Observating the value of pore pressure (Fig. 4b), it does not exceed
4,5 MPa while the tangential and longitudinal stresses can reach hundreds MPa at the
highest temperature. This proves that the influence of hydraulic phenomena on these
stresses is not much, but mainly from thermal one. Indeed, under the influence of high
temperature the concrete expands. However, due to the characteristic of the tunnel
structure, the length is much greater compared to the width and height, so this expansion
is restricted in longitudinal direction. Furthermore, the tunnel lining is donut in shape,
so it is also restricted in the tangential (ortho-radial) deformation. Since these reasons,
the stresses in these two directions are very large. We also conducted simulations with
lower temperature levels, for example, with Tmax = 200°C and 250°C, one obtained also
these stress values greater than the compressive strength of concrete. This phenomenon
occurs not only for tunnel lining but also for some other structures that are restricted by
deformation under high temperature.
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Figure 5. Stress and displacement in the tunnel lining:
radial stress (a); radial stress (b); tangential stress (¢); and longitudinal stress (d).
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Figures 5¢ and 5d indicate that the zone of the lining around the 0,2m from the
tunnel wall can be damaged by longitudial and tangential stresses. This conforms with
the results of Mindeguia [16]. Practical observations show that the lining concrete after
the fire is often damaged in the form of breakage.

5. Conclusions

The present paper conducted the numerical simulations for lined circular tunnel at
depth under high temperature due to the fires. The thermo-hydro-mechanical coupling
behavior for plane strain model is used. Based on the results obtained, some comments
could be proposed:

- With respect to the average fire where the maximum temperature about 300°C as
in this study, heat flux transfers from the tunnel wall to inside and maintained it at high
temparature at the depth of 0,15 m.

- Subjected to the effect of temperature load, the stress - strain state in the tunnel
lining changes significally. Particularly, the compressive longitudinal stress and the
tangential stress of the lining increase greatly and exceed the compressive strength of
concrete. The region from the tunnel wall to a depth of about 0,2 m can be damaged by
these stress. Although only numerical simulations with specific assumed conditions, the
results illustrated the thermal stress field in the lining and its evolution mechanism. This
can help in evaluation of the operation safety as well as in the decision to repair the
lining structure after fires.

- Multi-physical thermal-hydro-mechanical model can be used to simulate the
behavior of concrete under high temperature.

- The extension of this work to introduce a 3D model with different temperatue
levels and geometry conditions as well as considering the nonlinearity of concrete at
high temperature will be right perspective.
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MO PHONG SO SU LAM VIEC CUA VO HAM DUOI TAC DUNG
CUA NHIET PO CAO SINH RA DO HOA HOAN

Tém tit: Sy cé héa hoan trong cdc dwong ham cé thé anh hwéng nghiém trong dén két cdu
V6 chong. Nghién ciru sie lam viéc vé chong dudi tae dong ciia nhiét do do cdc dam chay la rat
can thiét trong viéc dir bdo si an toan ciia cong trinh ciing nhw dé xudt cdc bién phdp sira chita
két cau sau hoa hoan. Bai bao tdp trung phan tich trang thai vmg sudt-bién dang trong két cdu vo
chéng duoi tac dong cua su thay doi nhiét dé do héa hoan sinh ra. Cac phan tich dwoc dua trén
cdc mé phéng sé bang phwong phdp phan tir hitu han véi cdc gia thiét cia bai todn bién dang
phdng cho mot ham dat sau. M6 hinh vmg xir két hop nhiét-thiy-co dwoc sir dung cho két cdu vo
chong va méi truong xung quanh ham. Két qua nhdn dwoc chi ra rang anh huong cia nhiét do
cao do héa hoan dén iing sudt-bién dang vé ham la rdt Iom va ving bé tong ldn cdn vach ham cé
thé bi phd hiy.

Tir khoa: V6 chéng ham; hoa hoan; tng xir két hop nhiét-thily-co; phwong phap phan tir
htru han.
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