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Un programme d 'expgrience en v r a i e  grandeur  p o r t a n t  s u r  l es  
probl8mes de s o u l ~ v e m e n t  dO au g e l  d 'un sous-sol i so l ' e  est  
ac tue l l emen t  en cours  au Conse i l  n a t i o n a l  de recherches  du 
Canada. En p l u s  des  donn'ees r e c u e i l l i e s  s u r  l e  soul8vement, 
ce t te  exper ience  a  permis de t i re r  c e r t a i n e s  conc lus ions  
i n t ' e r e s san t e s  concernant  l e  convexion n a t u r e l l e  3 l ' i n t ' e r i e u r  
d e  l a  c a v i t g  des  murs en  b locs  de  beton. Les donn'ees 
expgr imenta les  e t  un c a l c u l  s i m p l i f i g  u t i l i s a n t  l a  mgthode des  
616ments f i n i s  on t  t ous  deux d'emontr'e que l a  convexion 
n a t u r e l l e  dans un mur de  b locs  de  sous-sol peu t  c o n s t i t u e r  un 
f a c t e u r  important  dans l e s  dgpe rd i t i ons  c a l o r i f i q u e s .  La 
p r a t i q u e  a c t u e l l e  c o n s i s t a n t  3 n ' i s o l e r  q u e  l a  p a r t i e  
sup 'er ieure  i n t g r i e u r e  des  murs n ' e s t  p e u t - t t r e  pas  e f f i c a c e  
pour l imiter  les p e r t e s  de  cha l eu r  pa r  les  murs de  b locs ,  mais 
l ' i s o l a t i o n  du mur s u r  t o u t e  l a  hau teur  peut  causer  une 
r g d u c t i o n  c o n s i d e r a b l e  d e s  t e m p e r a t u r e s  a u  n i v e a u  d e s  
semelles.  
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SYNOPSIS 
A full-scale experimental programme to study the 
adf reezelheav ing p rob lem of an insu la ted  
basement is currently underway at the National 
Research Council of Canada. Apart f rom heaving 
resu l t s  t h i s  exper iment  has a lso y ie lded  
in terest ing f indings related t o  t he  natural 
convection in concrete-block wall  cavities. Both 
the field data and a simplified f inite element 
model calculation show that natural convection 
in a block basement wall can be a significant 
factor contributing to  heat losses. Insulating only 
the inside upper portion of the wall, as is current 
practice, may not be effective in reducing heat 
losses w i t h  block walls, whi le  fu l l  length 
insulation may lead to significant lowering of 
ground temperatures near footing levels. 

INTRODUCTION 
Dur~ng  the last decade energy conservation 
became an important factor for the construction 
industry. The problem of heat losses through all 
components of a building envelope has received 
considerable at tent ion.  A large amount of  
research work has been done on heat losses 
from basements, taking into account various 
types of wall construction, insulation, type of soil 
surrounding basements, soil moisture content 
together wi th  soil thermal characteristics and, of 
course, the ef fect  of climatological conditions 
[I-71. The ef fect  of natural convection in the 
cavity of a block wall has not, however, been 
sufficiently addressed. This paper examines the 
overall heat f low through a block wall as wel l  a 
the consequences of enhanced wall internal 
cooling by natural convection. 

PROBLEM STATEMENT 
In  accordance w i t h  the  Canadian National 
Building Code, basements in all new buildings 
m u s t  b e  insu la ted .  The vast  ma jo r i t y  o f  
basements  are insulated f r om the  inside, 
because of the greater cost of placing styrofoam 
insulation on the outside surface of basement 
walls, especially in retrofi t  situations. In order to  
save energy there has been a tendency to  lower 
the air temperature in buildings in general and in 
basements in particular. While such conservation 
measures considerably reduce the heat f low 
through basement walls, they also cause the 
zero degree isotherm (frost line) to  move further 
into the wall i tself.  The interface between the 
wall and surrounding soil wi l l  thus be at a 
subfreezing temperature, possibly allowing soil 
to  freeze solidly to  the wall. If the soil is frost 
susceptible (clay or silt) and sufficient moisture 
is available, frost heaving could potentially l i f t  
part of the wall. Because typical cast-in-place 
concrete basement walls have small or negligible 
tensile strength to  resist the shear stress on the 
wall-soil interface imposed by heaving, the risk 
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of damage exists. Concrete-block walls are, of 
course, even weaker. 

In the case of a block wall insulated or partly 
insulated on its inside surface, there can be a 
large temperature difference between the inside 
and outside boundaries of the wall cavity. This 
temperature difference creates a strong air 
f low in the wall  cavity, which can substantially 
cool the lower part of the wall  by natural 
convection. The cooling may be sufficient to  
create conditions favourable for frost heave in 
the soil near the base of the wall. If, however, 
the insulation covers only the upper inside wall 
surface, as is f requent ly  done, heat loss 
resulting f rom the enhanced convection may be 
substantial. 

EXPERIMENT 
To investigate these potential problems in a f ield 
situation an experimental house was constructed 
on the National Research Council of Canada 
(NRCC) campus  at  O t t awa .  A comp le te  
description of the equipment along wi th  thermal 
and movement data collected over three seasons 
wi l l  be presented elsewhere [8] and only a short 
description of the relevant parts of that project 
wi l l  be given here. 

All four walls of the experimental basement 
(dimensions 10 m x 10 m)  were constructed 
w i t h  s l ip  jo in ts  in t h e  co rners  t o  a l low 
independent wall movements (Figure 1). Two of 
the walls were built of concrete blocks and t w o  
of cast-in-place concrete. Both block walls were 
insulated wi th  10 cm of styrofoam on the inside 
surface. One concrete wall and one block wall 
were insulated ful l  height while the other block 
wall was insulated only from the top to  a level 
60 cm below the outside grade. The second 
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Figure 1 Plan view of the experimental basement. 

concrete wall  (facing south) was not used in the 
exper iment .  These t h ree  wa l l s  w e r e  
instrumented w i th  thermistors for temperature 
monitoring and wi th  dial gauges for horizontal 
and vertical displacement measurements (see 
Figure 1) .  Thermistors were backed up by 
thermocouples at  se lected cr i t ica l  po in ts .  
Ground tempera tu res  and ver t i ca l  so i l  
movements next to  the wall were measured, and 
apparatus for  periodic in-situ monitoring of  
thermal properties and moisture contents were 
also ins ta l led .  Thermis to r  ou tpu t s  w e r e  
automatically recorded at 4 h intervals using a 
DEC 1 1-34 minicomputer, while .dial gauges 
were periodically read manually for possible 
ve r t i ca l  (heave)  and hor izonta l  (cave- in)  
movements. 

Experimental  Results. Typical early morning 
mid-winter temperature distributions in the t w o  
block walls and the concrete wall  are shown in 
Figure 2. A significant difference can be seen 
between partly and fully insulated block walls, 
where the 0°C isotherm in the partly insulated 
wall is considerably nearer the ground surface, 
presumably because of the large heat losses 
caused by natural convection. The temperature 
difference between the inside of the lower part 
of the uninsulated wall (+13.5"C at A, Figure 2) 
and the upper exposed part of the wall (-13°C at 
B) creates a strong convective cell wi th in the 
wal l  cavity. The 0°C isotherm in the ful ly 
insulated block wall is at approximately the same 
location as in the fully insulated concrete wall. 
This location is largely condit ioned by the 
tempera tu re  o f  t he  sur rounding soi l .  The 
temperatures at the base of the walls are, 
however, distinctly different. The cause of this is 
again, presumably, natural convection in the 
block wall cavity. 

For t h e  concre te  wal l ,  ex te r io r  base 
temperatures are similar to  or just slightly 
warmer than ambient soil temperatures at the 
same level. Base temperatures for the partly 
insulated block wal l  are approximately 3°C 
warmer than ambient conditions and are the 
wa rmes t  of  t h e  th ree  cases.  Exter ior  
temperatures at the base of the fully insulated 
block wall are, by contrast, about 3°C colder than 
the ambient soil temperatures. 

Typical thermal behaviour of the walls wi th  
t i m e  is ind ica ted  in  F igures 3 and 4. 
Temperatures a t  a s imi lar  e levat ion 
(approximately 30 cm below ground level) on 
both inside and outside faces of the concrete are 
shown  versus t i m e  f o r  t he  th ree  wa l l  
configurations. Figure 3 presents the cooling 
trend, and Figure 4 the warming trend. The 
temperature difference between the two  wall 
surfaces for the block wall remains roughly 
constant (2 - 2.5"C) throughout the winter. This 
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Figure 2 
Temperature distribution 
and 0°C isotherm in 
basement walls and 
surrounding ground on 
January 12, 1984. 

is in sharp contrast w i th  the situation in the aT 
concrete wall  where horizontal temperature Conservation of Energy: PC- at  = - * ax;  + Q 

- .  

differences, far f rom remaining near c-onstant, 
even showed reversal on t w o  occasions. In spite Constitutive Relations: 
o f  t h e  varv ina amb ien t  cond i t i ons ,  t h e  
temperature differences at similar levels in the 

~ 1 j  = Paii + p - t w o  block walls remained nearly constant. This (::: + 3) 
behaviour is further evidence of the important 
convective transfer occurring in these cases. aT q . =  - k -  

ax, 

FINITE ELEMENT MODEL 
A general purpose, f inite element program for 
s tudy ing  natura l  convec t ion  phenomena 
developed by Gartling [9] has been used in this 
wo rk .  The f o l l ow ing  assumpt ions  are 
implemented in this model: only buoyancy- 
induced motion and heat transfer are considered 
in the block wall cavity, while conductive heat 
transfer alone is assumed in all solid materials. 
Air in the block cavity is assumed to  be a 
Newtonian and incompressible fluid, the f l ow to  
be two-dimensional and laminar, and viscous 
dissipation to  be negligible. The fol lowing 
system of equations was used: 

Conservation of Mass: *= o 
axi 

au aTii 
Conservation of Momentum: p 2 = - + pg at  ax, 

where u is the velocity vector, T the t ime, P the 
pressure, T the temperature, p the density, T , ~  

the stress tensor, q the heat flux vector, Q the 
volumetric heat source, p the viscosity, c the 
specific heat, k the thermal conductivity, and P 
the coefficient of volume expansion. 

The computer program was developed using 
the Galerkin method to  form the corresponding 
discretization. Formulation of the program is 
based on isoparametric elements. This program 
makes use of  e i ther the  Newton-Raphson 
procedure or the Picard algorithm as iteration 
procedure during equation solution. The frontal 
method is employed for solution of the matrix 
equations. Depending on the type of problem 
under consideration the program can handle 
isothermal ,  weak ly  coupled convect ion or 
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Figure 3 
Temperatures of wall 
surfaces during cooling 
trend. 

strongly coupled convection. The details of the block wall cavity. The objective was not to  
p rogram and f i n i t e  e l emen t  methodo logy  validate the computer model bu t  rather to  
employed are described fully in [9]. compare predicted temperature distributions in a 

qualitative sense wi th  those measured in the 
Finite Element Results. The purpose of the field and, to  gain an insight into air movement in 
finite element analysis was to  show the main the wall cavity. 
trend in the temperature distribution as wel l  as The f inite element mesh consisted of  11  1 
the behaviour of the air f low (streamlines) in the 8-noded quadratic isoparametric elements. The 
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Figure 4 
Temperatures of wdl  
surfaces during warming 
trend. 
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Figure 5 
Results of finite element 
modelling in steady state; 
left temperature isotherms 
in a basement block wall; 
right streamlines in the 
block wall cavity. 

i cavity wall was represented by a single block, 
consisting of outer and inner vertical concrete 
members containing an air-filled cavity. The 
concrete members were modelled as single solid 
elements whereas the block wall  cavity was 
modelled by a 4 x 11  element mesh. 

Boundary conditions used in the steady-state 
analysis together wi th  computed temperature 
isotherms are shown in Figure 5a, while air-flow 
s t reaml ines  are p resen ted  in  F igure 5b.  
Calculated temperatures are similar to  those 
measured in the experiment. Temperatures on 
the outside of the wall at the foundation level 

compare  ra ther  we l l ;  6 . I 0 C  and 5.7"C. 
respectively. Form as wel l  as location of most of 
the isotherms are also similar. An exception is 
the 0°C isotherm, which, in the field, is located 
higher than predicted. This is due to  the strong 
in f luence  o f  l a ten t  heat  in  t h e  so i l  ( no t  
considered in the model) as wel l  as to  the 
transient nature of the actual f ield situation. 

Figure 5b shows the convective cell in the 
block wall  cavity. I t  is interesting to  observe that 
wi th in the main convective cell spanning the 
entire cavity t w o  smaller secondary convective 
cells developed. This is probably caused by the 
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distinct difference in outside wall temperature 2. Mitalas, G. P. "Basement heat loss studies 
between the upper exposed surface and the at DBRINRC" DBR Paper No. 1045, Division 
lower buried portion. of Building Research, National Research 

Council of Canada, Ottowa, Ontario, Canada, 

CONCLUSION 
As a result of this study, certain important, as 
well as practical, conclusions can be drawn. If 
basement walls are constructed using concrete 
blocks, then  any oppor tun i ty  for  natural  
convection to develop in the wall cavity wil l  
significantly increase the overall heat losses. 
With fully insulated block walls, considerable 
cooling can occur near the base of the wall, 
which raises the possibility of causing frost 
heave damage to the footings in appropriate 
c i rcumstances.  Therefore, i f  insulat ion is 
extended right down to the basement floor, i t  is 
imperative that the natural convection in the wall 
be prevented or, at least, significantly retarded. 
Insulation covering only the upper inside surface 
may result in high heat losses owing to  the 
enhanced convection made possible by this 
configuration. 

I t  can be inferred as well that exterior 
placement of  the  insulation would reduce 
temperature gradients and hence convection 
within the wall cavity. Heat losses would be 
correspondingly diminished while, at the same 
t ime, foot ing temperatures wou ld  no t  be 
lowered by the presence of the insulation. 

These and other questions arising out of this 
work wi l l  continue to  be examined in the future. 
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