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Abstract

In this paper, a new local/global analysis technique is developed to solve multi-dimensional ground-coupled heat transfer pro
particular, the novel method is applied in this paper to determine foundation heat transfer for buildings with slab-on-grade flo
found that analytical solutions can be used successfully to capture thermal bridging effect when integrated in the developed lo
analysis technique. In addition, it is found that significant savings in computational effort can be achieved with no sacrifice in accur
local/global analysis is used.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
of
last

ution
sed
he
us,
tly-
ally,
or 1
y

ns,
ved

ns
on

rior
ws
ura-
su-
ly-
tech
tical
ues

ed
eri-
fig-
9].

alyt-
r. In
aly-
eat

rms
In
the

ess
ed

only
ins.
the
ile
in a

e, a
for
do-
tion
ain,
olu-
ain
tails
1. Introduction

Due to efforts in improving the energy performance
above-grade components of building envelope over the
three decades, the ground-coupled heat transfer contrib
to the total energy used in a typical US home has increa
significantly. Shipp and Broderick [1] estimated that t
heat transfer from an uninsulated foundation in Columb
Ohio can represent up to 67% of heat loss in a tigh
sealed home that is well insulated above-grade. Glob
earth-contact heat transfer appears to be responsible
to 3 quadrillion KJ in the US [2]. It is estimated that b
improving the thermal performance of building foundatio
up to 0.5 Quadrillion KJ of annual energy use could be sa
in the US [3].

Several insulation configurations for building foundatio
are currently used. For slab-on-grade floors, it is a comm
practice to place insulation on either the exterior or inte
surface of the foundation wall and/or floor [4]. Fig. 1 sho
various slab-on-grade floor insulation placement config
tions commonly used in the US. To determine the best in
lation configuration for a building foundation, several ana
sis techniques have been proposed [4]. These analysis
niques can be grouped into two main categories: analy
or numerical techniques. In general, analytical techniq
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provide useful physical insights but are limited to simplifi
foundation configurations [5,6]. On the other hand, num
cal methods are applied to more realistic foundations con
urations but may require large computational efforts [7–
A method that combines the advantages of both the an
ical and numerical techniques is presented in this pape
particular, a noval approach based on a local/global an
sis technique is developed to solve building foundation h
transfer problems.

Local/global analysis has been used under various fo
in the literature for different engineering applications.
particular, local/global analysis is used to increase
efficiency of computational methods for performing str
analysis [10,11]. Specifically, local/global analysis is us
to analyze the stress in composite structures using
numerical techniques for both local and global doma
In this paper, the Global analysis is used to determine
thermal behavior within the entire ground/slab domain wh
the local analysis is used to evaluate the heat transfer
smaller area located near the slab foundation.

For this new proposed local/global analysis techniqu
simplified analytical method is used to develop a solution
the ground-coupled heat transfer problem in the global
main. This global model does not account for the founda
details within the ground/slab domain. For the local dom
a numerical technique is used to find the heat transfer s
tion within a restricted area within the ground/slab dom
that accounts for the foundation details. Foundation de
sevier SAS. All rights reserved.
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Nomenclature

a half width of the slab-on-grade floor . . . . . . . . m
b water table depth . . . . . . . . . . . . . . . . . . . . . . . . . m
c interior perimeter insulation location, shown in

Fig. 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
d height of the above-grade wall . . . . . . . . . . . . . m
E far Field distance . . . . . . . . . . . . . . . . . . . . . . . . . m
e, f parameters to define the local domain . . . . . . m
h convection heat transfer

coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

kconc thermal conductivity of the concrete slab
floor . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

ki thermal conductivity of the insulation
layer . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

kss thermal conductivity of the
ground . . . . . . . . . . . . . . . . . . . . . . . . W·m−1·K−1

N number of terms in a Fourier series
QL total slab heat loss estimated using the local

solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K

Ta ambient (indoor or outdoor) air temperature . K
To outside air temperature . . . . . . . . . . . . . . . . . . . . K
Ti building indoor air temperature . . . . . . . . . . . . K
Tss slab/soil surface temperature defined by

Eq. (4) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
wfw thickness of the foundation footing wall . . . . m
wi thickness of the insulation layer . . . . . . . . . . . . m
ws thickness of the concrete slab floor . . . . . . . . . m
wwl thickness of the above-grade wall . . . . . . . . . . m
x, y space coordinates. . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

εn, δn eigenvalues defined in Eqs. (3) and (4)

Subscripts

i edge of the slab
iw inner wall surface
m middle of the slab
o outdoor or soil surface
ow outer wall surface
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such as foundation wall can be easily modeled using num
ical solution such as Finite Difference Method (FDM). T
combined analytical/numerical solution (local/global so
tion) is compared to a detailed numerical solution using
nite difference technique. This study shows that even tho
simplified analytical solutions fail to account for therm
bridging effects in slab foundations, they are very use
when considered as global solutions for the proposed n
local/global analysis, especially when large domains
considered.

2. General L–G procedure

The new local/global (or simply L–G) analysis techniq
can be applied to any heat transfer problem. In this
per, the L–G analysis technique is used to determine
ground-coupled heat transfer problems for slab-on-gr
floors. Even though steady-state and two-dimensional an
sis is considered, the L–G technique can be extende
deal with transient and three-dimensional heat flows
myriad of ground-coupled foundations including baseme
crawlspaces, and underground buildings.

The general procedure for the L–G analysis techni
proposed in this paper consists of the following steps:

• Define a simplified formulation for the ground-coupl
heat transfer problem so it can be solved by an analy
technique such as the ITPE method. For the cas
slab foundation, Fig. 2(a) presents one possible glo
domain (which consists of only the soil domain).
l

• Solve the ground-coupled heat transfer problem in
global domain using the ITPE technique (or any ot
analytical technique).

• Define a portion of the global domain that includes
details of the foundation (such as the foundation w
and slab/wall joint). This portion of the global domain
referred to as a local domain. For the slab foundatio
Fig. 2(b) presents one alternative of the local domain

• Solve the ground-coupled heat transfer in the lo
domain using a numerical method such as a fi
difference method. The temperature profiles at
boundaries of the local domain are those obtained f
the analytical solution obtained for the global domain

Using this L–G analysis, the impact of the foundat
details is captured without significant computational eff
since the numerical solution is needed only in a sm
domain (i.e., the local domain).

2.1. Application to slab-on grade floor foundation

Fig. 2 shows the slab foundation model considered in
paper to demonstrate the L–G analysis technique. Fig.
shows a simplified slab model for the global analysis.
particular, the global slab model ignores the founda
details and the thicknesses of slab floor as well as of
insulation layer and any floor covering. Fig. 2(b) illustrate
more realistic slab model that accounts for all the founda
details including footing wall, slab floor, and insulatio
layer.
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(a)

(b)

Fig. 1. Common insulation configurations for slab-on-grade floors: (a) exterior placements, and (b) interior placements.
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Under steady-state conditions, the temperature distr
tion within the ground medium and any foundation eleme
T (x, y) is subject to the Laplace equation:

∂(k · ∂T
∂x

)

∂x
+ ∂(k · ∂T

∂y
)

∂y
= 0 (1)

wherek is the thermal conductivity of the slab, insulation,
soil medium.

To determine the ground-coupled heat transfer for
slab foundation of Fig. 2, Eq. (1) is first solved. T
following boundary conditions are considered:

• Slab and soil surfaces(y = 0):

k · ∂T = h(Ta − T ) (1a)

∂x
where,Ta is the ambient air temperature (either ins
or outside the building).

• Water table surface(y = b): for this problem, the wate
table is assumed to be sufficiently deep so that
temperature can be considered constant:

T (x, b) = Tw (1b)

Experimental studies [4] have shown that water tab
can be modeled as isothermal surfaces for depths gr
than 5 m (17 ft).

• Symmetry line (x = 0) is modeled as an adiabat
boundary condition:

∂T

∂x
(0, y) = 0 (1c)
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Fig. 2. Local/global model for the slab-on-grade floor foundation w
smaller local domain: (a) global model, (b) local model.

• Far field boundary condition(x = E), beyond which the
building foundation does not affect the soil medium:

∂T

∂x
(E,y) = 0 (1d)

• Above-grade wall boundary conditions including:
At the inner surface of the wall:

kiw
∂T

∂x
(a − wwl, y) = hiw

[
T (a − wwl, y) − Ti

]
(1e)

At the outer surface of the wall:

kow
∂T

∂x
(a, y) = how

[
T (a, y) − To

]
(1f)

At the upper surface of the wall:

∂T

∂y
(x, d) = 0 (1g)

The variables used in Eqs. (1a)–(1g) are illustrated in Fi
and are defined in the nomenclature.

2.2. Global solution

Fig. 2(b) illustrates one of several options for a local d
main for the slab-on-grade foundation problem considere
this analysis. The soil temperature within the global dom
is first obtained using an analytical solution to a simplfi
heat transfer problem for the slab foundation. The gro
medium in Fig. 2(a) is modeled as an isotropic soil to s
plify the mathematical solution and to better illustrate
L–G analysis presented in this paper. The same L–G
cedure can be easily applied when nonhomogenous gr
such as a layered soil is considered. In the local dom
the foundation details are either ignored (floor and ins
tion thicknesses and above-grade walls) or are assum
be as integral parts of the soil medium (foundation walls

To obtain an analytical solution for the ground-coup
heat transfer problem beneath the slab in the global dom
as stated by Eq. (1), an effective convection heat transfe
efficient,h, is defined for Eq. (1a) to represent the equival
conductance of the slab floor/soil surface including any
sulation layer. This heat transfer coefficient can be expre
as follow:

h =
{

hm 0 � x � c

hi c � x � a

ho x > a

(2)

The temperature distribution within the ground (i.e., glo
domain) can be obtained using an analytical solution te
nique such as the Interzone Temperature Profile Estima
(ITPE) method [12]. In particular, the temperature profi
Tb(x) andTr(y) can be expressed by Eqs. (3) and (4),
spectively:

Tb(x) = 2

L

+∞∑
n=1

An cosδnx
sinhδnyb

sinhδnb

− 2

b
Tss

+∞∑
n=1

(−1)nεn

ε2
n

sinεnyb
coshεnx

coshεnc

x ∈ [0, xr] (3)

and

Tr(x) = 2

L

+∞∑
n=1

An cosδnxr
sinhδny

sinhδnb

− 2

b
Tss

+∞∑
n=1

(−1)nεn

ε2
n

sinεny
coshεnxr

coshεnc

y ∈ [yb, b] (4)

where

yb = b − f

xr = a + e

Tss= h0

h0 + kssδ cothδb

δn = (2n − 1)π

2L

εn = nπ
b
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The temperature profilesTb(x) and Tr(y), provided by
respectively Eqs. (3) and (4), are set as new boun
conditions for the local domain as shown in Fig. 2(b).

2.3. Local solution

The local domain consists of the area represented
Fig. 2(b) includes the foundation details consisting of ac
floor and insulation thicknesses as well as the floor/w
joints. The local domain is defined by soil/slab surface
two boundaries which are characterized by the tempera
Tb(x) aty = yb andTr(y) at x = xr.

The temperature variation in the local domain,TL(x, y),
subject to Eq. (1) with the boundary conditions of Eqs. (
through (1f), is solved numerically using a finite differen
technique based on a non-uniform discretization sch
and an expansive mesh. The total slab heat loss/ga
solved numerically by integrating the temperature grad
temperature along the slab surface[0, a]:

QL = 2

a∫
0

hi
[
Ti − TL(x, b)

]
dx (5)

wherehi is the convective heat transfer coefficient at
inner surface of the floor slab andTL(x, b) is the floor
surface temperature obtained from the local solution.

In this paper, the benefits of the L–G analysis compa
to purely numerical methods are investigated. In addit
effects of the local domain size on the accuracy of
solution are discussed.

3. Discussion of the results

In this section, the soil medium shown in Fig. 2(
is considered as the global domain for a building s
foundation. The analytical solution of the ground-coup
heat transfer within the global domain is based on the Fou
series presented by Eqs. (2) and (3). In order to perform
calculations, the sum in the Fourier series has to be trunc
to N terms. The effect of the truncation numberN on the
accuracy of the analytical solution is first investigated. T
effect of the local domain size on the accuracy of the L
solution is then discussed.

The slab-on-grade floor foundation used to generate
results shown in this paper has the following characteris

• Concrete slab: half width,a = 5.0 m (16.4 ft); thickness
ws = 0.10 m (0.33 ft); concrete thermal conductivit
kconc= 1.731 W·m−1·K−1 (1.01 Btu/hr.ft.F);

• Insulation layer: thickness,wi = 0.05 m (0.16 ft); uni-
form insulation,c = 0; insulation thermal conductivity
ki = 0.0275 W·m−1·K−1 (0.016 Btu/hr.ft.F);
• Footing wall: thickness,wfw = 0.15 m (0.5 ft); depth,
fw = 1.0 m (3.28 ft);

• Above-grade wall: thickness,wwl = 0.11 m (0.37 ft);
height,d = 1.5 m (4.92 ft);

• Water table: depthb = 5.0 m (16.4 ft); temperature
Tw = 10◦C (50 F);

• Indoor temperatureTr = 20◦C (68 F);
• Outdoor temperatureTo = 15◦C (59 F);
• Soil thermal conductivitykss = 1.2W·m−1·K−1 (0.70

Btu/hr.ft.F);
• Far field distance:E = 17 m (55.7 ft).

3.1. Accuracy of the global solution

The accuracy of the global solution is a function of t
number of truncation,N , used to compute the sums
the Fourier series of the analytical solution. Obviously,
higher the value ofN , the better is the accuracy but th
higher is the required computational effort.

Fig. 3 shows the variation of the normalized total s
heat loss and the CPU time as a function of the trunca
number,N . Two slab insulation configurations are cons
ered in the analysis presented in Fig. 3 (uninsulated
and R-10 (i.e., R-value= 1.76 m2 · ◦C−1·W−1) uniformly
insulated slab). Fig. 3 clearly indicates that the analytical
lution provides good estimation of total slab heat loss/g
for N = 25 with relatively little computational effort. Th
relative percent error for the total slab heat loss obtai
with N = 100 is less than 0.15% from that obtained w
N = 1000 for both uninsulated and uniformly insulated s
configurations as indicated in Fig. 3. Meanwhile, the C
time required for a truncation ofN = 100 is 8.19 second
using an AMD K6-200 MHz processor, which is almost
times less than that for a truncation ofN = 1000 (for which
the CPU time is 225 seconds using the same AMD k6-
MHz processor).

Fig. 3. Effect of the truncation numberN on the calculation accuracy o
the global solution for the total slab heat loss and the CPU time w
Qmax= 18.12 W·m−1.
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3.2. Accuracy of the local model

Two parameters,e andf , are used to define the size
the local domain as indicated in Fig. 2(b). The extensionf ,
represents the depth below the bottom of the foundation
of the local domain lower boundary. The larger the value
f , the closer the lower boundary of the local domain is
the water table defined as an isothermal boundary condi
Meanwhile, the extension,e, is the distance between th
foundation wall exterior surface and the right boundary
the local domain. Therefore, the parameter,e, indicates how
close the local domain is to the slab foundation surface.

Fig. 4 shows the effect of increasing the values
both parameters,e and f , on the total slab heat loss a
calculated by the L–G solution. For comparison purpo
the accuracy of the L–G solution is determined rela
to the detailed numerical solution. It should be noted t

(a)

(b)

Fig. 4. Effect of the parameterse andf on the accuracy of the local/globa
solution for (a) uninsulated slab; (b) R-10 (RSI-1.76) uniformly insula
slab.
the detailed numerical solution is obtained when the lo
domain coincides with the global domain. Fig. 4 prese
the accuracy of the L–G solution for two slab insulati
configurations (an uninsulated slab for Fig. 4(a) and R
(RSI-1.76) uniformly insulated slab for Fig. 4(b)) using t
same slab characteristics used in Fig. 2.

For the case of the uninsulated slab shown in Fig. 4
the percent difference between the L–G solution and the
merical solution—to calculate the total slab heat loss/gai
reduces as the ratiof/b increases. Even whenf/b = 0.1,
the difference between the L–G solution and the num
cal solution is only 1.35%. The effect of the parametere on
the accuracy of the L–G solution is less significant than
of the parameter,f . In particular, the percent difference b
tween the L–G analysis and the detailed numerical solu
remains unchanged fore/E > 0.3. This result indicates tha
without any significant loss of accuracy, the local dom

(a)

(b)

Fig. 5. Heat flux distribution for variousf values for: (a) uninsulated slab
and (b) R-10 (RSI-1.76) uniformly insulated slab.
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can be made smaller by reducing the value ofe (in the hori-
zontal direction) rather thanf (in the vertical direction).

Fig. 4(b) illustrates the effect of the parameters,e and
f , on the accuracy of the L–G solution for R-10 (RSI-1.7
uniformly insulated slab. In general, similar results to th
found for the uninsulated slab (see Fig. 4(a)) are obta
for the insulated slab case, with the exception that e
smaller percent differences relative to the detailed nume
solution are achieved using the L–G analysis. Indeed,
accuracy of the L–G solution is about 0.85% atf/b = 0.1,
and 0.45% atf/b = 0.3. It should be noted that the perce
difference between the detailed numerical and L–G solut
is the same at highf/b values whether the slab is insulat
or not.

Fig. 5 shows the heat flux distribution for various valu
of the parameter,f . The difference between the heat fl
distribution results forf/b = 0.1 (i.e., with a small loca
domain) andf/b = 0.8 (i.e., with relatively large local do
main) is minimal. As expected, the heat flux distribution
f/b = 0.8 is closer to that obtained from the detailed num
ical solution (which corresponds to the case off/b = 1.0).

(a)

(b)

Fig. 6. Temperature distribution for uninsulated slab for: (a)f/b = 0.1, and
(b) f/b = 0.8.
Moreover, Fig. 5 clearly indicates that the simplified glo
analytical solution fails to capture the heat transfer beha
at the slab/wall joint, where thermal bridging occurs. Ho
ever, the inaccuracy of the simplified global analytical
lution is reduced for a slab with higher insulation levels
shown in Fig. 5(b).

Fig. 6 presents the temperature distribution within
ground and the foundation elements for an uninsulated
with f/b = 0.1 (Fig. 6(a)), andf/b = 0.8 (Fig. 6(b)). The
agreement between the L–G solution (dashed line) and
detailed numerical solution (solid line) is slightly better f
f/b = 0.8 (i.e., larger local domain) as shown in Fig. 6(
It is clear from the results of Fig. 6 that the global analyti
solution gives good predictions of ground temperature
areas not close to the foundation details.

When insulation is added to the slab, the compara
results indicate that the difference between the L–G solu
and the detailed numerical solution is even smaller t
that obtained for uninsulated slabs. Therefore, smaller l
domains can be used for insulated slabs.

3.3. Effect of soil thermal conductivity

This section investigates the effect of soil thermal c
ductivity on the accuracy of the L–G solution, compared
the detailed numerical solution, to estimate total slab h
loss.

Fig. 7(a) shows the percent difference in predicting
tal slab heat loss between the L–G solution and the
tailed numerical solution for an uninsulated slab as a fu
tion of the soil thermal conductivity,kss. Whenf/b = 0.1,
the percent difference is minimum and is less than 0.6%
kss = 0.3 W·m−1·K−1 (2.1 Btu/hr.ft.F). However, the pe
cent difference increases with soil thermal conductivity a
reaches a maximum value whenkss= 1.2 W·m−1·K−1 (8.3
Btu/hr.ft.F). Thereafter, the percent difference reduces
the soil conductivity increases. The reason for this beha
is the thermal bridging effects (i.e., multi-dimensional h
transfer) associated with the foundation details. The foun
tion thermal bridging effects are modeled by the local so
tion, but are not captured by the global solution for low v
ues off/b (i.e., small local domain). For low values of so
thermal conductivity, the soil acts as an insulator, and
reduces the thermal bridging effects attributed to the fo
dation raised floor and wall/floor joint. For very high valu
of soil thermal conductivity, the concrete in the foundat
details acts as an insulator causing the thermal bridging
fect to be smaller. For an intermediate value of soil ther
conductivity (kss = 1.2 W·m−1·K−1 (8.3 Btu/hr.ft.F)), the
thermal bridging effects are significant and are not well
counted for by an L–G solution obtained with a small lo
domain.

Fig. 7(b) provides the percent difference in predict
total slab heat loss between the L–G solution and
detailed numerical solution for R-10 (RSI-1.76) uniform
insulated slab. The existence of insulation in both local
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(a)

(b)

Fig. 7. Effect of soil thermal conductivity on the accuracy of local/global
lution (the percent difference in total slab heat loss between the local/g
solution and the detailed numerical solution) for: (a) uninsulated slab,
(b) R-10 (RSI-1.76) uniformly insulated slab.

global models reduces the thermal bridging effects cau
by the foundation details. However, these effects re
an asymptotic value as the soil thermal conductivity,kss,
increases. Moreover, the percent difference between the
and the detailed numerical solutions decreases asf/b values
increase. For small local domains (i.e.,f/b less than 0.5) the
accuracy of the L–G solution improves as the soil ther
conductivity increases.

3.4. Effect of discretization scheme for the local solution

The local solutions for all the cases of L–G solutio
considered so far in this paper are determined using a
expansive mesh. A free expansive mesh is a mesh
expands freely throughout the solution domain. A restric
expansive mesh has a small discretization scheme and c
t

e

(a)

(b)

Fig. 8. Mesh generation schemes used in the local solutions with: (a)
expansive mesh, and (b) restricted expansive mesh.

considered as an alternative to improve the accuracy o
local solution without considerable computational effo
Basically, the restricted expansive mesh is refined in o
selected sections of the solution domain and uses a r
and uniform mesh in the remaining domain. In particu
the descritization mesh is fine in areas where there
sudden change in material thermal properties or a sud
change of temperature conditions. The restricted expan
mesh is a suitable discretization scheme especially for l
slabs, where free expansive mesh may not provide
desirable accuracy level. Fig. 8 illustrates both a restric
expansive mesh and the free expansive mesh for a ty
slab foundation model.

Fig. 9(a) presents the percent difference between pre
tions obtained from L–G solution and detailed numerical
lution for various mesh discretization schemes and local
main sizes. The results in Fig. 9(a) are generated for the
where the slab half widtha = 5.0 m. It is clear that restricte
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Fig. 9. Effect of mesh generation scheme on: (a) the accuracy, and (b
CPU time of the local/global solution for an uninsulated slab.

expansive mesh gives better accuracy for the L–G solu
than the free expansive mesh. In fact, the percent differe
for the free expansive mesh solution is larger than 0.6%
e/E > 0.3, while, for the restricted expansive mesh, it is le
than 0.5% for the same case. In addition, Fig. 9 indicates
reducing the uniform part in the restricted expansive m
does not significantly improve the solution. For example,
ducing the space increment from 0.32 m to 0.16 m impro
the solution by less than 0.01%.

Fig. 9(b) presents the computational efforts expresse
CPU time required to obtain L–G solutions using differe
mesh generation schemes. It is clear that restricted expa
mesh requires more CPU time than free expansive m
For instance, it takes 8.06 s to run a L–G solution w
the expansive mesh, 12.51 s with a restricted expan
mesh of 0.32 m space refinement, and 31.27 s wit
restricted expansive mesh of 0.16 m space refinemen
e/E = 0.5 andf/b = 0.3. The CPU time required to obta
e
.

Fig. 10. Effect of large slabs on the CPU time to generate local/gl
solutions.

the numerical solution are respectively 10.00 s for the
expansive mesh, 30.00 s for the restricted expansive m
with space refinement of 0.32 m, and 110.00 s for
restricted expansive mesh with space refinement of 0.1
Meanwhile, the global solution (i.e., the analytical solutio
takes a CPU time of less than 8.19 s to generate u
N = 100.

As a reminder, the CPU time statistics presented ab
are specific to a slab with a half widtha = 5.0 m and to
an AMD K6 200 MHZ processor. These results indic
that no significant reduction in computational efforts c
be obtained with the free expansive mesh, but 31% of C
time can be saved when restricted expansive mesh of 0.
space refinement is used. In addition, 64% of CPU t
is saved when restricted expansive mesh of 0.16 m s
refinement is used. The CPU time savings can be even m
significant when large global domains are considered (
will be illustrated in the next section), or when 3-D analy
is performed.

3.5. Effect of slab size on CPU time

A comparative analysis of the CPU time requireme
to obtain the L–G solutions for slabs with half widths
a = 5.0 m anda = 10.0 m is shown in Fig. 10. The resul
indicate a considerable increase in the computational ef
is required when the slab half width increases froma =
5.0 m toa = 10.0 m. For instance, it takes 33.09 seconds
obtain a L–G solution fora = 10.0 m with e/E = 0.5, while
it takes only 12.59 seconds fora = 5.0 m with e/E = 0.5.
Thus, it takes about 2.5 time more computational effor
solve the ground-coupling problem for building foundatio
with a half width a = 10 m than that required for slab
with a half width a = 5 m. Applications of L–G analysi
to large slabs are therefore more promising regarding C
time savings.
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Using finite difference techniques, three-dimensional
lutions for slab-on-grade floor foundations require typica
several hours to estimate annual ground-coupled heat t
fer [9]. Based on analytical techniques, solutions for stea
periodic three-dimensional simplified slab models can be
tained in few seconds [13]. Thus, the L–G analysis techn
is expected to offer substantial reductions in computing t
to solve transient three-dimensional ground-coupled p
lems when compared to purely numerical methods. Thes
ductions in execution time would make building foundat
models based on the L–G analysis technique more sui
than numerical models for integration with whole-buildi
simulation programs.

4. Summary and conclusions

It has been shown that the advantages of analytical
numerical techniques can be combined using a new
cal/global (L–G) analysis approach to determine the th
mal performance of building foundations. The L–G analy
uses an analytical solution to solve the heat transfer p
lem within the global domain. A numerical technique is th
considered to obtain the heat transfer solution for the lo
model which includes all the foundation details that are
nored by the global model.

Excellent agreement of less than 2.5% is obtained
all cases analyzed in this paper between the L–G ana
and a detailed numerical solution which is applied to
entire slab/soil domain including foundation details. Ba
on the results presented in this paper, the local domain
be made sufficiently small as long as it includes all
foundation details not accounted for in the global dom
In addition, it was found that the proposed L–G analysis
save significant CPU time for large slabs and/or where
discretization grid are used.

The new L–G analysis is particularly useful in evaluat
the effects of various design parameters of a slab founda
with minimal computational efforts. An application of th
proposed L–G analysis is to determine the thermal bridg
effects of slab/wall joint on total foundation heat trans
[14]. Moreover, the L–G analysis technique can be exten
-

-

to deal efficiently with transient three-dimensional analy
of building foundations.

References

[1] P.H. Shipp, T.B. Broderick, Analysis and, comparison of ann
heating loads for various basement wall insulation strategies u
transient and steady-state models, in: F.A. Govan, D.M. Grea
J.D. McAllister (Eds.), Thermal Insulation, Materials, and Systems
Energy Conservation in the 80’s, in: ASTM STP, Vol. 789, Americ
Society for Testing and Materials, 1983.

[2] D. Claridge, Design methods for earth-contact heat transfer,
K. Boer (Ed.), Progress in Solar Energy, American Solar Ene
Society, Boulder, CO, 1988.

[3] K. Labs, J. Carmody, R. Sterling, L. Shen, Y. Huang, D. Parker, Bu
ing Foundation Design Handbook, ORNL Report Sub/86-7214
Oak Ridge, TN, Oak Ridge National Laboratory, 1988.

[4] M. Krarti, Foundation heat transfer, in: Y. Goswami, K. Boer (Eds
Advance in Solar Energy, Vol. 13, American Solar Energy Soci
Boulder, CO, 2000.

[5] K. Landman, A. Delsante, Steady-state heat losses from building
slab with horizontal edge insulation, Building Environ. 22 (1) (198
57–60.

[6] C. Hagentoft, Heat losses and temperature in the ground und
building with and without ground water flow—I. Infinite ground wat
flow rate, Building Environ. 31 (1) (1996) 3–11.

[7] G.P. Mitalas, Calculation of basement heat loss, ASHRAE Trans
(1983), Part 1B.

[8] P.H. Shipp, Basement, crawlspace, and slab-on-grade thermal p
mance, Proceedings for Thermal Performance of Exterior Envel
of Buildings II, 1983.

[9] W.P. Bahnfleth, C.O. Pedersen, Three-dimensional modelling of
transfer from slab floors, ASHRAE Trans. 96 (1990), Part 2.

[10] R. Ballarini, Local–global analysis of crack growth in continuously
inforced ceramic matrix composites, Report for National Aeronau
and Space Administration, 1989.

[11] J.D. Whitecomb, K. Woo, Application of iterative global/local finit
element analysis, Part 2: Geometrically non-linear analysis, Co
Appl. Numer. Methods 24 (1993) 757–766.

[12] M. Krarti, D. Claridge, J.F. Kreider, The ITPE technique appl
to steady-state ground-coupling problems, Internat. J. Heat M
Transfer 31 (1988) 1885–1898.

[13] P. Chuangchid, M. Krarti, Steady-periodic three-dimensional foun
tion heat transfer from refrigerated structures, ASME J. Solar En
Engrg. 122 (2000) 69–83.

[14] A. Al-Anzi, M. Krarti, Evaluation of the magnitude of thermal bridge
of slab-on-grade floor foundations, in: Proceedings of Solar 20
Solar Powers Life, Share the Energy, June 16–21, Madison WI, U
2000, pp. 470–482.


