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Effort of the protective structure of the shelter
under the influence of an external fire

The paper presents a numerical analysis carried out to determine the influence of
the ground surface fire on the strain level of shelter housing with the ground cover. It is
assumed that the underground shelter is longitudinal and the fire spans on an extensive
area. The area surrounding the housing was treated as a material with average constant
thermodynamic values. The heating and cooling processes were described on the basis
of the Fourier’s equation concerning heat conduction in consideration on material,
ground and concrete heterogeneous nature. The numeric analysis was carried out in
two stages. In the first stage, a quasi-stationary initial temperature distribution was
sought in the ground centre and shelter shield. In the second stage of analysis, the fire
effect was considered according to the time profile of temperature variation in object.

1. Introduction

In many building structures, hazards are encountered due to sudden ignition
or explosion of gas, explosion of hot liquid or vapor, contact with hot objects,
contact with electric arc, etc. Thermal hazards in these emergencies can have high
intensities exceeding 100 kW/m? and 1000°C. In this paper, fires in structures
of special interest such as shelters are modelled. There are few publications on
shelters because they are usually strategic facilities for companies, or the military.
The presented analysis is one of the few works on this type of issues. Own numerical
software was used, prepared for simulation of temperature distribution from the
fire environment to the shelter interior. Mathematical model describes unsteady,
two-dimensional heat conduction through different types of media.

Fire incidents in buildings are one of the most dangerous hazards when it comes
to evacuation safety. In order to reduce the aftermath of fire in buildings, systems
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are designed to improve the fire evacuation safety [1, 2]. Evacuation safety is related
to a number of sub-issues. One of them is a properly selected escape route, during
which adequate visibility, gas composition and temperature are ensured [3, 4].
The evacuation route is also affected by the conditions of fire development in the
surroundings [5, 6]. Additional elements are the issues related to fire resistance
of building structures and their components [7-9]. The design of fire protection
systems in underground objects is a complex, multi-stage issue, which creates
many problems for designers [10, 11]. That is because of the complex nature of
the physical phenomena that accompany the formation and development of a fire,
against the effects of which the fire protection system should provide protection.
A useful tool for assessing the performance of fire ventilation systems at the design
stage is conducting thermal-flow analyses using the computational fluid mechanics
CFD to recreate the conditions occurring in a building during a fire [12-14].

Modelling is carried out at various scales from micro [15] to real objects
[1, 13, 16]. A methodology based on an automated optimization technique that
uses a genetic algorithm is developed to estimate the material properties needed
for CFD-based fire growth modelling from bench-scale fire test data [17]. Of
particular interest is the modelling of shelter-type objects [11, 18, 19]. In this
case, it is difficult to talk about fire ventilation and escape route. Air conditioning
systems are limited to ensuring the right temperature, humidity and air velocity
in the spaces. In modern shelters, there is no ventilation, the air composition is
prepared by removing harmful gases on the principle of adsorption, while oxygen
is supplied from cylinders. Consequently, the appearance of a fire outside a shelter
comes down to an analysis of the temperature distribution inside the structure of
the object [20].

The subject to analysis was the shelter housing strain due to external fire on
the ground surface [21]. The numerical projection was carried out for a separated
area covering the longitudinal, dug shelter together with the surrounding land [22].
It was assumed that the fire covered an extensive area which allowed one to adopt
a geometric model in the analysis in the form of a flat, heterogeneous shield with
the width equal to the size of the shelter increased on both sides by AL. The shield
structure covers the shelter filled with air, monolithic, reinforced concrete housing
and an adjacent land limited in the part above the ceiling level with a specified
thickness of the covering layer equal to AA. During the shelter construction, main
and structural reinforcement was neglected due to the assumed approach assuming
that heat conduction is determined by the thermodynamic properties of concrete.
At the edge of the top shield, we assumed the environment temperature. Bottom
edge of the shield was situated below the foundation slab level. It was positioned
at the depth ensuring low sensitivity of the numeric analysis to its location. The
analysed shield model was presented in Fig. 1.

Numerical calculations were performed using an author’s own program written
in the Turbo Pascal. The numerical analysis was carried out in two stages. In the first
stage, a quasi-stationary initial temperature distribution was sought in the ground
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Fig. 1. Heterogeneous shield model

centre and shelter shield. It was assumed that this condition is determined by two
factors: proper air temperature in the summer time as well as thermal effect of the
protected resources and shelter crew, which after filling will be completely hermitic.
It has been assumed that air temperature in the summer time is ry = 22°C. The
initial temperature in the ground centre, housing and shelter room was assumed to
be tgheier = 12°C. At the same time, a function of temperature increase was assumed
in the shelter room. Temperature increase is due to heat generated by shelter users.
It is assumed that the shelter room temperature after one day reaches the stationary
distribution in the form of a linear function at the room’s height. This function
spans across the ordinates at the floor and ceiling level, (oor, fceiling)- The edge
values of these temperatures were assumed, fcejling = 28°C and tfoor = 0.87ceiling.
Further, stationary nature of this distribution is ensured by shelter’s air conditioning
system. After 4.5 days, quasi stationary temperatures were reached in the analysed
shield — the housing and the surrounding land.

In the second stage of analysis, the fire effect was considered according to the
time profile of temperature variation as per [23—25]. This profile covers the change
of higher fire temperatures over a certain period 7;p < 7 < Tp. We will define
this period as the pre-heating, after the elapse of which the period of external air
cooling will commence. In the cooling period (7 > 7p), we will assume that the
external temperature will be described according to the adequate equation of Gauss

curve falling branch.

1p(T) = fyax [1 = 0.325¢70167077) _ 0,675¢7 067370 | g, (la)
tp(7) = 1(rip) P TTIITEETIO py (1b)
In Eq. (1a), the initial air temperature prior to the fire equals ¢, and in Eq. (1b)

tasympt becomes the temperature of the post-fire extinction. faympt = 30°C was
assumed for numeric analysis.
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2. Theoretical formulations and solution methodology

A non-stationary heat condition process was considered based on Fourier
equation with the constant, average temperature adjustment in individual shield
areas.

PP 1
0x2  90z2 aodt’

(2)

A
where: a = — — average temperature balancing factor dependent upon A heat
C

conduction fzfctgr, proper heat ¢, and volume density p of the ground or concrete.

Equation (2) is solved using a differentiation method combined with an open
integration scheme and assumed temperature distributions — in the first stage of
initial conditions determination in the shield according to item 2 and in the second
stage of fire interaction ((1a), (1b)) on the surface level subject to temperature
continuity in the shield at 7 = 7;p.

The spatial division of Ax and Az and the time step of At was introduced,
which ensure stability of numeric procedure and consistency of differentiation
solution. The evolution formulas of the grid temperature were derived using the
energy balance method of A.P. Waniczew [21, 26], for convenient analysis of areas
with thermodynamically heterogeneous properties. Presented below are evolution
formulas in the characteristic grid points.

A system of nods included in the elementary energy balance for nod (I, J=2) is
presented in Fig. 2. We assumed that temperature assumption factor from the fire

air area into the ground is @ajr-ground = 2.4 —=

m2K’
I-1 I I+1
tr J=1
u’air—gmund
l L 1
o} o e} =2

J=3 AZ

4t r

Fig. 2. The system of nods participating in the elementary energy balance for nod (1, J = 2)

The balance of elementary energies is expressed by the following equation (3)
which takes into account t" (I-1,2) = " (I, 2) = " (I+1, 2), as a consequence of the
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assumption of the extensive fire area.

"L3)-t"(L2 "L2)-td,1
PR ) () BN () 18 D R
Az 1 N Az
7 ground Qair-ground 24 ground

= paromndCadrdz [ (1L2) ~"1D)]. ()

Heat penetration factors from the fire into the ground and back were varied.
The thermal energy balance equation after the insertion in (I, 1) = ¢}, is as
follows

1 1
"N L2) = |1 - (1+ )]t"(I,Z)
Mz, ground N, z,air-ground
+ ! [ L +1"(I 3)] 4)
Mz,ground Nz,air—ground ’ ’
where:
AZ?
M. =—, 5
wground agroundAT (>2)
N, ai _ ! + ! (5b)
Z,air-ground — ) ABiZ,ground .
In Eq. (5b) N, air-ground is defined using the Biot number,
 ir- Az
ABi ground = Tairground 2 (6)

A ground

The case where the nod and its surrounding areas remain in a homogeneous
area, for example in the ground.

I-1 1 T+1 l
Az
[0} J-1
|
[
o) o J AZ
|
[
J+1 Az
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Fig. 3. A system of nods participating in the elementary energy balance
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Based on the energy balance equation, we will be able to calculate the following:

1 1
ML) = 1—2( + )] N)
M z,ground Mx, ground

R [*(1-1,0) + " (I+1,1)]

Mx,ground
1 n n
+ — ["@I-1) + "(LI+1)], @)
Mz,ground
where:
M Ax?
x,ground = T A >
agroundAT
AZ?
Mz,ground = >
agroundAT
/lground
dground = — -
PgroundCa

Nod within the external land cover directly adjacent to concrete (I, J=JOB)

Separate analysis is required with respect to nod situated directly in the neigh-
bourhood of the ground and concrete housing borders area. The formula presented
below allows us to calculate the evolution of temperature in the nod situated in the
ground cover in the J=JOB layer adjacent to the concrete housing. We will use the
geometric model given below.

I1 I I+1 |
Az
® JOBO
|
GROUND @ Y @ JOB Az
|
CONCRETE JOB1
Az

iy Ty

Fig. 4. The system of nods participating in the elementary energy balance
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Based on the energy balance, we obtain a formula representing the temperature
evolution in the nod (I, JOB)

2 1 2
t”“(I, JOB) = |1 - + 1 - t"(1,JOB)
1+ /lground Mz,ground Mx,ground
Ac
1 2 n n
+ t"(ILJOBI1) + t"(1,JOBO)
Mz,ground 1 /lground
+
Ac
t"(I1,JOB) + t"*(10,JOB
, ["(01,JOB) +(10,J0B) )
Mx,ground

where Ac¢ is concrete thermal conductivity. In the next step we determine the
temperature evolution formulas in the remaining areas of the shield.

3. Results and discussions

The shield of the thickness equal to As = 0.4 m and axial dimensions of the
elements constituting the housing L = 6.00 m and H = 2.80 m was considered.
In the numerical analysis, it was established that the thermal interactions included,
in principle, the near surface strip of the total thickness equal to the thickness of
the cover and the housing ceiling, i.e., Ak + 0.40 m. This observation was used to
determine the thermal effect on the housing. It was therefore justified to burden
with the temperature changes only the housing ceiling — the main upper frame
rafter.

Two cases we considered. In the first one, the fire with the following parameters
was considered: fpax = 650°C, Tmax = Tk — Tip = 2 h. It was assumed that the
thickness of the ground cover was A#; = 0.40 m. The numeric results including the
analysis stage, whose aim was to determine the initial conditions of the shield at the
break of the fire and the stage of pre-heating and cooling of fire temperatures are
given in Fig. 5. Individual temperature variation curves represent selected layers:
sub-ceiling and five internal ceiling layers. The black line represents the extreme,
external ceiling layer.

The system of curves in the initial stage is reflected by the temperature dis-
tribution in the shield aiming at stabilisation. We assumed that these temperatures
constitute long-term effect on the shelter housing and the results of such influence
are subject to relaxation. For this reason, we do not consider them when predict-
ing the initial shelter strain. We look for strain increase due to the occurrence of
fire [23, 24].
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Temperature variability in the ceiling at depth:

z=0 [ser.1) — Tmax=50,1 degrees Celsius, z=0,1m (ser.2),...,
z=Hceiling=0,40m (ser.5) T=28,3 degrees Celsius
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Fig. 5. Temperature variability in the sub-ceiling and five internal layers in the stage of determining
the initial conditions of the analysis and the stage of influence of fire (650°C, 2 h)

Based on the analysis, the temperature increases due to fire were evaluated:
on the ceiling surface (internal temperature) Aty = 25.5°C and on the external
surface (outside temperature) Azexy = 3.7°C. The shape of the bending moments
and longitudinal forces due to load: altogether, the load of the cover, side thrust onto
the housing walls, own weight of the housing and temperature effect (Atip, Afext)
on the frame rafter is given in Fig. 6.

l\'IP N IS
Ns

Nr

Fig. 6. The shape of the internal force diagram within the housing structure

Characteristic ordinate values are as follows:

bending moments Mp = —111.11 kNm/m, Mg = —30.11 kNm/m,

)
longitudinal forces Ng = —38.18 kN/m, Np = —10.51 kN/m.
Values due to temperature are equal:
Mp = Mg = -74.41 KkNm/m, Ng = —-Np =-31.92 kN/m. (10)

From the comparison of (9) and (10) we can draw a conclusion that the
share of thermal influence in the strain of the critical cross-sections of the raft is
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considerable. This comment pertains in particular to critical cross-sections of the
upper node of the frame. The occurrence of the compressive force in the main rafter
is used due to tightness of the housing. In the other case, fire with the following
parameters was considered: f.x = 1600°C and 7iax = 1.5 h. It was necessary to
assume the cover of increased thickness of Ah, = 0.60 m. Analogous temperature
variability in the housing ceiling layers is presented in Fig. 7.

80

J = JOB1
70 VAN — J=50

) A LY
i ? \ — J=80
. S
A==

I/

temperature, °C

0 T T T T
0 25000 50 000 75000 100 000 125 000

time, s

Fig. 7. Temperature variability in sub-ceiling and five internal ceiling layers in the stages of
determining initial analysis conditions and fire influence stage (1600°C, 1.5 h)

As in the preceding case, we look for temperature increases in the housing
frame rafter due to fire. This can be estimated in the following way: Aty = 47.7°C
and Atey = 4.6°C. The characteristic values of the ordinates of the internal force
diagrams are as follows:

bending moments Mp = —190.71 kNm/m, Mg = -91.71 kNm/m,
longitudinal forces Ng = —70.62 kN/m, N = 17.06 kN/m.

The values due to temperature are equal:

Mp = Mg = —145.47 kNm/m, Ns =—-Np =—-61.93 kN/m.

4. Conclusions

The results of the numerical analyses indicate that the thickness of the soil layer
should be determined according to the parameters of the fire when analysing the
second case, a fire with parameters: £, = 1600°C and it is necessary to adopt a soil
layer with an increased thickness Ak, = 0.60 m. The most temperature-exposed
ceiling of the shelter suffers a considerable compression as the above results show.
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Bending upwards relieves the load on the middle section due to bending, at the
same time adversely burdens the node of the monolithic confirmation of the ceiling
in the wall.
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