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Abstract

The thermo-mechanical behavior of masonry walls is investigated from both experimental and theoretical points of view. Fire tests
have been performed in order to evaluate the thermo-mechanical resistance of masonry wall submitted to a vertical load (13 ton/m) and
exposed to temperatures ranging from 20 to 1200 °C. As a result we measure the temperature evolution inside the wall and evaluate the
vertical and lateral displacements of this wall during heating for a period of 6 h. These results are affected significantly by phase-change
phenomena which appeared as a plateau around °C in temperature—time curves. A theoretical model was then developed to describe the
experimental results taking in to account convection, conduction and radiation phenomena inside the wall. In addition, liquid water
migration using an enthalpic method is considered.
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1. Introduction

Recently the development of construction materials for
bearing walls in buildings has made remarkable progress.
The use of masonry walls seems to have many benefits
[1,3.6-9.12], the first of which is the fact that a single ele-
ment can fulfil several functions including structure, fire
protection, thermal and sound insulation, weather protec-
tion and sub-division of space. The second major advan-
tage is related to the durability of materials which may
remain in service for many years. From an architectural
point of view, masonry offers advantages in terms of great
flexibility of plan form. The advantages of masonry wall
construction are therefore considerable, but, as with all
materials, they must be able to withstand fire. The resis-
tance to fire of masonry wall [11,13-16] includes not only
the capacity of constitutive blocks alone, but also the one
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of its main constituent materials i.e. aggregate, cement
and water. The contribution of the aggregates and cement
to fire resistance of structure were discussed earlier [18].
Although there is much research concerning the effect of
cement and aggregate on the resistance to fire of masonry
walls, there is a need to pay attention to the role of the
water content [5,17]. The present work is devoted to the
study of this effect on the thermal response of masonry
walls subjected to fire. This paper is in two parts:

e The experimental part, which is principally devoted to
the temperature and displacement measurement within
the masonry wall exposed to temperatures ranging from
20 to 1200 °C [2].

The theoretical study, which establishes a thermal model
taking into account heat transfer through the wall by
convection, radiation and conduction.

This model also accounts for the liquid water migration
inside the wall using an enthalpic method: specific heat
variation in a small interval of temperature around the



Nomenclature

¢ specific heat (J/(kg K))

Ceq equivalent specific heat (J/(kg K))

e thickness of the partition (m)

e; thickness of the sub-partition 7 (i = 1,2,3) (m)
E, energy absorbed (J)

h; convection coefficient (i = 1,2,3.4) (W/(m*> K)
K intrinsic permeability (m?)

L latent heat of water vaporisation (J/kg)

m mass of liquid water (kg)

Gra radiation heat flow (W/m?)

(eony ~ convection heat flow (W/m?)

Geona  conduction heat flow (W/m?)

So equivalent area heat (J/m>K)

t time (min)

T temperature (°C)

To initial temperature (°C)

Tturnace temperature of the furnace (°C)
Tiso normalized temperature-curve (°C)
oT interval of temperature (°C)

w water content

24 X) the interpolation function

¢ porosity

i thermal conductivity (W/(m °C))

p mass density (kg/m*)

P4 mass density at dry state (kg/m?)
& emissivity coellicient (i = 1,2.3)

a Stephan Boltzman constant (¢ = 5.67 x 10~%)

temperature of ebullition (100 °C) for modeling the water
evaporation.

2. Experimental tests
2.1. Introduction

This Section presents the experimental results including
the temperature and the displacements of a masonry wall
subjected to high temperatures. These results are discussed
to obtain qualitative information on the thermo-mechani-
cal behavior of the wall, in particular the phase-change
effect. Moreover, it will form the basis for a quantitative
interpretation of the global thermal model developed in
Sections 3 and 4.

2.2. Materials

2.2.1. Blocks

The form of blocks used to construct the wall is pre-
sented in Fig. 1. The apparent compressive strength of
the block is 4 MPa. It is obtained by compacting the aggre-
gates with mortar using a particular mold to produce the
hollow blocks. The measured porosity and intrinsic perme-
ability are equal to ¢ =21% and K = 2 x 10" m?, respec-
tively. This type of block is widely used in the majority
of building construction in France.

2.2.2. Wall geometry and boundary conditions

The geometry of the wall used is presented in Fig. 2,
where the vertical and horizontal sections are presented
also. This wall is constructed by assembling the hollow
blocks described above.

The horizontal and vertical joints are filled by a mortar
which has the same mechanical characteristics as the
blocks. The top and bottom edges of the wall are filled
by a mortar of thickness equal to 30 mm and 20 mm,
respectively.

2.3. Furnace and mechanical apparatus

A vertical furnace with dimensions of (3 x3x 1.4 m) is
used. It has 12 x 224 kW gas-fired burners. The tempera-
ture evolution inside the furnace is controlled by the
thermocouple type K and follows the normalized tempera-
ture-curve (ISO) [2], given by Eq. (1):

Tturnace = Tiso = To + 345log,o (87 + 1) (1

where 7§ is the initial temperature, ¢ the time in minutes.
The maximal temperature which can be measured by the
thermocouples is 1250 °C with an accuracy of +10 °C.

In the normalized temperature-curve (ISO) [2], the tem-
perature reaches 900 °C at 40 min and reaches 1200 °C at
6h.

A uniform vertical load (357 kN) is applied on the wall
using the mechanical apparatus presented in Fig. 3. It is
composed principally of a portal frame metallic beam
and two jacks (V1 and V2) which apply the vertical load
on the wall by means of a metallic frame. It is servo-con-
trolled by a servo-mechanism which commands an autono-
mous hydraulic plant. The capacity of each jack is
+500 kN and the force applied can be controlled with an
accuracy of +2 kN. The vertical space between this frame
and lateral parts of the wall is filled with a rock wool.

2.4. Temperature measurement

The temperature evolution inside the wall is measured
using thermocouples fixed inside three blocks (see
Fig. 4a). The position of thermocouples in each block is
indicated in Fig. 4b. The position of the blocks is chosen
according to the French regulation (CSTB) [2].

2.5. Displacement measurement

The vertical and horizontal displacements were measured
using the LVDT transducers, which have a measurement
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Fig. 3. Mechanical testing apparatus.

ear part ranging from 0 to 25 min, followed by the second
part where the displacement is quasi-constant until 45 min.

We remark that the displacements of points (2, 4 and 6)
situated in the median axis of the wall is more important
than those corresponding to the points (3 and 7) which
are near the bottom edge of wall. These last measurements
are near the rigid metallic frame.

2.6.2.2. Vertical displacement. The average vertical dis-
placement measured by the two LVDT transducers is
reported in Fig. 8. We can point out a linear part of dis-

placement between 0 and 30 min followed by a plateau
until 90 min. Then the displacement is increasing. The pla-
teau observed from 30 to 90 min can be related to the same
features as the one on temperature-time curves (see the
curve corresponding to point 4 in Fig. 6) which can be
interpreted as follows: thermal expansion of the constitu-
tive material creates vertical and lateral deformations of
the wall. These deformations take a constant value when
the temperature of a great part of the wall becomes con-
stant during the evaporation of liquid water inside the
material.

3. Thermal modeling

The thermal transfer across different parts of the wall is
studied using a simplified one-dimensional model which
takes into account: convection, radiation and conduction.
The energy absorbed to evaporate the interstitial water is
also taken into account in this model. The model is based
on a finite difference scheme, each partition of the wall
being divided into three sub-partitions.

3.1. Energy equation

The method to construct the system of equations is to
apply the energy balance to each sub-partition of the wall.
The temperature 1s assumed to vary quadratically within
cach partition (Fig. 9). An interpolation function within
cach partition describes the temperature variation from
the temperature of three nodes ((1), (2) and (3) (see
Fig. 9) for a partition 1, for example). The general form
of the energy balance for each sub-partition 7 can be writ-
ten as follows [4):

dr dE,
e.-p-c-E=q,.+qmv+qm-l-dl (2)

o

Thermocouple

(b)

Fig. 4. Position of thermocouples in each bock in the wall.
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Fig. 6. Temperature evolution as function of time measured at several points as defined in Fig. 4.
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Fig. 7. Result of lateral displacement measurement in several points of the wall (1-7) obtained using horizontal transducers as defined in Fig. 5.
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Fig. 8. Result of vertical displacement measurement obtained by vertical transducers as defined in Fig. 5.
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Fig. 9. Definition of partitions and sub-partitions of the wall.

where ¢; is the thickness of sub-partition 7, p the density, c a
specific heat of the constitutive material. g, radiation heat
flow, Geom: convection heat flow, geona: conduction heat
flow and E, is the energy absorbed to evaporate the inter-
stitial water. In order to simplify the model, the phase-
change phenomenon (physically occuring at  exactly
100 °C under atmospheric pressure) is simulated by a con-
tinuous phenomenon during a temperature interval of 87
around 100 °C. With this assumption, the energy absorbed
during the evaporation can be written:
100457 100457
E,= / d—"' Sod—rdt (3)
w-sr At Jiwosr dr

where L is the latent heat of water vaporization, »y: mass of
liquid water by unit of volume (ny = wee;p), w is the water

content and Sy 1s the heat absorbed by evaporation for an
increasing of temperature of 1 °C, given by:

L-w-¢-p
So=—=3r 4)
The computation were made with 87 = 5°C.

From Eq. (3) we can write:

dg, . dT
FTRR ¢)
Introducing Eq. (5) into Eq. (2) leads to:
dr
el'p'[c+ceq]E=qn+qmnv+qmd (6)
Sa
‘here — 7
where : ceq P (7)



Combining Egs. (4) and (7) allows to calculate coq. It can be
written:

L-w
0T 3%T @
Finally the energy balance for each sub-partition i can be
written under the following global form:

dr
e"p'cld_'=qu+qoonv+q¢md (9)

where ¢; = ¢ + ¢y

3.1.1. Energy balance for the first partition

Fig. 9 represent the first partition of the wall with a
thickness equal to e. The thickness of central sub-partition
is equal to (e/2), the other sub-partitions have a thickness
equal to (e/4). At cach sub-partition is attributed one node
and the first partition can be therefore represented by three
nodes (see Fig. 9).

The distribution of temperature in each partition is sup-
posed to have a parabolic form as follows:

T(x) = oy (x)T1 + 22(x)T2 + a3(x)T3 (10)
The temporal derivative of Eq. (10) can be written:
T(I) =a|(x)7'| +az(x)7'2+a3(x)7'3 (“)

where Ty, T, Ty are the nodal temperatures in points 1, 2
and 3, respectively and ay(x), a2(x) and a3(x) are the inter-
polation functions which are given by:

a(x) =x(x—§) b é
) = (-5 (x+5) = (-3).
a3(x) =x(x+§) xé (12)

3.1.1.1. Energy balance for the sub-partition (1). The energy
balance of the sub-partition (1) can be written:

e . or
/*ﬂ (p- €1 F) dt = Glpumeny + lgL(_’) (13)

Using Eq. (11) allows one to write the left term of Eq. (13)
as follows:

—e/4 . . . .
/ (pra-Tdx=p-a-(Ti-an+T2-a2+T5-ani)

/2

(14)

where ay =% anp =4e anday; = — Le. The other terms of
Eq. (13) are defined:
Gra =8|6(T:umn_ T:) (ls)

where g, is the emissivity coefficient between the furnace
and the node (1), ¢ is the Stephan Boltzman constant
(6= 567%107%), Tiunace and Ty are the temperature of
the furnace and at node (1), respectively.

Geary = M (Trumace — Th) (16)

where Ay 1s the convection coeflicient between the furnace
and the node (1).

a
ﬂ =Tian + Taci2 + Tsens (17)
_

where ¢ = %‘-[n_f = %}L__, and ¢y3 =32 £
The final form of the energy balance for the sub-parti-
tion (1) can be then written:

Ty-an+Tr-an+Ts-as

= ]C| [A1(Trumace = T1) + 0(Thpece — T3)

+ MTien + Tacrz + Tsens)| (18)

where 4 is the conduction coefficient.

3.1.1.2. Energy balance for the sub-partition {2 ). The energy
balance for the sub-partition (2) can be written:
o4 . 3 or
(p~cz-7')dx=-,larl +)'E
e *=(-9) ==(%)

Similarly to the development done for sub-partition (1) Eq.
(19) becomes:
Ty-ay+Tr-an+ T an
1
= [— ).(T]Cu + Tz(.‘u + T;L‘];)
P2
+ MTren + Tacaa+ Tacas) (20)

where ay = £e, an = e, an = xe.

(19)

3.1.1.3. Energy balance for sub-partition (3). The energy
balance of this sub-partition can be written:

/‘ﬂ(p-c.i)dx=q +q +).a—T| (21)

4 B M

where g, = 220(T5 = T4) and  Guy = —h2(T5 — T4)
(22)

with £, and A are the emissivity and convection coeffi-
cients, respectively, and Ty is the temperature on point
(4) defined in Fig. 9. Similarly to the development done
for the sub-partitions (1) and (2), the energy balance for
the sub-partition (3) can be written as follows:

7‘| -as +7"1 ‘an + 7'3 * Q33

L[ ha(Ts — Ty = o(Ts — T

LA
= MTien + Taen + Tsens)) (23)
where a3 = — ke, an = e, an = te.

Finally the energy balance for partition (1) can be writ-
ten under the matrix form below:

an an ans 7] b
an an an|x || =|b (24)
as an an Ts by



where

1/6 5/48 —1/48
lag]=1 1/48 11/24 1/48 | xe
—1/48 5/48 1/6

and

by _ i (Tomace—T1) +0(Thmae = T1) + A(Th011 + Taci + Then)

Py
bae MTien + Tren+ Taen) — A(Tien + Taci2+ Taen)
: prer
by= ~hy(T3 = Ty) = 0(T3 = T3) = A(Tren + Tren + Taen)
p-os
or
T] bl
72| =[ay) " | b2 (25)
Ts by

The development of calculation of the energy balance for
the second Section A.1 and third Section A.2 partitions is
given in the appendix.

3.2, Coupled model equations

The resulting Eqs. (24), (26) and (28) (given in the

4. Results and discussion

The physical parameters of the material used in the ther-
mal model are reported in Table 1. The equivalent specific
heat given by Eq. (8) has the value of Coq =4954 (J/kg °C).
The convection and emissivity coefficients corresponding to

Table 1

Values of different physical parameters used within the model

Given parameter Value Unit

Thickness of the wall 0.017 m

Mass density of the material at 2000 kg/m®
dry state py

Latent heat of water vaporisation L 2477 x 108 J/kg

Radiation coefficient & 5.67x107% -

Initial water content in the partitions w 2% -

Specific heat of solid phase 900 kg K)

Initial temperature Tp 16 °C

Thermal conductivity of the material 4 2 WiAm=C)

Interval of temperature of phase
change phenomenon

(100-5, 100 +5] -

Table 2
Values of convection and emissivity coeffidents in each partition, used
within the model

) ) ’ g Given parameter Value Unit
appendix) can be written under the following matrix form: Ceuvection coefficients of different partitions & 20 W/m*K)
. . . - . : . x . AT 15
[h & 8 k& & & b & 2 =
[a‘j]-' 0 0 hy 14
= 0 ["u]_l 0 Emissivity coefficients of different partitions &, 002 -
-1 8 0.06
0 0 lay] 6 007
%[by by by by bs by by by by]" (30) u_ 004
1200
Normakzed
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Fig. 10. Evolution of temperature through the wall as function of time. Comparison between experimental and theoretical predictions using thermal

model.



the boundary conditions for the three partitions are
reported in Table 2.

Fig. 10 allows the comparison between the experimental
results (obtained by temperature measurement during the
heating of masonry wall) with the theoretical curves simu-
lated using the formulation previously described (Eq. (30)).

It can be seen that the theoretical model estimates cor-
rectly the temperatures at nodes (4) and (6) as defined in
Fig. 9 corresponding to measurement points (2) and (3)
defined in Fig. 4b. It can be seen that the plateau of
phase-change phenomenon at these points is also repro-
duced correctly. Concerning the node (7), (defined in
Fig. 9 and corresponding to measurement point (4) in
Fig. 4b), the model over-estimates by 35% the temperature,
compared to that measured experimentally between 60 and
240 min. This 1s probably due to the vapor re-<condensation
in the third partition which is not taken into account in this
model. On the other hand, the model under-estimates by
4.5% the temperature in node (3) (defined in Fig. 9 and cor-
responding to measurement point (1) in Fig. 4b) between 0
and 100 min. This difference 1s probably due to the fact that
the convection coefficient is supposed constant in the pres-
ent model. In fact, the convection coefficient depends
strongly on the temperature [10].

5. Conclusion

In the present study the experimental methodology used
to characterize the thermo-mechanical behaviour of a
masonry wall subjected to high temperature (until
1200 °C) has been shown. A vertical furnace has been used
to apply this temperature with respect to the normalized
ISO curve. The evolution of temperature inside the wall at
different positions has been measured using thermocouples.
During heating, the vertical and the lateral displacements of
the wall were measured using LVDT transducers. The max-
imal values registered for the vertical and lateral displace-
ments were almost 25 and 45 mm, respectively. The
experimental results highlighted the phase-change eflect,
which appears under a form of plateau on temperature
and displacements curves. A thermal model has been devel-
oped to take into account the different phenomena observed
during the experiments. This model is based on continuous
heat transfer by convection, radiation and conduction
through the diflerent sections of the wall. An enthalpic
method is used to incorporate the energy absorption by
liquid water evaporation under a form of equivalent specific
heat around the temperature of cbullition of interstitial
water (100 °C). This model gave results that showed reason-
able agreement with those obtained experimentally.
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Appendix A
A.1. Energy balance for the second partition
Similarly to the development done in the partition (1)

(see Section 3.1.1), the energy balance for the partition
(2) can be written:

an ap a; Ts by
an an an|x |Ts| = |bs (26)
as an as Ts bs

where
by = [ha(Ts — To) + o(T5 - TY)

+ AMT4en + Tsern + Tecns)) /p -
bs = [A(T4ca1 + Tscn + Tsen)

— MTyen + Tserz + Tecis)) /p - cs
bs = [~hs(Ts — T7) — o(Tg — T3)

- ).(T‘Cm + Tsen + T@Cn)]/p + Cs
Eq. (26) can be written as follows:

1'.‘ b‘
Ts| =lay)™ [b,] (27
1'.6 bd

A.2. Energy balance for the third partition

Similarly to the development done in the previous parti-
tions, the energy balance for partition (3) can be written:

ay an a; T by
ay an a3 | X 7'; = | bs (28)
ay an axn To by
where
b-[ = [h;(Tg -— T1) + G(T: Ld T;)
+ A(T7en + Tsenn + Tocws)] /p- &
b| = [A(Tﬂ.‘z] + Tg(.‘n + Tgl.‘z])
— MTqen + Tsera + Tocws)] /p- &
bs = [~ha(Ts = To) — a(Tg — Ty)
— AM(Tcn + Tsen + Tocx)| /p- o
Eq. (28) can be written as follows:
5 by
Ts| =[a)]) " | s (29)
Ts by
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