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1
Introduction

WHY BUILDING PHYSICS?

The physical aspects of and in buildings need to be considered in the early planning stages. An ex-
ample: as a consequence of the fact that a residential building project in Berlin during the Wilhalmin-
ian era (the so-called Grinderfahre, beginning around 1870) was predominantly commercially driven,
the flats were organised in such a compact manner that it was only the turn radies of the firefighting
equipment that defined the dimensions of the courtyard — 5.34 * 5.34 m. With the result that the flats
were insufficiently ventilated; haming the occupants and, at a later stage, the building itself since
insufficient ventilation and deficient heating systems cavsed excessive humidity. Simple, minimal
ventilation measures remedied the situation — and illustrated the relevance of the physical conditions
in buildings. One consequence of the oil crisis of 1973 was that the energy consumption of build-
ings became a significant aspect in planning: better insulation, more efficient heating and cooling
systems as well as an energetically optimised onentation of the building. However, besides enemgy
savings, the general well-being of building occupants is a major goal in planning and realising build-
ings — and it is here that the topic buillding physics starts to develop. Building physics deals with
transition and transmission phenomena within a construction and between materials. Critical as-
pects hereby are thermal energy, moisture, airtightness (or ar permeability), acoustics and light. Ar-
eas of research and evaluation are energy transport as well as the transformation processes and
their impact on the construction element itself and the adjacent areas on the inside and the outside.
With building physics, the processes can be explained, and predictions can be made about the ex-
pectable perfformance of constructions. However, not only the result of the individual process is in-
teresting but also the interelation between the different phenomena; for example, water condensa-
tion on cold surfaces such as non-insulated massive walls as a result of the temperature-dependent
water absorption capacity of air — with the risk of mould growth or frost damage.

Mext to these technical aspects, the occupants' comfort level is an important topic; meaning a
person's sense of physical and psychological wellbeing. Since this is a subjective sensation, basic
verffication of individual technical aspects is insufficient to conduct a complete evaluation. It is impaor-
tant to link the individual phenomena with each other and to consciously accept subjective assess-
ments; it will not be possible to generate the optimal room climate for everybody at all time s, but the
goal will be reached if B0% of the occupants are generally satisfied.

THERMAL ENERGY, MOISTURE, AIRTIGHTNESS, SOUND AND LIGHT
Building physics is categorised in thermal energy or temperature, moisture, airtightness, acoustics
or sound and light, even though strong links exist between these fields. The category thermal enemgy
deals with the development and the transport of heat through the air and through construction ele-
ments. This includes the physical phenomena of heat transfer from one medium to ancther and of
different aggregate states, especially of water. Another aspect is the effect of the phenomena on the
human being and its sense of wel-being. The category moisture or humidity deals with air-bound
water besides constructional aspects related to humidity in and on the building. Of particular interest
are water absorption and discharge of the air at different tempermtures and the resulting conse-
guences for a construction, such as condensation on cold surfaces.

. 1N TRADUCTION ]
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The phenomena thermal energy and moisture are also directly influenced by aitightness. Mon-tight
constructions facilitate heat exchange as well as penetration of humidity. Thus, constructions should
be protected accordingly or equipped with ventilation facilities.

The category sound and acoustics is treated somewhat differently than thermal energy and mois-
ture. It deals with the propagation of sound as an energy impulse in the air (airborne sound) or in
construction elements (solid-borne sound). Based hereupon, the planning phase must include the
decision whether construction elements should be realized in a flexible or massive manner in order
to minimise sound propagation. An aspect that goes beyond the scope of this book is the targeted
control of sound to achieve acoustic effects.

Light is impartant to enable the use of a building — be itin the form of natural light from the outside
or artificial light. In addition, this category deals with the necessity of a direct relation of the building
with the exterior and a reduction of solar energy input by means of shading.

Effects on the human being

As human beings we stand in continuous reciprocal action with the building we are in. It is therefore
important to understand and control the building physics behaviour of the building and its effects on
the human being. Facades and their materials detemmine our environment and the user comfort. The
chosen geometries of the facades together with the materials used have a significant effect on the
reciprocation between human and building.

Cur sense of wellbeing is subjective. It is possible that in a specffic building one person feels
very comfortable because temperature and humidity are sensed as balanced, and that another per-
son feels very uncomfortable in the same building because hedshe feels very hot following a sporting
activity. It is the task of building physics to organise these emvironmental conditions of the building
such that, on average, about B0 % of the occupants are satisfied.

The reciprocation between human and building encompasses a sensitive balance of the building
physics influences such as thermal energy, moisture, airtightness, sound and light. Even small
changes of these influences can alter a situation from pleasant to unpleasant. A small change in
temperature, for example, can make our body begin to release energy to the environment in orderto
reestablish the balance. The body temperature falls, and we experience the environment as too cold.
The equivalent is valid for the other influences such as humidity; for example: the body starts to tran-
spire if the humidity in the room is too high. It is therefore important to consider the balance of the
building physics influences and to optimise them in their entirety: so that the human being feels
comfortable under any circumstance.

i # b " fi D
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FACADE MATERIAL AND CONSTRUCTION
AS STORAGE AND BARRIER

The material used in a building needs to meet building physics requirements in addition to the con-
structional functions it serves. The requirements posed on buildings have risen continuously over the
past decade. And the discussion about climate change has further infleenced ouwr awareness and
understanding of well-being in buildings. Therefore, material and construction have evolved together
in their mutual dependency. They offer the oppartunity to influence our environment and therefore
our sense of wellbeing with integral solutions.

Increasingly, modem developments in the field of building physics are oriented toward the energy
efficiency of the overall building. Hereby, facade and matenal are viewed as energy-active parts of
the building. Excess heat is dissipated to the environment viawalls and facades, or stored inwalls + 1.
Maodern material development makes this form of energy storage possible and results in the fact that
the building can be viewed as an energy-active element, and not merely as shell and construction;
heat storage in material or construction elements is already being applied in prototypes. Heat stor-
age in phase change materials (PCM), for example, can take place in gypsum boards to control the
tempermture inside spaces and, thus, to save energy. In this manner, building physics, materials and
constructions are energetically optimised in integral solutions. Additional developments in this field
lead to new integrated material and constrection concepts such as gradient concretes, for example,
that specifically exploit the heat storage and bamrier properties of concrete » 2. This opens up a whole
new world of possibilities that reveal new and innovative solutions in the field of building physics as
the interface between material and construction.

Rasearch project ETA-Fabrik,

Darmstadt Technical University, 2016

Thig enargy-efficient exparmental building comprises of an exterior
facade that absorbs aolar energy (heat) and transfers it into a
gtorage sy stem. When necessary, the enargy is dissipated into the
interior apace. F cooling is required, this principle can be imversed.

2

Heat-insulating concreta

Mineralised foam with density values below
200kg'm? can be used as heat insulation.

Ita pore content lies at approximately B0 %,
its solids matrx typically consists of cement

gtone and additives.
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Unilever House, Ham burg, Behnisch Architekten, 2009
The double fagade consists of an inner glass layer and an outer
foil fagede. The air space between the layers serves to climati-

cally condition the office spaces.

4

Dffice building Manitoba Hydro Place, Winnipeg, KPMB Architects, 2008
The office building is ventilated by means of themmal lift created in the solar chimney. The chimney
creates a suction that introduces freah air into the building (climate concapt: Trangaolar).
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BEUILDING ENVELOPE AS

BARRIER BETWEEN INTERIOR AND EXTERIOR

The building envelope is the barrier between the interior and the exterior — the place where the en-
angy flow is interrupted or deflected. Accordingly, the building envelope exercises a direct and sig-
nificant influence on the interior space and its functionality as well as on the energy balance of the
building. Depending on the construction, joints and materials used, energy flows and humidity trans-
port are inhibited, limited or enabled, if so desired. Good insulating properties allow keeping heat
inside the building in winter, and to exclude it in summer - 3. Matenals/constructions with these
properties are usually light, exhibit little heat conduction, and are thus typically not suited for load-
bearnng constructions. In contrast, massive constructions cannot only fulfil the loadbearing function
but, as good heat conductors, they are also able to store thermal energy, and thus, to store and dis-
sipate heat over the course of the day, balancing out temperature differences. This contrariness
needs to be considered and exploited when deciding for a certain building envelope so that the
necessary advantages of a certain function are optimised: in the mentioned example this is achieved
with a heavy, loadbearing construction on the inside that is insulated with a light, non-loadbearing
materal on the outside. Of course, the decisions need to take the local climate and the function of
the building into account.

The constructions shown in this book are typical technical solutions, based on systems that are
broadly applied in practice. Strategies have been selected in each of the categones thermal energy,
moisture, airtightness, sound and light that offer optimal technical and economic solutions for the
construction. Since, as mentioned before, there is always the need to weigh the individual building
physics requirements and the according solutions, not all demands are always completely solvable

and constructive compromises are identified.

Climate design as a tool for better buildings

Climate design or climate engineering imvolves a combination of the components of the building
relevant for building physics, the matenals and the building envelope itself + 4. This relatively new
planning discipline deals with the direct dependency of bic-physical phenomena of the building
volume, the dimensions (materials) of the building, the building envelope (construction, share of
transparent areas), the building orientation as well as the function-based energy sources and the
qualities necessary for the well-being of the user. The integral consideration of all of these parame-
ters and optimisation of individual aspects allow for increased efficiency, not only in terms of func-
tionality but also of improved energy consumption.

Other developments with regard to building improvement concern the aspect of embodied en-
amny, i.e. the energy needed to produce the matenals used: here, the ratio of the energy needed to
produce materials and constructions and the enengy to be saved during the building's life span is
decisive during planning.

Similary, evolving concepts that invalve adapting the material and construction-related parame-
ters seem promising. Building envelopes that consist of switchable materials which, based on actual
need and energy balance, can absorb, store and dissipate heat, offer the possibility to balance out
the day and night cycles, and thus contribute to the overall energy balance of the building. Eco-
nomically, this could be called ‘building physics 4.0' whereby integral solutions do not only include
construction planning but also energy saving potential through themal storage, possible use of bio-
based solutions and exploitation of reusing naturml resources, all based on modern, digital produc-
tion technologies. Great challenges lie ahead — while the building industry will also face large invest-
ments in knowledge and modem technologies.
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2
Thermal
Energy

For the human being, heat or thermal energy is an easily under
standable physical phenomenon. Amongst other things this is
because temperature as a linear measurement of this energy can
easily be sensed by our body. We feel heat directly with our larg-
est organ, the skin, and can well differentiate between low tem-
peratures in winter and high temperatures in summer. From a
physical point of view, heat is a form of energy that results from
the kinetic energy of atoms and molecules of matter.

In the building industry, thermal energy plays an important role.
The goal is to achieve a thermally comfortable and hygienic room
climate for the human being. During winter, indoor spaces might
need to be heated, while cooled during summer. This must be
done with as little energy expenditure as possible. It is also man-
datory to avoid condensation on construction element surfaces at
all cost to eliminate the risk of mould growth. Thus, a building
envelope must comply with a certain insulation standard. Plan-
ning of these measures requires fundamental knowledge in the
field of thermodynamics.

COMFORT
The sense of comfort or wellbeing of a person contributes signifi-
cantly to the person's health and productivity. Within a building,
the room climate is the decisive factor. Room temperature and
relative humidity must be adjusted depending on the clothing and
activities of the occupants. But factors such as the temperature of
the construction element surfaces and the velocity of the air also
affect the sense of wellbeing of the cccupants, whao, in addition,
each have individual perceptions concerning the indoor climate.
Thus, comfort is not an exact but rather a subjective parameter.
Reference values are regulated by the so-called ‘acceptable
room climate' as the basis for evaluation. According to DIN EN
IS0 7730, BO% of empirically generated data sets must rate the
room climate as thermally comfortable. A comfortable sensation
is achieved if a balance between the heat output generated by the
body and the heat flow dissipated from the body is created with

the lowest possible effort. The heat dissipated from the body de-
pends on the ambient temperature, the activity and the clothing.
The point of reference is a person with a weight of BOkg. At
20°C, the heat dissipation or the heat flow is around 100 W in a
resting position (sitting).

The heat flow dissipating from the body is composed of the
convective heat output into the air and the radiative heat output
onto surounding surfaces. The larger the temperature difference
between the body temperature and the room tempermature or the
temperature of the space-enclosing surfaces, the greater is the
resulting heat flow. This interelation has a negative effect on our
sense of comfort. This effect is particularly noticeable when a per-
s0n is situated near a cold construction element surface in winter;
for example, a large window. The heat flow between the body
surface and the construction element surface can become so
great that it creates an unpleasant draught sensation on the skin.
Increasing the temperature of the wall surface immediately im-
proves the sense of comfort.

Additionally, the relationship between temperature and relative
humidity is of great importance. At temperatures around 21°C
i+ 2°C), relative humidity can vary between 35 % and 70%, and
is typically perceived as comfortable in spite of this significant
range. Higher temperatures and/or rising relative humidity create
a sense of sultry mugginess. High humidity levels inhibit the
body's own temperature regulation because sweating means that
the body can no longer dissipate encugh energy by the effect of
evaporative cooling. Low temperatures combined with high rela-
tive humidity are perceved as uncomfortably wet and cold.
Hereby, the body loses heat due to the higher heat conductivity of
the air, and the resulting evaporative cooling on the skin surface
cools the body even further.

HEAT TRANSMISSION

Heat is aform of energy with temperature being the state variable.
Temperature is the measurement of the kinetic energies of parti-
cles within a material or material system. This is true for the oscil-
lation energy of the molecules of solid matter as well as for the
random movement of molecules of gases and fluids.

The transport of thermal energy is principally bound to a tem-
perature difference within a material. Hereby, heat is always trans-
ported from high temperature levels toward lower temperature
lewels. The resulting heat flow describes the quantity of heat
transported per time unit. With reference to a transport surface,
the result is the heat flux density. The most impaortant heat trans-
mission mechanisms of thermodynamics are heat conduction,
convection and radiation.

L THERMAL EMEREY 13
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Heat conduction

Heat conduction descrbes the principal heat transport mecha-
nism in solid materials and material systems that contact each
other. Every atom of a material oscillates around its resting posi-
tion within an oscillation radius depending on the temperature. The
resting position is the atom's position at 0°Kelvin =-273,15"Cel-
sius (absolute zer). If an atom is in its resting position, it does not
exert any kinetic energy. Oscillation energy occurs at rising tem-
peratures.

Depending on the structural conditions of a material or mate-
rial system, its atoms are arranged in molecular structures, atomic
structures or mixed structures. The denser the atoms and mole-
cules are packed, the more frequently their cscillation radii over-
lap and the higher is the probability that they collide during oscil-
lation. The collisions cause thermal energy to be transmitted from
strongly oscillating atoms and maolecules to adjacent lesser oscil-
lating ones, and to be conducted through the material system.
The material model +1 ilustrates the probability of potential colli-
sions depending on the material structure.

Material with low raw density
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Thermal conductivity depending on the

material's raw density

Thea material model shows the atoms or molecules connected by
a apring gystem a3 well s their vibrational behaviour depeanding

on the material structure. The denser a compound structure, the
greater the possibility of potential contact. Ina simplified manner

the model only shows the vibrational movwements in horzont al direc-
tion. The true molecular movement and heat fransmission takes
place in athree-dmensional space.

1 "‘1’ THERENAL EMERGY

The materialspecific unit to describe a material's thermic con-
ductivity properties is thermic conductivity L [Wm. K], Thermic
conductivity determines how much thermal energy is transported
per unit of length of a material layer and a tempermture delta of
1 Kelvin. Thermic conductivity is influenced by the factors density,
moisture content and temperature. Materials with dense atom and
molecule packing (high density) therefore exhibit high themic
conductivity whereas the thermic conductivity of matenals with
low density packing is low.

Additionally, thermic conductivity increases with increasing
moisture. This effect results from embedded water molecules
within the pore structure of a material that act as contact bridges
between the molecular structure and therefore facilitate the trans-
port of energy. Owing to the increasing kinetic energy, themic
conductivity of dense as well as porous materials typically in-
creases at rising temperatures. This effect is more prominent with
porous matenals such as insulating materials, for example.

The general heat conduction equation according to Founer's
law describes the phenomenon of thermic conductivity through a
layer of material in a one-dimensional case » 2.

AT, T
PEot = o

with & Thermic conductivity [W/mK]
p Density [kg/m?]
¢ Specific heat capacity [kgk]

Bt
91 — P
ch
_32
(A,pc)
Xl

Heat conduction equation according to Fourier's law
The heat conduction equation describes the maternal-specific,
non-gtationary temperature distribution across a material section
depending on the material's layer thickness and fime.
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Usually, non-stationary boundary conditions prevail in nature.
How temperature is distributed across a cross-section and how
long the distrbution takes depends on the thermic conductivity
and the thermic storage capacity of the material. The coefficient
of thermic conductivity formulates these effects.

I
0= =
p-c

It describes the speed with which a temperature wave is transmit-
ted through a material with a 1 m® area, i.e. how fast a certain
material reacts to temperature changes.

This book presupposes stationary conditions; with the conse-
quence of time-independent boundary conditions and constant
tempermture distribution.

Convection

Heat transmission through convection occurs when the thermal
energy of a body is transmitted to a passing medium, such as air,
for example, or conversely, when the thermal energy of a passing
medium is transmitted to a body. When a heat source heats up air
molecules, they start to move. The volume of the heated air in-
creases, and its density decreases. The wam air rises, thereby

If the warm air molecules pass along the cold surface of a body,
the thermal energy is transmitted to the surface of the body. Anal-
ogously, warm body surfaces can transfer themal energy to adja-
cent air molecules, which in turn creates a flow. This process
based on different densities is called convection. Contrary to free
convection, convection flows can also be artificially generated
with an air flow source such as a fan or wind. This type of convec-
tion is called ‘forced convection!

The resulting heat flux density  between a body and an adja-
cent gaseous or liquid medium depends on the temperature of
the flowing medium 8, and the body surface temperature 8s. In
addition, a body's surface roughness and the velocity of the flow-
ing mediem strongly influence the heat transmission. Both of
these infleencing parmmeters are considered in the heat transmis-
sion coefficient h,.

The convective heat flux density g is generated by the multipli-
cation of the heat transmission coefficient h, with the prevailing
temperature difference between the flowing medium 8y and the
body surface temperature Bs. The greater the temperature differ-
ence and the heat transmission coefficient, the greater the result-
ing heat flow and the better the heat transmission + 3.

. . . . q=h,(9,-8,)
cooling continuously. During cooling, the volume decreases, so
that the cold air sinks while its density increases. This process
causes a continuous reciprocal flow.
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Heat transmission through convection

The graph shows a convection flow cawsed by a heat and'or air flow source. Warm air with low density (red} rises and cold
air with higher denaity (black) sinks. The heated air molecules flow along a cold wall surface and transfer their themmal energy.
Coaoled air molecules sink back down so that a reciprocal convection flow occurs.
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Heat transmission by radiation

Radiation energy is created by the atoms or molecules of a mate-
rial moving and being transmitted in the form of electromagnetic
waves. The stronger the kinetic energy of the atoms or molecules
of a material, the greater the radiation energy emitting from it. In
physics, a matenal that either receves or transmits radiation en-
ergy is called emitter. The total energy of an emitter consists of
short-wave, visible light energy (wavelength 0-3000nm) and
long-wave infrared radiation (wavelength between 3000nm and
BOO pm). With rising temperatures, the radiation's wavelength
shifts according to Wien's displacement law to increasingly short
lengths.

If, for example, energy is supplied to aniron rod, the rod heats
up and initially trangmits invisible thermal radiation via infrared ra-
diation. f the rod is heated further, it begins to glow red. Now, a
part short-wave visible radiation adds on to the invisible radiation.
With further heating, the share of short-wave visible mdiation in-
creases until the rod glows whitely.

The entire energy transmission of radiation E is composed of
the parts reflection p, absorption o, transmission T and emission
e. The parts of radiation can be illustrated in an overall balance » 4.

Incident energy Ec=E,+E_+E, (ptru+r=1)
Emitting energy E,=E_,+E, +E, (p+e+1=1)

Emission

Irradiation

If energy is only transported by radiation, temperature constancy
exists for Bz =E,. For Bz = E, a difference emains that causes
heating of the material f Eg = E,, and cooling of the material if
Ez < Ea. Heat transmission through a body is based on thermal
conductance. Insimple terms, heat transmission by radiation can
be viewed as a surface phenomenon.

The so-called black mdiator is defined as an ideal mdiator. It
simultaneously absorbs and emits all radiation energy; transmis-
sion and reflection are excluded. Hereby, its properties are mate-
riakindependent and are only defined by its temperature. Depend-
ing on the temperature, coloured surfaces can also function as a
black radiator. In physical terms, our sun, for example, is a black
radiator, in spite of its white-yellowish appearance. The relevant
material sufaces in the building industry act as so-called grey
bodies.

Energy emission and energy absorption of grey bodies are re-
duced by their degree of emission e and degree of absorption o,
which determine the relationship between the energy density of
the grey body and a black radiator. Accarding to Kirchhoff (Kirch-
hoff's law of thermal radiation), degree of emission and degree of
absorption are equal e = o

Kirchhoff's law cannot be applied to solar radiation as it has
relatively short wavelengths. The emission and absomption behaw-
iour of materials is different for long- and short-wave radiation;
therefore e » o

#
i
d Heat transmission
Radiation
W
F 3
4

Emission

I E’ THERENAL EMERGY

Heat transmission through radiation

The schematic illustrates the thenmal enargy trans-
misgion in the form of radiation. it shows the
owerall balances of incident and emitting enargy
and their shares of reflection, abaorption,
traramission and emission.
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Energy transmission between bodies, surfaces and volumes via
electromagnetic waves requires a tempermture gradient to create
enengy flow. Heat exchange occurs from higher temperature to
lower temperature, and is not bound to a medium; i.e. thermal ra-
diation can also transmit heat in a vacuum. The process depends
on the temperature (temperature distribution), the optical proper
ties and the surface geometry.

THERMAL BOUNDARY RESISTANCE

Heat transfer describes the thermal energy exchange between a
gas and the surface of a solid medium. The heat transfer in this
boundary surface area is predominantly determined by the two
thermal transmission mechanisms mdiation and convection. Air
exhibits very little themal conductivity, making this share of ther
mal conductance negligible.

The phenomenon of heat transfer is descrbed with the heat
transfer coefficient h or the themal boundary resistance Rg. The
heat transfer coefficient is a combination of the two heat transfer
coefficients he (mdiation) and h, (convection). It describes the
amount of themal energy that is transmitted per second at a tem-
perature delta of 1 Kelvin at the boundary surface of a solid me-
dium of 1 m? The larger the value of the particular heat transfer
coefficient or the smaller the thermal boundary resistance, the
more thermal energy can be transmitted per time unit and tem-
permture change. In this context, the radiationcaused transmission
coefficient h, rises in proportion to an increase in temperature of
the ambient air on the surface of the solid medium and its degree
of emission. The value of the convective transmission coefficient hy
is determined by the flow rate of the gas (ain) present in the bound-
ary surface area of a gas/solid medium. With high flow rates, many
free gas molecules flow along the molecular structure of the sur-
face of the solid medium, resulting in a good thermal energy ex-
change in the boundary surface area.
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Particle density per mass unit of a material

A matenal comprises a certain number of particles per mass unit
le.q. per gram). The more particles per gram of material, the mare
enarngy is required to excite them into vibration, and the greater the
gpeciic heat capacity of this maternal The illustration on the left
ghows a high specific heat capacity while the one an the right illus-
trates a low heat capacity.

The heat transfer coefficient h is the sum of the radiation-caused
heat transfer coefficient h, and the convective transfer coefficient
h,. The thermal boundary resistance Rg is formed with the recipro-
cal value of the heat transfer coetficient h.

In the building industry, the thermal boundary resistance is de-
fined wvia the direction of the heat flow. Hereby, there is a differen-
tiation between inside, outside, upward, horzontal and downward.
Different resistances occur; particularly in the inner area. Overall,
the interior thermal boundary resistance R, increases from an up-
ward-oriented heat flow toward a downward-criented heat flow.
This is mainly due to free convective processes. Warm air nses
and cold air sinks.

Thermal boundary resistances of constructions that border on
outside air (Ry.) are predominantly influenced by forced convec-
tive flows of the exterior air. Building part specific values for the
inner and outer heat transmission resistance can be found in the
building norms and standards.

THERMAL CAPACITY

Simply said, thermal capacity describes the property of a material
to absorb thermal energy and to emit it during cooling. The ther-
mal capacity of a construction mainly depends on the thermal
properties of the matenals used. Massive construction elements,
in particular, can store large amounts of thermal energy. In this
context, raw density p and specific thermal capacity Caoe- are deci
sive parameters to describe a materal's thermal storage capacity.

The specific thermal capacity indicates the amount of energy
needed to heat a material by 1°Kelvin. Supplying heat or activity
increases the interdor energy of a material. The thermal enengy
supplied to a material is stored in the form of internal energy. The
storage occurs in translational, rotational and vibrational degrees
of freedom of the molecules. Each particle requires energy to be
excited to translation, rotation and/or vibration, depending on its
degrees of freedom. In simple terms, and sufficiently precise for
building construction purposes, solid matter can only be excited
to vibrate. Thus, it can be derived that the more particles per mass
unit of a materal are present, the maore energy (E) is required to
induce vibration -+ 5.
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The larger the specific thermal capacity and the mw density, the
more thermal energy can be stored during a temperature change
and the longer it takes for a material to heat or cool + 6. This type
of heat storage is called sensible heat storage. The following
equation describes the storable themal energy Qi

Q=c,.-p-V-A8

with c.... Specific thermal capacity [Whe/(kgk]]
p  Raw density [kg/m?]
Voo Volume [mA]
Ag  Tempemture difference [K]

V=K*Y*Z
2/ AN
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Storable thermal energy of a material

The storable themmal energy of 2 salid material
results from the product of the specific heat
capacity, raw densgity, the volume and a prevailing
temperature diference. This connection is
illuatrated in this schematic structure.

1 'B‘ THERENAL EMERGY

HEAT TRANSFER THROUGH
CONSTRUCTION ELEMENTS

In the building industry, the term heat transfer means the trans port
of thermal energy through a construction element, whereby this
process is influenced by interior and exterior climate boundary
conditions. [t considers the heat transport within material-spe cific
construction element layers and the particular heat transfer be-
tween the inner surface of the construction element and the inte-
rior environment as well as the exterior surface of the construction
element and the exterior environment.

Heat transmission resistance of

opague construction elements

Opagque construction elements consist of non-transparent mate-
rial layers. The heat transmission resistance R of such a homog-
enous construction element layer descrbes the resistance
against thermal energy conduction through the material of a spe-
cific layer» 7. Thus, the thermal resistance is the coefficient of
layer thickness d and themnal conduectivity & of the material of the
construction element layer.

R —E[I‘I'FK.I'W] A

T

Heat transmission resistance

The heat transmission resistance describes the material-specific resistance
that opposes the transmission of themal energy through heat conduction.

It iz calculated from the coefficient of the material layer thickness and the
themal conductivity. The greater the material thickneas and the smaller

the themal conductivity, the greater is the heat transmission resistance.

For construction elements consisting of several material layers,
heat transmission resistance is calculated by adding up the indi-
vidual resistances - 8.

R —g%h’mwl

e

8

Heat transmission resistance of mulfiple material layars
The heat fransmission resistance of composed material layers is calculated
from the addition of the indiiduwal resistances of each of the material layera.
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Thermal resistance of air layers

Within air layers, heat transfer takes place via thermal conduction,
convection and radiation. Hereby, thermal conduction accounts
for the smallest share. Different themal resistances (heat trans-
mission resistance) result from variations in the air flow rate and
the thickness of the air layer. The building industry differentiates
between static and lightly or strongly ventilated air layers.

The heat transmission resistance of static air layers initially
rises with increasing layer thickness. Depending on the thickness
of the layer, a free convection flow occurs that, next to a small
share of radiation and conductance, becomes increasingly sig-
nificant. From a layer thickness of 20-25mm onward, free con-
vection becomes the predominating heat transmission mecha-
nism. The heat transmission resistance does not grow any further
with increasing layer thickness, but rather approaches a specific
threshald value.

Lightly or strongly ventilated air layers in the fagade require
ventilation slots to enable the desired air flow. The larger the ven-
tilation slots, the greater the air flow within the air layer. The dom-
inating forced convection heat transfer leads to increased heat
outflow so that it can be assumed that with strongly ventilated air
layers successive construction element layers no longer have an
insulating effect. Rated values for air layers with different ventila-
tion can be found in relevant specialist literature and standard
guidelines.

Thermal resistance and

heat transmission coefficient

Contrary to the thermal resistance, absolute heat transmission re-
sistance also takes into account the thermal boundary resistance
of the boundary layers between a construction element and the
inner and outer environment. Absolute heat transmission resist-
ance is calculated as the sum of all individueal transmission resist-
ances of the construction element layers and the inner thermal
boundary resistance Ryas well as the outer thermal boundary re-
sistance R...

The reciprocal value of the absolute heat transmission resistance
R forms the heat transmission coefficient or U-value+ 4. In the
building industry, the insulating effect of construction elements is
calculated with the U-value. The U-value of construction elements
with a homogenous layer structure is determined as follows:

Rr—i%+m+ R, [m*K/W]

1 1
U= = —[m*KIW
R.,+R,+R;+..R,+ R, HT[

Mon-homogenously composed construction elements must be
examined in a differentiated manner as not only a one-dimensional
heat flow occurs through the construction element in the direc-
tion of the layer sequence, but another heat flow arthogonally to
the layer sequence. This is due to deviant layer structures, such
ag different material thicknesses within one layer, for example, or
materials with different thermal conductivity. Thus, the two-dimen-
sional influences must be considered when determining the U-
value.

When calculating the absolute heat transmission resistance,
an upper threshold R, and a lower threshold R, are detemined
that indicate the parallel and orthogonal heat flows. The arithmetic
mean of the two thresholds describes the thermal boundary re-
sistance Ry of the non-homogenous construction element.

A detailed calculation of this procedure exceeds the scope of
this book. Subsequent aspects are simplified and refer to homog-
enously structured construction elements.

R 2 | ha | Ao |Ra

/-'d 'IJ' dﬂ d-\'.i L dl'l &

Absolute heat transmission resistance und heat transmission coefficient

The abaolute heat tranamisgion resistance i calculated from the sum of the individual heat tranamisgion regs-
tances and the addition of the inner and outer themmal boundary resistances. Tharefore, this parameter
does not only describe the material speciic properties but also the behaviour of a construction element under
defined ambient boundary conditions. The U-value i the reciprocal value of the absolute heat fransmission
regigtance. It is the main indicator to evaluate the themmal insulating properties of a conatruction element.
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Stationary temperature gradient

within a construction element

In a one-dimensional case, heat flux density g is equal at every
point of the construction element + 10, which means it can be for-
mulated generlly and for layers | through n, including the bound-
ary layers between construction element surface and interior i as
well as construction element surface and exterior e, as follows:

q=U-{8,—8.,) General
=h;- (6, —8.) Inner heat transfer
A .
q—qi—E-ﬂH,-—HH_J Layer |
1
q—qn—dh-tﬂn w— 8. Layern

= hn " ‘Hm_ Hn}

Outer heat transfer

q. qj-ﬂ: qn-E qn N qa

j#+1 |n—1| n

10

Heat flow density in a one-dimensional case

Heat flow density deacribes how much energy is transmitted through a
congtruction elemant per time unit and square metre. it is equal in every
material layer.

By rearranging the equations in-+10, the tempemture gradient
can be determined for a one-dimensional heat transmission under
stationary boundary conditions of a multi-layer construction ele-
ment=+ 11,

o {l)
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HEAT PROTECTION IN SUMMER

One major topic in building physics is the protection from heat in
summer, i.e. avoiding high indoor temperature peaks on hot sum-
mer days in the most energy-efficient manner possible to create a
comfortable room climate.

Maximum acceptable room temperature values are specified
for different regions and climate zones so that the impact of spe-
cific climatic conditions on a building can be taken into account
during planning. The construction as well as measures related to
building services are used to minimise the number of hours with
temperatures above these maxmum values. Hereby, the con
struction type of a building plays a major role: massive building
elements with a high mw density and a high specific heat capa-
city provide good heat storage. Such building elements heat up
slowly, and thereby reduce the increase in room temperature.
Other parameters influencing heat protection in summer are room
geometry, type and intensity of room ventilation as well as quan-
tity, inclination, energy permeability and shading of the franspar-
ent building elements. The manner of shading in particular influ-
ences the temperature development inside a room. More detailed
information can be found in chapter 6, ‘Light! later in this book.
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>
i Gigar
B'|-|n1.l'r|-1
inside outside
Bt
B
j+1 | n—1| mn 8,

11

Stationary temperature gradation in a one-dimensional case
Temperature gradation across a construction element section results from
the linear join of the boundary temperatures betwesan two adjacent con-
gtruction element layers. The boundary areas in the areas of the inner and
the outer heat transfer are part of the equation. The temperature of the
following adjacent layers is calculated by subtracting the heat flux density
of the product of the individusal resistance of a layer multiplied with tha
heat flux density from the previous temperature.
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THERMAL INSULATION IN
FOUR EXTERIOR WALL TYPES

The transmission mechanisms of heat were explained at the be-
ginning of this chapter. Mow, four typical, practice-oriented wall
constructions will illustrate the mechanisms of heat transmission
and their advantages and disadvantages in respect to themal in-
sulation.

An extremely simplified schematic depiction of heat transmis-
sion shows the molecular level and the density in the form of scat-
tered points. If the maolecules or points lie further apart from each
other, the matenal exhibits low density. Molecules in close proxim-
ity to one another mean higher density.

Strictly speaking, porous materials exhibit convection and ra-
diation processes depending on the characteristics of the pores
in addition to true' themal conductivity. Thus, themal conductiv-
ity must be viewed as ‘effective’ thermal conductivity. The follow-
ing schematic presentation does not consider this phenomenon
any further. Heat conduction is simply viewed as contact between
adjacent, vibrating molecules. The red circles schematically de-
pict the vibration radii of the individual atoms or malecules around
their idle state. The number of cicles and their section planes
show probability of atoms or molecules colliding. The more sec-
tion planes, the more molecule collisions are to be expected and
the higher is the thermal conductivity of the material shown. The
line thickness of the vibration circles is a simplified representation
of the temperature gradient.
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Single-shell wall construction
The extanor loedbesring reinforced concrete wall is plastered on the outside.

Single-shell wall construction

The single-shell, loadbearing exterior wall made of reinforced
concrete is plastered on the outside surface -+ 12. The upper im-
age shows the situation in winter; the lower image that in summer.
It is wery apparent that the reinforced concrete with its high ther-
mic conductivity exhibits many section planes of the vibration ra-
dii, and thus efficiently transfers heat. The plaster on the outside
surface has a matenal structure of lesser density. The number of
overlapping vibmation radii is significantly lower, as is thermic con-
ductivity. Of course, the U-value of the wall construction is the
same inwinter and in summer. Varying temperature gradients are
the result of different heat flow directions and the changing se-
quence of the heat transmission resistances (R = d/L) of the ma-
terials.

Wall construction with

thermal insulation composite system

Here, the loadbeanng reinforced concrete construction features
a classic thermal insulation composite system -+ 13, The insulation
material is for example expanded polystyrene, coated with an ex-
ternal plaster. The vibration radii show that heat conduction is
lowest inside the insulation layer. In spite of the high vibration
energy of the reinforced concrete layer, the very porous, low den-
sity material structure of the insulation material inhibits the trans-
mission of thermal energy to the individual molecules. This layer
exhibits the largest drop in temperature. This wall construction
has a low U-value and good insulation properties. The direction of
the heat flow has great impact on the temperature gradient. In
winter, temperatures inside the concrete are high with high inner
surface temperatures. Due to this high raw density, the reinforced
concrete features a significant thermal capacity. Since it is situ-
ated on the inside, it can release the stored heat into the room, for
example after the heating has been switched off; resulting in a
relatively constant room climate. Following the large tempermature
decrease in the insulation, the temperature delta between plaster
and exteror air is very small, so that the vibration mdii of the mol-
ecules are strongly reduced, and the plaster exhibits almost out-
side temperatures.

The situation is reversed in summer. Thermal energy is trans-
ported to the interior only moderately. The plaster exhibits very high
temperatures, which, in the insulating layer, decrease significantly,
and result in small temperature differences between the concrete
and the inside air. The high tempermtures in the plaster can result
in great thermal stress between plaster and insulation, and can
thus cause crack damage. The colour of the fagade should not be
too dark because the high degree of mdiation absorption of dark
surfaces further increases the heating of the plaster.
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Wall construction with interior insulation

With this external wall construction, the thermal insulation is
placed on the inside +14. Analogously to the previously shown
schematics, the intensity of heat conduction is illustrated by the
armngement of the vibration radii. In winter, the fact that the insu-
lation layer is placed on the inside causes the temperature gradi-
ent to shift toward the inside. As a result, the temperatures inside
the concrete and the external plaster are very low and approach
the ambient outside temperature. Due to the low themal capacity
of the matenals at the interior wall surface, rooms insulated on the
inside heat and cool quickly. Analogously to the temperature gra-
dient, the dew point of the water vapour also shifts toward the
inside. This can lead to problems conceming moisture proofing.
More on this can be found in Chapter 3, ‘Maisture '
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In summer, the siteation is reversed. The greatest temperature de-
crease occurs in the interior zone. On hot summer days, the exte-
rior of the entire massive building heats up slowly but steadily due
to the high thermal capacity. This storage mass is lacking on the
inside. If a lot of thermal energy is introduced into a room with in-
terior insulation, for example throwgh large window areas, low
thermal capacity of the plaster and the wall insulation can result in
high inside temperatures that greatly reduce the comfart level.

Rear-ventilated wall construction

A rearventilated exterior wall construction consists of an insulat-
ing layer, followed by an air layer, in which air flow occurs »15.
Generally, these layers feature strong ventilation. Within solid ma-
terials the heat is transmitted via heat conduction in the known
manner, depending on the vibration mdii present In the strongly
ventilated air layer, the main transmission mechanism is forced
convection. In this context, the flow rate is so high that heat trans-
mission to the air molecules occurs almost directly. In winter, the
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Wall construction with themal insulation com posite system
The ingulation material i@ expanded polystyrens, coated with external plaster.

QQ THERENAL EMERGY

Wall construction with interior insulafion

Thits exterior wall features themmal ingulation on the ingide. Due to the kow
heat storage capacity of the materials on the interior wall surface, indoor
spaces ingulated on the ingide heat and cool quickly.
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temperature in the insulation layer decreases significantly. In
terms of heat transmission, the flow rate within the air layer practi-
cally separates the following layer from the rest of the layered
structure. In a stationary case, the temperature in the most exte-
nor layer almost equals the outside temperature. In the building
industry, these layers are not considered part of the heat insula-
tion. The resulting tempermture decrease in the insulating material
can lead to the condensation of water vapour. The air flow pre-
vents the formation of condensation moisture and the insulation
material from getting wet. Excess moisture is immediately trans-
ferred to the exterior (refer to section 'Moisture-proofing in four
exteror wall types' in Chapter 3, ‘Moisture ).

In summer, the inside of the construction element behaves
similar to a thermal insulation composite system. On the outside,
the rear-ventilated facade offers advantages. The outer material
layer heats up in summer. However, the air flow of the strongly
ventilated air layer results in significant heat transfer, so that the
temperatures in the matenal do not rise excessively.
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Rear-vantilated wall construction
The insulating layer ia followed by an air layer with air flow.

THERMAL BRIDGES

Thermal bridges are zones with very different heat flows within a
construction - 18. Thermal brdges predominantly oceur in areas
where construction elements are joined. In contrast to undis-
turbed construction element areas, increased heat flows occur in
these so-called disturbed areas. Prncipally, we differentiate be-
tween the following three types of thermal bridges:

Structural/ material-related thermal bridge

These thermal bridges occur if construction elements consist of
heterogenic materials. Their different building physics properties,
such as thermal conductivity, raw density and specific heat ca-
pacity, for example, lead to varying heat flows. Ancther classic
example is a reinforced concrete ceiling that penetrates a brick
wall. Significantly more heat is transmitted through the surface of
the reinforced concrete than through the brick materal.

Geometric thermal bridge

Geometric thermal bridges occur at corners and edges of joining
construction elements. In comer areas, small interior surfaces of-
ten face large, heat-transmitting exterior surfaces. In such disad-
vantageous situations, the heat flow condenses in the interior
corner. This thermal bridge effect is particularly significant with
three-dimensional construction element joints such as wall to wall
to ceiling.

Struc tural'maten al-related
themal ridge

11—

Hybrid form

Geometnic thenmal bridge

Different types of thermal bridges
Structural or maternialrelated thermal bridge, geometric
thermal bridge and a hybnd form of both fypes.
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Hybrid types of structural, material-related

and geometric thermal bridges

With some constructions, material-related as well as geometric
thermal bridge effects can occur. One typical example are sup-
port columns in cormer aneas.

Usually, the increased heat transter at thermal bridges has a
negative effect on the structure of the building. One the one hand,
the transmission heat loss increases across the heat-transfering
building envelope, and on the other hand, thermal bridges result
in low construction element surface termperatures. Water vapour
can condensate on these surfaces when the dew point tempera-
ture is met, and the probability of meoisture-induced building dam-
ages increases. Capillary condensation within a materal is al-
ready possible at a relative humidity of BO%. Organic breeding
grounds, such as ingrain wallpaper, for example, stimulate mould
growth.

In order to avoid related building damages, themal bridges
must be thoroughly examined. Heat and maoisture flows follow the
principle of the path of least resistance. Therefore, the effects of
a thermal bridge increase in the boundary areas between zones

with high and zones with low insulation.

17

Schematic section through a sing le-shell wall construction
The exterior wall is made of reinforced concrete and a layer of plaster
an the outside. The concrete layer fulfils the ingulation regquirement.

24 THERENAL EMERGY

SUMMARY THERMAL ENERGY AND
TYPICAL WALL CONSTRUCTIONS

In the building industry, the transmission of thermal energy is pn-
marly described by three mechanisms: heat conduction, convec-
tion and radiation. Maolecular vibration of a material and the con-
tact between adjacent molecules result in thermal transmission
via heat conduction. Convection means thermal transmission via
air flow. Hereby, air molecules charged with thermal energy trans-
fer heat to adjacent materials by flowing past them. Therefore, the
heat transfer can also reverse. Radiation occurs in the form of
electromagnetic waves transmitted from vibrating atoms or mole-
cules.

The heat transition through a construction element is always
linked to these three heat transfer mechanisms. Four practice-
oriented wall constructions will illustrate the paths that thermal
energy takes through the different material layers. The armows
symbolise the intensity of the heat conduction, in dependence of
the material density. Hereby, the vibrational energy decreases
continuously from high to low temperature levels.

Thermal energy acts on the wall surfaces with a convective
and a radiative share. The radiative share of thermal energy largely
depends on the emission ratio of the construction element sur-
face, and the convective share on the flow rate of the arr. Both
phenomena lead to thermal boundary resistances, Ry and R, on
the interior and the exterior sides. The slanted arrow visualises the
reflected, radiative share.

18

Schematic saction through a wall construction with thermal
insulation composite system

The extenor reinforced concrete wall features a thermal insula tion
composite system made of expanded paolystyrene ingulation and

a plaster layer on the outside. Here the requirements of insulation
and loadbearing capacity are met saparataly.
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In the exterior wall made of reinforced concrete and with an exte-
rior layer of plaster » 17, depending on the surface quality and the
emission ratio, part of the energy is reflected into the surrounding
environment. The tmnsmitted energy is transported through the
material layers of the construction element via thermic conduct-
ance. The two materials feature different thermal conductivity valk
ues. Due to its lower themic conductivity, the porous plaster
transmits thermal energy less well than the concrete with its high
thermic conductivity and high density.

The exteror reinforced concrete wall » 18 features a thermal
insulation composite system of for example expanded polystyrene
insulation and externally applied plaster. Heat conduection is low-
est in the insulation layer, and highest in the concrete. In winter,
the molecules in the concrete are excited to vibrate, and the heat
is transmitted well to the insulation layer. The temperature gradi
ent within the concrete layer is small, whereas it is the largest
within the insulation layer. The very porous, low density material
structure of the insulation materal makes it difficult to transpaort
the heat in spite of the great vibrational energy, which causes the
temperature in this layer to drop the most On hot summer days,
the heat flow runs from the outside to the inside. The temperature
gradient is reversed. Due to the low thermic and thermal capacity
of the plaster and the insulation layers, the outside can heat up
significantly, resulting in great material stress.

19

Schematic section through a wall construction with

interior insulation

In principle, an internior ingulation syatem comprisges of the same heat
tramnamisgion mechanisms as an exterior insulation system; however,
with reciprocal temperature gradation.

In principle, an interior insulation system -+ 19 behaves like an exte-
rior insulation system regarding its heat transmission mecha-
nisms; however, with reciprocal temperature gradients. Again, the
low themic conductance of the insulation layer generates the
largest temperature decrease. Since the temperature gradient
shifts toward the indoor space, it is mandatory to critically exam-
ine the resulting dew point when venfying maisture procfing. Due
to its high mass and specific heat capacity, the concrete on the
outside can store high temperatures in summer, and the exterior
surfaces heat up less

The construction shown in= 20 is a rearventilated wall struc-
ture with an insulation layer of mineralwoaol, which, again, exhibits
the lowest heat conduction. The most significant difference to the
other three constructions is the air layer If heat trmnsmission
takes place in all solid materials via heat conduction, enengy
transfer within the air layer is also based on convection and radia-
tion. Different thicknesses of the air layer and different air flows
result in different heat transmission resistances. If the movement
of the air is so strong that an air layer is strongly ventilated, the
heat transmission to the air molecules in the air layer is almost
complete. Inthis case, adjacent material layers do no longer con-
tribute to effective heat insulation.

If condensation forms at the boundaries of the air layer, the air
movement can easily transfer it toward the outside, which pre-
vents the materials from getting wet. In summer, the interior of the
rear-ventilated construction features similar properties to those of
the thermal insulation composite system. On the outside, the air
flow prevents that the surface of the extenor wall heats up exces-
sively.

20

Schematic section through a rear-ventil ated wall constru ction
This construction consists of a rear-ventilated wall with a mineral woaol
layer that features lowest themal conductivity. The loadbearing function
iz taken on by the interior concrete layer.
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Moisture

Water is the basis of human life — too little, and we would perish.
Water does, however, also pose risks — in the form of torrential
downpours as well as permanent moisture, especially in build-

ings. Every building should be planned such that it can accom-
modate the different aggregate states of water » 1+2.

Upper building envelope

The upper building envelope is frequently subject to adverse weather
conditiong. Since apertures and joints are areas of potential leakage,
they must be carefully planned and executed.

In this context, water vapour and its movement through construc-
tion elements is of great relevance. It is a phenomenon that is not
easily explained, and one thatwe face in daily life. It is noticeable
when the air is uncomfortably dry or muggy, when the windscreen
of the car fogs up, or when condensate forms on the glass of a
cool drink. The sensation is significantly more intense when we
find ourselves outside in a torrential downpour without an um-
brella. While body and clothing are easily dried at home, the ef-
fects on a building due to a leaking roof, window or wall are far
more serious. It can quickly cause dis advantageous hygienic con-
ditions or even structural safety problems.

In order to better understand these aspects and their effects
we first examine some of the basics of the material water and its
properties.

Leakage
Leakage caused by damage of a joint in the buiding envelope,
regulting from temperature-related atress.
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PRINCIPLES

Water, one of the main actors in building physics, has a very high
heat capacity of 4.1 EEE,;K (air, by comparison: 1.005 gig ) -
this parameter describes the energy needed to heat it. Water
serves as an excellent energy storage and carrier; commaon exam-
ples are heating systems and boilers in our homes as well as the
hot-water battle. Contrary to closed waterpipes or thermos flasks,
water inside buildings and rooms comes in contact with air, which
means that, inits fluid state, it tends to evaporate on the sufaces
of construction elements.

Latent heat is necessary for this process to achieve the phase
change from fluid to gaseous. Even though this thermal energy
does not cause a temperature change in the dissoled water, it
does withdraw energy from the vacated mass (water, wall, skin,
ete); something that we exploit when perspinng, for example, to
cool our bodies » 8. The process is based on the principle that
the evaporating water molecule needs a higher potential energy
to reach the greater and unordered distances in the gaseous
phase. Thus, the enengy is not lost, but is rather transferred to the
dissolved molecule to reach entropy, i.e. to vaporise into the gase-
ous disorder.

The amount of evaporation strongly depends on external circum-
stances such as tempermture, air flow rate and ambient humidity;
easily observed when drying clothes. On a dry summer day,
laundry dries quickly in fresh air, while it seems to take forever on
a misty autumn day.

HUMIDITY

The example shows that the different aggregate states of water
isolid, fluid and gaseous) lead to different physical effects and
mechanisms, particulady if water is mixed with another medium: air.
Air is a gas mixture of different components such as oxygen, car-
bon dioxide, nitrogen compounds, inert gases and water. The share
of water in the air determines humnidity; it can be expressed as rela-
tive humidity as a percentage or as absolute humidity (g/fmd).
If the moisture content of the air increases, its density decreases
because the water molecules are some of the lighter elements of
the air. This influences the partial pressure ratio: with its water
molecules and their movement in a defined air space, each per-
cent or gram of moisture exerts pressure — water vapour pressure.
The water vapour pressure depends on the temperture — if the

.
] o« °* - L
Vapour - . » gaseous
. .

Latent heat for L

phase change /. .
Water/vapour 7 fluid/gaseous
Water fluicl
Wall'skin solid
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Evapomtion

Dwring the phase change of fluid water into vapour, the disorder of the
giructure increa ses, which requires energy. The energy is transferred

to the vapournsing water molecules in the fonm of latent heat This process
doesa not change the water molecules’ iemperature. Howevar, the with-
drawal of energy causes the skin to cool, the principle of perspiration.
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air can absorb no more moisture, the sc-called saturation vapour
pressure is reached. If it is exceeded, water changes to a fluid
state. Hereby, the partial vapour pressure can be between OhPa
ivapourless air) and a maximum of 40 hPa (max. 4 volume percent
vapour in the ain. With equal relative humidity, warm air thus con-
tains a larger absolute amount of moisture and therefore a higher
partial vapour pressure than colder air If 25°C warm air with
50% relative humidity cools by 5°Kelvin, the absolute humidity
remains constant at 10grams water per kilogram air, but the rela-
tive humidity increases to 70 %.

WATER-INDUCED STRESS ON BUILDINGS

A building must be able to accommodate various types of water-
induced loads without incuring damage by water, vapour and
bulking (increase in volume) due to ice formation, and without cre-
ating an uncomfortable indoor climate. Thus, choices must be
made in terms of which influences should be limited and in how
far. Ieally, a building would be hermetically sealed against rain
and pressing water » 4. This is justifiable and necessary for
spaces with short dumtions of stay or strong exposition such as

Precipitation

Wapaour
P—

L] ﬁ

Splash water

basements. Watertight building materials are necessary such as
watertight concrete or sealing material such as bitumen or PVC
film. On the other hand, there are the demands of the users and
construction element requirements that ask for water vapour-per-
meable or adaptive sealant layers to enable the exchange and
transmission of moisture. This does not only mean windows,
which, when opened, allow an exchange with the outside air, but
also walls, for example, since they contribute to moisture regula-
tion inside buildings. Hereby, the various possible influences on a
building such as precipitation, heavy rain, building moisture and
water vapour » 5+6 need to be carefully examined to select ap-
propriate building ele ments.

Vapour
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v Prasging raw water
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Capillary water
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Building-rel ev ant types of water
Throughout the years, a building s exposed to vanous types of water loads
that nead to be considered during planning.
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The physical presence of people and/for plants as well as cooking
or drying clothes raises the humidity in a space, causing several
effects:

The risk of condensation water forming (lLe. settling on sur-
faces) increases the more, the closer the air comes to being satu-
rated. In addition, a higher penetration pressure of the water va-
pour (water vapour diffusion) acts on construction elements
because the increasingly saturated air (high partial pressure)
pushes to the outside. Especially in winter, the air outside is dry
and cold so that its partial pressure is very low. The result is that
the difference in partial pressure between the inside and the out-
side multiplies.

The overall wall system always strives to balance the different

pressure levels when the moisture conditions on the inside and

the outside differ. The more porous and moisture-pemeable the
matenal, the more moisture penetrates through the wall. This can
be verified with simulations, even though hand caleulations ac-
cording to the Glaser method (named after its developer Helmut
Gilaser and detailed in German standard DIN 4108} are more
common. Hereby, the layers of the construction element to be
examined are chamcterised with water vapour diffusion resist-
ance values p, which often feature a small, easy to diffuse inward
resistance and a large, difficult to diffuse outward resistance. The
p-valee determines how strong the diffusion resistance of a mate-
rial is against an air layer (p-value = 1) that crosses a water mol
ecule. Multiplying this ratio with the layer thickness determines
the water vapour diffusion equivalent air layer thickness, the sy
value, which can be added layer by layer, and thus allows for a

5

Waterproofing at grade

Waterproofing of the lower consgtruction elemeants
with dimpled sheets and watertight insulation
against frost.

-]

Detail of window joint
Window joint sealing againat driving rain and water vapour
diffugion.
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Datail of pipe joint outside
Connmection with the building below grade againat
pressing water.

Datail of pipe joint inside
Fipe penetrating through the ceiling of a fire
protection section and all sealant layers.

calculational and graphic recording of the diffusional resistances
of a composite construction element. For the graphic and the cal-
culational method, the outer (-5°C, BO% relative humidity) and
inner temperature and humidity conditions (20°C, 50% relative
humidity} are fxed, so that a particular layer temperature can be
determined by means of the heat transmission resistances R de-
scribed in Chapter 2, ‘Themal Energy’ In a graph, the s-values
are then plotted on the axis of abscissa, and the temperature-cor-
responding saturation vapour pressures on the avis of ordinate
across the entire construction element cross-section. Hereby it is
impaortant that the smaller se-values are used for the path into the
construction element, ie. the low resistances, and the larger s+
values from the expected point of condensation water occurrence
onward (in an area of great temperature difference). It must be
noted that according to the latest norms the graphical method re-
quires to divide the s;-value by the total s -value to nomalise them
to 1. However, for clanty reasons, the true equivalent air layer
thicknesses are depicted -+ 7+8.
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If one tries to connect the partial vapour pressures of the true
exterior conditions (1168 Pa inside and 321 Pa outside) with a
line by approximating it to the exterior conditions from below, this
can lead to contact points with the plotted saturation vapouwr
pressures of the construction element layers + 9. Since the va-
pour pressure in the construction element cannot rise above the
saturation vapour pressure (blue progression), water condensa-
tion forms at this point or in this area — at these positions, the line
of the exterior conditions comes to lie alongside the saturation

vapour pressures. The progress can be visualised as a rope con-
necting the interor and the exterior conditions, which, sagging, is
pulled tighter and tighter. The saturation vapour pressures at the
different layer boundaries are fixed nails that cannot be exceeded
so that the rope, when reaching such a point, would come to lie
alongside the nail (see 426 Pa, 1.73m in -+ 8).

Even though this case indicates water condensation, the
amount of water condensation still needs to be calculated. This
value may not exceed 1 kg water per m? construction element.

]

Graphic verification of water condensation
in a brick wall with plaster on both sidas
The graphics show the water vapouwr diffusion equivalent air layer

lcm| 30 cm 1em thickne sses of the construction element layers, the saturation
vapour prasgurs of the diffarent layer temperatures (blue line) and
the ideslised real water vapour pressure conditions on the ingide
and outside (red ling).
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With adjacent, capillary non-active construction elements such as
fibre insulation matenals, this imit can drop to 0.5 kg/m?. And the
amount of water must be smaller than that that can diffuse out of
the construction element during an evaporation period in summer.

A permanent or even additive moisture penetration can be
damaging for porous materials: not only the thermal protection
but also the loadbearing capacity can suffer. Mould can form after
afairly long time, and chipping can occur in case of frost. Water
condensation can occur anywhere in the construction element —
anytime that the temperature of the water vapour stream drops
below the dew point. Water condensation can also form on sur
faces if the construction elements are not sufficiently insulated.

This effect can be used specifically to protect construction ele-
ments. It is more difficult to achieve a high degree of insulation
around windows, for example; however, as the profiles are usually
made of moisture-proof materials there is no risk of damage in
case of water condensation on the glass panes -» 10 Condensa-
tion occurs before it can damage more porous materials — in the
past this was the way the air was dehumidified, and the conden-
sation water was drained to the outside through designated
channels. Today, special dminage layers in the window frame are
used to lead water condensing in this area and incoming humidity
to the outside.

Condensation water drain on a window

If water condengation cannot be awoided or if condangation ig apecfically
used for dehumidification, construction elements must be waterproof and

a drainage gystem must be in place. The example shows a drainage pipe
with the water dripping into a stainless steal bowl for slow evaporation.
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HYGIENE

I the saturation vapour pressure in a room is exceeded, water
condensation typicaly occurs on the mom-enclosing sur-
faces » 11. Specffically, if the room air, enriched with water va-
pour (20°C, 70% relative, 10.2g'kg absolute humidity), cools
further on a surface, it thus becomes less waterabsorptive. f the
air cools to 10°C close to a surface, for example, a maximum of
775 grams of water per kilogram air can be absorbed. This means
that 2.45 g/kg water condenses on the cool surfaces. In this con-
text, thermal bridges do not only pose an energy-related problem;
concentrated cold areas cause water condensation.

20°C 10°C
10.2 [gkgl 7.75 [g/kg)
To0% rF 100 % rF.
| D46g

Water condensation
Water condensation due to cooling of 1 kg air from 20°C and
70 % relative humidity to 10%C and humidity saturation.

Mould growth at window
Mould growth due to temperature drop in comers and roller
ghutter casing.

34 MIISTURE

Water can condense on various surfaces, which leads to critical
hygienic conditions. The determining factors are the quality of the
surface and its degree of contamination because a water film in
combination with a nutrient medium can cause mould fomna-
tion + 12. Wallpaper, glue, as well as a certain number of pollut-
ants suffice, even though the latter enable only superficial mould,
which can be easily removed if caught early. Mould spores are
harmful to health and can lead to respiratory problems and aller-
gies even with superficial mould, but all the more if the mould

growth is long-lasting and deep-seated.

Damage to building materials
Microbiclogical contamination and chipping
caused by maoisture in woodean parts.
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The risk of undetected mould growth is high since mould grows
quickly if the inside surface of an extemal wall is not sufficiently
heated, for example, due to air bubbles under wallpaper or unfa-
vourable placement of cupboards, and if moisture is permanent

due to a lack of air movement. Ty pical limits of the surface temper
ature and prevailing humidity are approxmately 12.6 °C und BO%
relative humidity. Humidity alone suffices to stimulate mould
growth: it does not require water in fluid state.

JK E
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Structural damage
Rizing moisture onan intenior wall with grid for humidity measurement.

Humidity measurement on building material
Mon-destructive humidity measurement of moisture on building material.

Mould growth and structural damages often occur due to leak-
ages in otherwise wellsealed buildings because water vapour
always searches for the path of least resistance. In airtight build-
ings, adhesive sealing joints and penetrations are frequent weak
points that might fail after quite a long service life. In these areas,
the flow of wam and humid air increases significantly. On its way
through the construction element, the air cools down, water con-
denses on the inside and damages sensitive building materials
through permanent moisture penetration » 18.

Hu midity measurement in a construction elemeant
Destructive humidity measurement of building maoisture in borehobe.

17

Sample taking
Sample taking of the plaster to measure the moigture within the
near-gurface wall structure.
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WATER TRANSPORT

The difference in pressure ratio is the main reason for humid air to
move through a porous mediuom. The different conditions on the
inside and the outside of a wall try continuously to reach a bal-
ance of the two partial water vapour pressures. In winter, higher
indoor temperatures and accordingly more water in the indoor air
cause a vapour pressure decling in the direction of the cool and,
in an absolute sense, dryer exteror; the water vapour wants to
penetrate the wall from the inside to the outside. Intensity and the
exact path are predominantly determined by the building material
and the related transportation mechanism. Hereby, the porosity of
the building material and the nature of the pores play an important
rale.

If effusion (movement of molecules through the molecular solid of
an ambient matenal) takes place, the pore walls are very small.
Here, water molecules mostly collide with the wall rather than with
each other. In turn, if the pores are larger, diffusion can take
place + 19. Hereby, the water molecules collide with each other
rather than, due to the confined space, with the pore walls. The
higher the gas diffusion in comparably large pore walls, the greater
is the pemeability of the material for water molecules. Surface
diffusion along the surface of a matenal can occur across all pore
radii. Capillary condensation describes adsorption and condensa-
tion in small pore radii, which cannot be held apart due to the fine
channels. Adsorption descrbes the attraction of individual water
malecules directly to the pore walls. Condensation, in turn, occurs
when many molecule layers finally result in droplet formation. The
significant factor here is the attrction between the molecules.

0 Vapour diffusion through Air flow through joint in

B0% rF  construction element construction element
Roaf tiles 489 Pa =1{g/iday-m?)) ~300 (g f{day-m*))
Battens T L _ Y P S Sy

Gypsum boand

18

Water transport and vapour diffusion
The difference between planned vapour diffusion through a conatruction
element on the one hand and air flow through a leakage on the other.

Effusion (Gas diffusion

_

Surface diffusion

=

k____ Capilary condensation >

< Capillary conduction >
[l

10 1" 1o® 10% 1ot

Pore radi [m]
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Pore radii
Different poasible moisture movements in building materials with different
pore sizes, from pure water vapour difusion to the flow of fluid water.
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Capillary conduction only occurs for a certain range of pore sizes.
Within this range, fluid water can sometimes be transported
against the force of gravity. The cause for this effect is the surface
tension of water as well as the interfacial tension between water
droplets and the material. Depending on the size of the contact
angle between water droplets and the material, the greater or
smaller is the attraction of the droplet to the material. With an
absorbent material, for example, the water droplet lies closer to
the surface than with a non-absorbent material. This describes
the interfacial tension between a water droplet and the material,
as does the wetting angle between the water droplet and the sur-
face » 20.

The smaller the pare, the higher the force of attraction on the
water droplets, and the better the pore can be transported against
the force of gravity. Whater transmission through loose matenal
and through joints that pose lower resistances must be examined
separately. This is particularly true for natural raw and insulation
materials. It is important to know how a patticular building mate-
rial can deal with water without incurring damage to evaluate pos-
sible damage consequences, even if the fluid water diffuses out
of the wall during a period of evapaoration.

‘ Planar film )
O ﬁ £ Py :?‘a., Wetting angle of

' ' ' ' ' ' the water droplet
180 12 bty T e o & water drop

Water Metals
Silicone PVC PUR 728
| | Surface tension of the

r T T T T 1 3

o 20 40 BO ‘ 80 solid body [10* N/ml]

r hydrophobic —=r= hydro philic -
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Watting angle of the water droplet
Effect of different wetting angles of a water droplet on the abaorp-
trity of differant materials.
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Acconding to D. A. Rose, porous matenals can accumulate mois-
ture in six phases. In 1965, Rose published an often-cited article
about transportation mechanisms in pores. In a pore, different
phases of water storage can be distinguished » 21-26 To clarify
the process, the pores are divided into two segments, showing
the potential difference within the pore. Since, naturally, potential
differences are balanced out, this is responsible for the water
concentration shown.

Phase O represents an idealised dry material without a single
water molecule present. In reality, there is always a share of mol-
ecules bound to a material,

Phase | i Phase O (dryl
i

S o~

[ o }

1
!

21

Phase |

Water vapour floating around in the pore is absorbed by the
atill dry pore wall.

Phesge I Phase |
¢ ¢ o
g
22
Phase 11

Graduslly, the pore wall is saturated with water vapour unti
a water molecule layer forma. Hereby, fewer molecules are
absorbed, due to the capillary effect in opposition to gravita-
tional forces.

38 MIISTURE

The sporadic water molecules floating around in the pore as wa-
ter vapour are absorbed by the pore wall (phase 1). The area
further in the centre is still dry (phase 0).

During phase 1|, a layer of water molecules forms on the pore
wall. The degree of absorption depends on the number of diffus-
ing molecules within the pore. Due to the potential difference be-
tween the two areas, ie the difference of the relative humidity in
the pores, a humidity balance occurs between them. The higher
the humidity at the construction element, the more diffuses into it
and the greater is the number of absorbed water molecules on
the pore wall. When the layer has reached a certain potential, the
particles can go further inside and gradually build a layer (phase |).
Because of gravitation, more molecules can be absorbed in the
lower section of the wall.

Phasge 111 i

Phase Il

23

Phase 11l
Several layers of water molecules build up on the wall of the
paore. Firat droplets begin to farm.

Phase Il

Phase IV |

24

Phase IV
The imdividual droplets merge and are then transported through
the paores infomm of fluid water.
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Several molecule layers have already formed during phase Ill. The
resulting increased pressure leads to an almost even distibution
on the pore wall. At room temperature, water maolecules move
freely through the air But if they or the room temperature cool
down significantly, their reciprocal force of attraction increases,
and they ultimately merge into first droplets » 23 left. The potential
difference within the pore is balanced further and reaches the
next phase (explanation » 22). The transportation via water vapour
diffusion still predominates.

In phase IV, the droplets merge into fluid water. Due to the po-
tential equalisation, this fluid water layer pushes further through
the pore. Then, in phase V, the thickness of the absorbed layer in-
creases further and unsaturated water transport is possible.

Phage IV

caad

25

Phase V
Unsaturated water transport is now possible within the layer of
fluid water.

Phase ¥V

Phase VI |
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Phase VI
The pore i fully saturated and behaves according to Darcy’s
law.

In phase VI, the pore is fully saturated; transportation follows
Darcy's law. Henry Darcy discovered the relationship between
water quantity and cross-section area of a porous medium and
the resulting flow rate.

It is important to always examine material and construction in
their respective entirety, ie. to consider that other water gains
might occur in addition to the water vapour transportation. All
water-related infleences must be taken into account, incleding
the summation of their effects.

Pre-existing moisture-related issues must be considered as
well as the location-specific conditions of the building ground.
Mecessary measures might include sealing against soil maoistue,
non-pressing water (rain water, seepage and greywater) or press-
ing water resulting from high groundwater. Additional dminage
measures such as a porous pipe surrounding the building in case
of very compact ground can lead the water away to drain off in
designated areas, for example. Another stress factor for the walls
can be salt, which, with its hygroscopic property, furthers the ag-
glomeration of ambient humidity » 27.
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Maoisture distribution in a construction element cross-section
Different water-related influences mpact a building such as nging humidity,
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the dew paint.
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MOISTURE-PROOFING IN
FOUR EXTERIOR WALL TYPES

Following the explanation and graphic illustration of the transpor-
tation mechanisms, these mechanisms will now be illustrated with
examples. Analysing four exemplary externor wall constructions
will show the advantages and disadvantages of different moisture
protection measures.

The very simplified schematic representation of moisture trans-
portation shows the molecule level and the density in the form of
scattered points. If the individual molecules or points lie far apart,
the material has a low density. Molecules or points closely bun-
dled depict higher density. The blue water molecules schemati-
cally show the transpaortation through a construction element. It
depends on the particular construction and the material and its
density whether condensation forms in the construction element.
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Single-shell wall construction

A massive wall with exterior plaster + 28 can exhibit two moisture-
related problems that need to be addressed. On the one hand,
direct minfall on the exterior wall; on the other hand, the influence
of high humidity in the indoor space. Indoors, the molecules travel
freely farther through the pores in the construction element. Since
there is no ingulation, the temperature within the wall construction
during winter drops off toward the ocutside. As a result, droplets
can form in the interor (when reaching saturation vapour pres-
sure) and the construction element becomes increasingly moist,
in turn resulting in increased thermic conductivity. Themic con-
duction, which in a dry materal only takes place via the share of
solid matter, can now also take place via the filed pores.

Direct irrigation of the exterior wall causes the construction ele-
ment to absorb a lot of maoisture, which is then transported further
into its centre. This means that over a longer time period the ther-
mal conductivity of the exterior wall deteriorates continuously.
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Single-shell wall construction with plaster

The movement of the water vapour (top} through the entire construction
element is homogenous but water condensation can occur. Driving rain
cauges fluid water to accumulate in the plaster layer; the water can travel
into the comstruction element by conduction and diffusion.

4':.:' MIISTURE

Wall construction with thermal insulation composite system

and exterior plaster

Even though the water vapouwr (top) can penetrate the conatruction element,
here, atthe watertight insulation layer, it does not have good transmisaiity

if the joints are executed well. Thus, moisture exchange movements mainky
occur within the porous materials. Driving rain causes fluid water to accu-
mulate in the plaster layer; the water spreads in the construction element
through conduction and then diffuses or evaporates on the outside.
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Wall construction with thermal insulation

composite system

A wall with a themal insulation composite system behaves differ
ently. Here, hard insulation matenals with closed pores almost
completely prohibit moisture transportation through the material
since there are no connecting pore channels. Contrary to porous
materials with high density, they also keep the construction ele-
ment in the indoor space wam. This prevents increased attractive
forces between the water molecules at dropping temperatures
and therefore the possibility of water condensation.

Moisture transportation due to rain water also stops at the
boundary layer between exterior plaster and insulation mate-
ral » 28. When the rain stops, the plaster dries without the overall
moisture content of the construction element increasing.

Wall construction with interior insulation

The hard interior insulation of the exterior wall » 30 prohibits mois-
ture transportation throwgh this boundary layer by a large degree.
The high temperature on the inside of the construction element

prevents water molecules from merging so that no droplets can
farm.
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Due to the low temperature in the outer part of the construction, a
lot of moisture can accumulate in the construction element after
intensive and prolonged rainfall on the exterior wall, which can only
be drained to the outside if the construction is sealed on the in-
side. In addition, measures have to be taken that the moist indoor
air cannot penetrate into the construction through leakages.

Barrier layers nead to be mounted on the inside of the insula-
tion that are sealed airtight at the joints with ceiling and floor. If
such airtight film (vapour barrier) is not applied correctly, this can
result in water condensation or mould.

Rear-ventilated wall construction

The rearventilated exterior wall construction with soft interior in-
sulation » 31 has an entirely different impact on moisture protec-
tion. Soft insulation typically consists of fibres through which the
air and water molecules can easily diffuse. Contrary to hard insu-
lation matenals, the moisture transportation is not interrupted. The
enclosed or stationary air layer can also absorb water molecules,
depending on the temperature. With this type of construction, wa-
ter condensation usually does not occur,
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Wall construction with interior insulation

Even thowgh water vapowr (top) can penetrate the plaster, it does not
feature good transmissivity at the ingulation layer, which is watertight

if the joints and connections are executed comactly. Moisture exchange
maowvements mainly take place through the porous materials. Driving
rain cauges fluid water to accumulate in the plaster layer; the water
spreads in the conatruction element throwgh conduction and then
diffuses or evaporates on the outside.

Rear-vantilated wall construction

Water vapour [bop} can diffuse through all layers. The coaler it gets, the
mare probable it is for water condensation to occur on the cold ouwter
ghall. k can be drained through the air layer in the wall. Driving rain can
penetrate the outer shell; however, with an air layer on the inside of
the leaf, there is no further capillary conductive material. Thus, water can
drop down immediately and only reach the diffusion-open insula tion

via evaporation.
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Rainfall onto an exterior shell causes increased moisture accumu-
lation in the plaster layer. Water that cannot be absorbed, flows
down the rearventilated layer due to gravitational forces.

One important factor when selecting soft insulation matenal is
its absorptive capacity. If the insulation layer becomes very wet
and then dries, this can lead to shrinkage processes. The lower
thickness of the layer lowers the themal conductivity and the re-
sistance against water vapour.

32

SUMMARY MOISTURE AND
TYPICAL WALL CONSTRUCTIONS

In construction elements, water can be present in all of its three
aggregate states, whereby pressing water, rain or condensation
water represent the deciding influences. The latter develops on
surfaces if the temperature falls below the dew point temperature,
which leads to exceedingly high, absolute humidity and reaches
saturation vapour pressure. The saturation vapour pressure repre-
sents the water vapour pressure that exists at 1009% relative air
humidity and a temperature-de pendent maximum, absolute mois-
ture content of the air. A regular room climate features approxt-
mately 30% to 75% relative humidity to maintain a healthy living
comfart. In closed buildings, the described partial water vapour
leads to water vapour flows in the construction element because
indoors the vapour pressures are different from those on the out-
side due to the desired indoor temperature and moisture accumu-
lation from showernng, for example. Since different pressures al-
ways strive for a balance, the construction element layers undergo
severe strain.

Typical constructions and concepts are derived from the many
different materials available and their different handling of mois-
ture. Basically, there are two approaches for planning a wall struc-
ture: on one hand a completely watertight concept to prevent
water vapour accumulation, which, however, also prevents diffu-
sion of water from potential building moisture or leakages out of

33

Schamatic section threugh a sing le-shell wall construction
Cruring restoration of such a non<4nsulated wall, the old plaater s often re placed
with a rainproof plaster layer, which can lead to water accumulation

42 MIISTURE

Schematic saction through a wall construction

with thermal insulation composite system

The watertight outside shell repels driving rain, but prevents outward
diffusion of moigture.
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the wall construction. Permeable structures, on the other hand,
allow a balance between moisture accumulation in winter and the
evaporation penod in summer. Of course, there are combination
concepts as well, the main aspect being the choice of appropri-
ate building materials and the comect handling of events such as
driving rain in order to create a functioning construction element.

Accumulation of water in fluid or gaseous state can result in
damages such as salt blooming, rotting and loss of insulation ef-
fect. Expanding water during frost can lead to joint damages,
cracks and chipping. It is therefore important to take all modes of
action of the selected building materials into account. The extent
of water vapour movement through a construction element is ex-
plained with the previously described pvalue. The schemat-
ics —» 32-35 show the moisture behaviour in common wall con-
structions.

Single-shell wall construction

The monolithic plastered wall + 32 is a classic wall with a very
diffusion-open structure; it is thoroughly wetted during driving
rain. During restoration, the outside of this type of wall is often
refurbished with a layer of very watertight plaster, causing poten-
tial problems. The new protective layer traps water vapour and
condensate inside the building substance, and the result are vis-
ible water accumulations and damage to the plaster.

%

£
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Wall construction with thermal insulation

composite system

In a traditional thermal insulation composite system with wa-
tertight insulation material and exteror shell » 33, driving rain is
repelled immediately; however, moisture cannot diffuse.

Wall construction with interior insulation

The wall construction with {mostly watertight) interior insula-
tion has the converse make-up -+ 34. Most roofs are con
structed in this manner, with the typical susceptibilities that
need to be considered. If leakages are present, water vapour
can penetrate the construction element and condensate, re-
sulting in potential damage.

Rear-ventilated wall construction

The rear-ventilated wall construction -+ 35 allows for an open
structure while protecting against drving rain. The air gap
and the exterior shell enable diffusion. Structural details such
as the anchors of the exterior shell and the connection details
of the windows must be solved intelligently. One possible
problem is moisture accumulation above the plinth areas (into
the air layer).

35

Schematic section through a wall construction with

interior insulation

This largely diffusion-tight construction must be carefully planned to prevent
damage due to water condens ation in the interior.

Schematic section through a rear-ventil ated wall constru ction
Air gap and exterior ghell enable diffusion of condenaation watar.
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4
Ailr-
tightness

For human beings, fresh and contaminant-free air in and around
buildings is vital. In arder to guarantee the necessary air change,
used, warm air must be exhausted to the outside and fresh air
from the outside must be fed into the building. This can happen in
a controlled and purposeful manner by opening windows or in-
stalling and using ventilation systems, but also without contral
through leakages in the building envelope. The properties of air
and the interaction between inside and outside air lead to various
issues in building physics that have a direct effect on the user in
terms of comfort and indoor hygienics. Hereby, the necessity of a
rminimum air change and how it can be accomplished in the most
efficient manner plays an important role; but as impartant are the
effects of the different ventilation strategies. The air change inside
a building does not only depend on the user; the environment (air
pressure) and weather conditions (wind conditions) are decisive
factors too.

PRINCIPLES

Ventilation or fresh air supply has always been a fundamental
need conceming indoor comfort and hygienics. Considering the
modern and ever tighter building envelopes, targeted ventilation
strategies are needed to maintain low indoor CO: levels, to limit
energy losses and to regulate humidity.

The GOy level should be maintained at below 0.1-0.15% of
the room air volume to promote user comfort and sense of well-
being. This valee can increase dmmatically in fully occupied
rooms (conferences) or over long periods without ventilation (dur-
ing sleeping), and can then put stress on the human organism.
The ecommendation is an air change of approximately 30ma'h
per present user to exhaust excessive GOy An air volume flow of
3 mdfh would suffice to maintain the vital oy gen volume; however,
this value would not fulfi our demands on comfort, health and

hygienics.

VENTILATION

Different ventilation concepts can be employed to achieve such
air change rates. The principal differentiation is natural ventilation
and mechanical ventilation. The first is solely based on pressure
differences between the indoor space and exterior air — this is
usually accomplished via traditional window ventilation. The pro-
cessis driven by zonal temperature differences, for example, or by
a chimney effect through warm air rising. Mechanical ventilation
requires the installation of specific ventilation systems for con-
trolled air exchange in a building. Hereby, airtightness plays an
impartant role because defective windows, gaping joints or leak-
ages result in uncontrolled air changes. On the other hand, ex-
tremely airtight buildings with continuous and consistently glued
sealing layers (sealing foil between wal and window) can gener-
ate problematic under- or overpressure inside the building if the
ventilation system is not set up correctly.

During summer, the mandated large arr change rates do not
pose a problem, since window ventilation, particularly at night, is
the simplest manner to provide ventilation and even cooling. Ven-
tilation effects can be optimised with dedicated constructional
measures. The decisive factor is the arrangement of the ventila-
tion openings and their size. Rooms with facing windows are ben-
eficial as are indoor situations with a chimney effect such as light-
wells or staircases. Window ventilation in rooms with windows on
one side only is less efficient.
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In - 1 different ventilation possibilities and their effect are com-
pared. The choice for a particular ventilation concept ultimately
depends on the cost, design aspects and various building phys-
ics requirements. Ventilation flaps, gap ventilation and ventilation
openings are either based on pressure differences or are con-
trolled with sensors, which is why the user has very little or no in-
fluence on these ventilation variants. Targeted ventilation with
high air exchange rates can be achieved with simple window
opening, whereby a baffle panel can be advantageous for the
building construction as well as soundprocfing. The air change
(1/h} for the volumes related to the ventilation openings is shown
in » 1. The unit specifies how much of the entire indoor air volume
is changed within one hour, whereby 1/h indicates complete ex-
change.

In winter and with natural ventilation, indoor termperatures drop
perceptibly; depending on the type of ventilation and the charac-
teristics of the room this is accompanied by significant enerngy
losses. With window ventilation, short ventilation bursts are ener-
getically economical because the room wolume can be exchanged
through a large ventilation opening during just a few minutes.
Even though the warm air escapes, more or less massive indoor
construction elements do not cool off, 5o that the indoor air can
be heated back to comfortable levels within a short period of time.
However, light constructions or inside-insulated surfaces reduce
this effect. A window that is only titted open and therefore fea-
tures a smaller ventilation opening prolongs the necessary time
for the air to be exchanged, and the adjacent surfaces cool down.
Old buildings are rarely equipped with mechanical ventilation, and

Air exchange Acoustic
rate [1/h] Adjusta bility protection
Vantilation 0.5-120 meadium o '::]
through
window
Wantilation 05=-5 bover high If
through —
window with
axtanor impact
pana
Vantilation 1-3 b b |I
flaps 1
=M$_'
Gap 05-2 high high
veantilation
1 —
Ventilation openings in the facade
There are many possibilities for fagade-integ rated . _ _ . .
ventilation. The image shows the achievable 1|."EI'ItI|-:TtIDI'I 05-2 ot - mdium very high
air change, the controllability and the efliects on 1:[1::]2:?
gound protection. The air change indicates P
how often the entine indoor air wolume is exchanged conimled)
in one hour, |:[|
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even during restoration such systems are not retrofitted because
of the cost for retroactive installation. One exception are exhaust
systems for interior, window-less sanitary facilities because they
are hygienically indispensable. In many cases the solutions are
small exhaust fans, mounted decentrally in the relevant rooms.
Hereby, care must be taken that air from neighbouring rooms can
flow into these spaces in order to exhaust water vapour from
showering, for example.

Unused, the humid and wam air flows to the outside, thus
generating additional energy loss in old builldings since opaque
construction elements are usually not well-insulated anyway. Heat
exchangers could be employed to reclaim the thermal energy
contained in the used air.

Increased energetic and normative requirements related to
user comfort demand a responsible approach to indoor ventila-
tion + 2. Energy losses can only be minimised and indoor hygien-
ics optimised with thoughtful ventilation concepts.

Percentage of ventilation-related heat loss

100%

20%

O
Mew building

Old building (standare)

B Transmission heat loss

B ‘entiation-related heat loss

2

Ventilation-related energy loss

Share of ventilation-related losses of the overall heat
kzas of buildings with different energy ratings without
ventilation system.

Free ventilation

Typically, manual ventilation suffices in residential living quarters —
aven at night. Users should enable regular air change to guamntes
hygienic conditions and to protect the building. This is particularly
impaortant after window exchanges; not every user knows that pre-
vious leakages on the old window frames ensured air change,
even if uncontrolled, whichis no longer the case with the new, very
airtight and less conductive windows. As a consequence, the non-
insulated wall becomes the coldest construction element. This
means that these areas are prone to water condensation, particu-
larly when high humidity levels occur due to insufficient window
ventilation. Previously, with the old windows, the condensation
water accumulated on the panes of the less insulating windows.

Mew building
flow energy)
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Decentralised ventilation

With decentralised ventilation and so-called self-ventilating win-
dow frames, an integrated flap changes its position in depend-
ence of air pressure differences between inside and outside, and
thus enables air change. The user cannot influgnce this type of
ventilation; it is only meant for room hygienics and to ensure a
minimum air change. Only a few of these frame-integrated win-
dow ventilation systems allow to reclaim thermal energy through
small heat exchangers: and they are significantly more expensive.
The performance of these flaps is debatable since it is subject to
wind direction and intensity, and the flaps can get dirty and wear
out. In addition, they form an energetically weak area in the frame.

Central ventilation

Central ventilation systems are the maost expensive and elaborate
type of controlled building ventilation. Due to less constructional
effort, central exhaust systems are a slightly less expensive alter-
native. However, they only ‘dispose’ of used air, for example
through an exhaust pipe connecting bathrooms on adjacent
storeys, and they require openings in the exterior shell of the build-
ing and the mom-separating doors to allow for fresh (cold) air
supply. This means that one central exhaust pipe is needed. The
advantage in companson to the decentralised vanant is the pos-
sible re-use of the wam exhaust air with a heat pump and the
larger central fan.

48 AIETIGHTHESE

But if the exhaust air is to be exploited with a central heat ex-
changer, it is recommendable to install a supply and exhaust sys-
tem. An operation without a heat exchanger is theoretically pos-
sible, but not very sensible considering the constructional effort.
The configuration of the system can vary depending on the de-
mand: an air humidifier and dehumidifier can be integrated, or the
entire airconditioning is configured as part of a heating/cooling
system, so that the ventilation system incorporates an air heating
system to save additional transfer surfaces. It is wise to install at
least a heat exchanger because it recycles 90-95% of the lost
ventilation heat back into the building.

When planning to install a ventilation system in old or new
buildings, their general life span of anly 30 years should be taken
into account. And the maintenance requirements as well as the
hygiene of the entire systerm may not be underestimated. Many
users or inhabitants of a building with a central ventilation system
consider it uncomfortable that the constant air change in winter
causes the air to be too dry. This can lead to chronic respimatory
problems, which, however, could be better contralled by short-
term window ventilation on dry days.

Air velocity in m's

T
12 14 16 18 20 2z 24 26 2B

Indoor air temperature *C

3

Sense of comfort with varying temperatura and air velocity
The expariment ally detemined comfort talerance in dependence of air
velocity and indoor air temperature.
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DRAUGHT

Mext to the tempermture, indoor comfort is chiefly determined by
air velocity. Many people sense flow rates in excess of 0.2 m/s as
uncomfortable draught. Such disadvantages vsually occur with
incorrectly adjusted, mechanical climate and ventilation systems,
since they introduce the air in a directed manner and with pres-
sure. Thus, if draught occurs, the exhaust openings and their ori-
entation must be adjusted. However, uncomfortable air velocity
can also occur with natural ventilation, a common sensation.

In many old buildings, leakages cause draught; especially win-
dows are areas of concern, which is why formerly wing chairs
were placed with the back toward the window to protect from the
cold air flow. Strongly radiating (convective) heat sources such as
fireplaces or cold air accumulation on large glass panes can also
cause dravght. The latter continuously cools down the rising
warm room air when it passes along the pane in a way that fall
velocity reaches an uncomfortable level.

The comfort diagram + 3 hows a generally valid area of com-
fort for a certain combination of air temperature and air velocity.
Even very low air flow rates can cause discomfort, while they are
tolerated more easily when temperatures are high — understand-
ably when considering the comfortable effect a fan has on a hot
summer day.

In addition, there are various turbulences in the air. Hereby, the
sense of comfort is mainly influenced by the flow characteristics
of the air. The comfort level is higher if the air inside a space is
distributed without noticeable turbulences, whereas highly turbu-
lent air is quickly perceived as uncomfortable. Those two factors
are recorded in norm DIN EN IS0 7730, which interprets the
sense of thermal comfort and establishes related crteria.

Accordingly, low and homogenous air movements provide for
comfortable conditions, particularly in cold rooms in winter. Thus,
short-term window ventilation and building envelopes with the
highest possible degree of aitightness do not only save energy-
related cost but increase the sense of comfort noticeably; even
sealing door gaps with door pillows can help to prevent uncom-
fortable dravght.

AIR PRESSURE

Another factor influencing buildings is caused by the hydrostatic
air pressure that is normal and omnipresent on the earth's sur-
face. It corresponds with the height of the air column that acts on
a particular area, and is approximately 1013hPa at sea level;
equivalent to about 1 bar. The measurement unit N/m? (Pa) is
easier conceivable; it expresses with how much force the air acts
on a surface.

Because human beings are used to the prevailing air pressure
of their respective areas of habitation, the air pressure inside res-
idential living quarters is oriented on the outside air. However,
temperature changes and particulady technical equipment can
cause a pressure imbalance in very airtight buildings, which puts
stress on the airtightness of the building. This imbalance is de-
sired when overpressure systems are installed in hospitals, for
example, to prevent germs from entering the building with the out-
side air.

A much more crucial factor, however, is the impact of wind
pressure on the windward side of the building (overpressure),
and wind suction on the downwind side (underpressure). The re-
sult is a large pressure difference with respect to the static air
inside the building, which contineously strives to balance out. In
such cases, leakages in the building envelope are used to let air
flow into the building volume (overpressure) or to exhaust air un-
derpressure). Both processes subject the structure to a dynamic
load -+ 4 that can eventually create leakages in initially airtight
shells becavse weak bonded joints, for example, can lose adhe-
sion » 5.

This process can be dealt with normatively by inspecting a
building with a blower door test to detect different areas of pres-
sure. This test is described in the following section.
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Lifted sealing foil

Window frame

m

Wind pressure

o~

f Air draught

Windwand side

4

Wind pressure and wind suction occurring

around a building

Lightweight constructions are subjected o two differant typas
of loads, which causes sealing foil on the internor to be sucked
onto the construction in the low preasure area and lifted off
the comatruction in the high pressure area; the regult is cold air
penetrating the building.

Eﬂ AIETIGHTHESE

Tight sealing fail /

Wind suction

-

Wind-averted side

Defective con nection of the sealing layerin the roof
The sealing foi was not glued properly in soma areas,
and is subjected to streas throwgh many penetra tiong.
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Blower door test

Airtightness of buildings can be tested with the so-called blower
door test, a test that benefits the energy balance assessment
The name of the test is derived from the typical method: an open
entry door, for example, is sealed as tightly as possible with a
frame with an integrated fan. When all unavoidable discontinuities
such as drains or ventilation openings toward the outside are
sealed, this fan imposes an over- or underpressure of 5 Pa on the
entire test area. In the case of lightweight constructions, it is sen-
sible to generate both pressure differences to ensure thata seal
ing foil that is sucked onto the construction in case of underpres-
sure, does not fail in case of overpressure either. To record the
tightness, the flow necessary to generate and maintain the pres-
sure difference of 50 Pa is evaluated + 6+7.

]

Blower door test setup in an underpressure configuration
The entire building is put under 50Pa underpressure. The air flow
penetrating through leakages (window, door and roof connections,
joints or pipe penetrations) iz measured and offset against the entire
building volume to obtain the air change rate to be evaluated.

Installed blower door test setup

The fan is integrated into an entry doaor in an airtight
manner and controlled by a laptop computer ao that
vantilation losses can be mmediately recorded and
evaluated.

Measurement gauge with
viewing window

Blower

Test air flow
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Handling aparturas in the building
I . | Mecessary apertures such as around toilettes or
Dot exhaust hoods must be sealed for the tightneas
h | test g0 that they do not falaify the reault.

3 3

Opening to
exterior

] 10

Leakage in window joint Leakages at installations

The sesaling was not executed comrectly during Installations and related pipes and ducts can cause measur-
window inatallation, which led to draught in tha able leakage (flow measuremant).

area of the window sill.
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Hereby, the building or room volume again plays a role because
the result yields a ventilation number:

NG — Volume flow (1 ]

Building volume | h
n50 = Air change rate at 50Pa under-foverpressure

According to the norm, the requirements for buildings with naturml
window ventilation are currently n50 < 3,0 h™' without mechanical
conditioning and ventilation systems, and n50 < 1,5 h™' with me-
chanical conditioning and ventilation systems. The higher require-
ments when employing mechanical conditioning systems can be

explained with the goal to achieve a very directed air change.

Foeg machine for leakage detection ind cors
A fog machine displays draught and theraiore leakages.

12

Fog machine for leakage d etection outdoors

It iz mportant to know exactly where air flows from the inside to the outside
to fix leakages. A roller shutter casing, as shown here, is a typical area of
leakage.

Openings and penetrations are the most common causes for
measured leakages: the leakages result from either faulty execu-
tion or inadequate products with low durability » 8. Other factors
are damages, matenal embrittlement, setting or similar as-
pects » 9,

Discontinuities in airtightness can also occur in massive cone
struction element surfaces; for example, when a masonry joint is
washed out or air finds its way through the chambers of hollow
checker bricks all the way to a wall socket » 10. Such defects are
especially critical, if they cause warm humid air to condense on
cooler construction elements and condensation water results in
damages.

Various tools are available to detect defects: a flow measure-
ment meter detects incoming or outflowing air flows + 13, a fog
machine clearly visualises air flows and leakages -+ 11412 and an
infrared camera (thermogrmphy) reveals geneml optical defects.
The camera visualises ocutflowing wam air and cooled areas with
different colours, and thus complements a fog machine.

Leakage detection with air flow metar
Defects at joints can be detected and quantified with an air
flow meter (anemometer).
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SUMMARY AIRTIGHTNESS AND
TYPICAL WALL CONSTRUCTIONS

CO; emissions in breathing air and other vapours (for example,
adhesives in furniture) make air change in buildings mandatory.
Typically, this is accomplished with opemble windows. In winter,
short-term window opening is possible to prevent the concentra-
tion of harmful gases or too muech humidity that stimulates moulkd
growth.

In the case of building restoration or when windows are ex-
changed, previously existing window gaps and joints are elimi-
nated, which makes it necessary to create a ventilation concept to
prevent future problems. One solution are ventilation systems;
they are technically complex, costly and require regular mainte-
nance, but they can also cover other functions such as air-condi-
tioning, ventilation and humidification/dehumidification. Uninten-
tional ventilation results from leakages in the construction that
can be caused by material embrittlement and flawed planning ar
execution.

14

In the relatively airtight themal insulation composite system - 15,
air permeability is minimised in two layers. But there is the risk
that air can penetrate at joints or lead-throughs, mainly for dowels
far the insulation or installations in connected air chambers of hol-
low checker bricks that then cause the typical dracght flowing out
of wall sockets. Since joints, installations and connection details
are the major cause for draught, they should be carefully consid-
ered during the planning process. Due to the nature of the con-
struction, interior insulation bears greater nsk of leakages, par-
ticulady in the cormer areas, because there are large connecting
areas with the adjacent construction elements and great potential
for element movements that the joints must compensate » 16
However, in terms of airtightness, this type of setup with two lay-
ers is more beneficial than a single-shell construction + 14, since
with the latter every leakage has noticeable consequences. On
the other hand, this immediateness has the advantage that de-
fects are detected quickly, whereas water accumulation in the
centre of multFlayer constructions is often only detected after a
longer period of time. The simple and robust construction also
allows for fast repairs of joint damages.

I o -
S/
=
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Schematic section through a single-shell wall construction
Since this non-ingulated conatruction consigts of one layer only, joints and
leadthroughs are not covered, which incre ases the risk for leakages.

54 AIETIGHTHESE

Schematic saction through a wall construction with thermal
insulation composite system
This double-layer setup minimises air pemeability.
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The wall with air layer and outer shell + 17 is a constructional par-
ticularity, because it behaves similar to a themal insulation com-
posite system if the air layer in the gap is static. it thus offers
several possible airtight layers, whereby care must be taken to
plan window openings thoughtfully to fulfil all requirements. The
outer shell sustains direct wind loads so that they have only weak
impact on the indoor air space.

%6 7
Schematic section through a wall construction with interior Schematic section through a rear-ventilated wall construction
insulation The airtight ingulation layer can cover small potential leakages in this
The high number of joints and lead-throughs increases the risk of leakages. multi-layer construction.
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5
Acoustics

Since most of the sound sources that we encounter in our daily
life cannot be switched off or avoided, and the demand for quiet
living and working areas grows continuously, sound protection
plays an increasingly important role in the construction of build-
ings. Architects or engineers should include it early in the plan-
ning process becauvse good sound protection cannct be retrofit-
ted at all or only at major cost and labour expenditure. The term
sound protection means all measures that prevent or weaken
sound transmission. Fundamental knowledge of the physics of
sound propagation must be available in order to be able to de-
velop a wel-functioning sound protection concept. For this rea-
son, the following section aims to advance into the topic ‘Acous
tics' with comprehensible teminclogy. The basic knowledge
about acoustics thus attained is then used to explain the basic
influences impacting the sound-insulating of wall and ceiling con-
structions against arbome and impact sound. Four typical wall
constructions are used as examples to illustrate these effects.
Since next to sound protection within a building and against exte-
riar sound, the sound quality inside a room also has a significant
effect on our sense of comfort, the last section on 'Room acous-
tics' examines these types of influences.

PRINCIPLES

Mammals, including human beings, sense sound via sound waves.
But what are sound waves? 'Sound' descrbes a mechanically
generated, sinuous vibration — the sound source. It spreads circu-
lardy in gases (airborme sound), fluids (liquid-borme sound) and sol
ids (solid-borne sound), and, from a certain intensity onward, is
within the hearing range of the human ear. Since all of these media
consist of molecules that move constantly but at varying degrees
{Brownian movement), they are stimulated in different manners,
and thus transfer sound. In gases and fluids, sound energy can
only propagate in the longitedinal direction, ie. parallel to the di-
rection of propagation of the sound wave (longitedinal wave), be-
cause the molecules inside these media are not connected to one
another. In solids, on the other hand, the molecules are elastically
connected, allowing for the sound energy to propagate in many
different ways. The most important type of propagation in building
physics is the bending wave. Hereby, the molecules move in cross-
direction, i.e. perpendicular to the direction of propagation (trans-
verse wave), as well as in the longitedinal direction of the sound
wave, resulting in an angular movement of the molecules » 1.

Types of sound waves

Above left: longitudinal wave = sound only propagates in the longitudinal
direction, above night: trangverse wave = sound only propagates in the

cross-direction, below: bending wave

= gound propagates simultaneously

im croas- and longitudinal direction, leading to an angular movemeant of

the malacules.




The general principle of sound propagation in air » 2 is that the
sound wave propagates as the energy of the sound pushes the
molecules together and apart in an oscillating movement. The re-
sult are areas of higher air pressure and areas of lower pressure
ibased on the naturally prevaiing atmospheric air pressure of
approx. 101,300 N/m?). The more these areas differ from the at-
mosphenc pressure, the higher or lower is the so-called sound
pressure p [N/m?] = [Pa] (p is also called amplitude, i.e. the max-
imum deflection of a sound wave). The speed with which these
pressure changes occur is called sound particle welocity v [m/fs],
the propagation speed of the sound wave itself is called sound
velocity o [mfsl. Hemeby, the sound velocity in air is the lowest
lapprox. 340 m's), higher in water (approx 1500m/s) and the
highest in solids (steel 5000 mds).

Fressure P

Atrmospheric
pressue

q*“"’ﬁ

A

The sound wave » 2 shows a sinuous path, corresponding to the
definition of a tonal sound (harmonic vibration). & tonal sound con-
sists of a single frequency, the unit is Hertz (Hz). Hereby, the fre-
quency specifies with how many vibmations per second a sound
wave propagates. A vibration describes the cycle ‘atmospheric
pressure — overpressure — atmospheric pressure — underpres-
sure — atmospheric pressure’ Mathematically, frequency is there-
fore expressed as the reciprocal value of a perodic time in sec-
onds.

_1|r
f T[s_l

with f Frequency in Hz
T Periodic time in &

Over
pressure

Amplitude A

| Wavelength A /Period T |

SNBSS E B & O & 4 DSEAENAEEE @ 8 B B & O 0FENESd
SEERES D PR @ & 0 URSAMNERFE B F P P R DRSS
Godhbd- 2 & & @ & & CHRERREF 2 & @ & & 0
FAMMRREE R B & @ & ¢ EHFMENGS ¢ & & B 8 & P 0SS
SINMEEEE B & @ @ 4 ERGAENENE® @ 8 B B & O 0SS
EEEENSG N @ S @ @ 0 UOMIEEEPR 8 B B OB o9 O0OmmEeU
SR d 2 b F B & b D RRRE @ B B B b B0 b
BAMMRE D & & @ & & P HMMEMAS & & & @ & & P 0 SNESE
AL T T B L T O T I B A IR
A O O I R LR o e B R S N AR R
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[ E I E N E R R N E RN R R RF R NR RN NRENENE RN NNERENENE NN
I E AR R N R R RN R RN S N R RN AR NN R RN RN A R E R E NN
I E AR SR ERE RN EEE R EEERERERERRER R R ERERENN]
T E R EE R EREFERE SR REERENENERERR N " FEXRE NN

2

Principle of airborne sound propagation

Sound waves propagate as the energy of the sound pushes the air molecules together and apart in an
oacillating mation. The consequence is undenpressure and overpressure related to the atmospheric
preggure. The oscillating motion of owerpressure to undenpressure is defined as vibration. The frequency
deacribes the number of vibrations per second.
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If a sound wave propagates with a high number of vibrations per
second, meaning if it has a high frequency, the human ear per
ceives it as a high, ‘light' tonal sound. If the frequency is low, the
tonal sound is perceived as low and 'dark’ Hereby, human hearng
depends on the age of the person, the genetic predisposition and
permanent emvironmental influences (street noise, discotheque,
etc.). Different frequency ranges according to different tasks can
occur during planning + 2. These ranges are oriented on human
hearing as well as on what is technically sensible and feasible.

An overlay of different scunds whose frequencies are related
to each other by simple whole number ratics, generate a tonal
sound. A noise occurs when the overlaying frequencies are not
related to each other by simple whole number ratios, iLe. the fre-
quency ratios are chaotic + 4.

P-"‘.

100,000 Hz
=
=
.
=
20,000 Hz A
N | 10,000 Hz o
E s E’EH:H:FHZ & E’
E &
5w 3150 Hz o -
H 3 28 1000 Hz (=
' 23 a3
2 g
g it g
2§ v 100 Hz v o8
5 & §
[ ¥ 63 Hz T
v 50 Hz
16 Hz £l
10 Hz E
1 Hz 3
5
£
v W

3

Mustration of the acoustic frequency ranges specified for planning
The frequency ranges speciied for planning are onented on human heaarning
and on what is technically sensible and feasible. Butin certain cagses, it
can make sense to examine the frequencies below and above these ranges.

=f

3 =
fa f 4

Sound pressure p plotted over time

From abowve left to below right: pure sound with
related frequency; a complex tone congisting

of three sounds and thereiore thres frequencies
that are relailed by simple whole number raticog;

a sound conaigting of overlaying sounds with a
chaatic frequency ratio, shown here with its fre-
quency band, separated in frequency ranges with
the cut-off frequencies f,, T, and the according
cantre frequancy f,.
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The last parameter of a sound wave to be mentioned is its wave-
length & or its period T. As already mentioned + 2, bath terms
describe the distance of two successive phases. Wavelength in-
dicates a position change of the sound wave and perod denotes
a chronological change. The following relationship exists between
frequency, wavelength and sound velocity:

f=c/h
with f Frequency [Hz]

¢ Sound velocity [mfs]
& Wavelength [m]

(L)

&= 0; no damping

X (f,) = Amplitude of the induced frequency
f,= Stimulation frequency

fa= Matural frequency

X = Resonant frequency

& = Damping (friction)

E":J ACOUETICS

Since sound propagation originating from a sound source does
not only take place in one direction but rather in a three-dimen-
sional space, itis called a sound field. This field can be described
with two energy parameters:

Sound power P [W] = [J/s]

Sound power describes the sound energy that is emitted from a
sound source as airborne sound over a specific perod of time.
Sound power only depends on the sound source.

Sound intensity | [W/m?]

Sound intensity is defined as sound energy that is transported
vertically through an area of 1m? over the period of 1 second.
Since sound intensity is therefare a vector quantity, it can be used
to localise the direction of a sound wave and the related sound
SOUrce.

Kz K<l Ky

5

Relation between natural and resonant frequency
Matural frequency and resonant frequency can only be equated
if the stimulated aystem does not have any damping properties,
which does not exist in nature. Therefore, in physical termsitis
not comect to equate the two tema.
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Sound propagation in a room depends mostly on the resilience,
the mass and the damping (friction) of the matenal to be crossed.
In a double-shell construction element, an insulation or air layer,
for example, acts as a spring between the two shells (masses).
The shells and the spring act as an additional damper (through
friction) for the sound energy. Still considering a double-shell con-
struction element, its masses including the resilience (mass-
spring-mass system) and damping create a natural frequency f..
This is the frequency at which the system oscillates, if, after an
initial sound impact no further stimuli or frictional forces are pres-
ent. If sound energy strikes a construction element with a fre-
quency similar to the natural frequency, resonance occurs, i.e. the
natural oscillation of the system is enforced by the sound impact.
The closer the two frequencies (natural frequency and excitation
frequency), the stronger the resonance.

If the oscilation amplitude of the system reaches its maximum
through the impacting sound energy, this is called resonant fre-
quency. If there is no spring in a system, such as is the case with
a single-shell construction element, the vibration can build up un-
til a resonance catastrophe occurs, ie. the system is destroyed.
Often, natural frequency is equated with resonant frequency. This
would be the case in an ideal system without damping. However,
such systems do not exist in nature. Therefore, in physical terms,
it is not correct to equate natural frequency with resonant fre-
quency, if the sound amplitude is taken as a basis » 5.

To evaluate what human beings perceive as ‘noise’, building
physics refers to the sound pressure created by the sound power
of a sound source. This measured value depends on the distance
from the sound source and on the acoustic properties of the envi-
ronment. Everything seems louder in an empty space with bare
concrete walls than in an entirely furnished room. The sound in-
tensity level Lis used to describe sound pressure mathematically.
It specifies the mtio between the amplitude of a sound event and
the so-called base sound pressure (pg). Hereby, p, corresponds
to the tested human auditory threshold (2 - 105 Pa). Since the
hurnan hearing range with a threshold of pain at approxmately
20Pa is very large, sound pressure is specified as a loganthmic
value, i.e. as a level measured with the unit decibel (dB8).

Sound intensity level
L,=1'Dhg%=2ﬂhgz—[dl3'|

with p Instantaneous sound pressure
p, Sound pressure at auditory threshold (2 - 10°% Pa)

The logarithmic scale yields a sound level mnge between 0dB
lauditory threshold) and 120 dB (threshaold of pain), wherby the
human ear perceives level changes of approximately 1dB. If the
total sound intensity level is to be determined from various une-
gually loud sound intensity levels, the particular sound intensity
level of the individual sound waves is determined with the follow-
ing correlation:

Total sound intensity level

n
L,..=10log ¥ 10™'"*:[dB]
j=1
with L.; Sound intensity level of the individual sounds indB
n Mumber of sound sounces

In the case of several identical sound sources, this correlation is
replaced by the following equation:

Total sound intensity level
Ln“= L1+ 1° - k:lgn = L| + j'L-| [’dE]

with L, Sound intensity level of the individual sounds in dB
n  Mumber of identical sound sources
AL, Increase of sound intensity level at n
identical sound levels

The so-called weighted sound intensity level addresses the fact
that human beings perceive sound intensity levels differently de-
pending on frequency and subjective sensation (e.g. low sounds
are perceived guieter than high sounds). Modern measuring de-
vices automatically lay a fiter over the recorded sound level and
thus adjust the result to the loudness perception in dependence
of the frequency. Hereby, a correction value is used as the basis
by means of so-called reference curves. The most generally est-
ablished curve is the A-reference curve; a weighted sound inten-
sity level is thus identified by Ly, the unit is called dB(A).
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BUILDING ACOUSTICS

Building acoustics (structural sound protection) deals with sound
protection within buildings and against exterior noise, aiming at
protecting occupants from unacce ptable sound impact. We differ-
entiate between arborne sound protection and impact sound
protection to descrbe the sound protection effectiveness of con-
struction elements. Impact sound results from walking on a ceil-
ing, for example. Hereby, sound energy is genemted through the
vibration of the construction element, and is transferred into the
ceiling as solid-borne sound. Sound is also propagated to the air
and, thus, transferred to the human ear in the form of airborne
sound.

Each construction element in a building must exhibit an ade-
quate degree of sound protection, e the capability to dampen
sound. The better the sound-insulating, the less the occupant is
subjected to noise. Hereby, the following factors play a significant
role: raw density of the material used, the possibility of transfer-
ring sound to adjacent construction elements and the construc-
tion method of the construction elements » 6.

Solid-borne sound propagation depending
on raw dansity

A material with low raw density transfers sound
enargy better because the distances between the
individual molecules of the material are relatively
large. In contrast, materials with a high raw denaity
ahbaorb sound energy faster because the mal
ecules lie closer together.

10cmiés

10cmé

69 ACOUETICS

The following deduction can be made: the higher the raw density
of a construction element or the respective material, the better its
airborne sound protection capacity. (However, this statement is
based on extremely simplified assumptions. Mext to raw density, a
material's molecular structure also plays a significant role in
sound dissipation.) When multiplying the raw density with the
layer thickness of the material used, the result is the so-called
area-related mass, as illustrated by the following formula:

Density thickness m' = Ep -d [%J

with p  Raw density of the material kg/m?]
d Material thickness [m]

10 cm/is 10cm

§- ¥ L W ~ -
z Wl WLz o5 oz
g TR = 22
FHOE b1 cm/g Bom P %
L ] & =
&0, 9999
3 3 BEm/§F OSenis
| ek -9~ 90
zBomis f4cmis 2 cm/s 10 cm/s ¢ Thom's ¢
" o8-89
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The following simplified maxim can be derived: The heavier a con-
struction element, i.e. the larger its area-related mass, the higher
its airborne sound protection value; but also, the higheris its ther
mal conductivity and therefore the lower are its heat insulation
properties and vice versa.

The influence of acoustical bridges must be mentioned in this
context because construction elements or their shells are alvays
rgidly connected to the loadbearing structure or to other con-
struction elements through edge fixation. Flanking construction
elements serve as the transmission path for the sound » 7.

horzontal

e =

vl

!—I-—-4

T

Sound fransmission along other construction elemants
In dependence of the position of origin, sound is tfransmitted
along different paths via flanking conatruction elements.

Left: sound transm ission caused by exarnor noise; centre
and right: sound tranamission caused by interor noise.

These transmission paths can be interrupted by completely de-
coupling the construction elements, for example by installing
floating screed. If all connections are executed appropriately, im-
pact sound protection between screed and concrete floor sepa-
rates structure-borne sound from the other construction ele-
ments (walls, ceilings) and thus prevents its propagation. Since
aven the smallest acoustical bridges drastically reduce the sound
protection effect and allow for sound transmission, planning and
execution must be done very carefully. A classic example of such
an unintended acoustical bridge occurs when, during wall plas-
tering, small lumps of mortar get into the corner joint between
floating screed and wall. A hairline crack in the plaster also suffi-
ces to locally reduce the sound protection of the wall. And the
construction method plays an important role — which will be de-
tailed in the following sections 'Protection against airborne noise'
and ‘Impact sound protection of ceiings!

1 Directly through the separating surface

2 From the sepamting surface onto the flanking wall

3 Along the flanking wall or ceiling

4 Along the flanking wall across the separating surface

rought to you by he Mational Library of the Philippines
— _— . . I:IILIEJ:.C-GIIJ:H:: 63



AIRBORNE NOISE PROTECTION OF WALLS

For the protection against airborne noise, the so-called airbome
sound-insulating index determines in how far a construction ele-
ment can protect the occupant from sound impact. Hereby, the
higher the airborne sound-insulation index of the construction ele-
ment, the higher its sound insulating effect. This relates to the fact
that the sound pressure level difference between transmitting and
receiving space is used to evaluate the construction element.

In simple terms, the airborne sound-insulating effect of a con-
struction element depends on its area-related mass, the sound
transmission along other elements and the construction method
of the construction element.

Construction methods are different for single-shell and multi-
shell construction elements. A shell either consist of a single ma-
terial (e.g. concrete, masonry, glass) or of several, permanently
fived layers (e.g. plastered masonry). The different layers must
feature very similar soundproofing properties in order for the leaf
to vibrate as a whole.

Single-shell walls

As described earlier, the sound-insulating properties of a con
struction element largely depend on its mass. This fundamental
fact was mathematically formulated by R. Berger as early as in
1810 with the so-called Berger's mass law. It states that with
each doubling of the mass or the frequency, the sound-insulating
index improves by 6dB per octave. However, the onginal mass
law only applies to sound striking a wall perpendicularly as well as
for flexible panels. {In this context, flexible does not mean that the
pangls can be bent. The term depends on the cut-off frequency of
coincidence of the panel, which will be further explained later in
this chapter) If Berger's mass law is related to the incidence
angle of the sound, the fallowing formula and according progress
of the sound-insulating index in dependence of the frequency can
be derved » 8.

Berger's mass law

. ¥
Rzm-hg[H[np'Lf'm -maﬂ”

"L

with R Soundinsulating index [dB]
m' Area-related mass [kg/m®]
p Raw density [kg/m?
¢ Sound velocity air (o, =340m/s)
f Frequency [Hzl
p Raw density ar (p_ = 1,26kg/m?)
¢ Incidence angle sound

—| Panel vibration Mass law Coincidences Mass vibration
S| o< 100 Ha2) (fo> 10.000 Hz
[1d
= —_—
& |
2 6dB/octave I
o™ N
£ o
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f, f, Frequency f [Hz]

a8

Progress of the sound-insulating indices in a single-shell wall

The sound incidence angle has a decsive effect on a wall's sound-ingulating index. Thus,
the original mass law only applies to a lmited frequency range and to perpendicular sound
mpact. Below and abowe this range, at certain frequencies resonances with the natural
vibration of the wall cause a reduction of the sound-insulating effect.

E"q' ACOUETICS
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If the frequency of the impacting sound wave lies within the range
of the natural frequency of the panel, resonances occur. This is
noticeable by a reduction in scund-insulating because, in this
case, the panel as a whole vibrates, and the sound energy trans-
mits through it without significant impairment. This context is illus-
trated with the following formula:

Matural frequency n of a single-shell panel

Matural frequency n of the panel [Hz]

B' Flexural rigidity of the panel related
to its width [MNm]

m' Area-related mass [kg/m’]

a Dimension a of the panel [m]

n, Matural whole number to the ¥ order

b Dimension b of the panel [m]

n, Matural whole number to the y* order

Original position panel —

Bending wave panel

a8

The range of the panel vibration usually lies below the range rel-
evant to building acoustics (f; < 100 Hz), but a reduced sound-
insulating effect under 100 Hz can be perceived as disturbing.
Above the mange of the panel vibration, Berger's mathematical
optimisation accords with the true values. f the sound does not
strike the wall surface perpendicularly (8 = 0°; angle between sur-
face normal and sound source), the sound-insulating can be
waorse than Berger's mathematical values. This occurs if the bend-
ing wave in the panel, created by an airborne soundwave striking
at a slant angle, has neary the same wavelength and propagation
speed as the other striking airborne sound waves. This leads to a
sort of ‘spatial resonance) i.e. the maximum pressure values of the
airborne sound waves coincide with the maximum pressure val-
ves of the bending waves. This frequency range is called fre-
quency of coincidence or track adjustment range + 8.

| - I Projection of the sound wave
~.j (Track wave}

s
/ Sound source

hg =Bending wave amplitude panel
hy=Airborne sound wave amplitude
hg=Track wave amplitude projected sound wave

Principle of the coincidence or track adjustment range effect

If am airborme sound wave strikes a single-shell panel at a slant angle, it creates a bending wave inside
the panel. I the bending wave has approximately the same wavelength and propagation speed, ie.
the same frequency as the following striking airborne sound waves, a resonance occurs which causes

reduced s0und-ingulating. This frequency range is called coincidence or track adjustment range.
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The lowest possible frequency at which coincidence can occur is
called cut-off frequency coincidence f; (¢ =80 °, incidence ata
right angle). It can be described with the following two formulae:

Curt-off frequency of coincidence of a panel
e fm
f=——. [=[H
= Z-n ¥B (2]
with f,  Cut-off frequency of coincidence
or track adjustment frequency [Hzl
¢ Sound velocity in air (= 340 m/s)
' Area-related mass [kg/m®]

m
B'  Flexural rigidity of the panel related
to its width [MMm]

Flexural rgidity of a panel

Ec,, - d®
12-(1-p%)

[MNm]

with B'  Flexurl rigidity of the panel related
toits width [MMNm]

¢ Sound velocity inair (¢, = 340m//s)
d  Panel thickness [m]

Ec,.. Dynamic elasticity modulus [M/m?]

v Poisson's ratio (typical materials u = 0,35)

Therefare, the frequency of construction elements should be out-
side of the building's acoustically relevant range. They are differ-
entiated in sufficiently flexible f; > 2000 Hz) and sufficiently flex-
urally rigid (f; < 200 Hz) (see Schild, Casselmann, Dahmen and
Pohlenz, 1977, p. 133). Above the coincidence range, an im-
provement compared to Berger re-occurs, until the thickness
mode of vibmtion (= vibrations between the two surfaces of a
panel: can oceur due to impact sound) of the panel at more than
10,000 Hz can worsen the sound-insulating again.

Mass law Matural frequency | Improvement Coincidences _.-]
po -
™ -
& 18dB/octave B
= I
2 -
= |
= | |
=
2 |
13 6dB/octave I |
=

R
fa far fy2  tfieey Frequencyf[Hz]

E’E’ ACOUETICS
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Path of the sound-insulating index of a double-shall
construction elemeant

Above the natural frequency, the sound-ingulating index of
a double-shell construction element lies noticeably above
Barger's theoretically detemined sound-insulating index.
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Double-shell walls
Caontrary to single-shell walls, the sound-insulating of double-shell
walls does not only depend on the mass of the individual shells but
also on the resilience of the insulation layer. This insulation layer
can consist of a heatinsulating matenal and/or an air layer. Since
the insulation layer creates a resilient connection between the
shells, the path of the sound-insulating index is different than that
of a single-shell wall, and there is a distinct deviation from the the-
oretical behaviour according to Berger » 10. This diagmm high-
lights the following relationships:

f<fy If the excitation frequency is far away from the natural
frequency of the construction element, a double-shell construc-
tion element features the same sound-insulating as a single-shell
construction element of the same weight.

fefy  If the excitation frequency approaches the natural fre-
quency, resonance occurs. The entire construction element now
vibrates as if it were a single-shell construction, i.e. in phase, re-
sulting in a significant reduction of the soundproofing properties
because the sound energy transmission is very high.

f=fs  Within this range, the sound-insulating of a double-
shell construction element improves continuously (by up to
18dB/octave), because the first shell does not vibrate in phase
with the second. Consequently, the resilience property of the in-
sulation layer becomes ever more noticeable.

f==fy If the excitation frequency reaches the cut-off fre-
quency of coincidence of the individual shells, the sound-insula-
ting in these frequency ranges worsens to a certain degree, but it
remains better than the mathematical improvement according to
Berger. In cavity layers without filling material (air layer), standing
waves (cavity resonances) occur, ie. an overlap of two counter
directional waves of the same wavelength and amplitede due to
the reflection of the sound wave. They also cause dips in this fre-
quency mnge. Such waves can be prevented by filling the cavities
with loose minerl fibre (cavity insulation), for example.

The natwral frequency of the typical double-shell systems com-
mon in the building industry largely depends on the dynamic rigid-
ity (spring ngidity) of the insulation layer. This, in turn, depends
on the dynamic elasticity modules and the thickness of the insula-
tion layer. A high dynamic elasticity modulus andfor low shell
thicknesses are disadvantageous. Generally speaking: the lower
the dynamic Agidity (e the ‘softer' the spring), the better are the
sound-insulating properties of the insulation used. This relation-
ship can be described with the following formula:

Maturml frequency of a double-shell wall

1000
L5

f_
"Ta.g

R S
[

with f,  Matural frequency [Hzl
s'  Dynamic rgidity [MMN/m?#]
m, Area-related mass of the first shell [kg/m®]
m; Area-related mass of the second shell [kg/mf]
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NOISE PROTECTION IN

FOUR EXTERIOR WALL TYPES

The effect of maw density on the sound-insulating of a material
shall be illustrated by the following examination of four typical ex-
teror wall construction types on a molecular level. The following
materials and raw densities are assumed:

Reinforced concrete P 2400 kgim?2

Heat insulation ([EPS) pe 26 kg/m?, Edyn « 2.4 MN/m?
Heat insulation {mineral wool) ps 100kg/m?, Edyn « 0.2 MN/m?
Plaster pe 1400kg/m?

Air pe 1.2 kg/m? (Om above MSL)

The figures show in a very simplified manner the sound propaga-
tion cavsed by airbome sound on a molecular levelina construc-
tion element The schematics »11-14 illustrate that the sound
absorption capacity of the individual construction element layers
depends on the particular raw density of the material ssed
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Usually thiz means: the higher the raw density and the thicker the
construction element layer (area-related mass), the better the ma-
terial or the construction element layer dissipates the airborne
sound. Dissipation means that the sound energy is transformed
into heat by damping (friction). However, this statement cannat
simply be trmnsferred to insulation materials because, here, the
molecular structure and the dynamic elasticity modulus play an
impartant role. This is particularly obvious in case of the rearven-
tilated exterior wall construction + 14. Even though the installed
mineral wool has a relatively low raw density, the sound is strongly
dissipated through the special molecule structure (fibres) and the
accordingly low dynamic elasticity modulus.
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Single-shell wall construction

The ingulation properties of a single-shell extenor wall comnstruction
approcmately comespond with the theo retical sound-ingulating path
according to Berger.

E‘B ACOUETICS

Wall construction with thermal insulation composite system
From a building physica point of view, the exterior wall with a thermal
ingulation compasite system is a double-shell construction (the plaster
layer of the heat ingulation counts a3 construction element shell). There-
fore, the sound-insulating index s above the natural frequancy of

the comnstruction elements and clearly above Barger's theoretical sound
inaulation path.
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IMPACT NOISE PROTECTION OF CEILINGS

For impact sound protection, the so-called assessed impact
sound pressure level is used to evaluate in how far a construction
element can protect the human being from sound impact. He reby,
the smaller the assessed impact sound pressure level of the con-
struction element, the better its sound-insulating effect. This
stands in contrast to the protection against airbome sound (the
higher the assessed airborne sound pressure level, the higher the
sound-insulating effect), and results from the fact that the sound
pressure level coming into a space is measured to evaluate the
impact sound protection of a construction element. Hereby, the
impact sound protection of a built-in ceiling depends on the area-
related mass of the massive ceiling without cover, a potentially
integrated flexible suspended ceiling and the ceiling cover float-
ing screed or timber support) + 15 The floor covering (carpet,
parquet flooring, etc.) is not considered since it can be exchanged
anytime. The positioning of the sending and receiving spaces in
relation to each other also plays a role because, analogously to
protection against airbome sound, sound is dissipated along
flanking construction elements.
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Wall construction with interior insulation

From a building physics point of view, an extenor wall construction with
intenior ingulation alao congtitutes a double-shall construction, like the
externior wall with thermal insulation compoaite system above.

Rear-vantilated wall construction

In terms of building physics, a rear-ventilated extenor wall construction is
a double-ghell comatruction. Therefore, the sound-insulating index les
ahove the natural frequency of the conatruction elements and clearly above
Barger's theoretical sound-insulating path.
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ROOM ACOUSTICS

Caontrary to architectural acoustics, room acoustics does not deal
with noise protection between rooms, but rather with noise inside
a mom. Aspects of room acoustics are, depending on the use
and requirements of the room, acoustic qualty (audibility) or
sound quality as well as the restriction of sound pressure levels.
In a concert hall, the sound quality is of major importance. In an
auditorum, optimum listening conditions are crtical, and in a
workshop with loud machinery the focus lies on reducing the
sound pressure level. These different requirements (sound qual-
ity, ensuring audibility, reducing sound impact) can be controlled
with the sound-insulation properties of the surfaces inside the
room. Methods are targeted reflection and absorption/dissipation
of sound energy. The ratio of reflection and absorption describes
the sound-absorbing properties of a material. It is specified with
the frequency-dependent sound absorption coefficient, as illus-
trated in the following formula:

Sound absorption coefficient of a material

_ ||bo|+ Ih-m

|

with o Sound absorption coefficient [-]
|, Absorbed sound intensity [W/m?]
lowe Transmitted sound intensity [W/m®]
| Total incident sound intensity [W/m®]

L

.

15

If = equals O, the sound energy is completely reflected by the
material in question (hard-walled, e.g. concrete); if cequals 1, the
entire sound energy is absorbed (softwalled, e.g. mineral fibre).
Multiplying the absorption coefficient with the surface of a mate-
rial that faces the room results in a so-called equivalent sound
absorption area A, which can be described as follows:

Equivalent sound absorption area
A=a-8 [m’]
with A  Equivalent sound absorption area [mf]

¢ Sound absomption coefficient [
5 Swrface in question, facing the room [m?]

1 Directly through the separating surface (perpendicular)

2 From the separating surface onto the flanking walls (diagonal)

3 Along the separating surface (horizontal)

4 Along the flanking wall across the separating surface (bottom to top)

Transmission paths of solid-borne sound caused by impact excitafion
The construction element excited by solid-bore sound can dissipate sound energy
wia four possible patha.

7
) acousties
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The equivalent sound absorption area determines how many
square metres of the material in question completely absorb the
incident sound. Since, in addition to walls, the floor and the ceil
ing, there are also furnishings (Awn and people (Apes) in a room,
the total equivalent absorption area A, of a room consists of the
sum of all equivalent sound absorption areas plus the equivalent
sound absorption areas of the furnishings (furniture, etc) and the
people present in the room. The relationships are illustrated in the
following formula. The attenuation constant of the air, which chang-
es depending on sound frequency, air temperature and relative
hurnidity, exceeds the scope of this book.

Owerall equivalent absorption area of a room
A.=20-5+A +A_. [m]
=1

with A, Owerall equivalent absorption area of a room [m?]
o, Sound absorption coefficienti [-]
5 Surface in question, facing the room i [mf]
A, Absorption area of the furnishings in a room [m?]
A Absorption area of the people in a room [m?]

The overall equivalent absorption area A... together with the room
volume can be used to determine the reverberation time T accaord-
ing to Sabine's law of reverberation, developed by US American
physicist Wallace Clement Sabine (1B68-1919) in 1898, which
specifies the reverberance of a room:

Sabine's law of reverberation of the reverbertion time T
1)
T=0,163-— [g]
A

with T Reverberation time [s]
W Room volume [mé]
A Overall equivalent absorption area
of a room [m?]

Reverberation time describes how many seconds it takes for the
diffuse sound pressure level to drop by 60dB, from the moment
the sound source is no longer active. Thus, in practice, reverbera-
tion time is an important parameter because the equivalent ab-
sorption areas of materials, construction elements and rooms can
be measured by rearranging the formula, in order to determine the
sound absorption coefficient of each object. The sound absorb-
ars necessary inside a room can be determined in the same man-
ner to achieve the desired reverberation time for different require-
ments. This is important, since reverberation time is a critical
room acoustics factor for audibility in avditoria or for the musical
impression in concert halls. Everyone who has clapped hands in
a room before and after removing all of the items, during a move,
for example, knows how strongly the reverberance of a room de-
pends on the sound-absorbing surfaces in the room. The mare
absorptive surfaces there are, the ‘dryer’ the acoustics.

In addition to audibility, the sound pressure level distribution
plays an important role in evaluating the acoustics of a room.
Hereby, we differentiate between direct and diffuse sound. Direct
sound is that share of a sound field that reaches our ear without
reflection and before the diffuse share of the sound field. Direct
sound lets the human ear perceive the direction of a sound
source. If the sound source liss within line of sight, direct sound
determines the understandability and the individual impression of
volume.

As soon as direct sound hits an object in the room, it is re-
flected, and we speak of diffuse sound. This share of sound
reaches our ear later than direct sound; due to the reflection and
the longer path it takes it has less energy and is therefore less
understandable. The reflections also mean that human hearing
assumes the sound source coming from a different direction than
is actually the case. The border between direct and diffuse sound
is called reverberation radius, with the zero-point lying at the
sound source. i diffuse sound is absorbed by absorption meas-
ures, the reverberation radius grows. If no absomption measures
are taken, sc-called flutter echoes can occur between parallel
construction elements. These flutter echoes are generated be-
cause the sound waves keep oscillating or are being reflected
between parallel walls/ceilings for a longer perod of time. This
phenomenon is easily explicable with the fact that sound energy
striking a level plane is reflected according to the principle of
‘angle of incidence equal to angle of emergence .
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SUMMARY ACOUSTICS AND TYPICAL
WALL CONSTRUCTIONS

Sound enemgy is transmitted via the movement of molecules. Here-
by, the movements in gases and liquids differ from those in solid
matter by their different molecular armngement: molecules in
solid matter are elastically connected. Molecules in gases and
liquids are a very different matter — here, the molecules are not
connected. Therefore, the sound-insulating property of a building
construction largely depends on whether it is subjected to air-
borne or solid-borne sound. In case of an excitation wia solid-
borne sound, the building construction acts like an amplifier (clas-
sic example: putting an ear on a railway track) — contrary to
excitation via airbome sound. If the frequency of the incident air-
borne sound waves is not close to the natural frequency of the
construction element, aithome sound is transformed into solid-
borne sound when striking the construction element, but the
sound energy is immediately weakened by reflection and dissipa-
tion. The absomptivity of individual building materals mainly de-
pends on their area-related mass (raw density [kg/m?] times thick-
ness [ml). However, sound absomption is also influenced by the
molecular structure of the matenal. This statement can be illus-
trated with the following wall constructions + 16-14.

<L_§

16

A single-shell exterior wall construction is subjected to airborne
sound on the inside and the outside. When strking a construction
element surface, a share of the sound energy is reflected. The
remaining sound pressure is transmitted via solid-borne sound,
i.e. molecular movement inside the construction element. Trans-
mission takes place via all available areas; that means including
adjacent construction elements and ceilings. During transmis-
sion, the sound pressure loses more and more energy until the
solid-borne sound is again adiated from the construction element
surface in the form of airborne sound. If the frequency of the inci-
dent airborne sound wave and the natural frequency of the con-
struction element are approximately the same, the sound energy is
transmitted through the construction element almost unchanged
via solid-borne sound, because the resonance of the construction
element continues to build up by the resulting resonance. In the
case of a single-shell constrection the worst scenario is a reso-
nance catastrophe; i.e the construction element is destroyed.

T
j. T

17

Schematic section through a sing le-shell wall construction
The surface of a construction element reflects a share of the sound enerngy.

-
T3 weousnes

Schematic saction through a wall construction with
exterior insulation
A ‘hard’ ingulation such as EPS dissipates sound only to a amall degree.
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With double-shell constructions, a ‘spring' in the system prevents
such resonance catastrophes. One typical example is a single-
shell exterior wall construction with interior or exterior insula-
tion -+ 17+18; in terms of building physics, this constitutes a mass-
spring-mass system (also valid for massive ceilings). The insulation
acts as a spring that connects the shells (wall and plaster) elasti-
cally. An air layer as well as an insulation layer can act as a spring.
In order to achieve the best possible sound absorption, the
spring's dynamic rigidity (spring ngidity) should be as low as pos-
sible. Hereby, dynamic rigidity mainly depends on the malecular
structure of the material, i.e. the dynamic elasticity modulus.

If the excitation frequency of the incident sound wave is above the
natural frequency of the double-shell construction elements, the
sound-insulating property of a double- or multi-shell construction
element is significantly higher than that of a single-shell construc-
tion element. This is because the insulation in the first shell cannot
vibrate in phase with the second shell due to the spring effect of
the insulation.

16

The example of an insulated exteror wall construction (mineral
fibre) with rear-ventilated facade - 18 illustrates that the resilience
of the insulation largely depends on its molecular structure. The
fibrous molecular structure dissipates significantly more sound en-
ergy than a ‘hard' insulation such as EPS (expanded polystyrens),
for example. Since room acoustics is mainly influenced by the ma-
terial surfaces of the construction elements in a room, they must
be selected carefully. Sound energy must be purposefully re-
flected and absorbed/dissipated by these materials in order to
achieve good audibility and sound quality.

Schematic section through a wall cons truction with
interior insulation
The effect of intenior insulation is determined by its materiality.

Schematic section through a rear-ventil ated wall constru ction
The resilience of the mineral fibre insulation is determined by its
malecular structure.
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6
Light

Daylight and artificial lighting have a psychological impact on hu-
man beings, and solar gains can have a positive or negative influ-
ence on the room climate. Individual work performance and gen-
eral sense of wellbeing are impacted as wel. The deciding
factors are luminous flux, luminance intensity, light intensity, lumi-
nous density as well as luminous colour. In parallel, the essential
influencing vanables concerning solar gains, i.e. heating of the
space, are share of window area, storage mass, local climate and
sun protection. Daylight in interior spaces is considered a neces-
sity for the human sense of comfort because it allows us to visu-
ally perceive the dynamic course of the day and changing sea-
s0ns » 1. However, possible disadvantages are excessive heating
due to intensive solar gains as well as glanng due to direct solar
incidence — the greater the transparent share of a fagade and the
mare window areas are oriented toward the south, the more per
ceptible these disadvantages are.

Cupola of the Pantheon, Rome,

ca. 125 B.C.E.

Besides the entrance, a circular aperture
at the apex of the cupaola ia the only light
source for the intenor space.

PRINCIPLES

Light is the share of electromagnetic radiation originating from
a light source that is visible to the human eye and whose
wavelengths lie between 380nm and 7B0nm. At wavelengths of
380 nm, human colour perception senses a violet colour space,
which, based on the spectral colours, flows smoothly toward a
wavelength of 780nm into the colour space red. The adjacent
areas are called ultraviolet and infrared radiation » 2.

Since the transitions between these electromagnetic spectra
are smooth and depend on the individual sensitivity of the human
aye, these invisible areas are often also called light. Even though
UV and IR radiation does not lie in the visible wavelength range,
they can exert influence on our bodies. Examples are UV radiation

causing sunburn (erythema) and pigmentary abnormalities, as
well as an increased risk of pinkeye (conjunctivitiz). The main im-
pact that IR radiation has on human beings is the body heating
beyond the limits of comfort.
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The human eye can adapt to different levels of brightness. Our
maximum eye sensitivity shifts to another wavelength range, de-
pending on day or night brightness + 3. With daylight, the maxi-
mum sensitivity is in the wave range of 555 nm (colour sensation
yellow-green), and the eye is approximately 20 times more sensi-
tive to these colours as to blue (450 nm) or red (670 nm). The
sensitivity of an eye that is adapted to darkness lies in the wave-
length range of 507 nm (colour sensation blue-green).

Wavelength spectrum of the visible mnge of lig ht
originating from a light source

The graph shows the entire wavelength spectrum of electro-
magnetic radiation. The visible share of electromagnetic
radiation, i tha vigible light, ig in the range of 38.0nm (violet)
to 780nm (red).

Maximum intensity of day and night brightness

The mazmum intensity of day and night brightness describes the
human parception of colours (wavelengths) at different times

of the day. During daytime, yeliow light s perceived as brighter
than red light, even at equal intensities. With scotopic vision
flow light conditiona), the sengitivity of the eye shifts by about
50nm into the shorter-wave, blue range. Shades of blue thare-
fore appear brighter than during daytme. This is the reason why
blue lights, such as Xenon automotive headlights, appear
brighter during night.

78
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Relative luminous efficacy of the human eye

In summary, it can be derived that the wavelength spectrum be-
tween 380 and 780nm as well as the brightness perception of
the human eye, dependent on the ambient lighting, are critical
factors for our sense of perception. Photometric values are de-
rived based on this knowledge. These are measurable values that
consider the sensitivity of the viewer.
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PHOTOMETRIC PARAMETERS

Caolour temperature or luminous colour K (Kelvin) is a reference
valee to guantitatively define the colour impression of a light
source. Herefore, an ideal black body (according to Planck's law
of radiation and Wien's displacement law) is set in an intensity
curve to describe the maximum intensity of a body. This maxirmum
defines in which wavelength spectrum the turning point lies, or
which wavelength and therefore colour is perceived the strongest
at which temperature, and in which wavelength spectm they are.
This can be done by heating a thermal radiator (black radiator),
which acts as a radiation source, based on a temperature of 0K
(=237 °C). The electromagnetic energy of the thermal radiation
emitted from the black body is a mix of electromagnetic waves of
a broad wavelength spectrum. The higher the temperature of the
black radiator, the more the maximum intensity shifts toward
shorter wavelengths icolour sensation blue-green). Thus, the
higher the temperature of a body, the bluer is its colouring.

4

Radiation spectra for different temperatures
Radiation intensity of a black radiator at different
tempearatures. The lower the tem perature of the
black radiator, the more the maxmum intensity lies
in the red range of the radiation spectrum, and
the higher the temperature, the more the radiation
intensity ghifts toward the violet range. The spec-
tral intensity distribution of a light source should
cover the entire colour space in arder to achiewe
an optimum colowr re presentation.

Radiation intensity

This can be observed in a dimmed glow filament of a halogen
lamp (colour temperature 2700-3000K): in the dimmed (colder)
range the filament glows red, at higher temperature it glows or-
ange to yelowishwhite. In addition, the efficiency of a light
source + 4 can be detemined. Exceptions are RG B-LEDs as well
as coloured glass plates of light sources. If the apex lies within the
maxirmum intensity of the visible mnge (daylight brightness, wave
band 555nm), an effective use of the light source can be basi-
cally assumed {sunlight approximately 5000-5900K) - 5. If the
radiation maximum of a light source such as a commaon light bulb
(2600-2800 K) iz within the IR mdiation band (infrared), thermal
radiation predominates. The radiation power of a traditional
100 Watt light bulb is divided in 0.03 Watt in the UV radiation
range (ultraviolet radiation) and B4 Watt in the IR radiation range.
Only 9 Watt radiation power lies within the visual mdiation range
itotal radiation power 93 Whtt) — meaning that, on average, anly
5% of the energy input are transformed into ‘light.

Therefare, considering energy savings, the incremental light
bulb ban introduced by the EU in 2009 makes sense. In short,
luminous colour consists of individual spectral colours of specific
wavelengths, and describes the colour impression of a light
source. |t should not be confused with the colour impression of
the light reflected from a lit body (non-luminous colowr),

Turning paints through all colour temperatures:

With increasing temperature the maximum intensity
shifta into the blue range.

The maximum intensity at 8000 [K]
ig in the visible range of 500 [nm].

! looo
380 [nen]

500 i
7RO [

Wavelength [nm]

af the Bl o s
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The total visible light efficiency of a light source in a room (collo-
quially light') is called luminous flux (@ lumen, short: Im). The wnit
Im iz mainly used for classification purposes and to compare light
SOURCes.

However, the so-called luminous efficacy (1 Im/W) provides a
qualitative statement about the efficiency of an iluminant. In order
to determine luminous efficacy, the visible light (Lumen) is divided
by the maximum electrical power input (Watt). The higher this
value, the greater the luminous efficacy or the efficiency of the
light source.

Under inclusion of the solid angle (steradian, sr), luminous flux
(Lumen) results in light intensity candela (cd) + 6+7. The salid an-
gle (2) is an essential parameter in lighting technology - 8. It is
used to determine quantitative statements such as emission
quantity of a light source into the room or onto a surface.

The entire light (luminous flu) emitted from a light source mdi-
ates in different directions depending on how the beams anre fo-
cussed and on the type of lighting fixture. Light intensity candela
describes the share of the luminous flux that is emitted in a certain
direction in the room as well as the maxirmum light range -+ 104+ 11.
Candela is derived from the Latin term for candle. A traditional
way candle has a light intensity of 1 candela {cd).

T‘B‘ LIGHT

Luminous colour Colour temperature [Kelvin]
Warm white = 3300 K
Meutral white 3300-5300 K
Daylight white = 5300 K
Light source Standard colour temperature [Kelvin]
Candle 1000 K
Light bulb 2600K
Halogen lamp 3400K
Flucrescent lamp 2700-B000K
LED lamp 10007000 K
Sunshine BO00K
Sky (clear 10,000 K

5

Luminous colour groups per light source

The teble shows different standard values of the colowr temperatures
far commercially available light sources. It indicates which light source
i3 guited for which application.

i

/
/
- \f,

£
@

'. \I'u

6

Schematic representation of luminous flux
Luminous flux is the total light efficiency of a light source.

Light source Luminous Luminous
flux [Lumen] | efficacy [Im./W]
Candlelight 15Im 0.1to 0.2 ImAW
Light bulb (60W) B101m 13.5 Im"W
Light bulb {100 W) 1500Im 1 5lmW
Halogen lamp 135 W) 600 Im 17 ImSwW
Halogen lamp (75 W) 1600Im 21.3 Im/W
Energy-saving larmp (15 W) 900 Im 6 0Im W
Fluorescent lamp (23 W) 1500Im 65.2 lrm/W
LED light (20W) 2300Im 115 Im/W

T

Luminous efficacy of differant light sources
The efficiency of a lamp is called luminous efficacy.
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Apex angle Sohd angle Lighting area
Scattening angle

Light intensity

Luminous tlux =
Light intensty =

Schematic representation of the solid ang les
The solid angle is used to detenmine the emission quantity of a

light source.
Apex angle [o] Solid angle [£1] Apex angle [o] Solid angle [£2]
1? 0.000239sr 65.5417 1ar
57 0.00598 sr a0® 1.840 sr
10° 0.0239sr 1207 (P =)3.142 sr
aon® 0.214 @r 1807 (3r =)6.283 sr
45° 0478 sr 270 10.726 sr
i 0.849 gr 360° (4 =)12 566 sr
- ]

Owerview of common solid angles
Comparigon between different apex angles and aolid angles.

Schematic representation of light intensity
A ghare of the luminous flux that is emitted in a certain direction
iz dafined via the light intengity.
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Light source Light intensity [candelal Light conditions {outside) Luminance intensity [lux]
Candle flame 1 cd Sky (summer, sunny) ca. 100,000k
Light bulb (6 0W) ca. 60cd Sky (summer, no sunlight) ca. 50,0000x
Light bulb {100W) ca. 120cd Sky (summer, cloud cover) ca. 20,000 1x
Fluorescent lamp (4 0W) ca. 180cd Sky (winter, sunmy) ca. 20,000 1x
Full beam (automaobile) max. value 295,000 cd Sky (winter, cloud cover) ca. 50000k
Sun ca. 3* 107 cd Full moon ca. 0,250
Work area (inside) Luminance intensity [lux]
11 ftgﬁ:ﬁ?fﬂn area, hallways, 1001k (required)
Light intensities of differant light sources Gymnssiums, swimming pools 300 (required)
Office work place 500 Ik (required)

Comparson of the light intensaities of different typical ight sources.

13

Marrow beam

Medical examination and
treatment rooms

10001x (required)

Operating theatres

10,000 lx (required)

Asymmetric beam

Light intensity distribution curves for different light sources
Light intenaity digtribution curves can be specified for any lamp,
which describes it ight intensity for vanous angles.

'B‘{:' LIGHT

12

Light conditions of different light sources

The luminance intensity of all natuwral ight conditions and the standard
requirements for work areas can be used to detemine which measures
should be taken to create optimum luminance infensities forwork spaces.

Indirect beam




Therefore, light intensity is the maxmum strength illuminating a
point from a distance of 1 m (laboratory conditions). Usually, these
values are stated on lluminants as well as lamps in the form of a
graphic light intensity distribution curve (polar diagram) - 13,

This is different for the luminance intensity lux (k). Whereas
light intensity candela defines the luminous flux related to the
solid angle and the maximum strength in one point, luminance in-
tensity lux relates to a reference area, ie. the luminous flux lumen
per unit area m

14

Schematic representation of luminance intensity
The amount of light striking a gurface is called luminance intengity.

Thus, luminance intensity is the measurement of the amount of
light striking a surface (1w = 1 Lm/m?). The farther the distance
from a light source to an object, the weaker the luminance inten-
sity, whereby the luminous flux remains constant + 14 +15. This
means that luminance intensity is a receving value, serving as a
measurement for brightness. Luminance intensity is a relevant pa-
rameter in lighting technology; it is also part of the standard re-
quirements for work areas » 16.

The prescribed minimum requirement for light and lighting of
work areas (according to DIN EN 12464-1:2011-08) depends
on the visual tasks in a particular work area + 12,

15

Lux ve. lumen

Light intengity refers to the maximum strength of the luminows flue
in ane point, while luminance intensity describes the amount of
light on a surface.

Schematic representation of luminous density
The impresaion of brightress of an illuminating or reflecting surface on the
human eye i called luminous denaity; it can be gpecified mathematically.
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Luminous density or luminance (L) is the physical measurement
unit for the impression of brghtness that the human eye can
sense from an illuminated, illuminating or reflecting surface - 17.
Lurninance makes it possible to define the perceived impression
of brightness of a light source (colour, contrast, brightness) as a
mathematically tangible valse.

Light conditions (outside) Luminous density [L]
Sun at its zenith, clear sky 1,600,000,000cd/m®
Bilue sky, midday BOCD cd/m®
Overcast sky, midday 2000 cd/m®
Might sky 0,01 cdfm?®
Light source (inside) Luminous density [L]
LED (white} 500, 000,000 cdfim®
Light bulb, clear 10,000,000 ol S
Light bulb, matt 2,000,000 od/m?
Fluorescent lamp 70,000 cdim?®
White sheet of paper (at 500 k) 100cd/m?
Candle flame 0.75 cdfm®

17

Luminous density of different lig ht sources
Comparnison of natural light conditions and light sourc es concaming
their luminous denaity.

Overview of photometric values
Summarging overview of all mentioned photometric values.

Therefore, luminous density is the photometric parameter that
conveys a direct relationship with the optical sensation.

The impression of brightness depends on the directly lit sur-
face (colouring, surface properties) or an indirectly lit surface (it
by radiation, emission, transmission) as well as their solid angle
langle of light source, viewing angle) » 18. A white sheet of paper,
for example, in an office work place with the required luminance
intensity of 500, features a luminous density of 100 cd/m2.
In short, it can be stated that a light source is perceived as the
brighter, the greater the emitted luminous flux or the smaller the
emitting surface.

Solid angle

Luminous flux

Luminance intensity

< ®,

Salid angle/steradian Luminous flux Luminance intensity
Sl unit: Omega [sr Sl unit: Lumen [Im] S unit: Lo [k
Symbal: £ Symbal: O Symbol: M
1m? 1lm
Tsr= 113 Tim=1cd*1sr Th= 70
E= % linhl lgfaes
Q=2 finsd @=L * Q finim] |
= — [in k]
E=3
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COMPARISON OF DAYLIGHT

AND ARTIFICIAL LIGHT

Per definition, daylight is understood as the visible light of the sun
over the course of the day, from sunrise to sunset. It is scientifi
cally proven that daylight has a positive effect on the human be-
ing, physically as well as psychologically. The experence of the
dynamic change of the time of day and time of year as well as the
sensation of weather changes, even perceived through the win-
dows from the inside of a building, has a strong influence on the
sense of well-being of the human organism. It stimulates witamin
formation, strengthens the body's defences, controls metabolism
and hormonal balance, and venfiably increases work performance
at work places. Furthermone, optimally used daylight reduces the
energy demand for lighting. The luminance intensity of natural
light fluctuates between 5000 lux (winter) and 20,000 lwx (sum-
mer) depending on the weather, daytime and season.

Caontrary to natural light, artificial light emitted by an lluminant has
a static effect on human beings. Artificial light always means that
electrical energy is needed, and, depending on the intensity of the
IR radiation, it contributes to the building heating up (additional
heat gain). Today, it is technically possible to simulate the course
of the sun with lighting control systems. But the lluminant chosen
determines the static luminous colour of the artificial light, which in
itself does not convey any change over the course of the day. In
principle, people generally perceive natural sunlight as maore
pleasant and more valuable than artificial light. Therefore, artificial
light cannot be compared with the totality of the sunlight. Matural
light displays the entire range of spectral colours, which repre-
sents the true colours of items a lot more precisely than artificial
light does.

Independent hereof, artificial light can be wsed very specifically
considering the maximum intensity of its luminous colour, Super-
markets can, for example, use certain luminous colours to specifi-
cally enhance the perceived colour of food such as fruit, vegeta-
bles or meat, to make them look fresh and appealing. In museums,
particularly fine art museums, eshibits can be optimally staged
with artificial light, but it can also be used to protect the exhibits
from ‘hamnful' UV light. Other fields where artificial light can be
employed advantageously are medicine (light therapy), plant and
animal breeding, automotive lighting and photography.

Lux vs. lumen Light intensity Luminous density
i -, &
Lt ﬂllllllllll g 3
=i L=
i ~/
. |~ I
Luminous efficacy ~ N= & [in Im/W] Light intensity Luminous density
Sl unit: Candela [cd] Sl unit: Candela [cd/m?)
Electrical power — Unit: Watt [W] Symbd: | Symbol: L
Symbal: P g 1im i _lcd
. . 1sr 1 m?
Area (distance) — Unit: [m?]
Symbaol: A
, [ I
Viewed surface — Unit: [m#] = o [in cd] L iy [insr]
Symbol: A, P
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Visual comfort

Comfort is aterm describing the physical and emotional condition
of a subjective sense of wellbeing. The sense of wellbeing can
be delibemtely influenced or improved with appropriate lighting
concepts + 19420, 22, amongst other things. As mentioned earlier,
daylight acts more dynamically in terms of changing light intensity,
and thereby conveys a sensation of the time of day and weather
conditions, and it allows for better colour representation. As im-
portant is the visual connection with the outside world, not least
to cater to the natural escape reflex of human beings. Hereby,
optimum layout (high position) and size are essential. According
to modern standards, the light area (window size) must account
for at least 10% of the footprnt of the room; increased visual
comfort, however, requires a light area of around 20 to 30% of

19

VitraHaus, Weil am Rhein, Herzog & de Meauron, 2008
Intenior room with maximuwm visual connection to the outside warld.
Aninterior sun protection system prevents direct glare.

84 LIGHT

the footprint. Window height should be chosen such that a per-
manent visual connection to the outside word is granted without
glarng. Another factor to consider is that the changing angle of
incident light limits the intensity of the daylight that enters the
rocm. This decreasing luminance intensity should be balanced
with appropriate artificial light or light-directing measures.

And a temperature increase caused by solar radiation must be
taken into account — the larger the windows, the stronger this ef-
fect is; in the case of office buildings, it can quickly result in over-
heating of the interor. Temporary overheating can be addressed
with active cooling, high storage masses in the building (heavy
construction elements, massive construction) as well as efficient
shading.

20

Zollverein School of Management and Design, Essen, Sanaa, 2006
Indoor room of the achool building. The layout of the windows on the

gou thweat and northeast aides was onented on the wuser requirements
according to a daylight analysis (e.g. computer work place, seminar room).
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The prevention of direct glare as well as of glare by reflection (in-
direct glare) is an important aspect for visual comfort » 21. Long-
term glare leads to fatigue and headache. Direct glare results
from a light source that is positioned in the direct field of vision, or
from an excessive lighting contrast between a work space and
the surrounding area; the latter case can usually be prevented
with homogenous lighting of the entire room. Glare by reflection
or indirect glare results from excessive reflection from surfaces
such as walls or furniture. If light from a strong light source is re-
flected from a mirror surface, the luminous density can cause indi-
rect glare. Such glare by reflection also cccurs i, for example,
monitors at work places are not positioned correctly.

Direct glare

Glare by reflectionfindirect glare

Glare caused by extreme lighting contrast

1

Types of glare
Ome mportant factor of visusl comfort at the work place is o
prenent direct and/lor indirect glare.

Luminous density is a photometric parmmeter that has immediate
relevance for the visual perception of the human eye. Luminance
intensity in itself cannot be sensed; it becomes apparent in combi-
nation with material surfaces that exhibit different properties. Ho-
mogenously distributed luminous density that prevents reflections
from shiny surfaces, for example on work tables, creates a com-
fortable visual environment.

In summarising, the essential indicators or quality crteria for
sustained visual comfort include:
+ visual connection with the outside,
+ sufficient daylight,
+ the level of lighting,
+ luminous density distribution,
+ prevention of glare effects and reflections by natural

as well as artificial light,

+ light direction and shading,
* luminous colour as well as
+ colour rendering or colour trueness of objects and surfaces.

Daylight in interior spaces

In terms of standards, daylight in interior spaces can be examined

and evaluated from different points of view:

+ psychological effect (e.g. DIN 5034 — Daylight in interiors,
DIMEM 12464 — Light and lighting),

+ wigwing conditions (e.g. DIMN EN 12464 — Light and lighting),

* biclogical effects (DIN EN 12464 — Light and lighting),

+ thermal comfort (DIN EN IS0 7730 — Ergonomics of the
thermal environment), and

+ energy efficiency (DIN V 18588 — Energy efficiency of
buildings, DIN EMN 15193 — Energy requirements for lighting).

The peychological effect comprises the subjective perception of
brightness as well as the necessary visual connection with the
outside world. The optimum visual conditions refer to appropriate
luminance intensity, depending on the viewing task or the task to
be excuted. Reducing glare also belongs to this category. Bio-
logical comfort incledes a general sense of comfort, health as well
as possible performance enhancement. It is not yet normatively
defined in standards and regulations, even though those waorks
refer to it. Thermal comfort is indirectly linked to biological com-
fort. It deals with restricting solar mdiation and heating, which can
also lead to discomfort. Lastly, energy efficiency must be consid-
ered: it describes the reduction of the energy demand in buildings
by a dedicated use of daylight.
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It should be noted that these standards regulate only minirmum
requirenents (for habitable rooms). During planning, the norma-
tive daylight evaluation (DIN 5034) should be used to guarantee
sufficient lighting in a building. Other resources are the daylight

evaluations by building authorities or building certification sys-
tems (DGMEB, LEED, BREEAM) as well as physically correct light
simulation with appropriate software.

Mormatively, the minimum requirements for daylight supply ininte-
riors can be calculated with the daylight coefficient (D, daylight
factor). Simply put, it descrbes the relationship between lumi-
nance intensity E; in interiors, measured at a point at windowsill
height, and luminance intensity E. in the exterior, measured under
conditions of an open, unobstructed hemisphere and overcast
sky. This results in the percentage of daylight at any random point
in the room. The daylight coefficient is a planning aid for possible
room dimensioning, including the number and size of necessary
window openings as well as the choice of glazing.

lacob-und-Wilhelm-Grimm-Zentrum, Bedin, Max Dudler Architekten, 2009
The lighting of the terace-like, sloped work areas of this univeraity library is achieved by skylights.

Thus, direct glare is prevented.
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The daylight coefficient is composed of: The reference points P1, P2 should be set at half room depth at a
+ the sum of the share of skylight Dy, i.e. the share at reference height of 0.85 m above the floor and each 1 m away from the side

point P, walls. Averaged for both reference points, the minimum require-
« the share of interior reflection Oy, i.e. the share of sunlight ment of the daylight coefficient should be at least 0.9% or at least
that, on indoor surfaces, falls on reference point P by reflection,  0.75% at one of the points. To optimise light distibution and
+ the share of exterior reflection Dy, i.e. the share of sunlight minimise possible direct glare, walls, ceilings and floor should be
that falls on reference point P by reflection from neighbouring highly reflective, without creating glare by reflection, how-
buildings, as wel as SVEer » 23,
+ the reduction factors kn, such as cavsed by frames and The daylight coefficient D therefore is a pammeter that is influ-
lattices, contamination or reduction related to the type of enced by:
glazing. + room dimensions,

+ number and size of apertures and their position,
+ dimensions of construction elements,

* type of glazing,

+ degree of reflection of the glazing, as well as

+ walls, floor and ceiling.

All these parameters must be carefully considered in the design
phase » 24. One consideration dunng planning should be that
later modifications of the window openings during the construc-
tion stage entail high expenditures in cost and labour, and could
significantly change the appearance of the building.

= Global solar radiation

Incident light related to room depth
Lighting a room with daylight is dependent of
room depth and gsize of the apertures.

24

Schematic representation of the shames of the daylight coefficient
The daylight coefficient describes the minimun requirements for daylight
supply. It is composed of room dimensions, apartures, construction
elements, type of glazing and reflections.
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SUN PROTECTION AND GLARE PROTECTION

For most living and work spaces, exploiting daylight far lighting

requires the installation of a sun protection system that reduces

solarincidence when necessary. The essential parameters for the

calculation of solar incidence are the solar factor (solar transmit-

tance) g of the glazing and the reduction factor F, of the sun pro-

tection system. The chosen sun protection system must ensure

that — depending on the use of the space — sufficient daylight

enters the room, without requiring unnecessary use of artificial

light. Besides economic factors, the parameters for selecting a

sun protection system are:

+ expected weather conditions,

+ onentation,

+ degree of transparency of the facade, as well as

+ optimurn amount of daylight for the use of the room while
rnaintaining maximum user comfort.

Optimally, a sun protection system should direct daylight into the
room such that no occupant is subjected to glare. Excessive solar
incidence in summer should be avoided, whereas maximum val-
ues are desirable in winter.

There is a principal distinction between interior and exteror sun
protection system -+ 25+26, and there are solutions that feature
sun protection inside the gap between insulating glazing panes.

25

A sun protection system can work in different ways: based on
reflection, absorption, reduction, selection or transtormation » 28,
Depending on the matenal, Venetian blinds can reflect and/or ab-
sorb sunlight. Horzontal projections like balconies and awnings
only absorb. Printed glazing or exterior structured panels made of
vanous matenals can reduce solar incidence. Solar glazing ad-
mits light selectively; translucent glass disperses solar radiation
and thus transforms it.

Exterior sun protection systems are usually up to five times
maore effective than those mounted on the inside, yet significanthy
more expensive. Another aspect to consider is that flexible sys-
tems such as awnings or blinds might have to be retracted during
strong winds, thereby nullifying glare protection. This problem
does not apply to stiff sliding systems or rigid, horizontal projec-
tions. The reduction factor F_ of an exterior sun protection system
can be up to 0.1.

In contrast, interior systems only reach a maximum of 0.3, Inte-
rior systems reflect the sunlight onto the glazing, which is why
their effectiveness partially depends on the properties of the glaz-
ing. Glare protection should be noted in this context, even though
it does not prevent solar radiation heating up the room. A compro-
mise are sun protection systems inside the gap between glazing
panes + 27 in the form of fixed intermediate layers, prints or low-
vres, the latter also being available in adjustable form. The disad-
vantages of such systems are high cost and the risk in case of
defects, since the entire system including glazing must be ex-
changed. With these systems, the solar factor of the glazing can
be reduced to a maxmum of 0.15 + 29,

26

Interior sun protection system
VitraHaus, Weil am Rhein, Hermog & de Mewron, 2008, is equipped with
an intenior sun protection system.

B‘B LIGHT

Exterior sun protection system
Tietgen Student Housing, Copenhagen, Lundgaard & Tranberg Architects,
2007, has an externior sun protection systam.
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Sun protection system in the gap between the glazing panes,
research projact ETA-Fabrik, Darmstadt Technical University, 2016

Close-up of 8 sun protection system in the gap between panes.

Mode of operation of sun protection systams
A gun protection gystem must be adapted to the
ambient conditions and the requirements of the type
ofuge of the indoor space.

Overview sun protection
Comparison of difierent types and positions of sun
protection.

Without
sun protection

Glare protection is employed to keep the luminous density differ-
ence in the room as low as possible, and to ensure that no direct
sunlight andfor reflections impair the user. However, sufficient
daylight should be allowed into the room, for example, by install-
ing Venetian blinds or roller blinds that can be moved in both di-
rections, ie. also from the bottom upward. This means that day-
light could still fall into the room through the upper part of the
window, while the protection in the lower part prevents glare in
the work place area. Another option are films on the glazing,
which, just like bidirectional blinds, allow for visual contact with
the outside.

Reduction
Absorption Tranamizgion Transformation  Selection

Interior Exterior

sun protection sun protection
Standing harizontal Sun protection gap
sun protection between the glazing panag
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DAYLIGHT-DIRECTING SYSTEMS

Daylight directing can significantly increase the user comfort level
in indoor spaces » 31. There are systems that diffuse daylight,
and systems that exploit it by targeted redirection -+ 30. Daylight
directing makes it possible that daylight reaches deep into the
back areas of the room, thus reducing the demand for artificial
light. Daylight directing avtomatically includes glare protection.
Just like sun protection systems, daylight directing systems can
be installed on the outside, the inside and in the gap between
panes.

The systems also differ in whether they transport direct or dif-
fuse light, and in whether they are static or adjustable. Some ad-
justable systems even use motor-driven contrals to follow the
path of the daylight in order to increase efficiency. In both cases,
the light is directed into the room via the ceiling The ceiling
should be as bright as possible with a reflection factor of up to
©.9. Additional reflective ceilling elements can further increase the
light-directing effect.

30

Directing daylight into a building does achieve increased bright-
ness but it also entails the sk of overheating. It is theretore rec-
ommended to combine light-directing systems with sun protec-
tion. This could be the addition of a bidirectional Venetian blind
that serves as sun protection in the viewing area but lets light
penetrate into the room in the upper part. Reflective surfaces on
the fagade could be exterior variants. More expensive are solu-
tions that direct only light from certain angles into the room, while
blocking energy-inte nsive radiation.

Daylight-directing system with integrated sun
protection, AIT - Austrian Institute of Technology,
ENERGYbase, Wien, POS Architecture, 2008

This example shows a daylight-directing system with
inteqrated sun protection.

an

Daylig hi-directing system, SKF
Solution Factory, Madrid, 2013
This daylight-directing syatem
creates a diffuse light distribution
of sunlight inside the room.
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Diffuse daylight-directing systems reduce the risk of overheating.
They are designed to optimally esploit otherwise insufficient
amounts of daylight to light rear areas of indoor spaces. They are
suitable for regions with few sunny days or, generally, on north-
facing fagades or densely buit-up areas with extreme shading.
Typically, diffuse light must be cawght in front of the facade before
being directed into the interiar. Daylight can also be repeatedly
reflected in light tubes, and thereby transported over long dis-
tances in order to light windowless rooms - 32,

Opaque glasa:
light scattering

=

-

Sword:
light redirecfion

The light yield decreases meter by meter. For the sake of com-
pleteness, light diffusing systems should be noted; they were al-
ready mentioned earlier in connection with sun protection sys-
tems =+ 33.

3z

Targeted light directing through light tubes
Daylight light tubes direct daylight from the roof of
a building to the inteniar.

Tube:
light transpaort

|

N P

Mirror:
light tranapaort

33

Selection of established light-directing systems
Different light-directing systems allow for better diffusion of natural
light, or direct it to the back areas of the interior spaces.
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7
Building
Physics
in
Practice

What does the application of the knowledge of building physics in
daily building practice look like? What are the typical solutions to
fulfil the multitude of requirements conceming the building eme-
lope® And in what manner are the individual building elements
joined into one constrection

To answer these questions, the building process of three con-
ventional housing buildings was photographically documented to
illustrate the construction details and make them comprehensible.
Representing the typical construction types ‘single-shell massive
exterior wall construction’, ‘externor wall with thermal insulation
composite system' and ‘rear-ventilated exterior wall construction'
as discussed in chapters 2 ‘Thermal Energy! 3 'Moisture!, 4 fAir-
tightness' and 5 ‘Acoustics| three projects were chosen due to
their transferable construction types. They were examined with
regard to requirements concerning heat insulation, moisture pro-
tection, airtightness and sound protection; the solutions are illus-
trated here. The exterior wall construction with interior insulation is
not treated here because it is usually exclusively used in renova-
tion projects. Even though the three examples are residential build-
ings, the construction types can be applied to other uses as well.

The first example, a single-shell massive construction is a single-
family home that was newly built in 2017 in Disseldorf, Ger-
many -+ 1. The walls are constructed with aerated concrete blocks,
covered with a plaster layer on the outside and the inside.

The project with a thermal insulation composite system is a multi-
storey apartment building, also built in 2017 in Disseldorf, Ger-
many »+ 2. The walls are made of poured concrete, covered with
heat insulation on the outside, and a plaster layer on the inside.

Our third example, the rowhouses in Ouddorp in the Nether-
lands, were built in 2017 with prefabricated concrete parts, cow
ered with an insulation layer and a rear-ventilated brick layer on
the outside -+ 3. In the interior, only parts of the walls were cov-
ered with a plaster layer, due to budget constraints.

Besides the actual construction of the three examples, the
connection with the ground as well as the openings in the con-
structions in the form of window or door apertures are particularly
interesting. These areas highlight the structural scheme and the
functioning.

Single-family home Diisseldorf
Simgle-ahell massive construction made of aerated concrete blocks.
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Multi-family home in Disseldorf
In gitu poured concrete with thenmal insulation

compaosite system.

94
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Single-family rowhouses in Ouddomp

Rear-ventilated brick cladding in front of & construction made of prefabricated
concrete elements.
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THERMAL INSULATION

Thermal insulation in a massive
wall construction

The massive monolithic wall combines loadbearing and insulation
functions in one construction element, which is why a massive
building material with high porosity was chosen, in this case aera-
ted concrete. This means that an uninterupted wall area (no win-
dows or doors) can achieve high insulation values with a very
simple setup. This is supported by thin glued joints between the
aerated concrete blocks since thicker mortar joints would exhibit
greater heat conduction.

The varous connection areas pose the highest risk of thermal
bridges. The plinth area in + 4 shows that the opening wall pro-
trudes out above the reinforced concrete base plate. As its higher
density makes the base plate a good heat conductor, it is insu-
lated in the lower area. The same principle is applied to the ceiling
resting on the loadbearing wall, which is why it should not reach
all the way to the outer edge of the aerated concrete blocks. Ap-
ertures such as shown in + Sgenemlly pose the risk of thermal
bridges; therefore, insulation strips are often placed on the out-
side of the window reveal. In this regard, massive constructions
offer uncomplicated connection possibilities.

R

T
"i.j
=

Plinth area in a single-shell construction
Plinth area of the masaive externior wall of the single-family home. The image
shows the base plate, with insulation layer in front of it and a plaster layer.

Thermal insulation in a wall construction with
thermal insulation composite system

The classic exterior wall construction with thermal insulation com-
posite system separates the functions of loadbearing and insula-
tion and they are fulfiled by the two chamcteristic layers; there-
fore, the transition needs to be carefully planned. The layering
principle results in a very good insulating effect in the wall area,
whemeby reliable and waterproof plaster must be used in the case
of insulation materials that are susceptible to moisture. Since the
plaster is susceptible to cracking and can only be applied in very
thin layers, a waterresistant insulation material is the safer option.
The construction requires fastening elements or bonding glue.
The firgt penetrate the insulation and thus create local thermal
bridges. These can be reduced or avoided by minimising the size
and number of fistures.

Window connection in a single-shell construction
Window connection in the massive extenor wall of the
single-family home. The mage shows the installed wind ow;
the edge ingulation of the ceiling is not inatalled yet.
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The detail in + & shows the insulation down to the base point; a
water-resistant insulation matenal or top coat of plaster is manda-
tory. Insulation is also required where the base plate touches the
ground, to avoid thermal bridges and to ensure protection against
frost damage of the foundation. The interior loadbearing layer of
the building ensures that the ceilings and walls are insulated.
However, this also means that exterior installations and penetra-
tions must be carefully executed.

The detail in + 7 shows that the window sits in the insulation,
and that the window frame is thus predominantly held by a
bracket. This setup counteracts possible thermal bridges in this
area. Interruptions in the layers, such as the window sill, for exam-
ple, create gaps in the insulation layer that need to be considered
and sealed.

Thermal insulation in a rear-ventilated

wall construction

With a rear-ventilated wall construction, all functions are distrib-
uted across the different layers, which results in a number of tran-
sitions and connections that must be canefully planned. Very good
insulation properties can be achieved in uninterrupted wall arsas
even with more moisture-sensitive insulation materials because
they are protected from direct rain and can easily dry due to the
rear-ventilated structure. However, fastening elements are neces-
sary for the insulation and the protective exterior fagade. These
elements can penetrate the insulation and, depending on their
design, can cause local themal bridges (for example, the steel
bracket in » 7). Minimising the size and number of such fastening
elements can reduce or avoid thermal bridges.

Plinth area of wall construction with thermal
insulation composite system
Base paint of the concrete wall of the multi-family home.

HE’ BUILOIMNG FHYZICS IM FRACTICE

Window joint of a wall construction with thermal

insulation composite system

Window area of the multi-family home. The mage shows the window,
inatalled with the support of brackets.
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In areas of possible moisture accumulation, the plinth area in » &
shows the use of water-resistant insulation material to ensure the
insulating effect close to the ground as well as in the splash water
zone. Since the loadbearing layer is shifted to the innermast layer,
the resulting geometry allows for insulating the ceilings. However,
the many different layers pose demanding requirements on the
detailing of the various connections.

Plinth area of a rear-ventilated wall construction
The base point of the single-mily home is insulated with
water-regigtant insulation in the splash water zone.

This is illustrated by the window opening in -+ 9. The interruption
of the exterior wall construction for the window opening makes it
necessary to merge the functions of the layers in the window
area. This can lead to direct heat loss through the different con-
nection joints if they are not sealed correctly. Care must be taken
to create an interruption in highly conductive materials such as
the metal window sills between the interior and the exterior, as
was done in this example. Another problem can anse during the
installation of soft insulation material, since it can settle easily and
may no longer cover, as in this case, the upper area of the load-
bearing inside wall. The rear wentilation would then cause cold
outside air to reach the loadbearing wall surface, resulting in high
heat loss.

Window connection in a rear-ventilated wall construction
Deetail of the extenor wall of the single-family home with
imgtalled window.

Fi
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MOISTURE PROTECTION

Moisture protection in a massive

wall construction

With their thick building elements, massive, monolithic walls are
easy to construct since there are few transitions to consider. Es-
pecially aerated concrete blocks, which are sanded during pro-
duction and thus very flat and smoaoth, bear little Ask of leakages
since they are joined with thin glue joints. Exterior plaster protects
the construction from driving rain.

Connections and transitions are the areas most prone to leak-
age. + 4 shows the base point of the single-family home, which, in
the ground, is protected from pressing water with bitumen. Wa-
ter-resistant insulation is installed in the area of the base plate,
complemented by plaster and paint coating suited for the splash
water zone. Apertures such as those in » § are also prone to leak-
age. With massive constructions, the low number of layers offers
uncomplicated connection options, and there is litthe risk of joint
fatigue. Sealing can be accomplished with polyurethane foam, for
example, that is inserted into the gap between wall construction
and window. Generlly, the homogenous termperature distribution
within the maonolithic building element ensures minimal condensa-
tion igsues.

10

Moisture protection for a wall construction with
thermal insulation composite system

Separating the exterior wall construction with thermal insulation
composite system into a massive loadbeanng and a high-perfor-
mance functional layer causes a temperature gradient across a
short distance, which can lead to water condensation. This may
not be too severe, and the moisture must be able to dissipate dur-
ing evaporation periods. Hereby, the ocuter plaster layer must
comply with weather protection requirements and guarantee
long-term performance of the insulation layer. Good tightness can
be achieved by closing off joints by overlapping. If fastening ele-
ments are used, care must be taken that there are no continuous
paths for penetration and that the risk of localised condensation
is minimised + 104+ 11.

Window connection of wall construction with
thermal insulation composite system

The exterior wall of the mukti-family home with
imstalled window.

Plinth area of wall constructi on with thermal
insu lation composite system

Base paoint of the loadbearing concrete wall of the mukti-family
home. The mage shows the themmal insulation composite aystem

as well ag the protection against aplash water.
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The base point in » 10 shows the sealing measures in the splash
and backed-up water areas: bitumen and foils. The insulation
layerin the plinth area is also waterproof to prevent possible dam-
age. All penetrations of the protective plaster layer must be exe-
cuted very carefully to prevent water from entering the thermal
insulation composite system.

The specific measures for sealing the window are careful plas-
tering to the window frame and a wellconceived execution of the
window sill = 11. This is accomplished with sealing foils at the
window and possibly behind the insulation, permanently secured
with plaster netting. A pemanently elastic joint completes the
setup. The thermal insulation composite system is cut out to allow
for the installation of the window sill and then sealed to prevent
maisture from entering the wall.

12

Upper end of the building of a rear-ventilated wall construction
The image shows the eave gutter detail sbove the fagade of the single-
family home.

Moisture protection for a rear-ventilated wall
construction

In this rearventilated wall construction, all functions are distrib-
uted across the different layers. Similar to a min jacket, the outer
layer, for example, inthe form of a separate clinker brick wall, pro-
vides protection against drving rain and splash water. If water still
penetrates, the rearventiated construction (for example with
open clinker brick joints) means that the water can drain or evapo-
rate. However, with regard to air humidity, such an open construc-
tion must be planned in a way that loadbearing elements never
come in contact with moisture. Especially joints between prefab-
ricated parts and the use of a highly permeable insulation materal
pose the risk of water condensation. The insulation and the pro-
tective exterior facade are fastened with retaining elements.
These also penetrate the insulation, and thus open up another
path for water vapour and cold (see black fasteners in » a).

The different layers in the window area must be menged - 9.
The window can be joined with its sealing layer and with the seal-
ing layer of the insulation by screwing the insulation to the load-
bearing construction behind the rearventilated cladding.

The upper end of the building in » 12 shows that there many
transitions between the loadbearing building elements for the
roof, the insulation layers and the exterior shell. The roof construc-
tion comprses the foil undemeath the roof battens, the roof tiles
on top of these and the photovoltaic system, and therefore two
sealing layers.

Mational Library of the Philippines

[ui]

rought to you by | The

Authenticated a9
Download Date | To/ 115 5 0 A= ™"



AIRTIGHTNESS

Airtightness in a massive wall construction
Due toits thick building elements, a massive, monalithic construc-
tion is generally insusceptible to air leakages, particularly when
common sanded, planar aerated concrete blocks are used. They
are glued together and do not feature thick mortar joints. Even
with installations in cable ducts that run along the interior surface,
this construction type proves to be very airtight. If hollow bricks
without filling are used, the risk of air leakage is greater when
flush sockets and other interior installations are introduced. By
accident, they can connect with the hollows in the bricks and then
continuous air paths through the construction can ensue since
the apertures in the bricks lie on top of each other. Even though
this type of construction comprises very few layers and therefare
does not benefit from one layer covenng another to seal leakages,
the construction shown in + 4+ 5 can be considered airtight.
Caonnections bear the greatest risk of leakages. + 13 shows
the base point, which, if the base plate and connecting interiar
floor construction are well executed, should not pose any risk of
leakage. Also, there are an additional sealing layer in the form of
the exterior insulation of the base plate. Aperture details as those
shown in + § are genemlly susceptible to leakages, but a massive
construction method offers uncomplicated joint options and exhi-
bits wery littke movement of the building elements that could lead
to joint fatigue. Sealing can be accomplished with polyurethane
foam.

13

Massive axterior wall

The aerated concrete wall sits on
the ground floor slah; airtightness
i3 ensurad by the construction
maternial and the maortar joints.
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Airtightness in a wall construction with thermal
insulation composite system

The exterior wall construction with thermal insulation compaosite
system consists of a loadbearng and a functional layer responsi-
ble for the insulating effect. An exterior plaster layer provides pro-
tection against weather. The layering method ensures high seal
ing performance by closing possible gaps and joints with
overlapping elements. Even the crack-prone plaster adds to the
airtightness, particulardy if the insulation layer is glued on. If fas-
tening elements are used, they penetrate the insulation and thus
increase the risk of continsous paths through the wall.

The base point in =+ 14 is covered with ingulation, which also
ensures sealing of possible joint defects between the base plate
and adjacent walls. The inner loadbearing layer in the entire build-
ing also provides for an insulation coverage of the ceilings and
walls resting on the exteror wall, and therefore airtightness. Al
penetrations to the exteror must be carefully planned and exe-
cuted.

14

Window connection of the wall construction
with thermal insulation composite system
Exterior wall detail of the multi-family home with
inagtalled and sealed window.
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The aperture detail in -+ 14 shows that a very compact wall con-
struction leaves little room for air leakages. The window frame is
fastened to the ceiling with a steel bracket. Sealing foils mounted
at the window can be used to create a sealing connection in the
insulation layer, which reduces the permeability of joints and con-
nections. The only problem can be the installation of the window
sill because the themal insulation composite system needs to be
interrupted and sealed.

Airtightness in a rear-ventilated

wall construction

In a rear-ventilated wall construction, the functions are distributed
across the layers, resulting in a relatively high number of transi-
tions and connections. The rear ventilation offers sufficient air
supply in the outer layers. Airtightness must be achieved by con-
necting the outer and inner (loadbearing) layer to the loadbearing
elements. Joints between prefabricated parts and highly permesa-
ble insulation material in particular are causes for leakages. The
protective exterior fagade requires fastening elements that also
penetrate the insulation and thus allow for rear ventilation (see
black fasteners in -+ a).

The area of the base point in » 8 shows that the gap between
the prefabricated concrete part and the base plate is closed with
flexible insulation and a sealing layer on the ocutside. These two
building elements can be subject to stress and can possibly fail

due to movements of the facade.

15

The different layers must be particularly carefully planned around
openings. Since the layers are separate they must be joined to
avoid direct air flow through the joints. In addition, the differnt
thermal expansion coefficients of the materials used can lead to
joint fatigue and thus, in the long term, to air leakage » 15+16.

16

Rear-ventilated facade

The wall made of prefabricated concrete components
requires airtight sealing on the inside. The insulation and
the venser wall do not contribute to airtight sealing.

Window connection in a rear-ventilated facade
Window conmection detail. The sealing also sarves to
drain water from the air layer
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NOISE PROTECTION

Noise protection for a massive wall construction
Due to the massive building materials, the monolithic building
method generally features good noise protection characteristics.
In an acoustic sense, its single-shell construction vibrates as a
whale. In principle, massive buildings consist of single-shell con-
crete or brick walls. Deviations of the sound protection character-
istics derive from the different densities of the building materals.
As shown in + 13, aerated concrete bricks were chosen in this
example. The pores in the material ensure good insulation proper-
ties: however, its relatively low density causes lower sound pro-
tection properties. The principle of ‘the heavier, the better' applies.
Generally, the sound protection of the overall building depends
on the building element with the lowest sound reduction index, ar
sound reduction performance. Therefore, the sound reduction in-
dex of the windows or the roller shutter casings determing the
overall sound protection perfformance. The windows must be air-
tight in order to achieve the desired sound reduction index.

In the entrance area of the single-family home -+ 4, the single-
shell wall construction is clearly visible. The impact sound-insula-
ting of the floating screed of the indoor floor can be seen below
the temporary boarding of the entry door, Since the screed floats
and does not touch the walls, sound bridges are avoided, and
impact sound cannct dissipate from one room to another.

Detail view of wall construction with thermal
insulation composite system

The themal ingulation composite system of the multi-fmily
home is glued to the loadbearing reinforced concrete wall
The adhesive is vigible at the joints.

1':}2 BUILOIMNG FHYZICS IM FRACTICE

Moise protection for a wall construction with
thermal insulation composite system

A classic thermal insulation composite system consists of two
layers (excluding the plaster layer) and is therefore considered a
multi-layer wall constrection. Caontrary to the rearventilated wall
constructions, in terms of acoustics, this construction type fea-
tures a bending-resistant, firm composite: i.e. with small distances
between the layers. The function principle of the soundproofing
follows the mass-spring principle, whereby the insulation matenal
represents the ‘spring’. This example used an almost fully closed
porous insulation matedal (XPS) with high dynamic ngidity for
which no noteworthy improvement of sound reduction (as com-
pared to a single-shell wall) can be expected. This means that the
dynamic rgidity — the springiness of the insulation layer — deter-
mines the sound transmission. With regard to sound protection,
soft mineral wool would achieve better results.

The detail view in =17 shows the glued, bending-resistant
connection between the loadbearing layer (reinforced concrete)
and the insulation layer (XPS). As described, the structure of heat
insulation composite systems can influence the sound reduction
index of an exterior wall. Depending on the mounting method —
gluing, gluing with dowels as well as dowels and rail fastening — |
the sound protection performance of the wall construction can be
decreased. The dowels penetrate the insulation layer and are fas-
tened in the loadbearing layer. They therefore create local thermal
and sound bridges.

Penetrations of the entire wal cross-section, for example for
technical building devices such as exterior wall sockets or water
connections, are critical aspects of sound protection. The same
is true for large apertures, for example for exhacst-air systems.
Sound protection is impossible in these areas.
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Noise protection in a rear-ventilated

wall construction

The rear-ventilated wall construction is a multi-shell construction
type, consisting of at least two building elements with a gap be-
tween them. The exterior weatherproof layer, here clinker, is sepa-
rated from the insulation as well as the loadbearing layer by a
rear-ventilation zone. This wall setup improves the soundproofing
properties according to the mass-spring principle. The air layer in
the gap between the two vibrating leaves acts as a spring. The
determining factors for improving the sound-insulating are the
material of the exterior shell as well as the execution of the venti-
lation gaps.

18

Plinth area of a rear-ventilated exterdor

wall construction

In the single-family home, the plinth area was executed with
water-resigtant insulation in the splash water zone. The

paint connections between the veneer wall and the loadbear-
ing layer are accomplished with rustproof wall ties.

The clinker used in + 18 exhibits good soundproofing properties
due to its relatively high density. In combination with the rein-
forced concrete loadbearing layer, the soundproofing properties
are improved further due to the different resonance frequencies.
The point connections of the exteror shell with the loadbearing
layer are accomplished with rustproof wall ties (atternatively brac-
ing systems). These wall ties locally penetrate the insulation layer
and are firmly connected with the loadbearing layer. However,
these necessary point penetrations (approximately five wire-
wound ties per m?) also cause local sound bridges that limit good
sound protection.

The lower sound reduction index of individual building ele-
ments such as windows and doors influences the entire sound
protection. Since the share of window areas and the entry door of
the residential house compared to the exteror wall area is rela-
tively large, and the overall sound protection performance is de-
termined by the weakest link, the entry door is of particular impor-
tance. The detail view + 18 shows that the intenor floor is struc-
turally decoupled from the exterior wall construction to avoid that
solid-borne sound is transmitted to adjacent building elements.

19

Door area of a rear-ventilated exterior wall construction
Wall comgtruction of the single-family rowhousa before instaling the door;
floor with underfloor heating to the night.
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8

Buildin
Physics
and
Materials

Building physics describes how and why molecules within a
building material are excited by external conditions. The excite-
ment is caused by various environmental conditions such as solar
radiation, rain, sound or wind, amongst others. Materals respond
dynamically to these influences or even change their properties.
These reactions can influence the indoor climate of buildings and
therefore our sense of comfort. Accordingly, knowledge of the
relationship between material behaviour and ambient climate is of
major importance. The approach presented in this chapter, which
states that materal properties are in direct interdependency with
the effects of building physics, serves to better understand the
described dependencies and to offer a holistic view. New matert-
als are constantly developed and brought to market in order to
comply with the different and sometimes conflictive demands al-
ready discussed. Special emphasis should be given to ecologi-
cally sustainable materials that are proven to fulfil the building
physics requirements in daily practice.

The materials used for and in buildings play an important role in
attuning and adjusting the indoor climate according to the needs
of the occupants. The most commonly used materials are inor-
ganic mineral materials such as concrete, clay bricks, gypsum or
building bricks. But organic materials like timber, plastics or insu-
lation material on polymer basis, or metals such as steel, iron or
aluminium also belong to the commaon building material portfalio.
All of these materials behave very differently with regard to me-
chanical as well as building physics aspects. Thus, choosing a
specific material can be a beneficial means to achieve the desired
indoor climate. Mot everyone is fully aware of what kind of an im-
pact sun, rain, wind as well as sound or light have on the materials
used in and on buildings. It therefore makes sense to explain and
understand these climatic boundary conditions and their physical
infleences in more detail. The overview » 1 shows and evaluates
specific aspects of commaonly used building materials.

L0 eat | Moisture | Sound | Light Air
Maténal
Concrete 1 44 44 - 1
Brick 1 -— - 4 4
Steeal - 4 - + 4 44
Glass - 4 - + 4 44
Timber 4 - - 1 -

Overview of commenly used materials
and their building physics performances
It becomes obvious that one singbe material
cannaot optimally fulfil all requirement a.
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CONCRETE

Concrete as the most commonly used building material is a min-
eral material that consists of cement, aggregate (Le. gravel or
sand) and water. An indefinite number of different types of con-
crete can be made from these raw ingredients, each of which ex-
hibits different mechanical and building physics properties. Gon-
crete's general performance with regard to the building physics
factors heat, moisture, sound, light and air will be evaluated in the
following -+ 2+3.

Concrete and thermal energy

There are two significant factors that influence the heat-related
behaviour of concrete; namely heat conduction and heat storage
capacity. Both of these properties play an important role for build-
ings in extreme climate regions. The thermal conductivity of con-
crete is comparably high, which is why heat loss through a con-
crete wall is also relatively high. On the other hand, concrete
exhibits a very large thermal storage capacity; therefore, a lot of
thermal energy can be stored in a concrete wall before heat be-
gins flowing toward the outside. This aspect is particularly exploit-
ed in wam countries where thick concrete walls do not sewve a
structural but rather a building physics purpose inorder to protect
the interior from external solar radiation. Sclar heat is stored in the
concrete walls during daytime, and in the evening or at night,
when temperatures drop, it is returned to the surroundings.

Section through a concrete body
Tha components gravel and cement stone are clearly
discemible after a saw cut through a concrete body.
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Concrete and moisture

The absorption and desomption capacity of concrete, i.e. the capa-
bility to take on and release moisture, together with the capacity
to transport moisture or other liquids through the porous structure
are important factors in building physics. Both of these properties
are determined by the inner porous structure of concrete, whereby
the total volume of pores as well as the connectivity of the pores
play an important role. Per definition concretes with high water-
cement values have a high water content, which, after curing,
forms the pores. With common types of concrete, these pore
spaces and therefore the capillary pores are often connected,
creating an internal network. This network enables moisture trans-
portation through a wall constrection from the outside to the in-
side or vice versa. These processes are very important in terms of
a moisture balance because these paths offer a means for mois-
ture exchange with the surounding space.

Concrete and acoustics

Sound is a physical phenomenon that propagates in the air or in
the material itself via waves, thereby carrying a certain amount of
energy. These waves can be caused by people, machines, auto-
mobiles or other ambient influences, and can therefore excite
walls or other building elements into vibration. The properties of
the matenals that walls, floors or ceilings of a room are made of
also determine implicitly how the waves behave upon coming into
contact with a building element. Hereby, the mass and the elasti-
city of a materal are important factors. With regard to airborne
sound, and due to its relatively high raw density, concrete fea-
tures good soundproofing properties compared to other building
materials. The waves are almost completely reflected, hardly excit-
ing the concrete at all, which means that the sound energy is nat
transmitted through the wall Impact or solid-borne sound is a
different matter; here, the waves are transmitted directly through
the concrete or other materials with a similarly high raw density.
This means that sound is spread and transmitted to adjacent
rooms. To avoid this, measures must be employed that interrupt
the sound waves. Such measures include installing insulation be-
neath floating screed, decoupling the floor construction of adja-
cent rooms and including edge insulation stips between screed
and wall.
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Concrete and light

Depending on the colour of a matenal, light, i.e. light waves, is
transmitted, absorbed or reflected. In the case of grey or dark
grey concrete, light is generally reflected and/or absorbed. As de-
scribed before, concrete exhibits a very high heat storage capac-
ity, causing it to absorb the thermal energy of light or solar radia-
tion. Therefore, there is no transmission of light. The colour of
concrete can be altered with the help of different types of cement,
which in turn means that the infleence of light, ie. the degree of
reflection or absorption, can be adjusted to specific conditions.

Concrete and air

The air quality inside a building should not be influenced by the
choice of material. Different materials can play a significant role,
depending on their use or function in the building. Concrete has
the advantage that it features a very dense structure and there-
fore cannot store air and is odourless. And concrete surfaces can
be easily coated, if so desired. When considering air quality in-
side buildings, it can be assumed that no air exchange takes
place with the surroundings through a concrete surface.

Radio Kootwijk, Building A, Apeldoorn, Julius Luthmann, 1918
The aesthetic effect of thig Art Deco building iz enhanced by the grey concrate.
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ERICK

Traditional bricks are made of clay that is fired in a kin. Alterna-
tively, bricks can be made of calcareous lime. In both cases the
result is a solid body with an open porous structure on the inside,
just like concrete. The resulting properties mainly depend on the
firing temperature. The raw density of a brick can vary between
1400 kg/m® and 1800 kg/m® = 445.

Brick and thermal energy

Since the rmaw density of a brick is significantly lower than that of
concrete, brick's themal conductivity and heat storage capacity
also differ significantly from those of concrete. The mw density of
brick is lower because brick has more pores and therefore con-
taing more air. This also means that the thermal conductivity of dry
bricks is lower than that of concrete. With maoist bricks, the ab-
sorbed water plays an important role and therefore implicitly de-
termines its thermal conductivity, which increases. The heat stor-
age capacity of brick is lower than that of concrete. The matenal's
open porous structure results in less mass, which in turn means
that heat cannot be stored for a longer perod of time.

4

Masonry
Masonry or brickwork consists of bricks and joints.
Different joint designg create vigual vanations.

1&8 BUILOIMNG FHYZICS ARMDO MATERJALS

Brick and moisture

The descrbed open porous structure of brick allows for moisture
to easily penetrate the pore space and accumulate there. Gener-
ally speaking, the pores within a brick are connected with each
other and thus form a network. Therefore, water can easily move
inside a brick, which means that in a masonry wall the capillary
action can cause water to shift vertically. Often, countermeasures
are taken to inhibit the rising of moisture inside brickwork. These
measures typically include honzontal or vertical bamiers, or trass
frames. A trass frame is a portion of a brick wall five to six brick
courses below and above the ground. It is made of hard natural
stone or specially burnt bricks to prevent moisture from rising up-
ward inside the wall.

Facade of an Amsterdam School residential building,
Amsterdam, Hendrik Wijd eveld, 1817=1921
The detail shows typical decorative bnickwork.
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Brick and acoustics

Since brick has a relatively low mass, sound waves can relatively
easily propagate through brick walls. A brick wall is lighter than a
concrete wall and therefore poses less resistance against reflect-
ing and/or absorbing air waves. Interms of solid-borme or impact
sound, a brick wall can be more effective because the related
sound waves cannot propagate as easily through an open porous
medium. The open porous structure can also cause waves in a
brick wall to be absorbed, resulting in a sound-insulating effect.

Brick and light

Bricks are manufactured in different colours and types. With
these varations it is possible to influence a brick wall's degree of
absorption and/or reflection. The different colours determine how
much light energy is reflected and how much can be stored in the
wall. Both properties have an immediate effect on the building
physics behaviour of a building element. The reflection of a brick
wall also determines the amount of light that can enter a room = 6

Brick and air

A mineral material such as brick is an inert material that does not
infleence the air quality of a room. The open porous structure
makes it possible that moisture can easily be absorbed from and
dissipated to the indoor climate. This can have a positive effect on
the indoor climate becauvse high humidity levels can be decreased
through short-term absorption and reintroduced into the room
from the bricks to the indoor air over time.

Castle Huis Bargh, "s-Heemnberg, dating badk to the 13th century

Fagade design with brickwork
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STEEL

Steel is afrequently used matenal with a very high raw density of
7B50 kg/m®. It does not contain pores or pore structures, and its
building physics properties therefore differ significantly from min-
eral materials » 7.

Steel and thermal energy

Since steel has a wery high thermal conductivity, it can easily
wam up. And due to its high raw density, it can also store large
amounts of thermal energy. In general, it is considered as disad-

vantageous that the stored amount of heat can, in turn, dissipate
very quickly, too, which means that the stored energy cannot be
used as heat storage. But the material's high thermal conductivity
can be employed advantageously when large amounts of heat
need to be dissipated quickly.

Staal
Steel in the form of reinforcement inside concrate is
an indispensable material.
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Steel and moisture

The crystalline structure of steel is so dense that the material is
entirely watertight and does not allow water inclusion or storage.
Maisture transmission through capillary action is not possible ei-
ther. Therefore, steel can also be used for water or moisture-
proofing on fagades or roofs. Many other application oppaortuni-
ties lie in those fields that require a combination of high themal
capacity and high thermal conductivity in combination with water-
tightness as material properties. This is the reason why steel is
used for roof cladding or cladding of separating and exterior
walls, for example. In these cases, it is important that the walls are
waterresistant and equipped with an anti-corrosion coating. In
addition, quick heat dissipation must be possible to prevent ex-
CESSive expansion.

8

City of Arts and Sciences, Valencia, Santiago Calatrava and
Félix Candela, 1998
Steel used as a kedbearing fagade elemeant.
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Steel and acoustics

The sound absomtion capacity of steel is relatively low due to the
high elasticity modulus and a very high raw density, resulting in a
very rigid, dense material Airborne sound waves that strike a
steel surface are reflected without loss and returned into the
room. In addition, impact sound waves can spread easily and
quickly through steel. This means that steel is not very suited as
sound absorption material or sound-insulating.

Steel and light

If the surface is polished, steel can almost act like a mirror, and
almaost all incident light is reflected. However, rust formation has
an influence on the share of reflected light; it reduces it. On the
other hand, steel can be employed as a reflective element
intentionally to reduce the light energy demand required for a
O + 848,

g
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Steel and air

Since steel is a very dense, airtight material, it cannot be used as
afilter in the sense of building physics. Due toits high density, the
building industry also uses steel as an airtight barder to protect
certain areas within a building + 10.

10

C. R. Crown Hall, llinis Institute of Technology, Chicago,
Ludwig Mies van der Rohe, 1956
Steel and glass fagade.

Facada detail, C. R. Crown Hall
Posts and beams made of steel a8 a design elemeant.
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GLASS

The mineral material glass is light-transmissive, very brittle, has a
dense structure and a raw density of approximately 2500 kg/mé.
Glass, such as window glass, for example, is an amorphous solid
that mainly consists of pure silicecus sand. In terms of building
physics, glass can be employed with various intentions -+ 11,

Glass facade
Im the building induatry, this indispensable material
igan essential part of any Bgade.

12

Office building Duoc Antonio Varas,

Santiago de Chile, luan Sabbagh Pisano, 2008
Reflective glaas elements award the mgade
lightness and modernity.
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Glass and thermal energy

In the field of heat protection, glass plays an important role. Since
itis light-transmissive, solar mdiation, i.e. solar heat, can reach the
inside of a buiding through the glass and illuminate and there by
heat interior surfaces. Important factors are energy transmittance,
the number of glass layers (single, double or triple glazing), the
entrance angle and possible sun protection measures. In this
case it is important that the materials chosen inside the rooms
have a high stomage capacity in order to prevent excessive tem-
peratures and overheating during the hot summer months. Differ-
ent types of glass or glass coatings can limit the intensity of inci-
dent heat or, if so desired, facilitate it » 12413,
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Glass and moisture

The moisture-related properties of a glass pane are primarily de-
fined by a watertight installation because the high density of glass
does not permit any water absorption or water transmittance
through the material itself. Single-pane glass windows pose the
risk of water condensation on the glass pane, which can cool down
significantly during winter. Due to their lower thermal conductivity,
double or triple glazing exhibits higher surface temperatures, and
therefore, a significantly smaller risk of water condensation.

Glass and acoustics

Since glass has a hard surface structure, incident sound waves
are reflected on the surface without losing sound energy. The
elasticity modulus of glass is similar to that of granite, for example.
Therefore, it is to be expected that in a room with a large share of
window area there wil be significant reflection of the sound
waves. The reflections lead to strong reverberant sounds, which
has a negative effect on the understandability during conversa-
tions and therefore the sense of comfort. In these cases, special
absorptive surfaces are needed that can absorb the sound waves
and thus reduce the reverberation perod.

Glass and light

One of glass' most important properties is its crystalline structure
and the resulting transparency. This makes glass to be a unique
material for which there are no alternatives. For the human being,

transparency largely defines the type of comfort we experience
indoors. Hereby, light plays a dominant role, generally being the
primary aspect that enables us to live inside a building. In addi-
tion, the application of glass coatings or coloured glass can influ-
ence the human experience of a room. This means that next to its
function in the building, glass also has a dimension that can
strongly influence the human sense of comfort.

Glass and air

Since glass has a very dense crystalline structure, no pores, and
is not air-permeable, it can only be used for airtight building ele-
ments. Additionally, glass itself is odourless and therefore does
not require special post-processing. Considering the high density
of glass, any use of larger glass areas must be accompanied by
considerations on how to ventilate the indoor space.

Detail of the office building
Duoc Antonio Varas, Santiago de Chile
The entire fagade area congiats of glass.
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WOoOoD

The arganic material wood is a naturally grown miaterial with many
different properties that mechanically and in terms of building
physics depend on the orientation (anisotropic), the origin and the
type of the wood. Each sort has its own porosity, its own aniso-
tropic property and its individual hygrothermic behaviour. There-
fore, the properties of wood are species-specific, but vary within
one species depending on the ongin of a specific tree. The most
common types of wood in the building industry are relatively light
and feature raw densities of between 500 kg/m® and 700 kg/mé.
Hardwood can have raw densities of up to 1000 kg/m®. However,
the raw density fluctuates significantly depending on the maisture
content of the wood because the water in the pores influences the
building physics and mechanical properties + 14415,

14

Cross-section of a timber log
The mmage shows cracks resulting from drying.
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Wood and thermal energy

Wood features very good thermal conductivity and heat storage
capacity. Its high thermal capacity makes it suitable for applica-
tions in buildings and/or flats that require heat protection in sum-
mer Since many types of wood have very low raw densities
(lighter than water), the overmll storage capacity of traditional
building timber is much lower than that of concrete. The raw den-
sity of concrete is twice to three times that of wood. The low
thermal conductivity properties make wood a relatively good insu-
lation material. For residential buildings these are beneficial prop-
erties, for imber walls have good insulation properties and can
store the accumulated heat for a long period of time.

Trees bafora processing
The location of a tree and the climatic conditions of the location detemine
the quality of the wood.
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Wood and moisture

Whood has an organic structure and is bio-degradable; it can eas
ily decay when infested by wood-destructing insects or fungi
The most important environmental influence that detemines the
intensity of the process of decay is air humidity or the wood
moisture balance that occurs in the wood due to the ambient air
hurnidity. Therefore, it is paramount that wood is well protected
or treated against ambient influences. With regard to building
physics, water condensation at or in timber constructions must
therefore be prevented; usually this is achieved with sufficient
wentilation. Only then can timber maintain its construction-related
properties. Timber constructions always require a careful mois-
ture balance + 16417,

Rasidential building covered with wood shingles
The shingles protect the loadbearing construction
against weather conditiona.

Wood and acoustics

Since wood has a relatively low raw density and a low elasticity
modulus, it is less suited as sound protection material. Specifi-
cally in the case of aitborne soundproofing, whereby mass plays
an important role, wood has little to offer to counteract sound
waves. In the case of impact sound, wood fares a little better be-
cause its porous structure lets it absorb or intemally dissipate
impact sound waves. Most commonly, wood is used in the form of
sound-insulating panels because it is easy to process. Examples
are wave dispersion elements or flexible wall elements to absorb
sound waves.

Wood and light

In combination with light, wood's beautiful cuter structure offers
architects many possibilities for unique interior design. Therefore,
the material is often used in indoor spaces in the form of wood
panelling or wood floors.

Wood and air

Fresh wood has a strong characteristic odowr. Sometimes this is
desimble but often the wood is post-processed to achieve a new-
tral odour and to prevent the material taking on other unwanted
smells.

1%
Rt

17

Detail of the wooden facade
Vertically and horzontally owerdapping shingles ensure protection against
driving rain.
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Engineered wood products

In building practice, mostly engineered wood products are used
because they allow for almost any geometry and dimensioning of
wooden building elements. Engineered wood products consist of
several wood elements glued together, such as strands, veneer,
planks or battens. Classic examples of engineered wood prod-
ucts are glue-laminated timber (glulam) - 18, laminated veneer
lumber (LVL) » 19 and laminated strand lumber (LSL) - 20, Glue-
laminated timber is made by gluing wood pieces such as battens
or boards into long wood elements. The adhesion in longitudinal
and cross-direction allows for elements of varicus length and
cross-section geometry. Laminated venser lumber consists of
gleed wood veneers whose fibres are all oriented in the same di-
rection. The advantage over glue-laminated lumber is that planar
building elements can be made as well, such as loadbearing wall
and ceiling elements, for example. Laminated strand lumber con-
sists of relatively large glued wood strands. The product is typt
cally applied in the form of laminar building elements, amongst

Glue-laminated timber (glulam)

Wiood pieces glued together in vertical and horzontal
direction can be used for supports, beams and other
building elements that are subjected to bending loadsa.

which are wall and ceiling panels. Since the strands are posi
tioned in a homogencous onentation, the resulting panels offer
only one-directional loadbearing capability The main advantage
of engineered wood products over solid wood is its greater form
stability. The gluing and the onentation of the fibres of wood prod-
ucts counteract the deformation behaviour that is typical for solid
wood, e.q. sweling and contracting. This increases the quality
and loadbearing capacity of the construction.

Laminated strand lumbear (LS L)
Gluing together equally orientated strands makes
linear and planar building elements.

Laminated veneer lumber (LVL)
Single wood veneers are glued together with
congigtent fibre onentation.

1 1 6 BUILOIMNG FHYZICS ARMDO MATERALS

Brought to you by | The Mational Library of the Philippines

Authenticated
10/11/19 909 AM

Download Date



OTHER ECOLOGICAL BUILDING MATERIALS

Latest developments in the field of building materials focus on
natural materials such as clay, strw and various types of fibres,
e.g. stemming from bamboo or sisal plants. The advantage of
these materials over others is that their production does not re-
quire great energy expenditure. They can be used in their onginal
state, as they occur in nature. Matural materials are often used in
combination with conventional materials. These so-called com-
posite matenals make it possible that specific properties such as
insulation capacity, heat flow and/or heat storage capacity can be

varied across the composite's cross-section. It makes sense to
build up integrated sandwich panels made from different materials
in a way that the layers maintain their building physics properties.

A stone layer with concrete insertion and a clay layer, for example,
together form an ecological concrete wall element with very good
insulation and energy storage capacities + 21+22. In addition, this
layered material's relatively high specific mass also gives it good
sound-absorbing properties. The use of such innovative maternial
concepts allows for envionmentally friendly and enengy-efficient
building methods and minimal energy usage during the building's
life span. The specific perfformance capabilities of these compos-
ite matenals must be carefully considered before practical appli-
cation,

1

Sandwich building elements made of clay and concrete
These building elements form a sustainsble ayatem to comnstruct
and insulate the building envelope.

22

Building elements made of rammed clay
Recyclabilty also plays an mportant role when
choosging suitable building materials.

Brought to you by 12 Mational Library of the Philippines

Authenticated 17
Download Oate | 10M 1715 o 05 KR~






Buildin
Physics
and the
Buildin
Envelope

DEMANDS ON THE BUILDING ENVELOPE

The building envelope constitutes a climate barrer between the
interior and the externor and allows us to feel comfortable in a
building even under uncomfortable weather conditions. It forms
the border between the preferably constant temperature and hu-
ridity level inside and fluctuating atmospheric condiions outside.
Consequently, the building envelope is constantly subjected to
the loads from different energy flows trying to balance each other
out. Therefore, the matenals and the structure of the building en-
velope must fulfil the building physics requirements of heat, mois-
ture, airtightness, sound and light.

Heat insulation

In terms of heat insulation in winter, the building envelope must
feature sufficient insulating properties, which means that either
the entire construction — e.g. a massve wall construction — must
be wellinsulated, or that the individual layers, e.g. in case of a
rear-ventilated fagade, take on this function.

Measures of heat protection serve to prevent overheating
through solar radiation during summer. This mainly concems
transparent constrection elements that should be equipped with
sun protection systems such as louvres or coatings, for example.
Opaque construction elements automatically fulfil these require-
ments with the insulation properties they feature for winter. In
both cases, construction elements with highly effective heat stor-
age capacity contribute to the indoor protection against exterior
conditions.

Moisture proofing

Wall and fagade constructions must be able to shield against rain
or even driving rain as well as manage the different humidity levels
of the inside and the outside. The outer layer usually ensures pro-
tection against rain, whereby, depending on the construction, ad-
ditional layers can be included to drain water, even within the con-
struction. In terms of building construction, a differentiation is
made between rain, drving rin (with an impact angle of up to
90 degrees depending on wind conditions) and splash water
(which is reflected upward upon hitting hard surfaces).

Mext to min, the second important aspect is humidity, meaning
the water bound in the ar, and its effect on the construction. It
can wet the construction either due to pressure difference or rain.
The same happens when temperatures change, resulting in differ-
ent degrees of water absorbance of the air. Thus, the building
envelope must either be able to prevent humidity from entering
the construction or absorb the water and drain it toward the out-
side via appropriate systems.
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Airtightness

What is true for heat and moisture is also valid for airtightness;
the interior and the exterior of a building must be strctly separat-
ed. In this case, the sealing of the building envelope serves to
prevent draught in the interior spaces. Drasght can result from
unwanted leakages due to a combination of air movement and air
temperature, but also from intentional wentilating to ensure hygie-
nic and comfortable conditions. But sealing the building envelope
is also important from an energetic point of view, since it prevents
enengy losses caused by exhausting warm air.

It is at least as important to keep room air humidity away from
the construction in order to prevent moisture, as explained in
Chapter 3, ‘Maisture’ This requires a dependable sealing be-
tween the indoor space and the building envelope. Careful plan-
ning and execution is necessary to prevent leakages.

The mare airtight a building is, the more important is proper
ventilation. Matural ventilation can be achieved through windows.
Hereby, it is not so much the construction element itself that war-
rants airtightness, but rather the joints, for example, between win-
dow and massive wall. Besides the construction element, these
details must be planned to be completely airtight, which is espe-
cially true for movable elements.

Acoustics

A building envelope also serves as sound protection by damping
airborne sound so that street noise, for example, cannot easily
penetrate the interior space. This can either be accomplished
with mass — meaning heavy constructions — that does not vibrate
easily and therefore damps sound impulses. Or a spring-mass
principle can be employed: here, the individual layers of the con-
struction — a rear-ventilated wall construction, for example — act
differently to different sound impulses. This delays or reduces the
vibrational behaviour and therefore also dampens sound.

The building envelope equally influences the room acoustics —
reverberation effects occur depending on how well the surfaces
reflect the sound to the interior. However, usually the surface area
of the facade-facing wall is proportionately smaller than that of the
other walls and ceiling surfaces in a room and, thus, not as criti-
cal. A second aspect to consider is sound transport by sound
wave propagation within construction elements.

2

Light

Comfortable lighting of an indoor space can only be accomplish-
ed with sufficient transparent areas in the building envelope. The
yield of natural daylight depends on the size and the location/ar-
rangement of the apertures. These decisions also impact the en-
ergy demand for artificial light. Geographic arientation detemines
the potential solar gain, an important aspect in terms of heat input
isee Chapter 2, ‘Thermal Energy') as well as illumination levels.
Depending on the intensity, the illumination level can be a positive
factor if it provides sufficient lighting, but can also cause glare, a
negative aspect that needs to be dealt with.

The influx of daylighting also influences our visual comfort,
meaning a connection from the inside to the outside. Since light
is a quickly changing parameter, certainly throughout the course
of a day, it should be ensured that transparent areas of the facade
can be adapted to the demands of the users by installing sun
protection and glare protection systems.

Massive wall
This natural stone masonry forms a
massive loadbeaning wall

Shingle facade
The shingle cover on & skeleton con-

struction acts as protection against rain.
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Contradictions in the combinations

of different demands

In terms of the demands in the building envelope, the above de-
scribed aspects heat, moisture, aitightness, sound and light re-
quire very different technical solutions:

Insulation is best accomplished with very light constructions
with small pores or thin layers to prevent air change (convection).
This is contradicted by the requirements of good sound-insulating
as well as of the exploitation of themnal mass since such meas
ures require heavy constructions to achieve sufficient storage
mass. A similar contradiction occurs when conceptualising a
building envelope with sufficient sun protection: shading devices
or sun protection coatings conflict with the desire for maximum
yield of daylight.

Metal frame construction
Marth American metal frame fagade during construction.

Timber frame construction
Morth American timber construction (balloon
framing) during conatruction.

Rear-vantilated facade

This fagade consists of a layered aystem combining
& rain protection layer and an ingulatingfloadbearing
gtructure.

Brought to you by 12 Mational Library of the Philippines

ILDIME PHESICS AMD T, e waee 131
Bownioad Date 10/ T1 A0S BF



Against the background of structural joints in the building enve-
lope, the problem of heat exchange between the inside and the
outside must also be discussed: connection elements are needed
to transfer structural loads. For the sake of loadbearing capacity
they need to have more mass, which at the same time increases
their heat conductivity, with the adverse result of themal bridges.
They can be minimised by layering and load concentmtion but
cannot be completely avoided.

Another construction-related issue is the necessity of butt
joints between construction elements. Butt joints are abvays
weak areas in terms of rain and airtightness. They should be
avoided as much as possible, which, however, requires compro-
miges in the case of prefabricated construction elements: to com-
ply with transport require ments they are usually limited in size and
must be joined on site. Butt joints are also unaveoidable at the
transitions of construction elements, for example between mas-
sive wall and window. It can be helpful to try and reduce the num-
ber of butt joints by salving the details with technically known and
established construction principles. A building envelope can be
as homogenous as possible, but it will always show such prob-
lematic areas; they cannot be fully avoided. A building envelope
must meet these contradicting requirements — whereby all as-
pects must be addressed optimally in order to create an energy-
efficient building - 3-5.

[

Heat transition massive wall

When heat acts on a massive wall, part of it s reflected
and anather part is stored in the wall But part of the
thermal energy is lost through the wall.

I QQ BUILOIMNG FHYZICS AMO THE BUILDING ENVELOFE

FACADE CONSTRUCTION TYPES

Three principal systems can be employed to sole the different
reuirements posed on a fagade: massive construction, which in-
tegrates all requirements; layered construction, in which the indi-
vidual requirements are solved with individual layers; and skeleton
or frame constructions, in which the loadbearing function is sepa-
rated from the space-enclosing function.

The advantage of massive fagade constructions is their sim-
plicity » 8+7. A construction that is essentially made of a single
material can be produced rather easily because it does not re-
quire elaborate connections between different layers. Later modi-
fications are rarely a problem. Massive constructions contribute
to the structural integrity of the overall building. However, it is dif-
ficult to optimise such constructions with regard to individual re-
quirements, since — as described — the requirements often con-
tradict each other and can rarely be fully met by the material
properties only. And massive construction cannot be used for all
functions of a building: doors, windows and other construction
elements must be integrated into the building envelope, always
requinng penetration.

T

Moisture transition massive wall

When rain hits the exterior of 2 massive wall, part of the water
draing off in fluid state, another part penetrates and wets the
material and can escape to the interior.
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rougnt 1o you by ne Mational Library of the FT




Building envelopes in the form of a layered construction — rear
ventilated facades, for example — on the other hand are well suit-
ed to fulfil the different requirements related to heat, moisture,
airtightness, sound and light with individual layers. The combina-
tion allows to optimise individual layers in terms of their perfor
mance without restricting the function of the overall construction.
A disadvantage is the complexity of the construction, in tems of
assembly as well as later, when the building envelope requires
modification and various layers must be adapted.

Of those three types, skeleton constructions are the most dif-
ferentiated construction types: the loadbeanng function is sepa-
rated from the space-enclosing function by setting up a support
framework, onto which the space-enclosing panels or construc-
tion elements are mounted. These fulfil the different demands on
the building envelope, and thereby increase the efficiency of the
entire construction: it becomes more slender and thus maore effi
cient, glass panes are easy to add to optimise transparency.

Plinth detail with recess in a massive wall
An additional ingulation layer can be mounted in
the recess in the lower part to allow for continuous
themal ingulation.

Massive wall construction

Massive walls are characterised by simple connections and their
potential loadbearing capacity + 8+10. Furthermore, a massive
wall exhibits a certain heat-insulating property since it prevents
direct radiation and comwection. Thermal energy, on the other
hand, can be transferred due to the good thermal conductance of
the mass. If this is to be prevented, the massive construction
needs to be made lighter so that less mass provides less con-
ductance. This is typically accomplished with cavities in the con-
struction elements, in the form of chambers (e.g. hollow bricks - 8)
or cavities in the original material le.g. aerated concrete). In gen-
eral, massive constructions can store heat well. But the storage
capacity is reduced the lighter the construction is.

Chambers in hollow bricks

Air chambers ingide hollow bricks reduca the thermal
conductivity of the bricks and therefore mprove their
ingulation properties.

10

Sealing a plinth

To protect it from splash water, the
plinth area is sealed with bituminous
gheeting.
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Massive walls can be sealed against incoming maoisture if the con-
struction is wateright, for example with waterproof concrete ar
plaster layers, or the material intentionally absorbs the moisture,
as is the case with bricks, for example. Hereby it is important that
the material is not damaged by taking on water and that the water
can dry off. This requires a detailed examination of moisture de-
velopment in construction elements across the different seasons
of the year to prevent permanent wetting. Areas that are particu-
larly impacted, by groundwater or splash water for example, re-
quire additional sealing.

With massive walls, aitightness is generlly unproblematic; it
is guaranteed by the dimension and does not require specific
consideration. The same is true for airbome sound protection be-
cause it is difficult to excite massive constructions into vibration.
Only impact sound, which is transmitted by the materal, can be
problematic; however, it does not concern so much the separa-
tion of the outside and the inside but rather sound transmission
within the building. Windows and door openings fulfil the de-
mands in respect to light in most cases.

Heat transition thmugh rearwventilated wall

The heat from the indoor room s partially reflected and partially
gtored in the masaive and the ingulating layer Small shares
penetrate the wall and are absorbed in the air gap and the
watenproofing layer.

I 24 BUILOIMNG FHYZICS AMO THE BUILDING ENVELOFE

Layered fagade construction

With layered constructions, or rearventilated fagades, the load-
bearing layer is separated from the insulating layer. In addition, an
air layer and a rainrepellent layer are placed before the insulating
layer + 11+12. Since the functions loadbearing and insulation are
separated, the insulation layer can be implemented rather easily.
The additional air layer and the rain-repellent layer protect the in-
sulation against exterior influences such as water, solar radiation
and mechanical stress. Another advantage is that the inner con-
struction can be massive and thus better store thermal energy.
This makes the building thermally inert, and thereby creates a
comfortable indoor climate.

One disadvantage of this construction is its complexity result-
ing from the layered structure. The plinth detaill shows that be-
sides the loadbearing function from the inner construction to the
foundation, all other functional layers such as insulation, air gap
and rainprocfing must be constructed as sepamte elements, and
each needs to transfer its loads individually. Similar constructive
solutions are needed where construction elements, such as win-
dows for example, need to be joined.

12

Maoisture transition through rearventilated wall
Rain on extenor rainproofing layer: the largest share runs
off mmediately. In case of panetration (defects), moiture
is systematically drained ingide the wall system.
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In terms of moisture-procfing, rearventilated facades pose the
advantage that the exterior rainproof layer repels rain as well as
driving rain. If water does penetrate this layer, it is systematically
drained away in the air layer. Depending on the interior (loadbear-
ing) wall construction, vapour pressure is kept from the inside e
ther by the material itself or by a vapour-proof fail.

Layered structura of rear-ventilated facade
The layaring makes it necesaary to conatructvely
connect the individual layers of the fagada.

Airtightness is ensured by the massive inner layer, or by a vapour-
tight foil on the inner layer. In terms of noise protection, the differ-
ent layers act like a mass-spring system. However, this is rather
negligable since the massive inner layer provides the lagest part
of the noise-protecting function due to its low vibrations. Similar
to massive constructions, the requirements of lighting can be eas-
ily handled with windows and doors + 13-15.

14

Rearventilated sheat

metal facade

Typical solution for the plinth
detail of a rear-ventilated fagade.
The upper area shows the indi-
vidual layers; the lower area shows
& masaive congtruction with core

insulation.

Rear-ventilated facade

Tha individual layers for loadbearing (concrata),
ingula tion, airtightness and watenproofing are
clearly vigible. The plinth area containg a water-
resigtant core insulation.
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Skeleton construction

Skeleton construections are usually executed as timber construc-
tions or post-and-beam systems. As the tem implies, the loads of
the building are transferred by a skeleton or frame, while sealing
and insulating are accommaodated in the panels that are mounted
onto the loadbearing system. Transparency, ie. allowing light
transmission into the building, is provided by glass panels. Here-
by, it is necessary to design a second glass layer in arder to inter-
rupt heat conduction. It has been shown that a gap of around
15mm between the glass panes causes the convection in this
area to cease, and this reduces the potential of heat conduction.
In order to further improve the insulation property, a third pane
creating another gap can be added » 16+18.

Heat transition thmugh post-and-beam structure
Heat is reflected by the insulating glass pane, partially
penetrates the glazing and is transported to the interniar.

18

Besides partial and angle-dependent reflection, arestricted spec-
trumn of solar radiation still penetrates the glass panes. It heats up
the glass pane as well as the indoor space. In autumn, winter and
spring this might be desirable, but it can lead to overheating in
summer. Overheating can be prevented with exteror shading or
metalic, reflective coatings on the glass. However, these meas-
ures have an immediate effect on the light permeability of the con-
struction, which must be controlled accordingly » 17.

Shading of the glazing
In order to reduce incident light, light-reflecting sun protection
syatems are installed in front of the glass layer.

>
>

Rain water drainage on a post-and-beam facade
For the moat part, rain is drained off on the exterior glass
panes and the exerior profiles. If it does penetrate the
congtruction, it s drained off within the wall aystem.
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With post-and-beam facades, water is drained off Aght on the
outside surface. In case of leakage, a second draining layer within
the systemn comes into play that collects incoming water and
drains it to the outside at the bottom of the construction. The im-
permeability of the system largely depends on the chosen joint
profiles of the construction and the way the nodes are executed.
Typically, the construction projects out from the underlying found-
ation to allow for drainage. This also prevents drving min from
coming into contact with the foundation.

The required aittightness is achieved with profiled joints in the
construction. Due to its low mass, a post-and-beam structure can
provide less noise protection than the other types of construction.
Even though the mass-spring principle applies, noise remains the
neuralgic spot of skeleton constructions - 18-21.

Example of a plinth construction

in semi ready state

Post-and-beam fagcade and the sealing below
it. Inulation and exteniar protective layer are
inatalled later.

Bottom view of a skeleton facade

Detailed view of a not-yet-sealed plinth area of a
pogt-and-beam structure. Chther details shown are
glazing support, glazing and the prepared sealing
layer of the aystem.

n

Cross-saction through the post of a timber-aluminium facade

The outer clamping strip seals the f¢ade against rain; drainage takes place in
the gap if water does penetrate the construction. The sealing profiles mounted
in the inside keep off diffusing moisture.
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FUTURE POTENTIAL

As proven and tested as the individual construction variants and
methods are, as continuous is the optimisation of materials and
constructions. The focus lies on simpler assembly, improved func-
tionality and lower cost. But research and development are also
seeking to improve adaptability and further optimise the insulating
properties.

Future potential is also offered by functionally adaptable con-
structions: a building envelope might be able to not only adapt the
existing functions lighting and ventilation, but also react to thermal
and acoustic influences in an adaptive manner. A dynamic insula-
tion system that could be activated or reduced depending on the
time of day or time of year, offers the oppaortunity of actively con-
trolling the heat and meisture balance, be it by means of mechan-
ical constructions or integrated in the materials.

Ancther step could be the energetic activation of the building
envelope. Whereas building-integrated photovoltaics (BIPY) is
still inits early days, solar heating systems are already estab-
lished. But these fiekds still offer potential as well — less in a tech-
nical but mther in a functional sense. A related approach to that of
solar heating systems is the integration of water pipes (capillary
matting) in opague construction elements to transfer solar energy
into heat, and then to store it or use it inside the building. This
principle can also be used for coaling.

2

Research project ETA-Fabrik,

Darmstadt Technical University, 2016

Thea ETA-Fabrik pioneers enargetically optimised factory buildings:
water pipes integrated in the concrete construction store the heat

of aolar incidence, and can tranamit them o the ingide of the building.
In case of overheating, the process can also be reversed.

1 Q‘B‘ BUILOIMNG FHYZICS AMO THE BUILDING ENVELOFE

In the future, the energy needed to produce a construction ele-
ment will become maore crhtical. Optimised constructions reduce
the energy consumption for use so much that the production of
construction elements or constructions is so high that it equals
the energy for building use for 20 to 30 years. This poses the
question whether a construction makes sense if it is designed for
a shorer life cycle. As a consequence, constructions made for
short-term use will be light, and buildings made for long-term use
heavy. The possibility of disassembling a construction and sepa-
rating materials plays an important role since mono-materials can
be recycled better than composites, for example.

And finally, a very up-to-date topic in the field of urban acous-
tics should be mentioned because it can be well influenced by the
building envelope: especially in densely built-up zones noise pol
lution in the urban space can be significantly reduced with ap-
propriately controlled sound reflection on the cutside of the fa-
cade — an aspect that has not yet found consideration in the
planning processes.
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