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PREIFACE

The term "thermal bridge" is often used to describe those loeca-
tions in the enclosure of a bullding through which heat is conducted
more easily than through adjacent construction. In general this
_occurs where materials of relatively high thermal conductance provide
a low reslstance path for heat flow from inside to outside. In a
heated building during cold weather, the inside surface temperature
at a thermal bridge is lower than that of the surrounding construc-
tion and this is usually more serious than the additional heat loss.
The low surface temperature may result in condensation on the surface,
or require a low inside humidity in order to avoid such condensation.
The variations 1n surface temperature due to the presence of the
thermal bridge may also cause undesirable dust marking, since the
rate of deposition of dust on a surface is a function of the differ-
ence 1in temperature between air and surfaces. Thermal bridges are
thus particularly significant in cold climates, such as exist during
the winter for most parts of Canada.

For some buildings thermal bridges may not present any serious
problem, but for the majority it is important to at least recognize
the limitations which they impcocse. In bulldings where even moderate
humidities must be maintained, it is lmperative to eliminate thermal
bridges; thus a knowledge of their characteristics 1s required.
Unfortunately, heat flow in the vicinity of thermal bridges is com-
plex and in many cases the most practical method of obtaining the
required information is by direct measurement., For this reason,
information is still inadequate.

Thermal bridges may take many forms. The Division has made
extensive studies of thermal bridges assoclated with studding of con-
ventional insulated wood-frame construction and with metal frames and
sash of windows. Another important type of thermal bridge 1s associl-
ated with structural steel or concrete framing, and it 1s mainly with
this type that this paper by J. Berthier of C.S.T.B. deals. The
translation includes only Parts 1 and 2 of the paper, describing the
results of laboratory measurements, since these are of particular
interest to the Division.

The Division is grateful to Mr. D.A. Sinclair of the N.R.C.
Translations Section for preparing this translation.

Ottawa N.B. Hutcheon
August 1964 Assistant Director
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FOREWORD

The following 1s a report on a new stage in the researches undertaken by
the Centre Scientifique et Technique du BAtiment (C.S.T.B.) on what we call
the "hygrothermal characteristics” of external walls, 1.e. the characteris-
tics involved in problems of humidity and heat.

The first researches dealt with the resistance of walls to rain; the
results were published in our Cahiers (No. 178, Section 19): "Resistance of
porous materials to rain" (whole bricks, concrete blocks, soft limestone) and
(No. 312, Section 39): "Some results of rain tests on light masonry" (with or
without coating). These investigations made 1t possible to develop testing
methods: "Research and checking tests approved by C.S.T.B." (Cahier No. 312,
Section 39), to which reference has been made in the acceptance resolutions,

especlally with reference to the capillarity requirements under pressure of
wall materials,.

The investigations were then directed to the U values of walls. The
results were published under the title: "Recommendations for the use of light
masonries" (hollow terra cotta blocks, concrete blocks, light tamped concrete,
autoclaved cellular concrete) Cahier No. 34, Section 287. Here we find first
a report on tests ending with the determination of "useful U" values, i.e. U
values of walls taking Into account their moisture content. We then find
recommendations establishing maximum admissible U values, and hence minimum

thicknesses of walls, with special reference to the dangers of surface conden-
sation depending on the rating of the equipment and occupation of the building.

The lnvestigatlons described here concern the weak thermal points,
commonly kmown as thermal bridges. They owe thelr origin to the desire to
combat surface condensation. In Part III precise, quantitative recommendations
are made concerning means of reducing the effects of weak thermal points in
heavy concrete frame walls. It was possible to establish only general princi-
ples for thin light walls with wooden or metal framing. The particular case
of walls with ailr gaps has not been dealt with.

Investigations are now underway on air gaps in walls and roofs with two

obJjectives: to combat condensation 1n the wall material, and to provide pro-
tection against insolation., The former problem has already been touched on in
connection with roofs in Cahier No. 31, Section 259 "Condensation below self
supporting aluminium roofings".

A summarization and synthesis of these various investigations will be
found in Vol. II of the R.E.E.F.-58, the chapter on "Hygrothermics and
ventilation,

M. Croiset
Chief of the Division "Hygrothermics of Materials"
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Considerations of comfort,

number

WEAK THERMAL POINTS OR THERMAL BRIDGES

Summary

Uniformity of temperature on the internal surface is one
of the essential hygrothermal characteristics of a wall.

The weak thermal points, which are the cause of uneven
temperatures, constitute a weakness which ought to be elimi-
nated.

The author describes a large number of tests carried out
with various types of wall (dense walls and lightweight panels)
in order to assess the importance of thermal bridges and to
determine the effectiveness of posslble remedies. He shows that
the accepted theory used in the calculation of U values is
unsatisfactory when estimating surface temperatures. The results
obtained can be explained, however, by two simple hypotheses,
From these, practical rules are derived by which the effect of a
thermal bridge can be estimated, and recommendations are made for
reducing this effect.

Introduction

of factors, for example:
the function of the wall (roof, fagade, gable, etc.);

the type of building (school, office, various categories of dwelling);

geographical location of the building (climatic zone);
the wall mass.

Tables published in C.S.T.B. Cahiers No. 34 and the building rules

contained in R.E.E.F.-58(2’3)

Merely to follow these rules, however,
tory hygrothermal behaviour of the wall.
temperature to be the same at every point on the interior face of the wall.

In the

case of a homogeneous wall separating two spaces, an interior one of

temperature T1 and an outside one of temperature Te’ the temperature 91 on
the interior surface of the wall once equilibrium has been established, 1is
given by the equation

O3 = Ty - gy (Ty - Te)

economy and health require the U value of the
external walls of a bullding to be kept small. The upper limit depends on a

give maximum recommended U values in each case.
is not enough to assure satisfac-~
For this the ideal would be for the
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where U is the overall coefficient of heat transmission and hi is the inside
surface conductance*,

The above equation shows that there are two causes of non-uniformity in
the surface temperatures, First there is heterogeneity in the wall, producing
different local U values. This is very frequent because materials with dif-
ferent thermal coefficients are Iincreasingly belng placed side by side in con-
structions, for example:

- a filling of hollow bricks next to a framing of reinforced concrete;

- a metal framing around a panel of a fagade or 1ts internal framing,

next to the insulation which it encloses.

A1l those elements which have less insulating effect than the main part
of the wall are weak points from the thermal point of view. They are commonly
known as '"thermal bridges".

The second cause 1s a variation of surface heat exchange resulting in a
variation of the coefficilent hi‘ These variations may be produced by a de-
crease in the exchanges due to radiation (on an aluminium moulding, for
example) or convection (at corners, behind furniture).

Generally speaking the observed phenomena are the results of these various
causes and it is impossible to determine the share of each.

Traces of condensation on the ceiling of a basement apartment room
on cold spots produced by the tie beam and the
Joists of the ground floor
The disadvantages of non-uniformity of surface temperatures are numerous.
In summer thermal bridges lead to warmer temperatures. In a temperate
climate this is not very serious and the wall does not suffer from it. During
cold weather, however, when the temperature of a thermal bridge is lower than

* The coefficient characterizes the thermal exchanges between the air and the
surface of the wall. It depends to a small extent on surface condition and
much more on the velocity of the air in contact with it.
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the main part of the wall the situation 1s different. Several phenomena may
then be observed

Condensatilon traces in the room of a ground floor apartment
at the gable end on cold spots produced by the corners
of the floors and the external walls

The main one 1s condensation of moilsture from the room air on the surface
of the wall. This will happen as soon as the dew-point of the humid air of
the room 1is above the temperature of the thermal bridge surface. Condensation
will occur first at this point and the amount of condensation will be greatest
elither during a period of high humidilty or one of severe cold.

It is not our purpose here to study this phenomenon and its consequences
in detail, but we wish to point out that a cold spot on the surface of a wall
1s 1its primary cause. The extent of condensation will depend, of course, on
the conditions of occupation of the bullding (production of moisture,
ventilation, heating, etc.) but before attempting to protect against the
effects of thils phenomenon it appeared necessary that the wall itself should
be designed to prevent it by providing a sufficiently uniform temperature on
the interior face,

Furthermore, in the absence of any humidity in the room, a cold spot
gives rise to another phenomenon known as dust patterns. Even in rooms used
as offices, where the atmosphere 1s always dry, the cold zones resulting from
the heams, ties or even joints between masonry blocks eventually become
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outlined by a considerable deposit of dust. Thils phenomenon can apparently
be explalned as follows:

The dust particles are kept in suspension in the air by molecular
agitation and the shocks resulting from it. This agiltation increases with
increasing temperature, In the vicinity of a cold spot a disequilibrium occurs
in the interactlion, and the dust particles are thrown against the cold spot.
Since the latter 1s generally moilst as a result of even very slight condensa-
tion, the dust particles cling better to 1it.

Although this phenomenon 1s not as serious as condensation, it indicates
that whatever the type of construction, a thermal brldge 1s always a defect.

The purpose of the present article 1s to report on the studies made by
C.S.T.B. with a view to investigating practlcal methods of obtaining satis-
factory uniformity of temperatures on interior surfaces,

Part I will be devoted to a qualitative study of the phenomena.

Part II will report on some artificial quantitative tests carried out on
a number of specilal cases.

Part III will attempt to explain the results on the basls of a simplified
theory. From this we shall be able to generalize 1n a number of simple cases,.

Finally, in Part IV, drawlng conclusilons from our study, we shall give
practical rules for estimating the effect of a thermal bridge and correcting
it.

Part 1

Qualltative Approach to the Problem by Semi-Natural Tests

Principle of seml-natural tests

The principle underlying these tests 1s as follows.

In a bullding, whose external walls are the walls to be studled, a warm
and humld atmosphere 1s produced during the winter in the 1interilor close to
the 1inside surface of the wall. The external conditions are natural.

These tests were carriled out only on walls of the reinforced concrete
frame type filled with lightwelght masonry.

To facillitate our study we have chosen for the filling cellular concrete
of density 0.6 kg/dm® (k = 0.3 kcal/mh°C) which 1s decidedly more insulating
than the mass concrete of the framework (d = 2.2; k = 1.5).

Three types of thermal weak points have been considered.

- total brildge, with framework traversing the wall completely;

- partial bridge with internal or external insulation;

- bridge and internal concrete slab diffusing the heat flux.

In the second case the width of the thermal bridge was varied as well as
the thickness of the insulation,
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These walls had an external coating of lime-cement mortar and an interior
coating of plaster 1 cm thick. A reactive paint was applied over the plaster
in order to emphasize the condensation and to permit a rough estimation of 1its
extent.

Results

Figure 1 shows both the construction of the different bridges and the
results obtained.

In the case of the total bridge, 1.e. the framework traversing the entire
thickness of the wall, whether this bridge was wide (vertical framing member
in the centre of the figure) or narrow (horizontal frame member to the left)
very considerable traces of condensation appear.

At the extreme left, on the thermal bridge with diffused heat flux the
mlldews are definitely less apparent.

At the right, on the various partial cold bridges with interior insula-
tion, the traces of condensatlion are practically non-existent. No difference
can be discerned between the wide and narrow ones on the one hand and the more
or less 1nsulated ones on the other.

However, to the left, on the two partial cold bridges with external
Insulation the condensation traces are very marked, practically similar to
those obtained on the total cold bridges.

At first glance this appears to be a surprising result. Actually, the
calculated thermal conductance of the wall at the thermal bridge is theoreti-
cally the same whether the 1insulation 1is placed i1nside or outside. Similarly
the thermal bridge with diffused heat flux has the same U value as the total
bridge.

In fact, these results show that the problem 1s much more complex, and
that merely comparing wall U values at the thermal bridges with coefficients
at right angles to the U values in the main part of the wall is by no means
sufficient to solve it or even to predict the form that the phenomena will
take.

It 18 because of these difficulties that we have undertaken much more
precise artificial tests which will enable us to deal quantitatively with these
phenomena,

Part II

i Quantitative Study - Artificial Tests

Characteristics of a thermal bridge

The problems presented by thermal bridges can be reduced to the deter-
mination of the temperatures on the interior face of the heterogeneous wall
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when the latter 1s situated in a cold external and warm internal environment.
The curve giving the temperature distribution on the internal surface, as
shown for example in Fig. 2, then enables us to characterize the thermal
bridge. Two elements must be considered, first the spreading out of the curve
ﬁhich enables us to determine the width of the zone where condensation 1s to
be feared, and second the temperature of the coldest spot. The absolute value
of thils temperature 1is not so important because 1t depends essentilially on the
interior and exterior temperatures. We therefore introduce a coefficient
which characterizes the heterogeneity of interior surface temperature:

where T1 is the interior ailr temperature, € the interlor surface temperature
of a point in the thermal bridge zone and, ec the interilor surface tenperature
at a point remote from the thermal bridge in the main part of the wall.

In Part III it will be shown that this ratio 1s practically independent
of the interlor and exterior temperatures. Denoting the maximum value of p
by P then

_ 1 m
pm_Ti_éc:

where Bm is the temperature of the coldest point on the thermal bridge.

This coefficlent, which we shall call the coefficient of Interior surface
temperature heterogeneity indicates to a certain extent by how much the
coldest point is colder in relation to the internal air temperature than the
main part of the wall.

We shall wish to compare this coefficient to the coefficient Pe (theoret-
icai calculated coefficient) which 1s determined from the wall U value at the
thermal bridge (Ub) and the wall U value away from the thermal bridge* (Uc)
as follows:

©
n
OCIEC‘.

Test method

Exact determination of the curve of pvalues by calculation 18 impractic-
able.

* Traﬂslator's note: There 18 no exact rendering for "“la partie courante du
mur”. It means basically any part of the wall not close to the edges.
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The method of direct observation 1s delicate, because the measurement of
a surface temperature is difficult to carry out with precision. However, it
is the only way in which the various factors which may influence p can be
taken into account.

The tests were carried out in the thermal room of the Champs-sur-Marne
experimental station(l) (Fig. 3).

The wall containing the thermal bridges to be studied divided the room
into two spaces. The interior warm space was kept at a controlled temperature
of approximately 30°C while the exterior cold space was kept at about ~5°C,

The interior temperature was placed lntentionally higher than average room
temperature in order to increase the difference between the two environments,
thereby enhancing the accuracy of the measured interior surface temperature.
This will not affect the results because the values of p are practically
independent of temperature. Ailr temperatures were recorded continucusly during
the test by means of resistance thermometers connected to a recording potenti-
ometer. Furthermore, since the purpose of the study was to eliminate condensa-
tion, matters were arranged so that the thermal characteristics of the
materials and thelr temperature would not be affected by condensation. The
atmosphere of the interior room was dry (approximately 35% relative humidity)
so that no condensation would take place on the cold spots.

The wall surface temperatures were measured with iron-constantan thermo-
couples 1/10 mm in diameter. These thermocouples were connected to a 12-point
recording potentiometer. Temperatures were thus recorded simultaneocusly at
12 points on the zone 1n question., We thus obtained an accurate summary of the
surface temperature curve (Fig. 2).

Note I:

We wish to recall one of the characteristics of the room which 1is
essentlial to the study. This has to do with the surface heat exchanges between
the air and the wall. A certain number of measurements carried out on homoge-
neous walls have shown that the convection conditions created in the two rooms,
for walls with U values of approximately 1.2 kcal/(m?h°C), gave surface con-
ductances of approximately 7 kcal/(m*h°C) for the interior environment and
18 kcal/(m®h°C) for the exterior. It was very important that the inside sur-
face heat exchanges durling the tests were similar to practical surface heat
for the test wall or at least to theoretically determined value (i.e. h1 =
7 kecal/(m2h°C). It may then be assumed that surface temperature variations
will be due to wall thermal properties.
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Note II

Some investigators have taken advantage of the slmllarity between the
equations of electrlcal transmlssilon and those of heat transmission in order
to construct electric models of walls(g). Thus a continuous model can be
obtained with electrolytes. The determination of temperatures i1s then replaced
by a determlnation of voltage, which 1s much more accurate.

However, these provlide only approximate solutlions, for the following two
reasons:

Surface conductance, which 1s represented by fixed resistances in such a
model, is a function of the temperature difference between the environment and
the wall, thus of what we are trylng to determine. A method 1lnvolving succes-
sive approximations should enable us to take the variation of surface conduc-
tance into account. Accuracy may be decreased, however, since the way in
which surface conductance varies with temperature i1s not very well known.

The second reason is much more seriéus, because there 13 no simple way of
avolding 1t. This has to do with the fact that heat exchange between two
materials in contact 1s dependent not only on theilr conductivity coefficient
but also on their specific heat and density. Electrical analogy methods
cannot reproduce conductivity ratios and do not take into account thermal
capacity.

Choice of types of thermal bridges

The test method used 1s not very quick. It 1is necessary to wait for the
establishment of steady state heat flow conditions for each wall. This may
take ten or more hours for light panels and as much as forty-eight hours for
heavy masonry walls.

Once steady state has been established with the thermocouples 1n place
from the beginning of the test, alr and surface temperatures can be recorded
in fifteen minutes. The actual measuring time 1is thus very small compared
with the time required to reach steady state. As a result several test models,
generally four, are grouped in a single wall. Only the most characteristic
types are studled.

Our choilce was gulded by one prime conslderation. We classified the walls
in three categories according to the thermal characteristics of the materilals
from which they are made:

First we have pure masonry walls, 1n which reinforced concrete is next to
light masonry (hollow brick, artificial stone, light-weight concrete, etc.).
These walls may be constructed in the traditional manner or may consist of
large prefabricated panels containing these elements. The thilckness of these
walls varles between 20 and 30 cm, the ratio of densities of the materials
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present is between 2 and 4 and that of the thermal conductivities between 3
and 5.

Next, we have mixed walls in which reinforced concrete and very light
insulating materlials are used side by side; these are generally large prefab-
ricated panels. They have about the same thickness as the above walls, but
the ratio of densities of the materials varies between 20 and 100 and the ratio
of conductivities between 30 and 50.

Finally, we have light walls, of thickness between 3 and 5 cm, which
consist of very light insulating materials standing next to wood or metals.

The characteristics of the materilals constituting the different types of
walls are summarized in the following table:

Conductivity
Types of wall Einié;%3 k in
' kcal/(mh°C)
L Reinforced CONCRETE frame and .. 2200 1.5
- LIGHT WEIGHT MASONRY filling ... | 600 to 1000 0.3 to 0.6
=
? Large prefabricated concrete ... 2200 1.5
® | panel incorporating very light
e INSULATION ...t eereceesanansns 20 to 100 0.03 to 0.05
a' Curtain or panel fagade walls
: with a framing of WOOD ....... Loo to 700 0.1 to 0.15
%g Or METAL +.iveurenenrenranenanas 3000 to 8000 [ 50 to 170
| and very light INSULATION ...... 20 to 100 0.03 to 0,05

Heavy walls

Reinforced concrete framework with light-weipght masonry filling or large,
light-weight masonry panels

Vle have adopted the same types of thermal bridges that had been studied
previously in the semi-natural tests. For convenlence the models consisted of
blocks of cellular concrete (d = 600 kg/m3, k = 0.3) interrupted by a dense
concrete framing (& = 2,200, k = 1.5).

Total bridge. In addition to the total thermal bridge (Fig. 4, models
A, and A;) for which we took the same two widths as studied in the semi-natural
tests, namely 7.5 and 22.5 cm, we studied various arrangements in which, a
priori, it was possible to obtaln more uniform interior surface temperatures.

The different arrangements studied can be reduced to two.
First arrangement: Thermal bridge with interior diffusion layer (Fig. 5).
One solution consists Iin diffusing the surface temperatures by placing a

comparatively conductive material over the entire interior surface of the wall.
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The effectivencss of this method had been demonstrated in the semi-
natural tests. In the artiflcial tests we attempted to calculate it.

Starting with a bridge comprising a framework of compact concrete inter-
secting a cellular concrete block wall 20 cm thick, we studied the effect of
a compact slab of concrete 5 cm in thickness (B,) for frame widths of 7.5 and
22.5 cm, We thought it would be interesting to increase the conductivity of
this slab in the lateral direction, perpendicular to the framing. For this
purpose, additional slabs, 1dentical to the preceding ones except that they
were strongly reinforced with 1iron rods running perpendicular to the framework
(Ba), were applied to the interior surface.

Similarly, we tried to increase the effectiveness of a plaster coating
(of relatively low conductivity) by reinforcing it strongly with two layers of
grillwork (Bs).

Still other specimens were constructed to determine the effect of various
degrees of flaring of the framework,

Finally we sought to determine the effect of a framing which by project-
ing greatly on the exterior forms a cordon, and hence a kind of cooling fin,
by increasing the area of the exterior surface.

Second arrangement: Insulation of thermal bridge.

Two solutions have been studied:

(1) Partial brideges (Fig. 6). In this solution the framing does not go
all the way through the wall and 1is thus insulated by a certain thickness of
the material* which constitutes the main part of the wall.

The semi-natural tests demonstrated that there was a great difference in
effectiveness depending on whether the insulation was placed inside or outside.
With a view to determining these effects more accurately we studied the same
types of thermal bridges in the artificial tests.

For this purpose a cellular concrete wall 20 cm thick was constructed.
This wall was partially intersected by two dense concrete frameworks, one
7.5 cm wide and the other 22.5 ¢m wide. The residual thickness of the cellular
concrete was 5 cm and 7.5 ¢cm, respectively. Four specimens were thus avail-
able. This wall was tested on both sides so that the insulation could be
prlaced successively on the inslde and on the outside.

(2) Corrected bridges (Fig. 7). This term refers to a bridge insulated
by very effective insulating material, the thickness of which was calculated so
that the U value at right angles to the insulated framework would be equal to
that calculated for the maln part of the wall. (We then have P = 1.) We

* See translator's note, p.l10.
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again took the case of wall A, where the thermal bridge conslsted of a dense
concrete framework intersecting a 20 cm thick wall of cellular concrete covered
by a plaster coating 2.5 cm thick. 1In the first test the plaster was removed
opposite the frames which were 7.5 and 22.5 c¢m wide, and replaced with 2 cm of
aerated polystyrene,

One test was carried out with polystyrene on the interior and one with
polystyrene on the exterior.

The 2 ¢m thickness was chosen in such a way that Ub = Uc, i.e. p_ .= 1.

c
Large concrete panel with very light insulating materials incorporated in it

In general, these panels are bullt in sandwich fashion; a very good
insulating material, which provides good thermal insulation, 1s sandwiched
between ftwo concrete slabs of various thicknesses which perform the other func-
tions of the wall (mechanical strength, permeability, thermal inertia, etc.).

Very frequently, then, thermal bridges are formed by the concrete Jjoining
strips between the outer and inner slabs or by the joints between two panels.
The difference between the conductivities and specific gravities of the dif-
ferent materlals involved (k = 1.5 kecal/(mh°C); d = 2,200 kg/m® for the con-
crete and k = 0.03 to 0.05; d = 20 to 100 for the insulation) results in very
substantial thermal bridges.

In this case we tried to determine precisely the respective role of the
two concrete slabs, especially that of the interlor one.

The walls studied had the following thicknesses:

A concrete slab of 5 cm; a slab of polystyrene 3 cm thick (giving a
useful thickness of about 2.5 cm, since the concrete penetrated slightly into
the polystyrene on both its faces); and a concrete slab 15 cm thick. Openings
7.5 em, 15 ecm, 22.5 cm and 45 cm wilde were provided in the polystyrene, thus
constituting a 1link between the two slabs, and a thermal bridge.

These walls were tested with the 5 cm slab and the 15 cm slab successively
on the warm side.

Speclal thermal bridces

wWe also initiated a study of thermal brldges existing at corners. The

study 1s even more conplex, because it is necessary to distingulsh between the

corner where two identical external walls Jjoin (Fig. 8) and the corner where
an external wall 1s joined by a partition or floor (Fig. 9).
Thermal bridpes at the corner between two external walls. In this case,

even with two walls having the same U value, the temperatures at the corner
willl be éifferent from the temperatures elsecwhere on the walls., There are two
reasons for this:

Flrst the surface arca of the external wall 1s greater than that of the
Internal wall. The same flow of cold from the exterior will thus lead to
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lower temperatures than on a wall wilth parallel faces.

Then, there is a reductlon in the radlation and convection surface heat
exchanges. Thils further contributes to the lowering of the temperature on the
inside surface.

Artificial tests on this type of thermal bridge are rather uncertain and
it 1s doubtful whether or not the surface heat exchanges can be exactly repro-
duced. On the other hand, we possess the results of natural tests carried out
in Germany at the Holzkirchen Station(7)
the interior surface of the northwest corner of more than 20 houses with
different kinds of walls.

Partitions and floors. Where an external wall meets a partition or floor
the problem 1s very different, The partition or floor is at the interior room

, where temperatures were measured on

temperature (we assume that the wall or floor separates two equally heated
spaces). The exterior surface area 1s not as large as the interior surface
area. Thus the two effects mentioned previously oppose one another. Further-
more, the partition or floor often differs greatly in its thermal characteris-
tics from the exterior wall.

Finally, both partitions and floors can terminate flush with the fagade,
or before reaching the fagade, or can even extend beyond 1it, forming a cordon.
Only the corner between the exterior wall and the partition has been studiled.
For this purpose a structure representing the partition was Jjoined at right
angles to the 22.5 cm wide frames of walls A, B and C. This structure was con-
structed from solld blocks identical with the concrete of the frame.

In the case of wall B we also studied the influence of an exterior struc-

ture forming a cordon and cooling fin,

Light walls (curtain walls, fagade panels)

One of the essential features of this kind of construction is the very
small thickness of the wall which is made possible by the use of good insula-
tion: the same U value can be obtained with a wall using a 2 cm thickness of
good insulation (k = 0.03 to 0.05) as with one 20 cm thick in light masonry.

In order to compensate for their lack of thermal capacity these walls
must have very good U values (around 1.0). Such coefficients are easily
obtained with small thicknesses of insulating material.

When this insulation is interrupted by a frame which 1s also very thin,
significant thermal bridges are formed.

“e shall distinguish between thermal bridges produced by wooden members
which gencrally make up the internal framing of panels and those produced by
metal framcs, whether they are internal frames, as are frequently used in this
type of consctruction to ensure ripidity and case of assembly, or are external

frames in which the homogeneous panel is placed.
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Wooden or similar framing

Total bridge. The main part of the models was constructed of 3 cm thick
expanded polystyrene (k = 0.03 kecal/(mh°C); d = 20 kg/m3).

We studied the effect of the width of the frame. For thils purpose the
Insulation was interrupted by members having the same thickness as the panel
(3 cm) but of different widths (0.6, 1, 3 and 6 cm).

In order to estimate the effect of changing the ratio of thermal charac-
teristics of the materials, models identical with the above were built, but in
which the wood was replaced by pressed wood that was more insulating and
lighter (k = 0.06 and d = 500 kg/m®) than the wood used in the previous test.

Brildge with interior diffusion layer. We again wished to determine the
effect of a conducting layer on the interior surface. Some panels use alumin-

jum foil under the interior layer as vapour barriers. It 1s quite possible
that this highly conductive material significantly diffuses the temperatures
despite the small thicknesses employed. - In order to caleculate this phenomenon
we cemented first a sheet of aluminium 1/10 mm thick on to the models (k =
170 kcal/mh°C) and then a sheet of copper 2/10 mm thick (k = 350 keal/mh°C).
These shcets had been painted grey to malntaln the same surface heat
exchange as before.
Metal framing
Total bridge. To begin with we studied total bridges formed wilith varilous
steel sections 1intersecting a polystyrene panel 3 cm thick.
e then sought to determine the influence of increasing or decreasing the

projection of an exterlor cordon constituting a cooling fin.
Interrupted bridge. Seeking a remedy to this type of thermal bridge we

studied, for a simple thecoretical case, the effect of an interruption in the
thermal bridge, or more exactly a decrease in the metal cross-sectlonal area
and an increase in the thermal path length.

Practical examples. Finally, we studled some practical examples of

thermal bridges at the Joint between two panels. Again, seeking to correct
the thermal bridge, we studied the effect of interrupting the framing and 1ts
insulation with various types of interior and exterilor mouldings.

Results

Heavy walls

Valls with reinforced concrete framing and light masonry fi1lling

The results obtained are shown in Teble I, where we gilve the values of
Pra determined from the measured temperatures and those of Peo calculated from
the ratio Up/Uc.



-18-

Total bridee. Actually a true total bridge was not tested since no such
bridge exists in practice. There are always interior and exterior coatings.
The first tests carried out on walls A (A, - A2) enabled us to obtain the real
value of the total bridge in a wall with coatings and we found that:

P = 2.1 for the 7.5 em width;
Py = 2.5 for the 22.5 cm width.

We note that the narrower the framing the smaller Pry? and that in both
C
Thermal bridee wilith interior diffusion layer. The effect of the conecrete
slab placed on the interior surface 1s to flatten the curve of interilor surface
temperatures. The important improvement obtained with a simple slab (B,) must
be noted:

cases 1t 1s less than Po P Pp = 2.4,

p, changes from 2.1 to 1.4 for the 7.5 cm width;
and from 2.3 to 1.7 for the 22.5 cm width.

These values are far less than pc, which 1is still equal to 2.4:

- The flaring of the framework (B, - B;) makes it possible to obtain still
smaller P values. In this way we achileved values of 1.3 for 1 = 7.5,
and 1.45 for 1 = 22.5; .

- Putting reinforcement (B4) in the slab makes very little difference.
Depending on the width, P changes from 1.4 to 1.35 and from 1.7 to
1.65. .

We also tested the effect of reinforcement in the plaster slab 1nstalled
in such a way as to make the relatively insulating plaster more conductive 1n
the lateral direction. Again (Bs) the results were inconclusive; Pm changes,
depending on the width, from 1.95 to 1.9 and from 2.2 to 2.15. The effect 1is
thus negligible.

Generally speaking P decreases as 1 decreases and it 1is always less Peo-

Note. The effect of an exterior fin (B) is also comparatively slight in
this case; 1t causes P to change from 1.7 to 1.8 (B compared to B,).

Partial bridges. The reader will note the large difference in the shape
of the curves obtained when the insulation is on the inside (C, and C,) and
when 1t 1s on the outside (C, and C,).

(2) In the case of interior insulation a very good correction of the
thermal bridge is obtalned, and the narrower the frame to be protected, the

better the correction. The coldest point 1s directly opposite the centre of
the frame. The small differcence obtained with different thicknesses of
insulation should be noted (C, compared to C,).
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Note again that Py < Po-
(b) Ihen the insulation is placed on the cxterior there is no improvement

and now it seems as though the smaller the width of the frame, the more pro-
nounced is the effect of the thermal bridge. The thickness of the insulation
is more significant.

We arain note that the position of the coldest point is stiuated opposite
to the frame, but ncar the edge. Note also the existence of a warm spot near
the frame. The tenperature there is higher than in the main part of the wall,

Finally it must be emphasized that P is decidedly greater than .- It
is thus an error to suppose that the classical calculation always ylelds a
margin of safety. These results are absolutely opposite to those obtained for
interior insulation.

Vle shall explain this in Part III.

Corrected bridges. (a) The above results, in the case of exterior insula-

tion, are rather surprising; the tests carried out on wall D with exterior
correction have confirmed them. Although conditions were chosen so that the U
value of the wall at the frame would be the same as in the main part of the
wall(pc= 1), very different temperatures are observed on the interior surface.

In particular, for the 7.5 c¢m width replacing the exterior plaster coating
with 2 cm of polystyrene has practically no effect on the temperatures and
gives substantially the same value for P,

An improvement of the thermal bridge can be obtained by having the
insulation overlap the frame considerably on both sides, but the results
remain unspectacular. For a narrow bridge an overlapping on both gsides of
7.5 em equal to 1 still gives a high P value (1.65). TFor a wider bridge an
overlapping on both sides of 22.5 cm {equal to 1) gives Py = 1.5.

(b) In the casc of interior correction, the temperature opposite the frame
is higher than on the main part of the wall; the coldest spot, however, 1s
displaced outside the frame. The wider the frame, the colder this spot will
be.

In tests D4, wherc the insulation overlaps the frame, good improvement
can be observed. However, it does not appecar that the width of the insulation
required to obtain a given P is a linear function of the width of the frame.
1.25),
0.87).

]

An overlapping of 7.5 cm for a frame width of 7.5 c¢m is sufficient (pm

il

vhile an overlapping of 22.5 cm for a 22.5 wide frame 1s excessive (pm
Finally, we note the difference of form in the temperature curves
obtained between the case wvherce the insulation is inside, and that where 1t is
outside. To show this result morce clearly we have plotted the values of p for
both of these cases on the same graph (Fig. 10) - tests D, and Ds. Although

the Py values are not very different the curve of p for interior insulation is
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nmuch less flat in the zone of p > 1.5 than the curve obtained for exterior
insulation.
Large concrete panel incorporating light lnsulation

The results are given in Table II.

The very high value of pm obtained when the framing 1s very wide (Dm =
3.2) should be noted.

Jith the 15 cm slab on the inside, the best correction is obtained with
the narrow thermal bridge. A width of 7.5 em still gives a high P value
(1.8).

With the 15 cm slab on the outside, the values of P remaliln very high
(above 3). For the larger bridpge widths (15 and 22.5 cm) they are slightly
above p,, (pc = 3.4),

Special thermal bridges

Partitions and floors. Table III shows the results obtained in the four
cases studied.

The coldest point is found on the partition a few centimetres away from

the corner.

In the last column of Table III are given values of P obtained on thermal
bridges at walls without partitions.. Those obtalned with partitions are always
lower. This is due to the fact that the concrete partition, away from the
corner, is at temperature T1 through its entire mass so that there is a con-
sicerable flow of heat in the direction of the corner, _

The total bridge (A) now gives a p,, value of only 1.9 instead of 2.4,

We again £ind that goecd diffusion is obtained with the internal concrete
slab, enabling the attainment of Py = 1.5 without a c¢ordon and P, = 1.55
despite a larze cordon. Ixternal lnsulatlon continues to be ineffective (pm =
1.7).

Corner betwveen two outside walls. At a corner between two external walls

values of [y which can be derived from German tests 7) are higher. For walls
wilth U values of 1.2 to 1.5 they are in the vicinity of 1.8, while for walls
with U values of less than 1 they reach 2.5.

The shape of the curve 1s then different.

Figure 12 shows the temperatures obtaincd at the corner between the west
and north walls, which were s50lid brick 38 cm thick. The curve shows a sharp
peak; the result i1is a colder but less extensive area. Thus the effect of the
maximun P wnich is obtained can be less scvere,

Licht walls (curtain walls, facade panels)

Viooden framlne:

Total bridrse, The results are given in Table IV, The narrower the fram-

ing, the snaller the . values. They arc aluays smaller than Pos which for



=21~

wood 1s equal to 2.8 and for pressed wood 1.7.

For wooden framing the surface temperature curve shows a rather sharp
drop at the edpes of the framing.

In the case of pressed wood framing, however, the curve 1s flatter.

Thermal bridece with interior diffusion layer. The technical difficulty
of obtaining a perfect thermal contact between the metal foil and the wall

wilthout an intervenilng cushion of air nade 1t 1mpossible to determine accurate-
ly the effectiveness of diffusing the heat flux. On the other hand, folls are
generally put underneath the interior plaster, which adds an effect of its own.
Our tests indicate, howcver, that for the wooden framing 1t scems possible to
diffuse the heat {lux sufficiently in this way in order to obtain acceptable
surface temperatures. Thus 1t should be possible to obtain o = 1.5 with a
1/10 mn alwninium foil under a covering of plaster board or plywood on a
wooden framework less than 2 cm wide for the hardwood (oak) used in the tests,
or 3 cm for soft wood (fir).
Metal frameworks

Theoretical cases. The main part of the wall consisted of 3 cm expanded

polystyrene framed with steel sections of various shapes.
The tests showed that the temperature on the metal part was practically
uniform, with a sudden drop occurring at the edge of the section (Fig. 13).

The results arc collected in Table V. Ve have included at the same time
T, - 8 T, - &

i n 1 Tl
values of p_ = m——p— and of L = mx————. In part three 1t will be shown
mody =Y Ty - Te

that for this case em 1s practically independent of 90, so that the ratlo p
wlll remzin essentially constant regardless of the U value of the main part of
the wall. This is wvhy p is of 1nterest here.

This ratlo establishes the surface temperature of the framework in
relation to the intecrnal and external temperatures.

Thus . = 0.5 indicates that the surface temperature on a framework 1s the
arithmetic mean of Ti and Te'

If w < 0.5, this temperature is closer to Ti than Te; if p > 0.5, it 1is
closer to Te than Ti‘

Two types of thermal bridges may be distilnguished.

(1) Total bridge (top of Table V). The smallest value of (. 1s obtained
for the T-sectlion with the flange on the interior. Vhat we get, in effect, is
a diffusion by the flanse. If the Clange were wider the value of p would
certainly be ocmaller.

When the flange of the T 1s to the outsilde the situation 1s reversed,
with the result that p = 0.3. The wider the flange, the pgreater this effect
vwould be. The I-section gives a |1 which is practically an average of the two

preceding ones,
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(2) Thermal bridge with fin (centre of Table V). The values of u is
decidedly higher, correcsponding to a lower terperature than for the same test
without a fin. The larger the fin the more pronounced thils effect.

(?) Intcrrupted thermal bridge (bottom of Table V). Decreasing the area
of metallic sectlon between the two 1lron plates helps to decrease the value of
. The curve of Fig. 16 shows that in the last test, which corresponds to an
area of 1 cm per m of sectlon the ratio p has practically attalined 1ts 1imit-
ing value, glven by the heat exchange through the layer of air between the two
iron plates. However, a layer of air in this kind of panel is itself a thermal
bridge. In order to obtain a satlsfactory effect the jolnling member between
the two plates should pass through the i1nsulation.

Practical Examples. The results obtained in the followlng three examples

have confirmed and supplemented the results previously obtained in the
theoretical cases.

(1) Exanple of a total bridge with fin. We first studied the thermal
bridge produced by a large metal framework containing homogeneous panela. The
panel had a U value of approximately 1 keal/m?h°C. The framing, which pro-
Jected considerably on the outside, forms a definite cooling fin. Figure 17
shows a plan section of the framing and the tenmperature curve obtained., From
this we calculate

It

o] 5.7

m

and L 0.75,

very hiph values from which we may deduce that for T, = 18°C and Te = -6°C

the temperature on the framing will be 0°C. !

This very high p value 1s due largely to the fin, but probably also to an
appreciable decrcase in the radiatlon exchange between the metal surface and
the interilor.

(2) Examples of improvement of a total bridge by interruption and by
interior mouldings.

Another, more classilcal example is the fag¢ade panel bounded by an onega-
shaped frame (Fig. 18).

The test panel had a U valuc of approximately 0.9 kcal/(m2h°C).

Several tests have been carried out on the Joint between two panels.
Flrst the thickness of the framlng head was variled; then an attempt was made
to reduce the heat flow area by provlding holes or slots and to lengthen the
thermal path or to interrupt the thermal bridge in one way or another,

Finally the effect of an internal mouldlng either of wood or polystyrene
(which insulated the interlor side of the thermal bridge) was studied.
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The results arc shown in the curves of Fig. 18,

(a) Interrupted thermal bridge

The clrcular perforatlons are relatively 1neffective since the reduction
in heat flow area and the increase 1n path length 1s slight.

On the other hand three rows of slots 1n staggered array reduce P from
4 to 2.7, which, however, 1s still a very high value.

{b) Interior moulding

The application of a moulding has the effect of moving the coldest spot
to the edge. The result is the same as for the case of the thermal bridge
corrected by an interior insulation. It is important to note that the diffu-
sions obtained with the wooden moulding is better than that obtained with the
expanded polystyrene moulding. The latter slightly decreases the temperature
variation opposite the frame, but the varilatilon 1s 1ncreased at the edge of
the moulding. The width of the moulding seems to be more important than its
insulating power. To obtaln satisfactory results 1t should be quite wide.

(3) Example of improvement by an exterior moulding.

In the third example exterior lnsulation was the chilef subJject of
Investigation. The panel was agaln bounded by a metal frame of a rather
elaborate form shown dlagrammatically in Fig. 19. The main part of the panel
had a U value of 1 kecal/(m?h°C).

The joint between the two panels was covered with an exterior steel
moulding and an interior plastic moulding.

We decleded to test this jolnt, as Jjust described, after filling the
space between the exterior moulding and the panels with glass wool, and
finally with an additional fi1lling of 1light lnsulation between the exterior
moulding and the panels.

The results obtained are shown 1in Fig. 19. Agaln we find the relative
ineffectiveness of exterior insulatilon and of too narrow an interior moulding.
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Table IV

Light walls: Total bridges with wooden frame
and pressed wood frame
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Table V

Metal frame

(interior space 1s to the left)

— Polystyrene

2 Iron

lIlIIhhyE

TOTAL
BRIDGES
Pm 5.4 kR 72 49
" 0,60 0,35 0,80 ! 0,55

TOTAL BRIDGES

WITH
EXTERNAL
FIN
P 3,6 5,4 4,9
® 0,40 0,60 0,55
3 e ek 5
INTERRUPTED ~
BRIDGES
] e ] T " |
Unintesrupted
eb a = 40 cmt 7serew €yery4 cm 7 screw every 8 cm 7 screw every 16 cm
per melre of seetio o = 4cm?m a = 2 cm¥m a = 1cm'm
Prm 4,9 3.9 34 34
® 0,55 0,44 0,38 0,35
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With Partial bridges Partial bridges
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slab Total sulated sulated
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Intericr view, condensation on the reactive paint

22,

Horizontal section showing the vertical thermal bridge

Fig. 1

Study of thermal bridges

Fig. 2

Digtribution of temperature at the surface
of a heterogeneous wall
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Fig. 14

Distribution of temperatures on the interior surface of a wall
close to a thermal bridge produced by a metal frame in the
interior of a light panel. Note the diffusion obtailned
by the interior coating. Nevertheless the thermal

bridge is very evident(B)
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Distribution of tempcratures on the interior surface of the
exterior wall, louwer curve; and on the interior surface
of the interior wall, upper curve. Note the good
correction of the thermal bridge by complete
interruptilon of the two frames by

a .good insulator(8
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Fig. 16

Interrupted bridge. Value of
¢ is in terms of the path
eross-sectional area
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Fig. 17

Light wall.

Total bridge

with fin
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Light wall. Total bridge. Practlcal ex
correction by Interruptlion of the ¢
bridge and by interior moulding

ample of
old
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Fig. 19

Light walls. Metal frame. Practical example
of correction by interior
and exterior moulding



