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ENERGY CONSERVATION AND
CONDENSATION CONTROL

Energy Conservation

Americans spend almost 90% of their time inside buildings. According to the U.S. Energy
Information Administration, more than % of the electricity generated and more than '
of the total energy (including fossil fuels and electricity) in the U.S. are used to heat, cool,
and operate buildings. Significant energy could be saved if all buildings, including current
building stock, were built to or exceeded minimum national energy code standards. Sav-
ing energy will result in fewer power plants and natural resources being used to provide
electricity and natural gas. It also means fewer emissions to the atmosphere. Emissions
have been attributed to smog, acid rain, and global climate change.

Energy codes provide minimum building requirements that are intended to reduce energy
consumption. The U.S. Energy Conservation and Production Act (ECPA) requires that each
state certify that it has a commercial building code that meets or exceeds ANSI/ASHRAE/
IES Standard 90.1." When subsequent versions of 90.1 are published, the Department of
Energy determines whether these more-recent versions meet the requirements of ECPA.
The most-recent version of the standard was published in 20132 and has been determined
to meet the provisions of ECPA. The International Energy Conservation Code (IECC) allows
Standard 90.1 as a compliance path and also generally complies with ECPA. The most-
recent version of the IECC? is 2015. In this sense, “commercial” means all buildings that
are not low-rise residential (three stories or less above grade). This includes office, indus-
trial, warehouse, school, religious, dormitories, and high-rise residential buildings. Some
states implement codes similar to ASHRAE Standard 90.1 and some have other codes or no
codes. The status of energy codes by states is available from the Building Codes Assistance
Project (BCAP) (http://energycodesocean.org/code-status). Building to minimum energy
codes is a cost-effective method of saving energy. The designer is not constrained in aes-
thetic expression in applying the range of available high-performance building systems to
meet the performance criteria of ASHRAE 90.1 or the IECC.

Sustainability or green building programs such as LEED™,* Green Globes, or EnergyStar®
encourage energy savings beyond minimum code requirements. The energy saved is a
cost savings to the building owner through lower monthly utility bills and smaller, and thus
less expensive, heating, ventilating, and air-conditioning (HVAC) equipment. Less energy
use also means fewer emissions to the atmosphere from fossil fuel power plants. Some
government programs offer tax incentives for energy-saving features. Other programs of-
fer reduced mortgage rates. The EnergyStar program offers simple computer programs to
determine the utility savings and lease upgrades associated with energy saving upgrades.
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Sustainable buildings often have features that have been shown to increase worker pro-
ductivity, decrease absenteeism, and increase student test scores in schools.

The planned design of an energy-conserving or sustainable building requires the archi-
tect’s understanding of the effects of design decisions on energy performance. More than
half of the true total costs incurred during the economic life of a building may be attrib-
utable to operating and energy costs. An integrated design approach considers how the
walls interact with the building and its HVAC system. Using this approach early in the de-
sign phase helps optimize initial building costs and reduce long-term heating and cooling
energy costs. This integrated design approach is recommended for cost-effective, energy-
efficient, sustainable buildings.

Precast concrete wall panels have many built-in advantages when it comes to saving en-
ergy and protecting the building from the environment. Their versatility leads to unique
solutions for many energy conservation problems. The relative importance of particular
design strategies for any given building depends to a large extent on its location and
climate. For instance, buildings in northern, heating-season-dominated climates are de-
signed differently than those in southern, cooling-season-dominated climates.

Several factors influence the actual energy performance of the building envelope. Some
of these are recognized in energy codes and sustainability programs because they are
relatively easy to quantify. Others are more complex and are left to the discretion of the
designer.

Much of the information and design criteria that follow are taken from or derived from the
ASHRAE Handbook: Fundamentals® and the ANSI/ASHRAE/IES Standard 90.1. It is important
to note that all design criteria are not given and the criteria used may change from time to
time as the ASHRAE Handbook and Standard are revised. It is therefore essential to con-
sult the applicable codes and revised references for the specific values and procedures that
govern in a particular area when designing the energy conservation systems of a particular
structure.

Building Orientation

Building orientation plays an important role in building energy consumption. If possible,
the long axis of the building should be oriented in the east-west direction to help control
the effect of the sun on heating and cooling loads. Solar gain through glazing when the
sun is low—on the east side of the building in the morning and on the west side in the af-
ternoon—increases the heat gain in the building. This increases the air-conditioning load
on a building and makes it more difficult to control the building temperature in different
zones of a building. The same heat gain may be beneficial to some extent when the solar
heating warms an office building in the early morning. For example, east glazing will also
help warm an office building in early morning hours after night-temperature setbacks.
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To maximize solar heating, glazing should be located on the south wall because winter
sunshine in cold climates is predominantly from the south. South-facing glass should be
shaded to minimize solar exposure in the summer while allowing maximum solar expo-
sure in the winter. In the southern regions of the U.S., the primary emphasis is on cooling.
In those regions, glass should be more predominant on the north side of buildings, and
minimized on the west and east sides of buildings, to minimize heat gains from the sun.

Building Shape

Building shape influences energy performance in two ways. First, it determines the sur-
face area of the building skin. The larger the skin area, the greater the heat gain (summer)
or loss (winter). Second, shape influences how much of the floor area can be illuminated
using natural light from the sun, called daylighting. “E” and “H” shaped buildings are de-
signed to provide maximum exposure of occupants to operable windows, but had the
added benefit of providing optimal daylighting.

Glazing

Glazing (the clear portion of windows or fenestration) in buildings requires special con-
sideration during the design stage. The type, amount, and orientation of glazing will pro-
foundly affect heating, cooling, and daylighting requirements, HVAC system selection, hu-
man comfort, and environmental satisfaction. Today's high-performance glazing comes in
many forms: those with low emissivity (low-E) on one or more surfaces, those filled with in-
ert gas to further lower U-factors, and those that are spectrally selective. Heat gain through
a sunlit glass area is many times greater than through an equal area of precast concrete
and its effect is usually felt almost immediately. Direct sunlight also causes glare in the
work space. Properly designed shading devices can modify the thermal effects of windows
to a great extent. Glazing with low solar heat gain and high visible light transmittance pro-
vide the most benefits in most climates. A new term, light-to-solar-heat-gain ratio (LSG) is
used to quantify these two attributes. More information on glazing is available through the
National Fenestration Rating Council (NFRC) (www.nfrc.org) and the chapter on fenestra-
tion in the ASHRAE Handbook: Fundamentals.

Daylighting

Daylighting saves energy by using natural light from the sun rather than artificial lighting
forillumination. Controlling the type and amount of glazing influences the benefits of day-
lighting. The potential energy savings from daylighting is particularly significant in com-
mercial buildings because of the large lighting requirements in these buildings. Lighting
can account for approximately one-third of the building energy costs. Daylighting controls
can be used to dim or turn off lights along the building perimeter when daylighting is
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prevalent. Daylighting is not the same as direct sunshine; rather it is controlled low-glare
sunshine moderated by shading. Daylighting should be maximized through location and
size of windows and through use of glazing systems and shading devices appropriate to
building orientation and space use. Glazing with relatively high visible transmittance pro-
vides the most daylighting benefits when glazing area is less than about 40% of the wall
area, although this varies by climate, building type, and building shape.

Color

Color of precast concrete wall panels can be used to improve the energy conserving fea-
tures of the walls. Panels with high albedo (generally lighter in color) can help reduce the
urban heat island effect. Albedo, which in this case is synonymous with solar reflectance, is
the ratio of the amount of solar radiation reflected from a material surface to the amount
that shines on the surface. Solar radiation includes the ultraviolet, as well as the visible
spectrum. Albedo is measured on a scale of 0.0 to 1.0, from not reflective to 100% reflec-
tive. Generally, materials that appear to be light-colored in the visible spectrum have high
albedo and those that appear dark-colored have low albedo, Table 1. Because reflectance
in the solar radiation spectrum determines albedo, color in the visible spectrum is not al-
ways a true indicator of albedo.

Table 1 Solar reflectance (albedo) of select material surfaces.”'®

Material Surface ‘ Solar Reflectance

Black acrylic paint 0.05
New asphalt 0.05
Black rubber or bitumen roof material 0.06
Aged asphalt 0.1
“White” asphalt shingle 0.2

Aged concrete 0.2t0 0.3
New concrete (traditional) 0.41t00.5
New concrete with white portland cement 0.7t00.8
Aged average white membrane roof 0.55
White acrylic paint 0.8
Average white emebrane roof 0.82

On exterior surfaces, high albedo surfaces (generally light colors) decrease solar heat gain;
low albedo (dark colors) increase solar heat gain. For instance, a low-albedo north wall and
high-albedo east and west walls and roof form the most energy-conserving arrangement
in a northern hemisphere climate that uses both heating and cooling. For example, chang-
ing an uninsulated wall in Miami from a low albedo to a high albedo can reduce annual
cooling energy flux (heat flow through the building envelope) by about 15%. High albedo
surfaces are especially important where cooling dominates the energy requirements.
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It should be noted, however, that the color of the exterior walls has less effect on energy
consumption when the walls have high R-values and thermal mass. The benefit of high-
albedo surfaces in decreasing cooling loads is often greater than the benefit of low-al-
bedo surfaces in decreasing heating loads even in cold climates. This occurs due to the
decreased benefit of the sun in the winter due to its lower angle, shorter days, and often
more cloudy conditions.

Light-colored exterior surfaces also help reduce urban heat islands. Urban areas are up to
7°F warmer than the surrounding areas. This difference is attributed to more buildings and
pavements that have taken the place of vegetation. Trees provide shade that reduces tem-
peratures at the surface. Vegetation, including trees, provides transpiration and evaporation
that cool their surfaces and the air surrounding them. Where buildings and paved surfaces are
required, using materials with higher albedos will reduce the heat-island effect, save energy
by reducing the demand for air-conditioning, and improve air quality. Smog greatly increases
whenever air temperatures exceed 75°F. Using trees and light-colored surfaces can help re-
duce the number of hours an urban temperature is above 75°F, and thereby reduce smog.

Planting deciduous trees that lose their leaves in the winter, such as oak and maple, helps
keep a building and the surrounding area cool during the summer months. But during
the winter months, when no leaves are present, the building benefits from solar gains.
Trees planted on the south and west sides of building are particularly effective in providing
shading and reducing solar gains in buildings.

Wind

Wind can decrease the exterior still-air film that usually surrounds a building and contrib-
utes to the insulating R-values of wall elements, thus increasing heating and cooling loads.
This effect is most predominant in uninsulated concrete walls and becomes less marked
as the R-value and thermal mass increase. Wind also carries solar heat away from a build-
ing and evaporates moisture on wet surfaces, thus possibly cooling the building skin to
temperatures lower than the ambient air. High winds create pressure differences across
walls that will increase air leakage through the walls. Cold air leakage to the inside must
be heated and probably humidified. Warm air leakage to the inside must be cooled and,
in humid climates, often brings moisture with it that can cause condensation and other
moisture-related problems. This also requires an expenditure of energy. Planting non-
deciduous evergreen trees on the windward (generally north and west) side of buildings
decreases energy losses in winter.

Texture

Texture of precast concrete panels has a minor effect on energy conservation. Increasing
the surface roughness of the wall exterior causes an increase in the amount of sunlight
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absorbed and reduces the effect of wind on heat loss and gain. Ribbed
panels act as baffles to wind, thereby reducing conductive heat loss and
infiltration. Although this has a somewhat smaller effect than proper
color selection, it can help to reduce total energy consumption. How-
ever, roughness and ribs can also decrease solar reflectivity and increase
solar heating.

Air Infiltration

Air infiltration has significant effects on the amount of energy required
to heat and cool a building. Air leaks into or out of the building envelope
through gaps between building materials. The amount of leakage is de-
pendent on the size of the gaps and pressure differences due to building
height, indoor-outdoor temperature differences, and wind pressure. Air
leakage increases as pressure differences increase. Additional informa-
tion on air infiltration is provided later.

Shading

Shading is a fundamental design strategy for preventing solar heat gain
and diffusing bright sunlight. Integrated building elements such as re-
cessed window walls, vertical fins, and various other sculptured shapes
facilitate the design of many types of shading devices for windows, in-
cluding vertical and horizontal sunshades. In the cooler months, when
the sun’s angle of incidence is low, the shading devices may be angled
to let the sunshine in and help reduce heating loads, as shown in Figure
1. The shading approach selected can reinforce and enhance the design
content and form of the building, in some cases becoming the prime
form-giving element. Shading may have to be modified or compro-
mised in order to meet other important requirements. Figure 1 shows
preferred cross sections (in elevation) for economical use of precast con-
crete as shading elements. Note that in each case, the spandrel and sun-
screening elements are integral and may be lifted into place in one oper-
ation. The designer should be aware of the possibility of glass breakage
from sharp shading lines if heat treated glass is not used where required.

To address daylighting solutions and potential glare problems, the best
strategy is to model the movement of the sun on the building in the
early design stages using computer simulations. Shading using hori-
zontal or vertical plane(s) projecting out in front of or above a window
can be designed to block the summer sun, allow most of the winter sun,

DN-15 Energy Conservation and Condensation Control Page 7

<~
o i
[y g,
Summer Sun . { ‘]g
7\ /,i
Multiple Fins
L- May Be Cast
Integrally
1o
F19
Sl
;}":
S
$I8
1.9
;7 i
"
/ o "-‘?’1&
1 - e
"’f"piﬂ
’_‘?'
May Be Welded -
To Panel

Figure 1 Shading elements.
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Figure 3 Horizontal light shelves. (Courtesy ©

Steve Rosenthal) Brian Gassel/TVS & Assoc)

Figure 5 Free-standing screen.
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and provide a view for occupants. If the plane projects far enough
from the building, a single projection may be sufficient, as in the
case of generous roof overhangs or windows recessed deeply be-
tween vertical fins. Alternatively, more modest projections can be
equally effective in shading but they must be more closely spaced.
Closely spaced horizontal or vertical planes may begin to dominate
the view out of a window and in any case change the scale of the
window. The proportion of the space divided by the shading planes
becomes as important as the overall window proportion in deter-
mining the aesthetic effect of the fenestration.

In summer, vertical fins will shade the early morning and late after-
noon sun while horizontal shading keeps out the high-altitude mid-
day sun. In winter these shades will not interfere with the sun as
much because of its low altitude and southerly azimuth at sunrise
and sunset.

Horizontal shading is most effective on southern expo-
sures, but if not extended far enough beyond the win-
dows, it will permit solar impingement at certain times of
the day. Designs may be flat or sloping; sloping versions
may be of shorter length, but obstruct more of the sky
view, Figures 2 and 3. The detached screen panel paral-
lel to the wall in Figure 4 was used to block the rays of
the sun, while still allowing light to enter the windows.
Sun-shading may also be provided through the use of a
B free-standing perimeter structure set in front of the actual
building enclosure, Figure 5.

Horizontal shading can have a significant impact on heat

Figure 4 Detached sunscreens. (Courtesy © gain through windows. A projection factor is defined

as the horizontal extension of the overhang divided by
distance from the bottom of
the glass to the underside of
the projection. So a projection
about half the height of the win-
dow, directly above the window,
will have a projection factor of
about 0.5. In Miami, overhangs
with a projections factor of 0.5

Figure 6 Variation of panel shape.
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can reduce annual energy flux (heat flow through the building envelope) by about 15%.
The relative impact declines to about a 10% reduction in northern climates. Permanent
projections can be used to help meet the solar heat gain coefficient (SHGC) requirement
when using ANSI/ASHRAE/IES Standard 90.1-2013 and the IECC.

In windy areas, the solar screens can be made to serve the double purpose of wind-
breaks. Trees adjacent to the building can also serve the function of sun shading and
windbreaks.

Figure 7 Precast window openings that tilt in

The precast shading devices in Figure 6 are horizontal on South and change to verti- o
multiple directions.

cal fin elements on the East and West fagcade to no shading device, with large punched
openings, on the North where free North light is available.

Solar control through the use of shading devices is most effective when designed spe-
cifically for each facade, since time and duration of solar radiation vary with the sun’s
altitude and azimuth. The designer can predict accurately the location and angles of
the sun, designing overhangs or fins to shade exactly the area desired. This type of en-
velope response can be seasonal (shade during certain times of the year) or daily (shade
during certain hours of the day).

A major design element was an elevation of precast panels with integral sunshades,
Figure 7. A thorough sun study was made to maximize shading based on the azimuth
of the sun traveling across the elevation. Precast was the only exterior option that of-
fered the design flexibility to yield so many different “shade patterns.” This was achieved
through protruding sunshade “boxes” around window openings that had angles vary-
ing from 0-15 degrees horizontally and pitched down as well.

East and west facing windows are more effectively shaded by vertical projecting planes,
Figure 8. Vertical projections from either side of the window narrow the peripheral view
from the window. The further south a building is located, the more important shading
east-, west-, and south-facing windows due to the higher solar gains and air-condition-
ing loads.

In Figure 9, the top floor has a large cantilevered eyebrow to shade the windows and a

Figure 9 Large cantilevered eyebrow and canopy.
canopy to shade front entrance. g ‘ / g

The use of three-dimensionally profiled precast concrete window wall units permits
windows to be recessed within an enclosing concrete surround. The sides may be verti-
cal or angled. Deeply recessed windows are particularly effective in minimizing solar
heat gains without reducing natural light and view. Eggcrate shading works well on
walls facing southeast, and is particularly effective for a southwest orientation. Because
of its high shading efficiency, the eggcrate device (deeply recessed windows) is often
used in hot climates. The deep, recessed window areas and massive overhangs in Fig-
ure 10 illustrate the total flexibility of design that precast concrete offers the architect.
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Figure 10 Deep recessed win-
dows. (Courtesy © Glen Allison)

T

Figure 11 Deep recessed windows and
overhang (eggcrate device). (Courtesy
© MBA)

Figure 12 Inclined glass. (Courtesy © Steve
Rosenthal)
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Three-foot-deep “eyebrows,” Figure 11, was the shading device used to keep out the sun’s
rays in the summer and reduce cooling loads.

Precast concrete and inclined glass can work together for optimum use of daylighting. Di-
rect sun strikes the glass at an angle and is reflected, reducing glare, while indirect sunlight
reflects off the sill of the precast concrete panel and through the glass to provide safe natu-
ral light at the perimeter of the building, Figure 12. By keeping the direct rays of the sun
out of the building, cooling loads are considerably reduced and daylighting is maximized.
“Eyelid” or hooded shading devices and inclined glass can be very effective in controlling
the penetration of the sun into a building by reducing the area of glass exposed to the sun,
Figure 13. This shading device softens the brightness contrast between the interior and
exterior. Rounded head, sills, and jambs or deep window wells could also be used to soften
brightness contrasts, Figure 14.

Thermal Resistance (R-Value)

Common thermal properties of materials and air spaces are based on steady state tests,
which measure the heat that passes from the warm side to the cool side of the test speci-
men. Thermal mass of concrete, which is not based on steady-state tests, is discussed in
the section titled, Thermal Mass. Daily temperature swings and heat storage effects are ac-
counted for in thermal mass benefits. The results of steady-state tests provide the thermal
resistance (R-value) of the air, material, or combination of materials tested. Tests of homog-
enous materials also sometimes provide the thermal conductivity. The R-value per inch of
a homogenous material is equal to the inverse of its thermal conductivity. The R-value for a
material with a specific thickness is its thickness divided by thermal conductivity.

The overall (total) R-value of a building wall is computed by adding together the R-values
of the materials (Riaeriais) in the section, the indoor and outdoor air film surfaces (Rsand Ry,),
and air spaces (R,) within the section.

Rtotal = Rﬁ + Rmaterials + Ra + Rfo Equatlon 1
or
Rtotal = Rﬁ + Rconcrete + Rinsularion + Ra + Rfo

These equations are only applicable for layered systems where each layer is composed of a
homogenous material. In framing or other systems where members or elements penetrate
the insulation layer, the series-parallel or zone method from the ASHRAE Handbook: Funda-
mentals must be used.

The U-factor is the reciprocal of the total R-value (U = 1/R;ota)-

Tables 2 and 3 give the thermal resistances of air films and 3.5-in.-thick air spaces, respec-
tively. The R-values of air films adjacent to surfaces and air spaces differ depending on
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Figure 13 Hooded shading device. Figure 14 Jambs, head, or sill (Rotate 90°).

whether they are vertical, sloping, or horizontal and, if horizontal, whether heat flow is up
or down. Also, the R-values of air films are affected by the velocity of air at the surfaces and
by their reflective properties. R-values of air spaces are for planar (generally flat) air spaces
enclosed in an assembly.

Table 2 Thermal resistances, Ry, of surfaces.

Indoor-still air, Rs Outdoor-moving air, Ry,

Reflective surface Non-reflective surface

Position of | Direction of Non-

Aluminum . 7.5 mph
surface heat flow reflective coated Brlght .15 mPh wind,
surface aper aluminum | wind, winter summer
paper, foil design .
polished design
Vertical Horizontal 0.68 135 1.70 0.17 0.25
Up 0.61 1.10 1.32 0.17 0.25
Horizontal
Down 0.92 2.70 4.55 0.17 0.25
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Table 3 Thermal resistances, ,, of air spaces.

Direction Air Space Non- Reflective surfaces
Position of i
. of heat Temp diff., | reflective
air space flow oF "1 surfaces | Oneside? | One side?
Winter
Horizontal 50 10 1.01 2.32 3.40 3.63
(walls) 50 30 0.91 1.89 2.55 2.67
Vertical
Summer
Horizontal 9 10 0.85 215 3.40 3.69
(walls)
Winter
Up (roofs) 50 10 0.93 1.95 2.66 2.80
P 50 30 0.84 1.58 2.01 2.09
Horizontal Down 50 30 1.22 3.86 8.17 9.60
(floors) 50 10 1.24 4.09 9.27 11.15
Summer
Down 90 10 1.00 341 8.19 10.07
(roofs)

1. For 3%z in. air space thickness. The values, with the exception of those for reflective surfaces, heat flow down, will differ about 10%
for air space thicknesses of % in. to 6 in. Refer to the ASHRAE Handbook of Fundamentals for values of other thicknesses, reflective surfaces, heat
flow directions, mean temperatures, and temperature differentials.

2. Aluminum painted paper.

3. Bright aluminum foil.

Tables 4 and 5 provide thermal properties of most commonly used building materials. The
R-values of most construction materials vary somewhat depending on the temperature
and thickness. Mineral fiber and fiberglass batt insulation are not included in the table, but
are generally labeled by the manufacturer and typically provide R-3.5 per inch of thickness.
The most common batts for walls are R-11, R-13, and R-19, with the R indicating R-value.

Table 4 Thermal properties of various building materials at 75°F.

Resistance, R per inch
of thickness,
hr-ft2.°F/Btu

Density,

Specific heat,

Material® Btu/(lb-°F)

Ib/ft?

Insulation, rigid+

Glass fiber, organic bonded 4.0-9.0 4.00 0.23
Mineral fiber, resin bonded 15 345 0.17
Icynene 0.5 36

Miscellaneous

Gypsum board 50 0.88 0.26
Particle board 50 1.06 0.31
Plaster

cement, sand aggregate 116 0.20 0.20
gypsum, lightweight agg. 45 0.63 -
gypsum, sand aggregate 105 0.18 0.20
Wood, hard (maple, oak) 38-47 0.94 -0.80 0.39
Wood, soft (pine, fir) 24 -41 1.35-0.89 0.39
Plywood 34 1.25 0.39

See Table 6 for concrete.
*See Table 19a for other types of rigid insulation.
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Table 5 U-Factors for Various Fenestration Products, Btu/h ft> °F.

Product ‘ Vertical Installation
Type Operable Fixed Curtain Wall
o ~ © ~
- o) w - o) w -
Sxl£5( 22| = |S |Sx|fx|3S| = |2 |2x|£%| £
€328 S| 2|2 |£E|=zg (S| 2|2 |£8|=2g| B
Frame | 23| ES T8 5 |25 32| el |38 5 (05|38 | gx| O
E® = 8 .B ir c E® = 8 .B ir c E® =] o]
Tyee | 2EIEEISEl 5 |3>|2E|EE|5E| 8§ |B|2E|€E| 2
EL|52|EE| =2 | & EZ|S52|SE| = | & g2 52| §
SF|=zF| 2t S SF|zF| g€ S SF|=ZF =
< 3 2 =< 3 Z =< n
< = < =
Glazing Type
Single Glazing
s
;;ZS 1.23 1.07 | 093 | 091 0.85 112 | 1.07 | 098 | 098 | 1.04 | 1.21 1.10 | 1.10
Yain.
acrylic/
110 | 0.94 | 081 | 0.80 | 0.74 | 098 | 092 | 0.84 | 0.84 | 0.88 | 1.06 | 0.96 | 0.96
polycar-
bonate
Yein.
aelic/ 1447 | 101 | 087 | 086 | 079 | 1.05 | 099 | 091 | 091 | 096 | 113 | 103 | 1.03
polycar-
bonate
Double Glazing
Yain. air
space 0.81 | 064 | 057 | 0.55 | 0.50 | 0.68 | 0.62 | 0.56 | 0.56 | 0.55 | 0.77 | 0.67 | 0.63
Y2 in. air
space 0.76 | 0.58 | 0.52 | 0.50 | 045 | 062 | 056 | 0.50 | 0.50 | 0.48 | 0.71 0.61 | 0.57
Yain.
argon 0.78 | 0.61 0.54 | 052 | 047 | 065 | 0.59 | 053 | 0.52 | 0.51 0.74 | 063 | 0.59
space
Y2in.
argon 0.73 | 056 | 050 | 048 | 043 | 060 | 053 | 048 | 047 | 045 | 0.68 | 0.58 | 0.54
space
Double Glazing, e = 0.6 on surface 2 or 3
Yain. air
space 0.79 | 0.61 055 | 053 | 048 | 066 | 0.59 | 054 | 053 | 0.52 | 0.74 | 0.64 | 0.60
Y2 in. air
space 0.72 | 055 | 049 | 048 | 043 | 059 | 053 | 047 | 047 | 044 | 068 | 0.57 | 0.53
Yain.
argon 0.75 | 057 | 0.51 | 0.50 | 045 | 061 | 055 | 049 | 049 | 047 | 0.70 | 0.60 | 0.56
space
Yain.
argon 0.70 | 0.53 | 047 | 045 | 041 056 | 0.50 | 044 | 044 | 041 0.65 | 0.55 | 0.51
space
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Double Glazing, e = 0.2 on surface 2 or 3
Yain. air
space 0.73 | 056 | 0.50 | 0.48 | 043 | 060 | 0.53 | 0.48 | 047 | 045 | 0.68 | 0.58 | 0.54
Y2in. air
space 065 | 048 | 043 | 041 | 037 | 051 | 045 | 039 | 039 | 035 | 0.60 | 0.50 | 0.45
Yain.
argon 0.68 | 0.51 045 | 043 | 039 | 054 | 047 | 042 | 042 | 038 | 062 | 052 | 0.48
space
Y2in.
argon 061 | 045 | 039 | 038 | 0.33 | 047 | 041 | 035 | 035 | 0.30 | 0.55 | 045 | 0.41
space
Triple Glazing
Yain. air

067 | 049 | 043 | 043 | 038 | 053 | 047 | 042 | 042 | 038 | 0.61 0.51 0.46
spaces
Y2 in. air
spaces 061 | 044 | 038 | 038 | 0.34 | 047 | 041 | 036 | 036 | 0.31 | 0.55 | 0.45 | 0.40
Yain.
argon 063 | 046 | 041 | 040 | 036 | 0.50 | 044 | 038 | 0.38 | 0.34 | 0.58 | 0.48 | 043
spaces
Yain.
argon 059 | 042 | 037 | 036 | 032 | 045 | 040 | 034 | 034 | 029 | 053 | 043 | 0.38
spaces

Source: ASHRAE Handbook: Fundamentals.

Glazing thermal performance is measured by thermal transmittance (U-factor), solar heat
gain coefficient (SHGC), and visible transmittance (VT). A low SHGC will minimize solar
heat gains and reduce cooling loads. Some products with low SHGC also have a low VT
that will reduce daylighting benefits. Products with a low SHGC and high VT are often a
good choice. More information is included in the section Considerations at Windows. Since
glazing types have proliferated in recent years, refer to the ASHRAE Handbook: Fundamen-
tals or the NFRC for more glazing and fenestration properties. Table 5 provides some typi-
cal values.
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Table 6 gives the thermal properties of various weight concretes in the “normally dry” con-
dition. Normally dry is the condition of concrete containing an equilibrium amount of free
water after extended exposure to room temperature air at 35 to 50% relative humidity.
Thermal conductivities and resistances of other building materials are usually reported for
ovendry conditions. However, concrete starts out wet and is rarely in the oven dry condi-
tion. Higher moisture content in concrete causes higher thermal conductivity and lower
thermal resistance. However, normally dry concrete in combination with insulation gener-
ally provides about the same R-value as equally insulated oven-dry concrete.

A number of typical concrete wall R-values are given in Tables 6 and 7. These wall tables
can be applied to sandwich type panels, as well as single-wythe panels, which are insulat-
ed on one side. The U-factor of the wall is the inverse of the R-value with air film resistances
from Table 7. To use Table 7, first determine the R-value of the insulation to be used either
from Table 4 or from the insulation manufacturer. Manufacturers of insulation are required
by law to provide the R-value of their material.

Table 6 Thermal properties of concrete.

Resistance, R

Description Concrete Thickness, in. Per inch of For thickness | Specifi hoeat,
density, Ib/ft* thickness, shown, Btu/(Ib-°F)
hr-ft2°F/Btu hr-ft>°F/Btu
145 0.063 0.20
140 0.068 0.20
130 0.083 0.20
Concretes 120 0.10 0.20
including 110 0.13 0.20
normal weight, 100 0.16 0.20
lightweight, 90 0.21 0.20
and lightweight 80 0.27 0.20
insulating 70 0.36 0.20
concretes 60 0.44 0.20
50 0.59 0.20
40 0.71 0.20
30 0.91 0.20
20 1.25 0.20
Normal weight 2 0.13
. 3 0.19
solid panels, 2 025
140 to 150 pcf, 145 5 0'31 0.20
sand and gravel ’
aggregzte 6 0.38
8 0.50
2 0.26
Structural i 8:?
lightweight 110 ’ 0.20
solid panels > 0.64
6 0.76
8 1.02

Based on values in the 2013 ASHRAE Handbook: Fundamentals and ANSI/ASHRAE/IESNA Standard 90.1-2013.
Values do not include air film resistances. See Table 5.3.7 of ASHRAE 90.1-2013 for R-values with air film
resistances.
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Table 7 R-values for solid concrete and sandwich panel walls.

Concrete no air R-value of insulation resistance, hr-ft>-.°F/Btu
density, i films,
Ib/ft3 * | noinsul.
2 0.13 0.98 2.0 3.0 4.0 5.0 6.0 7.0 90 [ 11.0| 130|160 | 17.0 | 19.0
3 0.19 1.04 2.0 3.0 4.0 5.0 6.0 7.0 90 [ 11.0 | 13.0| 160 | 17.0 | 19.0
145 4 0.25 1.10 2.1 3.1 4.1 5.1 6.1 7.1 9.1 1.1 [ 13.1 | 16.1 | 17.1 | 19.1
5 0.31 1.16 2.2 3.2 4.2 5.2 6.2 7.2 92 [ 112132162 | 172 | 19.2
6 0.38 1.23 2.2 3.2 4.2 5.2 6.2 7.2 92 [ 112132162 | 172 | 19.2
8 0.50 1.35 24 34 4.4 54 6.4 7.4 94 [ 114 | 134|164 | 174 | 194
2 0.25 1.10 2.1 3.1 4.1 5.1 6.1 7.1 9.1 11.1 | 13.1 | 16.1 | 17.1 | 19.1
3 0.38 1.23 2.2 3.2 4.2 5.2 6.2 7.2 92 [ 112132162 | 17.2 | 19.2
110 4 0.51 1.36 24 34 4.4 54 6.4 74 94 [ 114 | 134|164 | 174 | 194
5 0.64 1.49 2.5 35 45 5.5 6.5 7.5 95 [ 115|135 | 165 | 175 | 195
6 0.76 1.61 2.6 3.6 4.6 5.6 6.6 7.6 96 [ 116 | 136 | 166 | 176 | 19.6
8 1.02 1.87 2.9 3.9 49 5.9 6.9 7.9 99 [ 119|139 |169 | 179 | 199

20nly for insulation with no metal or solid concrete penetrating the insulation layer. R-values will be impacted by the
presence of these items and additional calculations will be required according to series-parallel or zone method. Air film
resistances of 0.68 for inside and 0.17 for outside are included in R-values unless otherwise noted. These are standard air
film resistances for winter conditions and are conservative for summer conditions.

bThe thickness, t, is the sum of the thicknesses of the concrete wythes for a sandwich panel wall.

For concrete walls with metal furring or studs, wall R-values can be determined using Tables 7 and 8.
Determine the R-value of the concrete portion from Table 7 and add it to the effective R-value from
the insulation/light-gauge metal framing layer from Table 8.

Table 8 Effective R-values for walls with insulation in cavity between metal furring or studs.

Debth o 0 1 2 3 4 5 6 7 8 9 10 1 12
g and Effective R-Value if continuous insulation uniterrupted by framing (includes gypsum board)

0.5 | 1.5 | 25 | 35 | 4.5 | 55 | 6.5 | 7.5 | 85 | 9.5 | 10.5 | 1.5 | 12.5

Effective R-Value if insulation is installed in cavity between metal framing (includes gypsum board)

0.5 0.9 0.9 1.1 1.1 1.2 na na na na na na na na
0.8 1 1 1.3 14 1.5 1.5 1.6 na na na na na na
1.0 1 1.1 14 1.6 1.7 1.8 1.8 1.9 1.9 na na na na
1.5 1.1 1.2 1.6 1.9 2.1 2.2 23 24 25 25 26 2.6 2.7
2.0 1.1 1.2 1.7 2.1 23 25 2.7 28 29 3 3.1 3.2 3.2
25 1.2 1.3 1.8 23 2.6 2.8 3 3.2 33 35 3.6 3.6 37
3.0 1.2 1.3 1.9 24 2.8 3.1 33 35 37 3.8 4 4.1 4.2
35 12 13 2 25 29 3.2 35 3.8 4 4.2 43 45 4.6

4.0 1.2 1.3 2 2.6 3 34 37 4 4.2 4.5 4.6 4.8 5
4.5 1.2 13 2.1 26 3.1 35 3.9 4.2 4.5 4.7 4.9 5.1 53
5.0 1.2 1.4 2.1 2.7 3.2 3.7 4.1 4.4 4.7 5 5.2 54 5.6
55 1.3 1.4 2.1 2.8 33 3.8 4.2 4.6 4.9 5.2 54 5.7 59
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Depth o 13 14 15 16 17 18 19 20 21 22 23 24 25
g and Effective R-Value if continuous insulation uniterrupted by framing (includes gypsum board)

135 | 145 | 155 | 165 | 175 | 185 | 195 | 205 | 215 | 225 | 235 | 245 | 255

Effective R-Value if insulation is installed in cavity between metal framing (includes gypsum board)

0.5 na na na na na na na na na na na na na
0.8 na na na na na na na na na na na na na
1.0 na na na na na na na na na na na na na
1.5 na na na na na na na na na na na na na
2.0 33 33 34 na na na na na na na na na na
25 3.8 3.9 3.9 4 4 4.1 4.1 4.1 na na na na na
3.0 43 44 4.4 4.5 4.6 4.6 4.7 4.7 4.8 na na na na
35 4.7 4.8 4.9 5 5.1 5.1 5.2 5.2 53 54 54 54 55
4.0 5.1 5.2 53 54 55 5.6 5.7 5.8 5.8 59 5.9 6 6
45 5.4 5.6 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4 6.4 6.5 6.6
5.0 58 59 6.1 6.2 6.3 6.5 6.6 6.7 6.8 6.8 6.9 7 7.1
55 6.1 6.3 6.4 6.6 6.7 6.8 7 7.1 7.2 7.3 74 7.5 7.6

Example No. 1 R-value of a wall assembly.

Wall Layer ‘ R-value Winter ‘ R-value Summer ‘ Table

A Surface, outside air film 0.17 0.25 5.3.2

Concrete, 3 in. (145 pcf) 0.20 0.20 53.7

C EPS insulatiqn (125 pcf), 6.00 6.00 534
1% in.

D Concrete, 3 in. (145 pcf) 0.20 0.20 537
E Surface, inside air film 0.68 0.68 53.2
Total R= 7.25 7.33
U=1/R 0.14 0.14

The R-values of walls assemblies are generally only calculated for the winter condition since
the difference between the summer and winter conditions is small. Table 7 is valid only for
insulation with no metal or solid concrete penetrating the insulation layer. R-values will be
impacted by the presence of these items and additional calculations will be required using
Table 8, the series-parallel method, or the zone method.

Thermal bridges such as metal wythe connections or a full thickness of concrete along sand-
wich panel edges will reduce the R-value of the wall. The net effect of metal ties is to increase
the U-factor by 10 to 15%, depending on type, size and spacing. For example, a wall as shown in
Figure 15 would have a U-factor of 0.13 if the effect of the ties if neglected or if composite ties
are used. If the effect of Y in. diameter ties at 16 in. on center is included, U=0.16; at 24 in. spac-
ing, U=0.15.0ngoing research indicates these numbers are conservative. As another example,
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Figure 15 Metal tie thermal bridges.
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steel ties representing 0.06% of an insulated panel area can reduce the panel R-value by 7%.°

Thermal bridging is minimized by the use of engineered resin, low conductivity wythe
connectors in insulated concrete panel construction. These composite material connec-
tors, along with their ability to enable edge-to-edge insulation coverage in the concrete
sandwich panels, can significantly reduce thermal bridging and help the insulation layer to
retain up to 99.7% of its listed R-value.

Thermal bridges may lead to localized cold areas where surface condensation can occur,
particularly where the interior relative humidity is maintained at relatively high levels. This
may cause annoying or damaging moisture accumulation. Since steel anchors form a high
conductivity path, they offer likely locations for condensation to occur. Ice and frost accu-
mulation has been reported on the interior side of some buildings in cold climates. In most
cases, the problem has been traced to excessive air exfiltration through major openings
in the wall, often at anchor locations. Corrosion protection or increased thickness of the
anchors may provide extended service for these steel connections.

The effect of metal tie thermal bridges on the heat transmittance can be calculated with
reasonable accuracy by the zone method described in the ASHRAE Handbook: Fundamen-
tals. With the zone method, the panel is divided into Zone A, which contains the thermal
bridge, and Zone B, where thermal bridges do not occur, as shown in Figure 15. The width
of Zone A is calculated as W = m + 2d, where m is the width or diameter of the metal or
other conductive bridge material, and d is the distance from the panel surface to the metal
(including any reveals). After the width, W, and area, A, of Zone A are calculated, the heat
transmissions of the zonal sections are determined. The area-weighted thermal transmit-
tance of Zone A is combined with that of Zone B to obtain the gross thermal transmittance
value U,, where U, is the overall weighted average thermal transmittance coefficient of the
panel. The overall thermal resistance is the inverse of U..

The effect of solid concrete path thermal bridges can be calculated by the characteristic
section method. In this method, the panel is divided into two regions. The first region is
treated as a perfectly insulated panel without any thermal bridge. The second region is
treated as a solid concrete panel without any insulation. The total thermal resistance of
the panel is calculated as the inverse of the area-weighted thermal transmittances of these
two regions added together.

The portion of the panel that is treated as a solid concrete panel without any insulation
is larger than the actual solid concrete region that exists in the panel. There is an affected
zone around each solid concrete region that is added to the actual area of the solid con-
crete to obtain the size of the concrete region used in the calculation. The size of the af-
fected zone E, is computed as:

E,=1.4-0.1t,a + [0.4t;+ 0.1(t, — t)1B Equation 2

Page 18 DN-15 Energy Conservation and Condensation Control



In this equation, t;, ts and t, are the thicknesses of the insulation layer, concrete face
wythe, and concrete back wythe, respectively. This is an empirical equation with all dimen-
sions expressed in inches. The parameters a and 8 account for the insulation and concrete
conductivity values (kin and kcon) that are used to construct the panel. Their values are
computed as:

- Equation 3
a=1+2.25 k’" 0.26 ) q
0.26

and

con

=1+1458 |
P 12.05

- 12.05) Equation 4

In these equations, k;, and k., have units of Btu (in./hr)(ft?)(°F).

To calculate an R-value, a panel is divided into two regions: a solid concrete region and a
perfectly insulated region, as explained previously. E, is calculated using Equation 2 and
the area of each region is then calculated. The thermal resistance of the solid concrete
region (R;) is then added in parallel with the thermal resistance of the perfectly insulated
region (R,) to obtain the thermal resistance of the panel R:

_ i +A_p Equation 5

R, R,
A’;and A’ represent the areas of the solid concrete region (A;,) and perfectly insulated panel
region (A,) divided by the total panel area A, (thatis, As=A; /A, A}, =A,/A).The procedure
is illustrated in Example No. 2.

12 ft.

Where: ml__ soaneoess : :i’_—1zin.+25in,=l43 in.

- 1ft. —FW 12in. + 2x(2.3) in.=16.6 in.

= i -5

A, = area of insulated panel zone a g#.ﬁ o0 Bl 2in.2xz2)n=166mn
A, = area of solid concrete a B o o
A; = total area of panel &
A’ = portion of each zone ¥ < >
A’, = portion of insulated panel zone o o o o Transverse Section
A’; = portion of solid concrete zone o o o o
E, = affected zone £

. T Vertical Section  Affected Zones
ke.on= conductivity of concrete

. . . Example No. 2 Determination of R-value for sandwich panel.
ki, = conductivity of insulation
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t.,, = thickness of back concrete wythe

ts = thickness of face concrete wythe

ti, = thickness of insulation layer

a = insulation conductivity coefficient factor
B = concrete conductivity coefficient factor

Problem: Determine the R-value for the sandwich panel shown above for conductivities of
10.0 Btu(in./hr)(ft>)(°F) and 0.15 Btu(in./hr)(ft?)(°F) for the concrete and insulation, respec-
tively. Face and back wythe thicknesses are 3 in., and the insulation layer thickness is 2 in.
Note in this example that the solid regions at the top and bottom of the panel are included
in the R-value calculation because they are within the thermal envelope. It is important to
maintain continuous insulation through the interior wythe to avoid thermal breaks that
can occur when continuous interior wythes cross the building envelope.

Solution: Calculate the parameters a and S:
= 14225 K026\ _ 1 1555015026} _ s
026 0.26

B=1 +1.458(M)= 1+1.458 (M) =0.75
12.05 12.05
From the panel thicknesses, the affected zone dimension E, is computed as:
E, =1.4-0.1(t,)(a) +[0.4t. 4+ 0.1 (t, - t.)] B
E, =1.4-0.1(2)(0.05) + 0.4(3)(0.75)
E,=23in.

Add E, to the actual solid concrete areas to obtain the areas of the panel to treat as solid
concrete (shown as dashed lines above). Calculate the areas of the panel (A,), solid con-
crete region (A,), and perfectly insulated region (A,):

A: = panel area = (40 ft)(12 ft) = 480 ft> = 69,120 in.?
A, = concrete area = 2(14.3)(144) + 8(16.6)(16.6) = 6,323 in.?
A, =insulated area = 69,120 - 6.323 = 62,797 in.?

This resistance of that portion of the panel that is treated as perfectly insulated is calculat-
ed from the resistances of the concrete, insulation, and surfaces in series. The resistance of
that portion of the panel that is treated as solid concrete is calculated from the resistances
of the concrete and surfaces in series.
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Calculate the fractional areas of the panel that are treated as solid concrete and
as insulated:

Insulated Path.

Thickness, ‘ R=1/U ‘ R=1/U
i Winter Summer

A Outside surface - - - 0.17 0.25

B Concrete 10.00 3 333 0.30 0.30

C Insulation 0.15 2 0.08 12.50 12.50

D Concrete 10.00 3 333 0.30 0.30

E Inside surface - - - 0.68 0.68

13.95 14.03

A, /A;=6,323/69,120 = 0.091

A, /A =62,797/69,120 = 0.909

Concrete Path.
Thickness, R=1/U R=1/U
in. Winter Summer
A Outside surface - - - 0.17 0.25
Concrete 10.00 8 1.25 0.80 0.80
@ Insulation - - - 0.68 0.68
1.65 1.73

Compute the R-value of the panel treating the solid concrete and perfectly insulated re-
gions in parallel.

Winter: Summer:
1_ 0.909 n 0.091 l _ 0.909 n 0.091
R 1395 165 R 1403 173
R =8.31 hr(ft)°F/Btu R =8.52 hr(ft?)°F/Btu

ASHRAE Standard 90.1 also recognizes the detrimental thermal bridging effects of steel
framing within walls. For example, ASHRAE specifies an effective insulation/framing R-val-
ue of 5.1 for R-13 insulation in a 4 in. metal stud cavity for concrete wall construction. For
the effects of other metal framing depths and insulation R-values in precast concrete walls
see Table 8.
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Heat Capacity

Heat capacity (HC) is used in energy codes to determine when a wall has enough thermal
mass to use the mass criteria or mass credit. Heat capacity is the ability to store heat per unit
of wall area and includes all layers in a wall. For a single layer wall, HC is calculated by multi-
plying the density of the material by its thickness times the specific heat of the material. Heat
capacity for a multilayered wall is the sum of the heat capacities for each layer. The heat ca-
pacity of non-concrete layers is generally small and can typically be ignored in calculations.

Specific heat describes a material’s ability to store heat energy. As a material absorbs en-
ergy, its temperature rises. A material with a high specific heat, such as water, can absorb
a great deal of heat energy per pound of material, with little rise in temperature. The same
weight of a material with low specific heat, such as steel or copper, rises to higher tempera-
tures with only a small quantity of heat absorbed. Because specific heat defines the rela-
tionship between heat energy and temperature for a given weight of material, it can also
be used to determine the change in temperature for a material as it absorbs or releases
energy. Specific heat is defined as the quantity of heat energy in Btus required to raise the
temperature of one pound of a material by 1°F. The specific heat of concrete can generally
be assumed to be 0.2 Btu/Ib-°F.

Energy codes generally require a heat capacity greater than 5 to 7 Btu/ft?-°F in order to use
mass wall criteria. These criteria generally allow a lower wall R-value. The ANSI/ASHRAE/
IES Standard 90.1-2013 and the 2015 IECC require a heat capacity greater than 7 Btu/ft>°F,
except lightweight concrete walls with a unit weight not greater than 120 Ib/ft* need only
have a heat capacity of 5 Btu/ft2°F, or greater. Table 9 provides heat capacities of concrete
walls. These walls meet the minimum requirements for mass walls criteria.

Table 9 Heat capacity of concrete.

Heat Capacity, Btu/ft? «°F
Concrete Thickness, In.

145 pcf 110 pcf

3 7.2 55

4 9.6 7.3

5 12.0 9.2

6 14.4 11.0
7 16.8 12.8
8 19.2 14.6
9 21.6 16.5
10 24.0 18.3
11 26.4 20.2
12 28.8 220
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The thermal mass provided by concrete buildings saves energy in many climates. Ther- > )
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delays the time at which these peak loads occur by several hours, Fig. 16a. Mass effects M
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Analytical and experimental studies have shown that the use of materials with thermal
. . . . . . 3
mass in bmldmgsj reo!uces hfeatlng and' cooling peak .Ioads, and thus reduc?s equipment R ACRETE SANDMIH WALLS
size compared with lightweight materials. Small equipment that runs continuously uses

less energy than large equipment that is run intermittently as it responds to loads. By Figure 16 a-¢ Heating and cooling load comparisons.
lowering peak loads, energy is saved. Peak cooling loads in office buildings are often in
mid-afternoon. Properly designed thermal mass can shift a portion of the load and unde-
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sirable heat gain from mid-afternoon until later when the building is unoccupied or when
peak load electricity costs are less. Also thermal mass on the interior building surface will
help absorb heat gains in the office space and further delay peak loads.

Energy use differences between light and heavy materials are illustrated in the hour-by-
hour computer analyses shown in Figure 16. Figure 16a compares the heat flow through
three walls having the same U-factor, but made of different materials. The concrete wall
consisted of a layer of insulation sandwiched between inner and outer wythes of 2-in. con-
crete with a combined weight of 48.3 Ib/ft>. The metal wall, weighing 3.3 Ib/ft?, had insula-
tion sandwiched between an exterior metal panel and % in. drywall. The wood frame wall
weighed 7.0 Ib/ft?and had wood siding on the outside, insulation between 2x4 studs, and
% in. drywall on the inside. The walls were exposed to simulated outside temperatures
that represented a typical spring day in a moderate climate. The massive concrete wall had
lower peak loads by about 13% for heating and 30% for cooling than the frame or non-
mass walls. Actual results for buildings depend on the location, time of year, and building
design.

Concrete walls of various thicknesses that were exposed to the same simulated outside
temperatures are compared in Figure 16b. The walls had a layer of insulation sandwiched
between concrete on the outside and % in. drywall on the inside; U-factors were the same.
The figure shows that the more massive the wall, the lower the peak loads and the more
the peaks were delayed. Figure 16c compares concrete sandwich panels having an outer
wythe of 2 in., various thicknesses of insulation, and various thicknesses of inner wythes.
All walls had U-factors of 0.091 and were exposed to the same simulated outside tempera-
tures. The figure shows that by increasing the thickness of the inner concrete wythe, peak
loads were reduced and delayed.

ANSI/ASHRAE/IES Standard 90.1 and the IECC acknowledge the thermal mass benefits of
concrete walls in specifying lower minimum insulation R-values and higher maximum wall
U-factors for mass (concrete) wall construction. For example, in Chicago, the minimum R-
value for the wall insulation is R-13 cavity insulation + R-7.5 continuous insulation (ci) for
wood-framed walls or R-13 + R-10ci for steel-framed walls compared to R-11.4ci for con-
crete walls. For the same region the maximum wall U-factor for concrete walls is 0.090 and
for steel framed walls the maximum U-factor is 0.055.

In fact, research conducted by Oak Ridge National Laboratory (ORNL) on the computer
modeling and simulation of dynamic thermal performance of insulated concrete walls
versus traditional wood frame shows that insulated concrete sandwich walls constructed
with composite connector technology utilizes the thermal mass effect of concrete to cre-
ate an “equivalent wall performance R-value” several times greater than what is estimated
by a traditional material R-value calculation.' In this study, six climates were evaluated
- Atlanta, Denver, Miami, Minneapolis, Phoenix, and Washington, D.C. Of these cities, the
difference was most dramatic in Phoenix, where a comparable R-value of conventional
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wood frame exterior wall would need to be 2.9 times higher than the steady-state R-value
of an insulated concrete sandwich panel wall to produce the same energy loads. Therefore
a comparative wood frame wall R-value would need to have an R-31 to achieve the same
effect as an R-11 insulated concrete sandwich panel wall constructed with composite con-
nector technology.

Energy-saving benefits of thermal mass are most pronounced when the outside tem-
perature fluctuates above and below the balance temperature of the building, causing a
reversal of heat flow within the wall. The balance point is generally between 50 and 70°F,
depending on the internal gains due to people, equipment and solar effects. These ideal
conditions for thermal mass exist on a daily basis at all locations in the United States and
southern Canada during at least some months of the year. Thermal mass is most effective
in conserving energy in the sunbelt regions in the southern and western United States, be-
cause these daily temperature fluctuations occur throughout the year. Thermal mass also
works well when daily temperatures have large variations between the daytime high and
nighttime low and when outdoor air can be used for nighttime ventilation. These condi-
tions are most prevalent in the western states. Designs employing thermal mass for energy
conservation should be given a high priority in these areas.

Another factor affecting the behavior of thermal mass is the availability of internal heat
gains. This includes heat generated inside the building by lights, equipment, appliances,
and people. It also includes heat from the sun entering through windows. Generally, dur-
ing the heating season, benefits of thermal mass increase with the availability of internal
heat gains; Tables 10a and 10b may be used as a guide. Thus, office buildings which have
high internal heat gains from lights, people, and large glass areas represent an ideal ap-
plication for thermal mass designs in regions dominated by a heating season. This is espe-
cially true if the glass has been located to take maximum advantage of the sun. During the
cooling season, thermal mass “coupled” or exposed to the building occupied spaces will
absorb internal gains, thereby shifting the peak cooling periods. Concrete exposed to the
interior and not covered by insulation and gypsum wallboard is best able to absorb inter-
nal gains, thereby saving cooling energy.
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Table 10a Design considerations for building with high internal heat gains.

Relative Importance of Design Considerations*

Climate Surface Color
Classification Increase | External Daylighting Reduce
Insulation Fins? Infiltration
Winter
With sun and wind 1 2 2 2 3 3
Long Heating Season | with sun without wind 1 2 2 3 3
(6,000 Degree Days
or more) Without sun and wind 2 1 3 3
Without sun with wind 1 2 2 1 3 3
With sun and wind 2 2 1 1 2 2
Moderate Heating With sun without wind 2 2 2 2
Season (3,000-6,000
Degree Days) Without sun and wind 1 2 2 2
Without sun with wind 1 2 2 1 2 2
With sun and wind 3 1 1 1
Short Heating Season | with sun without wind 3 1 1 1
(3,000 Degree Days
or less) Without sun and wind 2 1 1 1
Without sun with wind 2 1 1 1
Summer
Long Cooling Season .
(1,500 hr @ 80°F) Dry or humid 3 3 3 2 3
Moderate Cooling
Season .
(600-1,500 hr. @ Dry or humid 3 2 2 2 3
80°F)
Short Cooling Season
(Less than 600 hr. @ Dry or humid 3 1 1 2 3
80°F)

* Higher numbers indicate greater importance.

1. Includes office buildings, factories and commercial buildings.

2. Provide shading and protection from direct wind.

3. With sun: Sunshine during at least 60 percent of daylight time.

4. With wind: Average wind velocity over 9 mph.
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Table 10b Design considerations for building with low internal heat gains.

Relative Importance of Design Considerations*

Climate Classification Thermal Increase External Surface Color Reduce
Mass Insulation Fins? Light Dark Inflitration
Winter
With sun and wind** 3 2 3 3
Long Heating Season | with sun without wind 3 3 3
(6,000 Degree Days or
more) Without sun and wind 3 2 3
Without sun with wind 3 2 2 3
With sun and wind 1 2 1 2 3
Moderate Heating With sun without wind 1 2 2 3
Season (3,000-6,000
Degree Days) Without sun and wind 2 1 3
Without sun with wind 1 2 1 1 3
With sun and wind 2 1 1 2
Short Heating Season | \with sun without wind 2 1 1 2
(3,000 Degree Days
or less) Without sun and wind 1 1 2
Without sun with wind 1 1 2
Summer
Long Cooling Season s -6
(1,500 hr @ 80°F) Dry® or humid 3 2 2 3
Moderate Cooling Dry 2 1 1 2
Season (600-1,500 hr.
@ 80°F) Humid 2 1 1 3
Short Cooling Season
(Less than 600 hr. @ Dry or humid 1 1
80°F)

* Higher numbers indicate greater importance.

1. Includes low-rise residential buildings and some warehouses.

2. Provide shading and protection from direct wind.

3. With sun: Sunshine during at least 60 percent of daylight time.

4. With wind: Average wind velocity over 9 mph.

5. Dry: Daily average relative humidity less than 60 percent during summer.

6. Humid: Daily average relative humidity greater than 60 percent during summer.

The first phase of a botanical center used the high mass characteristics of precast con-
crete to store heat and stabilize temperatures, Figure 17. The walls consist of 12-in.-thick
sandwich panels having a 3-in.-thick outer wythe, 3 in. of insulation, and a 6-in.-thick inner
wythe resulting in an R-value of 16. The inside 6 in. layer of concrete provided approxi-
mately 480,000 Ib of mass for storage of passive solar heat. The high mass retains heat and
radiates it back into the structure in the late afternoon and evening. Precast concrete was
also used for its light color and its ability to reflect sunlight into the garden area.

Building codes and standards provide prescriptive and performance paths for meeting
requirements using thermal mass. Prescriptive paths have required minimum or maximum
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Figure 17 Application of high thermal mass. Courtesy of Quad City Botanical Center, Rock Island, Ill., Change-Environmental Architecture.

vam

PCI

designersnotebook

values in easy-to-use tables for each building component. Generally, R-value requirements
for mass walls are less than those for wood or steel frame walls. To obtain a range of R-val-
ues, the precast concrete walls may have insulation applied to the interior or the insulation
may be fully incorporated into a sandwich wall panel.

Performance paths are used to trade one energy saving measure for another. For instance,
if the wall insulation does not meet the prescriptive requirements, but the ceiling insula-
tion exceeds the prescriptive requirements, then using a performance method may show
compliance of the whole building with the code. Prescriptive paths are commonly used
for typical buildings in states with newly adopted codes. Once designers become familiar
with performance software, these become more popular. Some performance methods can
be used to show energy savings beyond code, and are used for sustainability programs or
state tax credits.

The performance paths in energy codes generally allow the use of an easy-to-use com-
puter trade-off program or a detailed energy budget method. Generally the more com-
plicated the compliance tool, the more flexibility the designer is allowed. Tradeoff tools
also allow for innovation in design and materials. COMcheck (www.EnergyCodes.gov) is an
easy-to-use program for determining commercial building compliance for ASHRAE 90.1,
the I[ECC (www.lccSafe.org), and many state energy codes. It allows insulation tradeoffs
such as providing more insulation in a ceiling and less in a wall while only inputting data
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for the building envelope and not having to provide data on the mechanical and lighting
systems. This is an envelope-only trade-off feature of COMcheck.

Detailed, computer-based, energy analysis programs, such as DOE2 or Energy Plus, cal-
culate yearly energy consumption for a building on an hourly basis. Such programs are
useful when using the energy budget method because other simpler compliance tools
do not take into account special features of the building or its components. The energy
budget method compares the annual energy use of a building that meets prescriptive
requirements with the proposed building to determine compliance. Codes provide rules
and guidelines for the energy budget method. All of these performance path methods
incorporate thermal mass effects.

Only computer programs such as DOE2 (or DOE2-based programs) and Energy Plus that
take into account hourly heat transfer on an annual basis (8,760 hours) are adequate in de-
termining energy loss in buildings with mass walls and roofs. When using these programs,
the thermal mass properties (specific heat or thermal diffusivity) of the walls must be input
in order for the thermal mass effects to be accounted for. Otherwise, the energy analysis
will be performed using steady-state properties.

Energy savings is somewhat dependent on whether the insulation is on the interior of
the wall, integral or on the exterior. Interior insulation isolates the mass from the interior,
somewhat reducing the ability of the thermal mass to absorb internal gains and moder-
ate the indoor temperature. Integral insulation refers to thermal mass on both sides of the
insulation, as with an insulated sandwich panel wall. It should be noted that regardless of
insulation placement, insulated mass walls combine the benefits of insulation and mass
and are often quite energy efficient.

Climates

Causes of condensation are predominantly climate dependent. The first cause occurs
when outside conditions are cold and is due to moist interior air condensing on cold sur-
faces; locations with these conditions will be called “cold.” The second cause occurs when
outside conditions are warm and humid and is due to humid air entering the building
and condensing on cooler surfaces; locations with these conditions will be called “warm.”
Generally either of these conditions requires weeks rather than a few days for problems to
occur. Some locations experience long enough warm and cold seasons to develop both

types of condensation; these climates will be called “mixed.”

Buildings in drier climates generally have less condensation problems than those in more
humid climates. Generally the U.S. can be divided into humid and dry by a north-south line
drawn through the center of the state of Texas. Areas east are humid and those west are
dry. The exception is the northwest, where the coast of Washington and Oregon are also
humid; these locations are called “marine.” In drier climates, moisture that gets on or into
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Figure 18 (Climate zones for moisture.

walls will tend to dry to the inside and outside more readily than in more humid climates.
For instance, when The Disney Company built Disney World in Orlando in the 1970s, many
of the structures were constructed of the same painted wood construction and practices
prevalent in Disneyland in southern California. These structures did not hold up well in the
warm humid climate of central Florida.

However, even though buildings are more forgiving in drier climates, condensation has the
potential to occur in warm, cold, or mixed climates if walls are not properly designed. The
different climate types are defined on the map in Figure 18 and described in Table 11.

Table 11 Climate zones for moisture.

Description Representative U.S. Cities
1A, 2A and 3A south of the humid line | Warm, humid Miami, FL; Houston, TX
2B Warm, dry Phoenix, AZ
3A north of the humid line, 4A Mixed, humid Memphis, TN; Baltimore, MD
3B,3C, 4B Mixed, dry El Paso, TX; San Francisco, CA; Albuquerque, NM
4C* Cool, marine Salem, OR
5A, 6A* Cold, humid Chicago, IL; Burlington, VT
5B, 6B* Cold, dry Boise, ID; Helena, MT
7* Very cold Duluth, MN
8* Subarctic Fairbanks, AK

*For Canadian locations, Climate Zones are defined on the basis of Heating Degree Days Base 65°F (HDD65F)

Zone 4C: 3600 < HDD65F < 5,400 « Zone 5: 5400 < HDD65F < 7,200 - Zone 6: 7200 < HDD65F < 9,000 - Zone 7: 9000 < HDD65F < 12,600 «
Zone 8: 12,600 < HDD65F < 5400
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Condensation Control

Moisture that condenses on the interior of a building is unsightly and can cause damage
to the building and its contents. Even more undesirable is the condensation of moisture
within a building wall where it is not readily noticed until damage has occurred. Moisture
accumulation can cause wood to rot and metal to corrode.

Fungi and biological growth such as molds have the potential to grow in the presence
of moisture or at relative humidities on the wall surface of 70% or higher. In general a
favorable combination of the following conditions are required for growths to germinate,
sprulate, and grow:

1. Fungal spores settling on the surface

2. Oxygen availability

3.  Optimal temperatures (40 to 100°F)

4. Nutrient availability

5. Moisture (liquid or vapor above 70% RH)

Although concrete does not provide nutrients for mold growth,'* nutrients may be abun-
dant as dirt and dust particles on the surface of the concrete. The first four conditions are
met in almost every building. So, the primary method in controlling biological growth is to
avoid high humidities and surface condensation. The key is to manage moisture by adher-
ing to sound construction practices that minimize the potential for condensation.

Guidance in this publication to eliminate condensation and prevent mold is from three
recognized sources'*'¢ and can be summarized as follows

1. Increase surface temperature or reduce moisture level in the air.

2. Install a vapor retarder or vapor resistant material on the inside of insulation in cold
climates.

3. Design walls to dry to the inside and outside whenever possible.
4. Prevent or reduce air infiltration.
5. Prevent or reduce rainwater leakage.

6. Pressurize or depressurize the building, depending on the climate, so as to prevent
warm, moist air from entering the building envelope.

7. Install a vapor-resistant material on the outside of insulation in warm climates.

Good quality concrete is not damaged by moisture — concrete walls actually gain
strength if they stay moist.
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Sources of Moisture

Moisture can enter building walls from the interior, exterior, soil, or the building materials
themselves.

Interior sources of moisture include people, kitchen and restroom facilities, and industrial
processes. The average person produces 2.6 pints per day through respiration and perspi-
ration. This amount increases with physical activity. Nearly all of the water used for indoor
plants enters the indoor air. Five to seven small plants release 1 pint per day of water. In
residential facilities, a shower can contribute 0.3 pints per minute and a kitchen 5 pints per
day for a family of four. Active vents that remove moist indoor air to the outdoors should
be provided in showers and kitchens.

Industrial processes, storage of moist materials, swimming pools, and ice rinks all contrib-
ute to indoor sources of moisture. Buildings with these conditions should be designed
for the particular moisture conditions anticipated. In all cases, guidelines of ANSI/ASHRAE
Standard 62.1'® should be followed for proper ventilation of indoor air.

Outdoor sources include precipitation and infiltration. Rain and melting snow cause prob-
lems when the ground against walls is not pitched to move water away, or when plants
that require frequent watering are located near walls. Vegetation near buildings should
be able to survive without watering or a buffer area of decorative gravel can be placed.
Landscaping near buildings has led to automatic sprinkler systems that “water” building
walls. Moisture from precipitation should be controlled to prevent it from entering the
walls or building. A primary and secondary line of defense should always be provided. For
instance if joint sealant is used to prevent precipitation from entering a wall, a second line
of joint sealant should be provided behind the first to keep out moisture should the first
deteriorate.

Infiltration of moist air is caused by several sources. Due to the stack effect in buildings
(warm air rises), outdoor air enters the building through cracks and joints near the bottom
of the building and exits near the top. This effect is greater for taller buildings and in colder
climates. Also, heating and cooling systems should have adequate air intake systems. Oth-
erwise when the system is operating and exhausting air, it will depressurize the building
and air can be drawn into the building through cracks, joints, and building materials. When
the moisture content of outdoor air is greater than the indoor air, for example in warm
humid climates, infiltration and depressurization bring moisture into the building. Moist
air also enters the building through cracks, joints, and building materials when the vapor
pressure of the outdoor air is greater than the indoor air. Again, this occurs on warm humid
days or cooler days with high relative humidity.

Soil has the potential to provide a continuous supply of moisture to concrete through
slabs and foundations. Capillary breaks between the foundation and above grade walls
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can reduce this potential. The ground should be sloped away from buildings and adequate
drainage and waterproofing should be provided. As land becomes more scarce and costly,
more buildings are being built on less desirable sites that are in flood planes or previ-
ously ponded water; drainage must be properly considered in these areas. Also, any water
draining from adjacent sites onto the subject building site needs to be properly channeled
away from buildings. Vapor retarders should be installed beneath all concrete floor slabs to
prevent moisture from moving up into the building. The vapor retarder should be installed
above a granular subbase layer and directly beneath the concrete slab. The placement of
the vapor retarder can be controversial; see NRMCA CIP 29 - Vapor Retarders Under Slabs
on Grade for additional information.

Building materials contribute significantly to moisture inside buildings, known as “mois-
ture of construction,” during the first years after construction. Concrete contributes signifi-
cant moisture since it starts as a saturated material. Precast concrete dries during storage
and continues to dry in the built structure until the pores near the surface reach an equi-
librium moisture content with the indoor air. Wood and materials stored outdoors are also
contributors. Many buildings have noticeable condensation the first year after construc-
tion that will subside in subsequent years. Dehumidification and adequate ventilation can
help alleviate condensation due to moisture of construction.

Condensation on Surfaces

Causes. Condensation occurs on surfaces inside buildings when the surface temperature
is less than the dew point of the indoor air. The dew point of the air depends on its relative
humidity. Relative humidity is the ratio of the amount moisture in the air to the amount of
moisture the air can hold (saturation). Colder air holds less moisture. In climates like Chica-
go the average relative humidity outdoors averages approximately 70%. Yet, the amount
of moisture in the outdoor air is much less in the winter because the air holds less moisture.
When this drier air is brought inside and heated up, the resulting relative humidity at 70°F
is low; often in the range of 15 to 25%.

Dew-point temperatures to the nearest °F for various temperatures and relative humidities
are shown in Table 12. In the summer in humid climates the relative humidity (RH) of the
indoor air is generally in the range of 50 to 80%. In the winter in cold climates the relative
humidity of the indoor air is generally in the range of 20 to 40%.
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Table 12 Dew-point temperatures, °F'

Relative Humidity, %

Dry bulb or room temperature, °F
40 | 50 | 60 | 70

40 -8 5 13 19 | 24 | 28 | 31 34 | 37 | 40
45 -4 9 17 | 23 | 28 | 32 | 36 | 39 | 42 | 45
50 -1 13 | 21 27 | 32 | 37 | 41 44 | 47 | 50
55 3 17 | 25 | 31 37 | &1 45 | 49 | 52 | 55
60 6 20 | 29 | 36 | 41 46 | 50 | 54 | 57 | 60
65 10 | 24 | 33 | 40 | 46 | 51 55| 59 | 62 | 65
70 13 | 28 | 37 | 45 | 51 55 (60 | 64 | 67 | 70
75 17 | 31 42 | 49 | 55 | 60 | 65 | 68 | 72 | 75
80 20 | 36 | 46 | 54 | 60 | 65 | 69 | 73 | 77 | 80
85 24 | 39 | 50 | 58 | 64 | 70 | 74 | 78 | 82 | 85
90 27 | 44 | 54 | 62 | 69 | 74 | 79 | 83 | 87 | 90

1. Temperatures are based on a barometric pressure of 29.92 in. Hg.

Example No. 3 Condensation on a beverage can.

Condensation may occur on a beverage can inside of a 75°F building during summer, but
not at the same temperature in winter. In the summer at 75°F and 80% RH, the dew point is
68°F. If the temperature of the can is less than 68°F, condensation will occur on the can. In
winter at 75°F and 30% RH, the dew point is 42°F. If the can is less than 42°F condensation
will occur on the can. Also, at the low RH in the winter, moisture that would condense on
the can will evaporate quickly and may not be noticed.

Condensation on surfaces occurs most frequently due to cool indoor surface temperatures

or high indoor humidity levels. These can be the result of many factors:

1.
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Inadequate heating and ventilation can result in cooler surface temperatures near the
bottom of walls. Heating must be provided near floor level or with enough circulation
to heat the lower portion of rooms.

Furniture or partitions placed up against walls may prevent adequate heating or air
flow and produce cool surfaces.

Closets, which are rarely conditioned, can also have inadequate ventilation and cool
surfaces.

Insufficient, damaged, or wet wall insulation can cause cool surfaces.

Thermal bridges, or areas of the wall that are not insulated as well as others, can also
produce cooler surface temperatures.

High humidity caused by swimming pools, ice rinks, or industrial processes can cause
condensation on indoor surfaces.
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7. Cold air from air-conditioners blowing in the region of warm humid air can cause
condensation on indoor surfaces.

The potential for condensation can be determined if wall temperatures and relative hu-
midity of the air are known. The temperature gradient through any portion of a wall is
directly proportional to its thermal resistance. Therefore, the temperature gradient At,
through a material with a thermal resistance R, can be calculated using Equation 5:

At, =R, (ti—t,)/R; Equation No. 5
where:

At, =temperature gradient or drop through material “n”

R, =thermal resistance of material “n”

t;  =indoor air temperature

t, =outdoor air temperature

R; =thermal resistance of wall including air film resistances

The calculation of the temperature gradient profile through a wall assembly due to a tem-
perature difference between indoors and outdoors can be used to determine whether
there may be a problem with condensation or differential thermal movement. The tem-
perature gradient alone is not sufficient to accurately locate the dew point within the as-
sembly but it can be used as a guide for determining where condensation may occur from
exfiltrating or infiltrating air. The assumption of steady-state conditions in this method is
seldom satisfied due to fluctuations in temperatures within the wall. Nevertheless, the cal-
culation is useful to flag potential problems.

Examples are provided for condensation on a cool surface in winter and summer.

Thermal resistance and temperatures of insulated wall.

R-value Winter Temp. Diff., °F

A S.urface, outside 017 1 20
air film

B Concrete, 2in. (145 013 1 21
pcf)
EPS insulation (1.25

c pcf, 11/2in. 6.00 42 22

D Concrete, 2 in. (145 013 1 64
pcf)

E Surface, inside air 068 5 65
film
Total 7.11 50 70
U=1/R 0.14
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Thermal resistance and temperatures of insulated wall.

R-value Winter Temp. Diff., °F

A S}Jrface, outside 017 8 20
air film

B Concrete, 4in. (145 0.25 " 28
pcf)

C Surface, inside air 068 31 39
film
Total 1.10 50 70
U=1/R 0.91

Example No. 4—Winter surface condensation due to inadequate heat or air distribution

Assume that, due to poor air circulation, the indoor air conditions are 75°F and 30% RH
near the top of the wall and 40°F with an equal amount of moisture in the air near the bot-
tom. This example is the same as the beverage can, Example 3; condensation will occur if
the temperature of the wall is less than 42°F. This can be prevented by providing adequate
heating and ventilation along the full height of all walls.

Example No. 5—Winter surface condensation due to not enough insulation

Assume the indoor air conditions are 70°F and 35% RH and the average outdoor tempera-
ture for the day is 20°F. Assume the wall is an insulated concrete sandwich panel from the
previous thermal resistance calculation, Example 1. Compare this to a wall with no insula-
tion. First, we will determine the temperatures of the wall with insulation.

The thermal resistance of the wall, R, equals 7.11. The temperature difference across
the wall, t—t, equals 70°F — 20°F = 50°F. The temperature difference across any layer
is calculated using Equation No. 5. The temperature difference across the air film equals
0.17(50)/7.11 or 1°F. The remaining temperature differences are calculated in the same
manner and shown above. The temperature differences are subtracted from the indoor air
temperature (or added to the outdoor temperature) to determine temperatures at bound-
aries between materials and are shown above in the right column. The inside surface of the
wall, between the concrete and the inside air film, is 65°F.

The following shows the determination of the thermal resistance and temperatures of an
uninsulated wall.

Note that the air temperature of the room is 70°F and the temperature of the insulated wall
surface inside the room is 65°F while that of the uninsulated wall surface is 39°F. The sur-
face film resistance plays a much larger role in an uninsulated wall. The temperature gradi-
ent across the inside air film is 5°F for the insulated wall and 31°F for the uninsulated wall.
The dew point of air at 70°F and 35% RH is 42°F. Since the inside surface of the uninsulated
wall is 39°F, condensation will form on the inside surface.

Page 36 DN-15 Energy Conservation and Condensation Control



Also note that the average outdoor air temperature for the day was used in calculations.
This average rather than the lowest daily temperature was used for two reasons. First, ther-
mal mass of the concrete will tend to moderate the indoor surface temperature so that
using an extreme temperature expected for just a few hours may be too conservative.
Secondly, if a condensation occurrence is predicted for only a few hours, it will often occur
and evaporate without causing problems.

Thermal bridges, such as a full thickness of concrete along panel edges, will behave simi-
lar to the uninsulated wall in Example No. 5. Thermal bridges may also occur at

« Junctions of floors and walls, walls and ceilings, walls and roofs
«  Around wall or roof openings

« At perimeters of slabs on grade

« At connections, if insulation is penetrated

«  Any place metal, concrete, or a highly conductive material penetrates an insulation
layer, such as metal shear connectors

Condensation can develop at these locations especially if they are in corners or portions of
a building that receive poor ventilation.

Example No. 6—Summer surface condensation

Condensation on wall surfaces also occurs in summer conditions. Cold air from air-condi-
tioners blowing in the region of warm humid air can cause condensation on indoor surfac-
es. This most frequently happens when wall air-conditioner units are placed near window
or door frames that allow humid air to infiltrate into the conditioned space.

Assume the average daily outdoor conditions are 80°F and 75% RH. Assume this air can
enter a room in a gap between the top of an air-conditioning unit and the bottom of a
window. Assume the air conditioning unit blows enough cool air in the vicinity of a wall
so that the wall surface temperature is 65°F. Since the dew point of the moist air is 71°F,
condensate will form on the cool wall surface. This illustrates the need to provide adequate
joint sealing to prevent the entry of humid air.

Prevention of Condensation on Wall Surfaces. All air in buildings contains water vapor.
If the inside surface temperature of a wall is too cold, the air contacting this surface will be
cooled below its dew-point temperature and water will condense on that surface. Conden-
sation on interior room surfaces can be controlled both by suitable construction and by
precautions such as: (1) reducing the interior RH or dew point temperature by dehumidi-
fication equipment or ventilation; (2) raising the temperatures of interior surfaces that are
below the dew point, generally by use of insulation.
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The interior air dew point temperature can be lowered by removing moisture from the
air, either through ventilation or dehumidification. Adequate surface temperatures can be
maintained during the winter by incorporating sufficient thermal insulation, using double
glazing, circulating warm air over the surfaces, or directly heating the surfaces, and by pay-
ing proper attention during design to the prevention of thermal bridging.

Condensation within Walls and
Use of Vapor Retarders

Although condensation due to air movement is usually much greater than that due to
vapor diffusion for most buildings, the contribution from water vapor diffusion can still be
significant. In a well-designed building, the effects of air movement and water vapor diffu-
sion in walls and roofs are considered.

Vapor Retarders. Air barriers (also called air retarders) and vapor retarders (also called
vapor barriers) are often confused. An air barrier is used to reduce the amount of infiltra-
tion (or leakage) or exfiltration of air into a conditioned space. A vapor retarder is used to
prevent, or more correctly greatly reduce, water vapor (moisture) from moving through
building materials. Many vapor retarders can be used as air barriers. An air barrier on the
outside of a building in a cold climate generally needs to let moisture escape, so should
not function as a vapor retarder. If the air barrier will also be serving as a vapor retarder, or
if it has a low permeance to vapor diffusion, then its position within the building envelope
must be carefully considered in relation to the other envelope components.

The principal function of a vapor retarder is to impede the passage of moisture as it dif-
fuses through the assembly of materials in a building envelope, to control the location of
the dew point in the assembly and to ensure there is a manageable flow of moisture across
the assembly. The basic principles, simply stated are:

+  Moisture migrates through building materials due to a difference in temperature or
RH or both between the inside and outside.

«  Sometimes this moisture migration will cause condensation. The correct type and
placement of insulation and a vapor retarder will prevent condensation on cold por-
tions within a wall.

«  The vapor retarder or vapor retarding materials are generally placed on the side of the
wall that is warm most of the year.

« Ifavapor retarder with low permeance is selected, the materials on the opposite side
should have higher permeance so the wall is able to dry to that side.
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« Itis most desirable to design a wall that can dry to the inside and outside while still
preventing condensation. This can be done by using semi-impermeable and semi-
permeable vapor retarders where appropriate.

These principles are covered in depth in the sections that follow.

Most codes and references consider a material or membrane with a permeance of 10
perms or less a vapor retarder; less than 0.1 perms is considered vapor impermeable (Class
I) and between 0.1 and 1 perm is considered semi-impermeable (Class Il). In the range of 1
to 10 perms, materials are considered semi-permeable (Class Ill). Materials or membranes
with a permeance greater than 10 are considered permeable and are not vapor retarders.

Concrete as a vapor retarder. Normal weight, quality concrete can be considered a semi-
impermeable vapor retarder in thickness of 3 in. or more. Published values of concrete
permeability are approximately 3 perm-in., so that 3 in. of concrete has a permeance of
approximately 1 perm, provided it remains relatively crack-free. Permeance is a function
of the water-cement ratio of the concrete. A low water-cement ratio, such as that used in
most precast concrete members, results in concrete with low permeance.

Where climatic conditions demand insulation, sufficient concrete or an additional vapor
retarder is generally necessary in order to prevent condensation. Thicknesses of 1 in. or
more of rigid extruded polystyrene board (XPS) or 2 to 3 in. of expanded polystyrene (EPS),
if properly applied, will serve as its own vapor retarder. In such cases, for cold climates, the
insulation can be installed on a complete bed of adhesive applied to the interior of the in-
ner wythe of the wall with joints fully sealed with adhesive, to provide a complete barrier
to both air and vapor movement.

Codes. The International Building Code (IBC)'® requires a vapor retarder of 1 perm or less
on the inside of insulation in frame walls in cold climates. However it allows for an excep-
tion where moisture or its freezing will not damage the materials. This requirement is also
recommended and viable for concrete since 3 in. of concrete has a perm of approximately
1 perm. The important concepts are whether condensation will occur and, if it does, will it
damage the materials.

Other materials. Building materials have water vapor permeances from very low to very
high, see Table 13. Actual values for a given material vary depending on the moisture
content of the material. Two commonly used test methods are the water method (wet cup)
and desiccant method (dry cup) methods in ASTM E96, “Standard Test Methods for Water
Vapor Transmission of Materials.” Specimens are sealed over the tops of cups containing
either water or desiccant, placed in a controlled atmosphere usually at 50% relative humid-
ity, and weight changes measured. The change in weight represents the rate of moisture
passing through the specimen.
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When properly used, low permeance materials keep moisture from entering a wall assem-
bly. Materials with higher permeance allow construction moisture and moisture which en-
ters inadvertently, or by design, to escape.

Table 13. Typical permeance (M) and permeability () values.?

Material ‘ M, perms ‘ W perm -in.

Concrete® — 1-4.5
Wood (various pine) 0.1-11.6
Extruded polystyrene (XPS) 0.8
Expanded polystyrene, bead (EPS) 2.0-3.8
Polyisocyanurate 2.8-4.5
Glass fiber batt 118
Plaster on gypsum lath (with studs) 15
Gypsum wallboard, 0.5 in. 16-31
Polyethylene, 2 mil 0.16
Polyethylene, 4 mil 0.08
Polyethylene, 6 mil 0.06
Aluminum foil, 0.35 mil 0.05
Aluminum foil, 1 mil 0.00
Hot melt asphalt 0.5
Duplex sheet, asphalt laminated, aluminum foil one side 0.002¢
Paint

Primer-sealer, 1.2 mils 6.3

Vinyl acetate / acrylic primer, 2 mils 74

Vinyl / acrylic primer, 1.6 mils 8.6

Semigloss vinyl / acrylic enamel, 2.4 mils 6.6

Vapor retarder paint, 3.1 mils 0.45

3 coats latex 5.5-11

2 coats asphalt paint on plywood 04

2 coats enamel on smooth plaster 0.5-1.5

Various primers plus 1 coat flat oil paint on plaster 1.6-3.0
Breather type membrane 3-25
a ASHRAE Handbook: Fundamentals and other sources. Values vary depending on the moisture content of the material.
l; PDer;rieua;ces for concrete vary on the concrete’s water-cement ratio and other factors.

When a material, such as plaster or gypsum board, has a permeance that is too high for
the intended use, a vapor retarder can be used directly behind such products. Polyethyl-
ene sheet, aluminum foil, and building paper with various coatings are commonly used. In
some climates for some wall assemblies, painted gypsum wallboard is an adequate vapor
retarder and allows moisture that works its way into a wall to dry to the inside. Proprietary
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vapor retarders, usually combinations of foil and polyethylene or asphalt, are frequently
used in freezer and cold storage construction. When vapor retarders are added sheets or
coatings, they should be clearly identified by the designer and be clearly identifiable by
the general contractor.

Water vapor diffusion occurs when water vapor molecules diffuse through solid interior
materials. The passage of water vapor through material is in itself generally not harmful.
It becomes of consequence when, at some point along the vapor flow path, a tempera-
ture level is encountered that is below the dew-point temperature and condensate accu-
mulates. The rate of vapor movement is dependent on the permeability of the materials,
the vapor pressure, and temperature differentials. Generally, the greater the temperature
difference between inside and outside and the more permeable the materials, the more
vapor will travel through the wall. Vapor pressures increase with temperature even if the
relative humidities stay the same. So, generally, the colder the outside temperature, the
greater the pressure of the water vapor in the warm inside air compared to the cooler out-
side air. Water vapor pressures at saturation (100%RH) are provided in Table 14. Leakage of
moist air through small cracks may be a greater problem than vapor diffusion.

Table 14. Water vapor pressures at saturation (SVP) for various temperatures.

Temp,°F SVP, in. Hg ‘ Temp,°F ‘ SVP, in. Hg ‘ Temp,°F ‘ SVP, in. Hg ‘ Temp,°F ‘ SVP, in. Hg

-30 0.007 17 0.089 38 0.229 59 0.504
-20 0.013 18 0.093 39 0.238 60 0.522
-10 0.022 19 0.098 40 0.248 61 0.541
-5 0.029 20 0.103 41 0.258 62 0.560
0 0.038 21 0.108 42 0.268 63 0.580
1 0.040 22 0.113 43 0.278 64 0.601
2 0.042 23 0.118 44 0.289 65 0.622
3 0.044 24 0.124 45 0.300 66 0.644
4 0.046 25 0.130 46 0.312 67 0.667
5 0.049 26 0.136 47 0.324 68 0.691
6 0.051 27 0.143 48 0.336 69 0.715
7 0.054 28 0.150 49 0.349 70 0.739
8 0.057 29 0.157 50 0.363 71 0.765
9 0.060 30 0.164 51 0.376 72 0.791
10 0.063 31 0.172 52 0.391 73 0.819
1 0.066 32 0.180 53 0.405 74 0.847
12 0.069 33 0.188 54 0.420 75 0.875
13 0.073 34 0.195 55 0.436 76 0.905
14 0.077 35 0.203 56 0.452 77 0.935
15 0.081 36 0.212 57 0.469 78 0.967
16 0.085 37 0.220 58 0.486 79 0.999
80 1.032
Note: 1in Hg = 0.491 psi. Actual vapor pressure = SVP x (%RH)
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Application. The location of the vapor retarder is dependent on the wall construction
and climate. A solid precast concrete wall with appropriate joint sealant will act as a semi-
impermeable vapor retarder in many climates. If a separate air barrier membrane is used,
it should be clearly identified in the construction documents, preferably on the drawings.
While a vapor retarder does not need to be perfectly continuous, care should be taken to
minimize the occurrence of small discontinuities or imperfections such as unsealed laps,
cuts, and pin holes. The vapor retarder in a wall system should be continuous from the
floor to the underside of the ceiling slab to prevent moisture from bypassing the vapor
retarder. Wall penetrations such as outlets and window frames, should also be sealed.

Low-permeance paints, vinyl wallpaper, or other similar materials that act as vapor retarders
should not be placed on the interior surface of concrete walls. Since concrete acts also as a
vapor retarder, an additional vapor retarder prevents moisture within the wall from drying.

Five common precast systems and their applicability for use in various climate zones (see
Fig. 18) are presented in Figure 19. These walls allow concrete to dry without accumu-
lating within the wall. The traditional practice for frame walls of placing a vapor retarder
behind gypsum wallboard in cold climates is not recommended for these walls. The rec-
ommendations were developed using typical indoor relative humidities during winter for
all building types. Indoor relative humidities greater than these during December, January,
and February have the potential to cause condensation within these or any wall system
not properly designed.

The five walls in Figure 19 are insulated to meet the requirements of the 2015 International
Energy Conservation Code (IECC).2 The total wall including the concrete, insulation, and
interior finishes are considered in the design of a wall with low potential for moisture prob-
lems. Providing insulation as required by codes such as ASHRAE 90.1 or the IECC generally
provides cost effective levels of insulation for precast concrete walls. Insulation require-
ments are dependent on climate. The map in Figure 18 is used to determine the climate
zone number and letter required for determining compliance with the IECC. The amount
of insulation required for the five walls is shown in Figure 19. For international locations,
Appendix B of ASHRAE 90.1-2013 provides tables with climate zone numbers and letters.
This appendix also provides the climate zones in tabular form by U.S. county.

A precast concrete sandwich panel wall with concrete on both sides of rigid insulation,
Figure 19a, is recommended for Climate Zones 1 through 7 (all except subarctic climates).
Expanded polystyrene (EPS) or extruded expanded polystyrene insulation (XPS) may be
used. The insulation board shown in the wall details is placed within the concrete during
the precasting process prior to building construction. The overall thermal resistance of a
sandwich panel is greater (more energy saving) if the ties connecting the concrete wythes
are plastic, composite fiberglass or epoxy coated carbon grid rather than metal.

A precast concrete wall with continuous rigid insulation, Figure 19b, is recommended for
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Climate Zones 1 through 7 (all except subarctic climates). XPS insulation may be used in
Climate Zones 1 through 7 and EPS insulation may be used in Climate Zones 1 through 4.
The lower permeance of the XPS is recommended for the colder climate, Zones 5, 6, and 7.
The insulation board must be applied continuously and in direct contact with the precast
concrete. This can be done using adhesive, stick pins, or mechanical fasteners.

Continuous insulation uninterrupted by metal framing is beneficial because metal framing
reduces the effectiveness of fiberglass batt insulation and other insulation by more than
half. For example, R-13 insulation has an effective R-value of 6 when placed between steel
frame members spaced 16 in. on center. The continuous insulation also reduces the poten-
tial for cold spots on the interior and exterior surfaces caused by metal framing. These can
sometimes lead to condensation and shadowing or other unsightly moisture problems on
the inside and outside surfaces of buildings. The potential for shadowing in a sandwich
panel wall is less if the ties connecting the concrete wythes are plastic, fiberglass compos-
ite, or epoxy-coated carbon grid rather than metal.

Wood and steel frame walls have cavities where moisture can accumulate, causing wood
to rot and metal to corrode. The sandwich panel wall and concrete wall with rigid insula-
tion have no wall cavities within the structural portion of the wall, thus reducing the pos-
sibility of unnoticed moisture accumulation and related damage. The only cavity is the
air space between the insulation and gypsum wallboard, if wallboard is desired. This cav-
ity is designed to keep the wallboard dry, XPS insulation is particularly moisture resistant
and has low water absorption compared to other insulation materials while EPS has lower
moisture absorption compared to non-foam insulation materials.

A precast concrete wall with batt insulation (and kraft paper where appropriate), Figure
19¢, is recommended for Climate Zones 1 through 4. To prevent potential moisture accu-
mulation within the wall and related problems, this type of wall construction is not recom-
mended for the colder climates, Zones 5, 6, 7, and 8. The fiberglass insulation is installed
between metal framing. A 1-in., minimum ventilated air space is required between the
batts and the concrete to prevent the potential for moisture to accumulate in the batt
insulation. The air space between the metal framing and the precast concrete reduces the
potential for cold spots on the interior and exterior surfaces caused by the framing. These
can sometimes lead to condensation and shadowing or other unsightly moisture prob-
lems on the inside and outside surfaces of buildings.

A precast concrete wall with interior frame wall cavity insulation, Figure 19d, is also rec-
ommended for Climate Zones 1 through 4. It is best to use spray foam insulation, which
is not air permeable, in this application. Medium density, closed-cell, spray polyurethane
foam (SPF) insulation has an effective R-value of 6 or more per inch and functions as an air
barrier at 1.5 in. thickness. It can also act as a vapor retarder when applied at a thickness of
approximately 2.5 in.
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Figure 19 Typical wall details.
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L ATEX PAINT Figure 19 Typical wall details.
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Figure 19e is recommended for Climate Zones 1 through 8 and consists of a precast con-
crete wall with interior spray-applied foam insulation. In very cold and subartic regions
(Climate zones 7 and 8), a high-density SPF is recommended.

In Climate Zones 3 and 4, kraft-faced batts are required to prevent condensation within the
walls during the winter. The five walls in Figure 19, with appropriate joint sealant, will act as
semi-impermeable vapor retarders and allow concrete to dry without moisture accumulat-
ing within the walls. These constructions allow the outside layer of concrete to dry to the
outside and the rest of the wall to dry to the inside. Latex paint with a permeance of 5 to 10
perms on the drywall is generally adequate. The sandwich panel wall and wall with rigid in-
sulation are assumed to have 2 to 2% in. of insulation in Zone 4, 22 to 3 in.in Zone 5, 3 to 3%:
in.in Zone 6, and 3 to 4 in. in Zone 7. The location of the cold surfaces within a wall depends
on the climate. Moisture generally moves into wall systems from indoors when it is cold out-
side, and into wall systems from outdoors when it is warm outside. Actual water vapor and
moisture-laden air movement depends on the temperature and relative humidity indoors
and outdoors, the moisture content of the materials, and their absorption properties.

Cold Climates (Zones 5, 6, and 7). In these climates, the vapor-retarding surface should
be applied on or near the warm side (inner surface) of assemblies. For the concrete sand-
wich panel wall, the insulation, inside concrete wythe and painted gypsum wallboard, if
used, act as the semi-impermeable vapor retarder during the winter. For the precast con-
crete wall with rigid insulation, the insulation and painted gypsum wallboard on the inside
act as a semi-impermeable vapor retarder during the winter. For both walls, the exterior
concrete wythe acts as a semi-impermeable vapor retarder during the summer. Providing
an additional low permeance vapor retarder on the inside of the wall would create a“dou-
ble vapor retarder” and prevent moisture that accumulates within the wall from leakage or
condensation from drying to the inside. For this reason, a low permeance vapor retarder
on the inside of this wall system is not recommended.

For the sandwich panel wall and the precast concrete wall with rigid insulation, the relative
humidity of the indoor space in the coldest winter months is assumed to be not more than
25% in Zone 5, 20% in Zone 6, and 10% in Zone 7. The recommendations were developed
using these typical indoor relative humidities during winter. Indoor relative humidities
greater than these during December, January, and February have the potential to cause
condensation within these or any wall system not properly designed. Calculations may
be required when exterior sheathing is used on the cold outdoor side since it may act as a
vapor retarder on the cold side of the wall.

Fittings installed in outer walls, such as electrical boxes without holes and conduits, should
be completely sealed against moisture and air passage, and they should be installed on
the warm side insulation. Also, high thermal conductance paths such as at connections
inward from or near the colder surfaces may cause condensation within the construction.
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Warm Humid Climates (1A, 2A, 3A south of the humid line). In these climates, the
exterior surface should have a lower vapor permeance than the interior surface. For all
three walls, the exterior concrete acts as a semi-impermeable vapor retarder during the
warm humid months. For the concrete sandwich panel wall, the inside concrete wythe and
painted gypsum wallboard, if used, act as the semi-impermeable vapor retarder during the
cool months. For the precast wall with rigid insulation, the insulation and painted gypsum
wallboard on the inside act as a semi-impermeable vapor retarder during the cool months.
For the precast concrete wall with batt insulation, the painted gypsum wallboard acts as
a semi-permeable vapor retarder during the cool months. Low permeance paints, vinyl
wallpaper, or other materials that act as vapor retarders should not be placed on the inte-
rior surface of the wall. Moisture from outdoors often accumulates behind these materials
when used in these climates.

In warm humid climates during rainy periods, exterior walls can absorb large quantities
of moisture that are later driven inward by warm temperatures and solar effects. The con-
crete and rigid insulation (where provided) each have a moderately low permeance that
helps prevent this moisture from moving inward. Some exterior paints and finishes can
also provide an adequate level of resistance to moisture intrusion. The concrete and rigid
insulation should be continuous and sealed to prevent the moisture from moving inward.

The operation of the cooling system is more important in warm and humid climates than
any other climate. Since the latent load (that required to remove moisture) is often greater
than the sensible load (that required to bring down the temperature), the system needs to
be designed to remove the latent load without cycling off because it has reached the desired
temperature set point. Oversized air conditioners may cycle off before the latent load is re-
moved. Setting the chilled water supply temperature too high will have the same effect of
not being able to remove the latent load. Also, many people erroneously think that setting
the thermostat lower will remove moisture problems. Low thermostat settings on hot humid
days has the opposite effect; they make surfaces colder and more prone to condensation.

Warm Dry, Mixed, and Marine Climates (IB, 2B, 3A north of the humid line, 3B, 3C, 4).
The need for vapor retarders and low permeance materials is less in these climates than in
cold or warm humid climates. Condensation can occur by the mechanisms discussed for
cold climates, but the duration of these conditions is usually short enough that the materi-
als subsequently dry without problems if surfaces are semi-permeable or semi-imperme-
able. The strategy for these climates is to allow the wall system to dry either to the outside
or inside, or preferably, to both sides, since more damage is caused by improperly placed
vapor retarders than by omitting one. The three precast concrete walls allow this drying to
either side. The exterior concrete wythe acts as a semi-impermeable vapor retarder during
the warm months. For the concrete sandwich panel wall, the inside concrete wythe and
painted gypsum wallboard, if used, act as the semi-impermeable vapor retarder during the
cool months. For the precast wall with rigid insulation, the insulation and painted gypsum
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wallboard on the inside act as a semi-impermeable vapor retarder during the cool months.
For the precast wall with batt insulation, the painted gypsum wallboard acts as a semiper-
meable vapor retarder during the cool months.

The relative humidity of the indoor space in the coldest winter months is assumed to be
not more than 30% in Zones 4A and 4B and 35% in Zone 4C. The recommendations were
developed using these typical indoor relative humidities during winter. Indoor relative hu-
midities greater than these during December, January, and February have the potential to
cause condensation within these or any wall system not properly designed.

Special Applications and Building Type

These recommendations are for general use under normal building operating conditions.
Special precautions are required for buildings with high indoor humidities or spaces with
sensitive electronic equipment or artifacts. These include swimming pools, ice rinks, cold
storage, computer rooms, libraries, hospitals, nursing homes, museums, and some manu-
facturing facilities. Low permeance vapor retarders are often needed to separate indoor
swimming pools or other special applications from the rest of the building.

Details. Figures 20 through 30 provide conceptual details on how to construct the pre-
cast concrete system to achieve energy savings while providing an air barrier and reduc-
ing the potential for moisture problems. The recommendations and details presented are
based on specific analyses engineering judgment, and best available practices at the time
of publication. Performance testing of the details has not been performed. Detail drawings
are provided in order to assist competent professionals in the detailing of the building in-
sulation envelope. Reinforcing designations, structural connections, wythe thickness, and
insulation indicated in drawings are to be used for reference only and are not intended to
substitute for project specific judgment.

Water Leakage. The exterior surface of the precast system acts as a rain screen to prevent
rain and snow from entering the building. As shown in Figures 20 and 21, joints in the
precast generally have either two layers of sealant, or sealant and a secondary method of
defense against water penetration. Joints around windows, doors, and other penetrations
through the precast concrete building are designed with a primary and secondary method
of defense against rainwater penetration.

Floor Systems. The provided details are for a double-tee floor system. Details for hollow-
core floor systems will be similar, including insulation requirements. The main concept is to
separate the floor slabs from the exterior concrete by insulation to reduce thermal bridges.
This will reduce energy losses and the potential for condensation and moisture problems.

Figures 22 and 23 present two options for insulating floors above unconditioned spaces
such as parking structures. In these cases the concrete floor acts as a semi-impermeable
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vapor retarder. Figure 22 with rigid insulation is preferable. If spray-on or batt insulation
are used as shown in Figure 23, it should be wrapped around the precast concrete webs.

Need for Analysis. In any building with additional sources of moisture, such as from swim-
ming pools, industrial processes, or storage of moist items, a moisture analysis of the walls
and roofs for actual conditions should be performed. For instance, hospitals in cold cli-
mates often maintain RH levels at 50%, as opposed to the 20 to 40% RH in the in most
buildings during winter in these climates. This higher RH can cause moisture problems if
the building envelope is not properly designed.

An analysis is also advisable for very cold, cold, mixed, or cool marine climates or other cli-
mates where experience is not available to indicate how a wall will perform. It is important
to determine whether and where the temperature within the envelope system will fall be-
low the dew point temperature. Accurate analyses take into account moisture absorption
of materials as well as moisture movement through walls.

ASTM publishes an excellent book on moisture models.’® These models predict moisture
and temperature conditions in wall and roof assemblies for particular climate and indoor
design conditions. The models utilize mathematical solutions to moisture and heat trans-
fer mechanisms. Some predict moisture transfer by air movement and liquid water flow
as well as vapor diffusion. Some can model the changes in material properties such as
permeance and sorption with moisture content. Use of these models requires knowledge
of building physics, material properties, and the model limitations. Historically a simplified
method known as the dew point method has been used to identify potential condensa-
tion problems. This is a simplified steady-state analysis that has many limitations. If used
with worst case conditions that only take place a few days a year, it will identify condensa-
tion that may not be a problem due to the ability of the materials to absorb the moisture
or for the system to dry within a few days. For this reason, monthly averages are generally
used. Since it considers only steady-state conditions, it is not exact. The vapor diffusion
properties of materials often vary with moisture content, which are not considered in the
dew point method. Also, it is often frequently misused in identifying where and how much
condensation occurs. However, the dew point method is a good indicator of the potential
for moisture problems. ASTM C755 provides excellent descriptions and examples of the
dew point method.

An example also follows.
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Figure 22 Typical floor detail—rigid insulation.
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Figure 24 Typical non-loadbearing spandrel/DT detail.
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BACKER ROD Figure 25 Typical window sill detail.
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Figure 26 Typical window head detail. -
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R 1IN, BUILDING FELT Figure 27 Typical loadbearing spandrel with
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Figure 30 Typical roof parapet detail.
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An analysis will be performed to determine whether condensation will form within the
wall for the temperature and relative humidity conditions indicated on each side of the
wall.

Step 1. The vapor pressures of the indoor and outdoor air may be determined from satu-
rated vapor pressures listed in Table 14 and the assumed temperatures and relative hu-
midities, shown in Table 15 for this example. The actual vapor pressure is the saturated
vapor pressure at the given temperature times the relative humidity:

Table 15. Vapor pressures.

Vapor pressure at Actual vapor pressure,
RH, % . . .
saturation, in. Hg in. Hg
Indoor 70 30 0.739 0.222
Outdoor 0 80 0.038 0.030

Thermal resistance and temperature of insulated wall

R-value Winter Temp. Diff, °F 9 SVP, in. Hg
A | Surface, inside 0.68 5 70 0.739
B | Gypsum wallboard, 2 in. 0.45 3 65 0.622
C | EPSinsulation (1.25 pcf), 2 in. 8.00 58 62 0.560
D | Concrete, 6 in. (145 pcf) 0.38 3 4 0.046
E | Surface, outside 0.17 1 1 0.040
Total 9.68 70 0 0.038
U=1/R 0.10

The selection of appropriate outside air temperatures requires considerable judgment. The
effects of heat storage in materials must be recognized, as must the fact that wall or roof
surface temperatures can be higher than air temperature because of solar radiation, and
colder than air temperature because of clear sky radiation. These temperature modifica-
tions vary with the color, texture, thickness, weight and orientation of the surface materials
and with the intensity of the radiation. Generally the average January temperatures with-
out solar effects and the average July temperatures with solar effects are recommended
for determining the potential for condensation. The effect of solar radiation and humid
outdoor conditions alter the dew point. Most building veneer systems are not waterproof
and absorb moisture. When this moisture is heated by the sun, the vapor pressure in the
veneer increases and drives the moisture inward.

Step 2. Determine the thermal resistance of the wall and temperatures within the wall
using Eq. No. 5 and as in Example No. 5: Thermal bridges are not considered in this ex-
ample and would need to be analyzed separately. The temperature existing at any point in
a wall under any given exterior and interior temperature conditions is of great significance
in designing problem-free building enclosures. An ability to calculate the thermal gradi-
ent permits the designer to forecast the magnitude of the movements caused by external
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temperature changes, to predict the location of condensation and freezing planes
INSIDE SURFACE OUTSIDE SURFACE | i1 the wall, and to assess the suitability of any construction. The temperature gra-
‘ - - l dient will not, in itself, give the designer all the information required to select and
L e N j’ ° Q N assemble building components, but it is an essential first step.
g 40 B o = Step 3. The saturated vapor pressures at various surfaces and interfaces within the
g B D ‘* wall section may be obtained from temperatures determined in Step 2 and Table
% % L[\ . ST 14.These saturated vapor pressures (SVP or P) are plotted in Figure 31 to form the
0 : SVP gradient, P, through the wall section.
':; s - Step 4.To check the location where condensation is likely to take place, the vapor
) y e . pressure gradient necessary for vapor transfer continuity, P, is plotted as shown in
08 '; 3 N : Figure 31. The vapor pressure gradient, P, is obtained by a calculation procedure
£ 05 £ - il similar to that used to determine the temperature gradient, described in Step 2 .
f 0.4 \ S ° ﬁ: It is based upon the total vapor pressure drop (0.222 - 0.030 = 0.192 in. Hg) and
% P | o the respective vapor permeances of the different components of the wall from
g 03 SR “ —1 || Table12.
[« = R B
g :: “\\__* - R Ap, =z (4p,.)/2Z,, Equation No. 6
. __:_‘““_-Ic________“ where:
0.0 Y <
CONDENSATION SURFACE Ap. = vapor pressure gradient or drop through material n, in. Hg

A = vapor pressure gradient or drop through wall, in. H
Figure 31 Thermal and water vapor gradients for extreme Puai porp 9 P 9 9

winter conditions. z = vapor pressure resistance of material n, rep (rep = 1/perm)
z ., = vapor pressure resistance of wall, rep
and
z = 1/Morn/u Equation No. 7
where:
M = vapor permeance, perms
n = thickness of material, in.
n = vapor permeability, perm.sin.
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Vapor ressitance and vapor pressure for continuity.

perm

SVPin.Hg | Moru/n,

A Zzlrﬁc?c'g;de primer and 0.739 2 0.5 0.033 0.222
B | Gypsum wallboard, ¥z in. 0.622 38 0.027 0.002 0.189
C | EPSinsulation (1.25 pcf), 2 in. 0.560 4/2=2 0.5 0.033 0.187
D | Concrete, 6 in. (145 pcf) 0.046 3.2/6 =0.53 1.87 0.124 0.154
E | Surface, outside 0.040 0 0 0.030

Total 0.038 2.90 0.192 0.030

Continuous vapor flow conditions are preserved provided the actual vapor pressure, P,
does not exceed the saturation vapor pressure, P. If P, does exceed or cross P, condensa-
tion will occur. In this case, P_exceeds P_in between the insulation and concrete layers and
condensation is expected to occur here. For discontinuous vapor flow (when condensa-
tion occurs), the vapor flow to and away from the condensation surface must be recalcu-
lated. The difference will be equal to the condensation rate. The vapor flow to or from a
point is equal to the actual vapor pressure difference divided by the vapor resistance to or
from that point.

Reducing P_so that it is less than P_can be achieved either by:

1. Changing the various vapor flow resistances to reduce the values of P . For example,
add a vapor retarder on the side of the wall with the higher vapor pressure (warm side)
or use insulation with a lower vapor permeance.

2. Changing the various thermal resistances of the wall components to raise the tem-
perature. This will raise the values of P_on the warm side of the insulation.

3. A combination of two of the above items.

Air Infiltration, Exfiltration, and Air Barriers

Infiltration and exfiltration are air leakage into and out of a building through cracks
or joints between infill components and structural elements, interstices around win-
dows and doors, between the sill plate and foundation, through floors and walls, at the
top and bottom of walls, and at openings for building services such as plumbing. Ap-
proximately 5 to 20% of air leakage occurs at doors and windows, and 20 to 50% oc-
curs through walls. Infiltration and exfiltration are often a major source of energy loss in
buildings. Exfiltrating air carries away heating and cooling energy, while infiltrating air
may bring in hot or cold air, moisture, and pollution as well as reduce the effectiveness
of a rain screen wall system.
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Moisture can move into or across a wall assembly by means of vapor diffusion and air
movement. Diffusion is a slow, controlled process driven only by vapor pressure differen-
tials as described previously. Air migration occurs from air pressure differentials indepen-
dent of moisture pressure differentials. If air, especially infiltrating, warm, humid air, can
leak into the enclosure, then this will be the major source of moisture. Condensation due
to air movement is usually much greater than that due to vapor diffusion for most build-
ings. However, when air leakage is controlled or avoided, the contribution from vapor dif-
fusion can still be significant. In a well-designed wall, attention must therefore be paid to
the control of air flow and vapor diffusion.

An air barrier and vapor retarder are both needed, and in many instances a single material
can be used to provide both of these as well as other functions. The principal function of
the air barrier is to stop the outside air from entering the building through the walls, win-
dows, or roof, and inside air from exfiltrating through the building envelope to the outside.
This applies whether the air is humid or dry, since air leakage can result in problems other
than the deposition of moisture in cavities.

Uncontrolled air (and its associated water vapor), exfiltration in cold climates and infiltra-
tion in hot, humid climates can wreak havoc, causing corrosion and structural damage,
mold and bacterial growth, and energy loss. Exfiltration and infiltration can also create
HVAC problems by disrupting indoor air pressure relationships and degrading indoor air
quality (IAQ), which can lead to health problems for sensitive individuals.

Atmospheric air pressure differences between the inside and outside of a building enve-
lope exist because of the action of wind, the density difference between outside cold heavy
air and inside warm light air creating a "stack effect” and the operation of equipment such
as fans. The pressure differences will tend to equalize, and the air will flow through holes
or cracks in the building envelope carrying with it the water vapor it contains. A thorough
analysis of air leakage is very complex, involving many parameters, including wall con-
struction, building height and orientation.

Air barriers will reduce infiltration and exfiltration. This will reduce the potential for mois-
ture problems due to moist air migrating into a wall and building. This moisture can be
warm humid air from outside during the summer or warm conditioned air from inside in
the winter.

An air barrier is required to have a leakage rate less than 0.06 cfm/ft? at a differential pres-
sure of 0.3 in. H,0 (1.57 Ib/ft?) according to ASTM E1677-11, “Standard Specification for
an Air Barrier(AB) Material or System for Low-Rise Frame Walls” Some energy codes and
standards require a value of 0.04 cfm/ft> at 0.3 in. H,0. This is the maximum air leakage fora
total assembled air barrier system (total wall system or main areas plus joints) when tested
according to ASTM E2357, “Standard Test Method for Determining Air Leakage of Air Bar-
rier Assemblies”; ASTM E1680, “Standard Test Method for Rate of Air Leakage Through Ex-
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terior Metal Roof Panel Systems”; or ASTM E283, “Standard Test Method for Determining
Rate of Air Leakage Through Exterior Windows, Curtain Walls, and Doors Under Specified
Pressure Differences Across the Specimen.” ASTM E2178, "Standard Test Method for Air Per-
meance of Building Materials," is used to measure only the materials as an air barrier.

Materials such as precast concrete panels, polyethylene, gypsum board, metal sheeting or
glass qualify as air barriers since they are low air permeable materials when joints are prop-
erly sealed; whereas concrete block, acoustic insulation, open cell polystyrene insulation
or fiberboard would not. Air permeances of selected materials are presented in Table 16.

Table 16. Measured air leakage for selected building materials.*

Material ‘ Average leakage, cfm/ft? of surface at 0.3 in. H,0

Solid precast concrete wall No measurable leakage
Aluminum foil vapor barrier No measurable leakage
6 mil polyethylene No measurable leakage
Extruded polystyrene insulation No measurable leakage
Closed cell foam insulation 0.0002

3in. polyicyenne 0.001

in. fibreboard sheathing 0.31

Breather type building membranes 0.0022-0.71
Uncoated brick wall 0.31
Uncoated concrete block 0.41

1 in. expanded polystyrene 0.93
* National Research Council, Canada www.nrc-cnre.gc.ca

ANSI/ASHRAE/IES Standard 90.1 and the IECC require continuous air barriers in the build-
ing envelope. Precast concrete meets the material requirement for an air barrier. Materials
and the method of assembly chosen to design and construct a continuous air barrier must
meet additional requirements to perform the air leakage control function successfully.

1. Continuous. The air barrier must be continuous throughout the building envelope.
For example, the low air permeability materials of the wall must be continuous with
the low air barrier materials of the roof (for example, the roofing membrane) and con-
nected to the air barrier material of the window frame. All of the air barrier compo-
nents should be sealed together so there are no gaps in the envelope airtightness.
Where interior finishing (drywall) serves as the air barrier, if it is not finished or con-
tinuous above suspended ceilings or behind convector cabinets, there will be large
gaps in the air barrier system’s continuity. Connection should be made between:

a. Foundation and walls

b. Walls and windows or doors
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c. Different wall systems, such as brick and precast concrete, or curtain wall and pre-
cast concrete, and corners

d. Jointsin gypsum wallboard and precast panels
e. Walls and roof

f.  Walls, floors and roof at construction, control, and expansion joints. The interior
air barrier above a dropped ceiling needs to be connected to the underside of the
above floor.

g. Walls, floors, and roof to utility, pipe, and duct penetrations

Load capacity. Each membrane or assembly of materials intended to support a dif-
ferential air pressure load must be designed and constructed to carry that load, inward
or outward, or it must receive the necessary support from other elements of the wall.
These loads are the combined wind, stack, and fan pressures on the building enve-
lope. If the air barrier system is made of flexible materials then it must be supported
on both sides by materials capable of resisting the peak air pressure loads; or it must
be made of self-supporting materials, such as board products adequately fastened
to the structure. The air barrier should be designed so that adjacent materials are not
displaced under differential air pressures. If an air pressure difference cannot move air,
it will act to displace the materials that prevent the air from flowing. Tape and sealant
must also resist these pressures and have long-term resistance. Concrete is the ideal
material for an air barrier because of its durability and strength in resisting these loads.
Sealant between panels and at joints must be designed to resist these loads.

Joints. The air barrier of each assembly should be joined to air barriers of adjacent as-
semblies in a manner allowing for the relative movement of the assemblies and com-
ponents due to thermal and moisture variation, creep, and structural deflection. These
joints in the air barrier and joints at penetrations of the air barrier system should be of
low air permeability materials.

Durable. The air barrier assembly must be durable in the same sense that the building
is durable, and be made of materials that are known to have a long service life or be
positioned so that they may be serviced from time to time.

Vapor permeance. When a vapor retarder is used on the inside of insulation in a cold
or mixed climate [see vapor retarder section], an air barrier used on the outside should
be permeable to water vapor. If both the inside vapor retarder and the outside air bar-
rier are not permeable, then a “double vapor retarder” condition is created. Moisture
that gets between the two through rain penetration or leakage through joints will not
be able to readily dry. Vapor permeability allows moisture behind the air barrier to exit
the wall by vapor diffusion to the outside.
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According to ASTM E1677: “In a moderate to cold climate, water vapor must be able to
escape from the opaque wall, or be kept warm enough to reduce the likelihood of conden-
sation. The opaque wall must either be permeable to water vapor, or when the permeance
of the materials on the exterior is less than 1 perm it may be beneficial to insulate on the
outside. When the exterior is permeable, moisture vapor from the opaque wall can escape
to the outdoors without accumulating in the wall. When the exterior is insulated, the tem-
perature of the opaque wall is increased to minimize wall moisture accumulation.”

See the applicable energy code for additional requirements that may apply.

Building pressure. In warm humid climates, a positive building pressure will help pre-
vent the infiltration of humid air. In cold climates the building pressure should be neither
strongly positive or negative (between -0.1 and 0.1 in. wg). A strong negative pressure
could pull in combustion products from outdoors. A strong positive pressure could drive
moisture into the building walls and other elements.

Adequate ventilation. Because concrete buildings have less air leakage, heating and
cooling systems should have adequate air intake systems to provide fresh air in buildings.
This is more critical in concrete than steel frame buildings because there is less air leakage.
Without an adequate intake source, concrete buildings are under negative pressure, po-
tentially resulting in poor indoor air quality. In all cases, guidelines of ANSI/ASHRAE Stan-
dard 62.1' should be followed for proper ventilation of indoor air.

Application. The location of the air barrier is dependent on the wall construction and
climate. Precast concrete as a material acts as an air barrier and has a negligible air leak-
age and infiltration rate. A properly designed and constructed precast concrete building
will save energy due to this low infiltration. This requires the air barrier be continuous by
sealing joints between panels, openings at connectors, around door and window frames,
and at penetrations. The building envelope including the precast concrete should provide
continuous resistance to air flow through joints at floors, ceilings, and roof. Where it is im-
practical to seal joints between panels, gypsum wallboard acts as an air barrier if the floor/
wall and ceiling/wall joints are tightly fitted and sealed with a joint sealant.

Air barrier membranes and building wraps such as Tyvek® are being used more frequently
in new construction. They are not required in precast concrete buildings because the con-
crete acts as an air barrier and has a lower air permeance than Tyvek (see “breather type
membranes” in Table 16).

In cold climates (Zones 5, 6, and 7), the visible interior surface of a building envelope
can be installed and treated as the primary air barrier and vapor retarder. A concrete panel
with the concrete on the indoor surface generally serves this dual function as air barrier
and vapor retarder. Where floors and cross walls are of solid concrete, it is necessary to seal
only the joints, as floors and walls themselves do not constitute air paths. Where hollow
partitions, such as steel studs are used, the interior finish of the envelope can be made into
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the continuous air barrier. Where it is impractical to use a concrete panel system as the
continuous air barrier system, an interior finish of gypsum wallboard, or plaster, painted
with two coats of vapor retarding paint will provide a satisfactory air barrier/vapor retarder
in many instances if the floor/wall and ceiling/wall joints are tightly fitted and sealed with
joint sealant.

The position of the air barrier in a wall is more a matter of suitable construction practice and
the type of materials to be used. The visible exterior of the building can also be installed and
treated as the primary air barrier. This helps prevent cold air from entering through joints,
cooling interstitial spaces, and causing condensation. However, if an air barrier membrane
is used and is positioned on the outside of the insulation, consideration must be given to its
water vapor permeability, as discussed in Item No. 5 above. One rule of thumb is to choose
an air barrier material on the outside that is ten to twenty times more permeable to water
vapor diffusion than the vapor retarder material on the inside of the wall.

In warm and humid climates (Zones IA, 2A, and 3A), an air barrier (or low air-permeance
materials properly sealed) on the outside of the wall works well because it helps prevent
the infiltration of the warm humid air. An architectural precast panel with appropriate joint
sealant will serve as an air barrier in this climate. Exterior surfaces should be less perme-
able than inside surfaces, once again, to help reduce the amount of moisture entering the
walls. Note that this is the opposite of what is recommended for cold climates. In mixed,
dry warm, and cool marine climates (see Table 11), an air barrier (or properly sealed low
air-permeance materials) is recommended. An architectural precast panel with appropri-
ate joint sealant will serve as an air barrier in this climate.

Considerations at Windows

Three main components of a window are the glazing, the spacer, and the frame. Glazing is
most-commonly glass, but it can be any transparent or semitransparent material such as
plastic for skylights. Typically, a window is characterized by the number of panes of glazing
such as single-glazed, double-glazed, triple-glazed, and so on. A spacer is used to separate
two or more panes of glazing in a window to create a space between the panes. Spacers
can be made from a variety of different materials and, depending on the conductivity of
the spacer material, spacers can affect the overall window performance. This space can be
filled with air, gas, or a combination of gases and sealed to improve the insulation value of
the glazing unit. Glazing, spacer(s), and gases are all enclosed in a structure called the frame.

Glazing

Glazing for vertical fenestration is typically made of glass, which is an inorganic, amor-
phous substance. Other, lighter transparent materials may be used on the interior of triple-
or quad-glazed windows to lessen the overall weight of the window.
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Different gases can be used between panes of glass to improve the thermal performance
of the window unit. Types of gases include Argon, Krypton, Xenon, and others, including
proprietary formulations by different manufactures. These gases are chosen because they
reduce convective heat transfer across the glazing cavity compared to normal air. Window
seals have improved so that the likelihood of these beneficial gases escaping and being
replaced with air has decreased. The life of a window is generally considered to be 30 years.

Window glass may also be coated to increase the energy efficiency of the window. The
International Window Film Association (IWFA, www.iwfa.com) provides guidance on the
various types of window films available and their properties. According to IWFA, the most
common types of window films are:

«  Solar control flm—these films reduce the amount of heat that enters through windows.

+  Spectrally selective film—these films block select wavelengths of radiation, typically
to reduce heat gains while maintaining visible light transmittance.

«  Decorative film—these films add aesthetic benefit.

«  Safety/security film—these films help resist impact events, and are designed to hold
glass together when broken.

+  Low-E (low-emissivity) coating—lower the rate of heat gain/loss (compared to plain
glass), which lowers the U-factor of the window unit.

Spacers and Sealants

An important part of the edge seal of windows is a spacer, which separates the glazing
and provides a surface to which sealants can be applied. Spacers can be made of metal-
lic materials, non-metallic materials, or a combination of both. The performance of the
window can be greatly affected by the conductivity of the material used for the spacers. It
must be emphasized that precast elements are only a part of the wall system. Where both
joint sealant between precast elements and fenestrations are required it must be installed
with quality materials per instructions from the manufacturers. In addition these installa-
tions should be properly inspected for conformance. A building maintenance inspection
schedule should be established with records kept of those periodic inspections and any
repairs or corrective actions performed as a result of those inspections be done in a timely
manner. The sealant must also be replaced every 7 to 10 years.

Frames

Similar to the spacers, the material chosen for the frame of the window can greatly affect the
performance of the window. Typical frame materials include wood, metal, and composite
polymers. Because the frame is more-visible than the spacer, however, the choice of frame
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type is also influenced by style and maintenance needs. Wood and composite frames are
generally more energy-efficient than metal frames. However, the strength of metal frames
is often needed for commercial construction, especially high-rise construction.

Type of window systems

There are several types of window systems available. The choice of window type typically
depends on several factors such as cost, aesthetics, energy efficiency, and others. Descrip-
tions of some common window types are listed in the following.

Awning window: This type opens and projects outward from a hinge at the top of the
window.

Casement window: This type opens and projects either inward or outward from a hinge
at the side of the window.

Curtain wall: This type of window is so large that it is considered a wall, but one that car-
ries no loads (the roof nor the floors) from the building and only the dead load of the wall
itself. Typically, curtain walls are constructed entirely of glass and a metal frame. The glass
is predominantly clear glass with portions that can be translucent or opaque.

Double-hung window: These windows have two sashes in a frame that are operable.

Single-hung window: For this type, only one of the two sashes in the frame is operable
while the other is fixed.

Skylights: These window types are typically flat glass or domed composite panels that are
placed on the roof in either a flat or angled position. They may be operable or fixed.

Storm window: This is actually an attachment that is mounted either inside or outside of
a window to create an air space.

Transom window: These windows are inoperable, and are usually installed above a door
or another window.

Performance

The energy efficiency of fenestration is largely determined by its U-factor and its SHGC.
For most windows, these values include the effects of the glazing and the frame. Lower
U-factors provide greater resistance to heat flow, which means they are better insulating.
An example of typical U-factors are shown in Table 5, which were taken from the ASHRAE
Handbook of Fundamentals, with typical values ranging from 0.20 to 1.20.

U-factors for operable windows are greater than those for the same window that is fixed
(not operable). Operable windows are also generally more expensive. Some designers
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therefore specify fixed windows for their reduced cost. However, operable windows pro-
vide a benefit in passive ventilation and a connection to the outdoors for occupants, es-
pecially in schools and residential settings including residential healthcare facilities. Oper-
able windows also serve a valuable role in resiliency when there are power outages due
to storms.

SHGC values range from 0 to 1, with 0 meaning no heat gain and 1 meaning 100% heat
gain. In commercial buildings, higher internal gains from lighting and equipment often
mean air-conditioning loads for many months of the year even in colder climates. There-
fore, ANSI/ASHRAE/IES Standard 90.1 and the IECC require an SHGC of 0.45 or less for
northern climates and an SHGC of 0.25 or less in southern climates. North facing windows
have less solar heat gains and higher SHGCs are often more energy-efficient and desirable.
However, for ease of construction and to avoid differences in perceived window tinting on
different sides of building, the same SHGC is usually specified for all four sides of a build-
ing. Permanent projections (horizontal overhangs) can be used to help meet the solar heat
gain coefficient (SHGC) requirement when using ANSI/ASHRAE/IES Standard 90.1-2013
and the IECC.

Windows must have an NFRC label to meet the requirements of ANSI/ASHRAE/IES Stan-
dard 90.1, the IECC, or Energy Star. The label includes important performance characteris-
tics of the window. The label is required to include the U-factor and SHGC values, as well
as the Visible Transmittance (VT) value, which is a measure of the amount of light in the
visible spectrum that comes through the product. VT values range from 0 to 1, with 1 cor-
responding to the most light available for daylighting.

Two optional performance ratings on the NFRC label are air leakage rate and condensation
resistance. Air leakage rate of the product is a measure of the amount of outside air that
can enter the building through the product. Typical air leakage values range from 0.1 to 0.3
cfm/ft2. Condensation resistance factors (CRF) range from 0 to 100, with greater numbers
meaning better resistance to condensation formation.

The principal potential moisture problems with windows are the following:
1. Poor sealing of the wall air barrier and vapor retarder at window joints with the wall.
2. Penetration of rainwater into the wall construction beneath the windows.

3. Condensation of moisture or frost formation on the inside of windows in cold weather
and subsequent drainage of the water onto the sill and into the wall construction.

4. Excessive leakage of warm moist air into the building in summer weather to add to the
air conditioning load.

Air barriers and vapor retarders must be carefully sealed at window openings to prevent
air leakage into wall construction at the window frames. Likewise the design of window
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sills and the sealant techniques must be such that rainwater drainage is diverted to the
outside without wetting the insulated construction beneath the windows. This requires
that thermal insulation be held away from the collecting surface so moisture can proceed
down to collection systems without wetting the insulation. Impaling pins allow this to be
accomplished easily, and they are available with shoulders holding back-up discs and in-
sulation away from the panel.

Double and triple glazed windows should be used in Climate Zones 4, 5, 6, and 7 where
there are extended periods of cold weather to reduce surface condensation and drainage.
An indoor relative humidity of 40% can be maintained without excessive condensation on
double-glazed windows for outside temperatures down to 15°F (approximately the design
temperature for Washington DC in Climate Zone 4). For Climate Zone 5 and colder zones
the indoor relative humidity needs to be kept much lower - at 20% RH or lower - at de-
sign temperatures. At colder temperatures indoor RH levels are generally lower and but
the potential for condensation still remains. Windows with argon fill allow for colder tem-
peratures before condensate accumulates. The ASHRAE Handbook: Fundamentals provides
more guidance on potential condensation. The drainage of window condensation should
not be allowed to remain on the window sills or to run down the inside walls. Windows
in hospitals and swimming pool areas as well as indoor spaces with additional moisture
from humidification are exposed to higher than average indoor RH levels in cold climates
and must be carefully designed to prevent condensation. Moisture-resistant or insulated
window sills offer preventative solutions against sill damage; condensation generally does
not cause damage to non-wood windows. Test Air leakage is required to not exceed 0.2 or
0.3 cfm/ft?> according to ANSI/ASHRAE/IES Standard 90.1 and the IECC, depending on the
test method. These values are available from the manufacturer.

The window-to-wall ratio (WWR) is the area of vertical fenestration divided by the total
wall area. In general, a reduction in the WWR will save energy because of the much higher
thermal resistance of most opaque walls compared to windows and the reduction in solar
heat gains to indoor spaces, especially on the east- and west-facing sides of the building.

In warmer climates, typically defined as climate zones 1, 2, and 3, there are several design
options related to windows to improve the energy efficiency of the building. They include:

«  Providing overhangs to reduce solar heat gain for south-, east-, and west- facing windows;
«  Providing vertical fins to reduce solar heat gain;

«  Orienting and elongating the building in the east-west direction to maximize win-
dows to the south, which can be easily shaded, and the north and minimize windows
on the east and west faces; and

+  Selecting windows with low SHGCs, especially for the east - and west-facing windows
where solar heat gains are greatest.

Page 72 DN-15 Energy Conservation and Condensation Control



In colder climates, typically defined as climate zones 5 through 8, there are several design
options related to windows to improve the energy efficiency of the building. They include:

«  Maximizing the south-facing windows by orienting and elongating the building in the
east-west direction, and

«  Using passive solar techniques and thermal mass, such as that in precast concrete, to
absorb solar heat gain.

Code requirements

Minimum requirements for fenestration are typically mandated by the local jurisdiction.
Depending on the local code or standard, requirements can vary widely and are deter-
mined by the type of fenestration, building type, and climate zone. Most commonly,
ASHRAE 90.1, Energy Standard for Buildings Except Low-Rise Residential Buildings, or the In-
ternational Energy Conservation Code (IECC) contains the fenestration requirements and,
either prescriptive or performance requirements are be options. Prescriptive requirements
are typically easier to determine and enforce, yet do not always take into account the nu-
ances of more-sophisticated designs. Performance paths take more time to document and
model, but may better calculate actual energy efficiency. The performance path must be
used when the WWR is greater than 40%.

ASHRAE 90.1-2013

In Section 5, Building Envelope, ASHRAE 90.1-13 contains a set of mandatory provisions,
including the air leakage (Section 5.4) as well as the NFRC testing and labeling require-
ments (Section 5.7 and 5.8) previously discussed. The two possible compliance paths to
meet the requirements of the standard in Section 5 are:

«  The prescriptive building envelope option detailed in Section 5.5, consisting primarily
of requirements in tables based on the climate zone

«  The building envelope trade-off option detailed in Section 5.6, which allows the use
of COMcheck, which has been previously discussed. COMcheck allows building enve-
lope and other trade-offs. For instance, better windows can be used in order to reduce
the insulation levels in walls, or more insulation can be used in walls in order to use
windows that do not meet the requirements in the prescriptive tables.

The prescriptive building envelope option is not available to those projects with fenestra-
tion areas that exceed:

. 40% of wall area for vertical fenestration, and

« 3% of roof for skylights. The skylight area is allowed to be increased to 6% if the build-
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ing meets certain daylighting requirements including a certain amount of daylit area
and daylight-responsive lighting controls.

When the building exceeds these thresholds, the performance path in Chapter 11 or Ap-
pendix G must be used. The performance path has been previously discussed. In prescrip-
tive section 5.5.4.5, ASHRAE 90.1 also encourages buildings to have less window area on
the east and west than on the north and south. Specifically, it requires that less than 25%
of the window area be oriented to the west and less than 25% of the window area be ori-
ented to the east. There is also a provision to allow for reducing the SHGC of west and east
facing windows to meet the requirements if the first option cannot be met.

The prescriptive tables in Section 5.5 contain the maximum U-factors SHGC for building
envelope fenestration compliance. The maximum U-factors and SHGC for climate zones
2 and 5 are presented in Tables 17 and 18 in this document. The prescriptive tables for
all climate zones also require that the minimum ratio of VT to SHGC be 1.1 for all vertical
fenestration. This ensures a minimal amount of daylighting.

IECC

The 2015 IECC also allows compliance through the prescriptive tables or the performance
method. COMcheck can also be used for compliance with the IECC. In addition, the IECC
allows a component performance alternative trade-off methodology in section C402.1.5.
This allows trade-offs using hand calculations or a simple spreadsheet. The previously dis-
cussed mandatory air leakage requirements are covered in Section 402.5 and the NFRC
testing and labeling requirements are covered in Section C303. For the prescriptive re-
quirements, fenestration that is part of the building thermal envelope must meet the re-
quirements of Section C402.4. Maximum U-factors and SHGC for building envelope fenes-
tration are included in Table C402.4 of the 2015 IECC. The maximum U-factors and SHGC
for climate zones 2 and 5 are presented in Tables 17 and 18 in this document.

There is an additional requirement for commercial buildings when the area of vertical fen-
estration and skylights exceed that which is outlined in section C402.4.1:

+  30% of gross above-grade wall area for vertical fenestration
+ 3% of gross roof area for skylights

In structures where the maximum fenestration area is exceeded, the building and thermal
envelope must comply with the requirements of ANSI/ASHRAE/IESNA 90.1 or the perfor-
mance requirements of the IECC. In the 2015 IECC, these maximum areas can be increased
to 40% and 5% for vertical fenestration and skylights, respectively, if additional daylighting
requirements are met. These include a certain amount of daylit area, daylight-responsive
lighting controls, and a minimum ratio of VT to SHGC of 1.1 for all vertical fenestration.
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When the building exceeds any of these area thresholds, the performance path in Section
407 must be used. The performance path has been previously discussed.

Table 17 Maximum U-factors and SHGC values for nonresidential buildings in climate zone 2

2015 IECC ASHRAE 90.1-13

Climate zone

U-factor

Fixed fenestration 0.50 0.40° 0.57¢

Operable fenestration 0.65 0.40°

Entrance doors 0.83 0.40°

SHGC

Orientation? SEW N n/a

PF<0.2 0.25 0.33 0.25¢

0.2 <=PF <0.5 0.30 0.37 seed

0.5 <=PF 0.40 0.40 seed
s ]

U-factor 0.65 0.65

SHGC 0.35 0.35

Notes: n/a = not applicable; PF = projection factor.

2“N" is north facing vertical fenestration within 45 degrees of true north. SEW indicates south, east, and west oriented vertical fenestration.

For projects in the northern hemisphere located south of the tropic of cancer, such as in Hawaii, use the requirements for SEW for all orienta-

Ell?l':)?;n:etal framing

<Metal framing

490.1 allows reduced SHGC for projections using a different methodology.

Table 18 Maximum U-factors and SHGC values for nonresidential buildings in climate zone 5

2015 IECC ASHRAE 90.1-13

Climate zone

U-factor
Fixed fenestration 0.38 0.32° 0.42¢
Operable fenestration 0.45 0.32° 0.50°
Entrance doors 0.77 0.32° 0.77¢
SHGC
Orientation? SEW N n/a
PF<0.2 0.40 0.53 0.40¢
0.2 <=PF <0.5 0.48 0.58 seed
0.5 <=PF 0.64 0.64 seed
U-factor 0.50 0.50
SHGC 0.40 0.40
Notes: PF = projection factor.
2“N"is north facing vertical fenestration within 45 degrees of true north. SEW indicates south, east, and west oriented vertical fenestration.
For projects in the northern hemisphere located south of the tropic of cancer, such as in Hawaii, use the requirements for SEW for all orienta-
tions.
> Nonmetal framing
<Metal framing
490.1 allows reduced SHGC for projections using a different methodology.
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RIGID INSULATION
ADHESIVE DAUBS -

NOT RECOMMENDED

ADHESIVE GRID

BETTER METHOD

FULL ADHESIVE BED

RECOMMENDED METHOD

Application of Insulation

Where insulation is required on a precast concrete wall, it may be applied to
the panel (normally to the interior surface) or it may be fully incorporated in
the panel, resulting in a sandwich wall panel.

There are several approaches for the application of insulation to large flat
surfaces:

1. Supplementary framing (e.g. steel studs) can be added to provide cavi-
ties for the installation of batts or rigid insulation and to support subse-
guent components of the assembly. There should be an air space between
the framing and the panels to minimize thermal bridging. Additionally,
batts and other moisture sensitive materials should never be in contact
with concrete, especially concrete that is subjected to wetting by rain or
other sources of moisture.

2. Rigid insulation can be fastened to concrete surfaces with adhesives, by
impaling it on adhered pins (“stick clips”), and with various types of furring
and mechanical fasteners.

Adhesives: This is the most obvious method of fastening anything to a
large flat surface and there are a number of adhesives available for this use.

Figure 32 Application of rigid insulation with adhesives.
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Selection of the proper adhesive is important. It should be compatible with
the type of insulation being used. The vehicles or thinners in some adhe-
sives will attack foam plastic insulation. Also, some protein-based adhesives
can provide nutrition for fungi and other micro-organisms unless they have preservatives
included in their make-up.

The adhesive should not be applied in daubs. The use of daubs of adhesive creates an air
space between the surface and the insulation. If the insulation is on the inner surface of
the assembly, warm moist air circulating in this space will cause condensation. If the insu-
lation is on the outer surface of the assembly, cold air circulating in this space will “short
circuit” the insulation.

It is better to apply a full bed of adhesive or a grid of beads of adhesive, Figure 32. A full
adhesive bed is the preferable method from an adhesion point of view but it may act as an
additional vapor retarder preventing drying of any moisture which penetrates the interior
concrete or vapor retarder. In this situation therefore the grid approach should be used.

Stick Clips: These are thin metal or plastic pins with a large perforated flat head at one
end. The head is fastened to the concrete surface with a high quality adhesive which keys
into the perforations. The clips are applied in a grid pattern, then the insulation is impaled
on the pins and secured in place with a type of spring washer which is simply pushed over
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the end of the pin against the insulation. Sharp “teeth” on the washer
grip the pin, Figure 33. Although this method also relies on adhesive,
the entire surface does not have to be covered, thus making it easier
to clean the surface and permitting the use of high performance (and
hence costly) adhesives. As previously discussed, this method will re-
duce the R-value of the insulation. For example, pins representing 0.06%
of aninsulated panel area can reduce the panel R-value by 6%. Insulation
would retain its full R-value if plastic pins are used. Care should be taken
to avoid creating an air space between the concrete and insulation.

Furring Systems: There are a number of types of plastic, wood or metal
furring, which can be applied over the insulation and fastened, through
it, to the concrete surface. Figure 34 illustrates one of the approaches.
The furring is usually applied along the joint between two insulation
boards so that one piece of furring contributes to the support of two
insulation boards. Depending on the size of the insulation boards and
the amount of support required by any subsequent finish, furring may
also be applied in the middle of the insulation boards. Metal furring will
decrease the effectiveness of the insulation and may also require special
preparation of the insulation. The decrease in the R-value of the insula-
tion due to metal furring can be determined using Table 8. The insula-
tion may be held in place temporarily prior to application of the furring
by light daubs of adhesive. These should be very light to avoid holding
the insulation away from the surface as discussed above in the section
on adhesives.

The furring can be fastened with power-driven fasteners or a special
type of concrete nail, which is driven into a predrilled hole. The available
length of fasteners usually limits the thickness of insulation to about 4 in.
Where this method is used to apply insulation to the inside of a wall, the
interior finish is applied by screwing or nailing it to the furring members.

Insulation may be plant or jobsite applied:

1. Mechanical: Most commonly performed at jobsite. If done in pre-
cast concrete plant, see note below.

2. Adhesive: As above.

3. Spraying: Normally accomplished at jobsite after installation. If done
in precast concrete plant, see note below.

4. Poured: Face to be insulated must be face-up during casting. Bulk-
heads permit simple application of insulation following concrete
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Figure 33 Use of stick clips to install rigid insulation.
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Figure 34 Furring systems.
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Figure 35 (ladding erected over previously erected wall.

casting and initial curing. Very lightweight concrete mixes should be checked for vari-
ation due to shrinkage to avoid possible delamination. For soft insulations the note
below is also valid.

5.  Wet Application: Insulation should have a bondable surface. Shear ties should be used
between concrete and insulation.

Note: For all insulation applied in the precast concrete plant, by whatever method, the
initial cost saving in application should be weighed against the cost of added protection
during handling and transportation and possible protection against inclement weather.
The latter will depend mostly on the type of insulation used.

Where precast concrete cladding is applied over a previously erected wall, as would be the
case with (Fig. 35) a concrete end shear wall, it is necessary to leave holes in such walls
for access to the connection points for the precast concrete panels. Care must be taken in
filling these holes after the precast concrete panels are installed in order to maintain the in-
tegrity of the envelope’s airtightness and thermal resistance. The thermal consideration is
especially true where the insulation is installed on the outer surface of the inner wall prior
to erection of the precast concrete panels, when recommended to avoid thermal bridges
at the slabs. One solution is to fill around the panel connections with pre-packaged foam-
in-place urethane. The effect of these holes on the envelope’s airtightness will be less of
a concern where the approach of treating the interior finish as the primary air barrier is
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adopted. This is not to suggest that the holes should not be properly sealed when this ap-
proach is adopted. They also represent weaknesses in the wall’s secondary line of defense
against rain penetration. Access to the back of the panels for sealing the joints is not a
problem where the inner wall is erected after the precast concrete panels, and where the
inner wall is a steel stud type, or where there is no inner wall. This, of course, assumes the
panel joints are offset from the slabs and cross-walls or exterior columns.

Precast Concrete Sandwich Panels

Precast concrete sandwich wall panels can provide an aesthetically pleasing, durable ex-
terior finish, a paint-ready, durable interior surface, and effective thermal and moisture
protection for a building.?’ Such panels normally comprise an exterior layer (or wythe) of
concrete, a layer of insulation, an interior layer of concrete, and a connection system pass-
ing through the insulation, tying the layers of concrete together. If required, the panels can
also include an external air layer so that they can function as part of a rain-screen system.

Precast concrete sandwich walls are ideally suited for energy conservation. In addition to
the low thermal conductivity (high R-value) of the included insulation layer, concrete sand-
wich walls include the mass and heat capacity of concrete, providing thermal damping
(Mass Effect—See page 23). A range of R-values can be obtained by varying the insula-
tion thickness and material or, in some cases, by varying the unit weight of the concrete.
The effects of thermal damping can vary with the climate and the building use. However,
a concrete sandwich wall will almost always provide both reductions and delays of the
peak loads affecting a building. Therefore, even with equal R-values, a concrete sandwich
wall will provide greater energy savings than a wall constructed of lightweight (low mass)
materials. This effect is recognized by the major building codes and can be considered
during the panel design. In addition to providing insulation for the building, sandwich
panels must resist structural effects, including lateral forces, gravity loads, and tempera-
ture effects. Lateral forces may include seismic, wind, soil, and blast effects. Gravity loads
can include self-weight, as well as loads imposed by floor or roof structures. Temperature
effects arise due to the natural temperature differential that will occur through the thick-
ness of the sandwich panel, as well as the temperature gradients that must occur through
the thickness of each concrete layer.

In general, sandwich panels are considered as loadbearing or as cladding (or curtainwall)
panels. Loadbearing panels are designed to effectively act as slender columns, transferring
floor, roof, and self-weight loads to foundation or supporting structures. In contrast, clad-
ding panels are designed to transfer only their self-weight to foundation or supporting
structures. Both panel types must be designed to resist lateral forces applied normal to the
plane of the panel and may be designed to resist in-plane forces applied by roof or floor
diaphragms.
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Figure 36 Insulated sandwich wall panels. University of Kentucky Albert B. Chandler Hospitals Pavilion A, Lexington, Ky., GBBN Architects and AECOM, Inc.

Unlike panels with post-installed insulation systems, precast concrete sandwich panels pro-
vide protection to the insulation layer against flames and heat. They therefore limit the pro-
duction of toxic gases during building fires and do not promote the spreading of flames to
adjacent components. Also in contrast to panels with post-installed insulation systems, pre-
cast concrete sandwich panels protect the insulation against rodent and impact damage.
Finally, in contrast to panels with interior, post-installed insulation, properly detailed pre-
cast concrete sandwich panels do not create conditions that support mold growth because
the insulation is encapsulated, which is not the case with field applied insulation systems.

The 15-story hospital pavilion in Figure 36 features 1758 panels with edge-to-edge continu-
ous insulation. The panels consist of a 3-in.-thick front wythe of concrete that features a %-in.-
thick layer of embedded thin brick with a blend of five types of brick textures and colors,
2 in. of polyisocyanurate insulation, and an interior, 4-in.-thick structural wythe. The panels
typically were 6 ft 8 in. tall and 36 ft long.

The use of insulated architectural precast concrete panels for a military academic facility,
Figure 37, afforded several advantages over other types of cladding. It was a cost-effective
system, providing both the exterior and interior finish. The interior surface was given a
light broom finish and painted. Also, overall construction time was reduced due to rapid
installation of the panels.

Figure 38 is a six story pre-sentencing facility for temporary housing of inmates. The build-
ing uses precast insulated concrete sandwich panels that have an architectural appeal to
blend with corporate office buildings in the immediate vicinity. The precast insulated pan-
els incorporated 2 in. of rigid insulation between a structural wythe of 5 in. and an ar-
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chitectural wythe of 4 in. Thin desert ironspot
brick was cast in for contrast to the light-beige
precast concrete mix. Banding which incorpo-
rated black glazed brick was used to mask the
horizontal prison cell windows. Cell areas uti-
lized the thermally efficient panel as the inte-
rior surface in inmate cell areas.

Seven shades of terracotta were embedded
into 19,200 ft? of 12-ft-wide precast concrete
panels with continuous edge-to-edge and
top-to-bottom insulation, Figure 39.The 4-3-4
panels with extruded polystyrene achieve an
R-value range of 16.37 to 17.65. The interior Figure37 Insulated sandwich wall panels with exposed interior Academic Facility for the John F. Kennedy
faces of the panels were left exposed in many Special Warfare Center Fort Bragg (Fayetteville), NC. LS3P Architects, Ltd.

areas. The precast concrete system yielded no-
table cost savings (over 25% over a traditional
rain-screen terracotta system.

Because of their unique construction, concrete
sandwich panels can act as their own insulated
foundation walls, extending directly from the
supporting footing. This is important in reduc-
ing heat losses to the ground, especially where
deep frost lines prevail. Also, by allowing the
roof connection to be contained on the inte-

rior layer only, sandwich panels can provide a
continuous insulation envelope, even at the
roof-to-panel connection.

Concrete sandwich panels can be designed to
act as highly composite, partially composite, Figure 38 Insulated sandwich wall panels with exposed interior. Morris County Correctional Facility, Morris
or non-composite wall elements, Figure 40. Township, NJ. Hellmuth, Obata & Kassabaum.

The internal forces within the concrete lay-

ers of sandwich panels comprise axial forces as well as bending moments. The amount

of composite action is a function of both the rigidity and the locations of the inter-layer

connectors. More rigid connectors allow a greater percentage of the external forces to

be resisted by axial loads within the concrete layers (creating a couple). As the rigidity

of the connector system is reduced, the portion of external load resisted by axial loads is

also reduced, leading to a reduction in strength. Further, as the rigidity of the connector

system is reduced, the shear displacement between concrete layers increases, leading to

significantly reduced panel stiffness.
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Figure 39 University of Missouri Henry W. Bloch Executive Hall, Kansas City, Mo., BNIM Architects/Moore Ruble Yudell Architects &

Planners. Photo: Ashley Streff.

As indicated previously, highly composite panels are constructed with rigid inter-layer
connectors. A common rigid connection system comprises distributed steel elements re-
sembling bar joists, with a chord member embedded in each concrete layer and with web
members crossing the insulation plane. Another common rigid connector system com-
prises discrete, through-thickness solid sections distributed along the panel length and
width. Although a highly composite panel normally provides the lightest and thinnest wall
section for resistance of lateral or gravity loads, the negative effects of the resulting ther-
mal bridges (reduced thermal performance of panels as well as creation of zones of surface
condensation) must be evaluated by the design team. Carbon fiber wythe ties have negli-
gible thermal transmittance

Depending on the rigidity of the connector system (ties or ribs), wythe interaction may
be total or partial. Non-composite panels, Figure 40a, are those in which one wythe is
supported from the other by relatively flexible ties, and/or hangers, allowing differential
movement of the wythes with changing temperatures and humidity conditions. Non-
composite panels with an air space allow for ventilation of the outer wythe and pressure
equalization. For non-composite panels, one wythe is usually assumed to be “structural”
and all loads are carried by that wythe. The structural wythe is normally thicker and stiffer
than the non-structural wythe, and is usually located on the interior (warm) side of the
panel to reduce thermal stresses due to temperature variation. Occasionally it may be the
exterior wythe, particularly in the case of sculptured panels such as ribbed panels, that
serves the structural function. Note that metal ties or concrete that penetrate the insula-
tion may reduce its R-value.

For equal overall thickness of panel, a composite element (Fig. 40b) will have greater lat-
eral stiffness. However, because the deformation of the outer wythe will affect the inner
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Figure 40 Non-composite and composite insulated panels.

wythe, experience indicates that the lateral bowing of composite panels with mild steel
reinforcement is less predictable than that of non-composite panels. While the introduc-
tion of prestress in both wythes of a composite panel has no effect on thermal bowing,
it can be used to induce an inward bow to counteract the tendency of the panel to bow
outwards, thus improving the behavior of the element. While this is difficult to calculate, it
is a workable solution used successfully by experienced precasters. Note that the thermal
bowing can be reduced by the use of low thermal expansion aggregates such as limestone
and basalt.

Panels with full thicknesses of concrete, or openings with surrounding full thicknesses of
concrete, are not recommended because:

1. Thefull thicknesses of concrete act as restraints between the two concrete layers, each
of which is subjected to significantly differing deformations, thus developing forces
that may lead to cracking if the panel is not prestressed. This is true of any composite
panel. It should be noted that the degree of composite action cannot be established
accurately by analysis.

2. The full thicknesses of concrete without insulation act as significant thermal bridges
and will reduce the insulating effectiveness of the panel, as well as possibly causing
local condensation and discoloration.

Some precasters have reported successful use of panels with concrete at full thickness at
top and bottom only. Such an arrangement provides less restraint than a full thickness of
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concrete on all sides; however, it is suggested that this be used with caution and be based
on previous experience.

A more satisfactory arrangement, where solid concrete is required for bearing, is to pro-
vide freedom of movement at the other three sides, as shown in Figure 40b. Precasters
who advocate the use of non-composite sandwich panels emphasize the advantage of
the structural wythe being protected by the insulation from extremes of temperature, thus
minimizing the bowing of the structural wythe and eliminating thermal stresses in the
structure. The exterior wythe is free to expand and contract with variations in temperature
and thus will remain crack-free.

Precasters who advocate the use of composite panels point out that the structural wythe
of a non-composite panel must carry all of the applied loads in addition to the weight
of the other wythe thus increasing overall dimensions, weight, and expense, whereas a
composite panel can be designed to share the loads between the wythes thus reducing
dimensions, weight and expense.

Insulation and concrete thermal properties were discussed beginning on page 12. The
insulation should have low water absorption (ideal) or a water-repellent coating (less than
ideal) should be used to minimize absorption of water from the fresh concrete, as this can
have an adverse effect on the performance of the insulation. In all cases, rigid cellular in-
sulation used in sandwich panels should not be moisture sensitive. Extruded polystyrene
board insulation (XPS) is moisture resistant.

The physical properties of the insulations typically used in sandwich panels are listed on
Table 19a. Note that expanded polystyrene and extruded polystyrene board insulation
have different thermal and physical properties. Expanded polystyrene (EPS) or bead board
is composed of small beads of insulation fused together. Extruded polystyrene (XPS) is usu-
ally pigmented blue, pink, or green, and has a continuous closed cell structure. XPS gener-
ally has a higher thermal resistance, higher compressive strength, and reduced moisture
absorption compared to EPS. The ASTM references of these insulations are listed in Table
19b. In some facilities, sandwich panels are exposed to extremely high interior operating
temperatures. The physical property of an insulation to withstand these temperatures can
cause the panel to fail to perform as intended throughout the lifetime of the building.
For instance, polystyrene insulation has a relatively low melting temperature. This type
of insulation will begin to shrink and warp when temperatures reach 165°F. Selection of a
protected polyurethane or polyisocyanurate insulation with melting temperatures above
210°F can prevent possible structural weakness or thermal instability. Calcium silicate in-
sulations can withstand higher temperatures. The specifier should choose the insulation to
be compatible with and resistant to the conditions to which it will be exposed.
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Table 19a. Properties of insulation.

Polystyrene Polyisocyanurate Phenolic Czlllauslsar
Expanded Extruded Unfaced
Density (pcf) 0.7-0.9 1.1-1.4 1.8 1.3-1.6 1.8-2.2 3.0 2.0-6.0 2.0-6.0 2.0-3.0 6.7-9.2
\\f\fltirq:f’ sorption (% <40 <30 <20 <03 <30 | 10-20 | <30 <05
Comp. strength (psi) 5-10 13-15 25 15-25 40-60 100 16-50 16 10-16 65
Tensile strength (psi) 18-25 25 50 105 45-140 500 60 50

Linear coeff. of Expan-

sion (in/in/°F) x 10-6 25-40 25-40 30-60 10-20 1.6-4.6
Shear strength (psi) 20-35 — 35 50 20-100 12 50
Flexural strength (psi) 10-25 30-40 50 40-50 60-75 100 50-210 40-50 25 60
Thermal Conductivity

(Btu-in/hr/ft2/°F) at 75°F 0.32-0.28 | 0.26-0.25 0.23 0.20 0.18 0.10-0.15 | 0.16-0.23 0.35
Max. use temp. 165°F 165°F 250°F 300°F 900°F

Table 19b. ASTM standard references for various types of insulation.

Type of insulation ‘ ASTM designation ‘ ASTM type
Expanded polystyrene ASTM C578 Types |, II, VI, IX, XI
Extruded polystyrene ASTM C578 Types IV, V, VI, VII, X

Polyurethane ASTM C1029 Types |, I, 11, IV
Polyisocyanurate ASTM C591 Types1,2,3
Phenolic ASTM C1126 Types |, 11, 11l

The thickness of the insulation will be determined by the thermal characteristics of the
material and the design temperatures of the structure. A minimum thickness of 1 in. is rec-
ommended. The deflection characteristics of the inter-wythe connectors should be con-
sidered in relation to the insulation thickness. Although one does not necessarily limit the
other, the two must be designed to be compatible.

Wythe connectors should be installed with minimal voids in the insulation to avoid form-
ing concrete thermal bridges between wythes. Voids should be filled with insulation. Low
conductivity connectors greatly improve thermal performance.

The maximum thicknesses and sizes of insulation commercially available, consistent with
the shape of the panel, are recommended. This will minimize joints and the resulting ther-
mal bridges. Lapped and taped (with a tape that is not moisture sensitive or glued) abut-
ting ends of single layer insulation, or staggered joints with double layer insulation, will
minimize thermal inefficiencies at joints, if desired thickness is not available.

The insulation itself may be capable of transferring a certain amount of shear between the
wythes, the value being dependent upon the thickness and properties of the insulation. It
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may be necessary to break the bond between the insulation and the concrete wythes of
noncomposite panels by physical or chemical methods to eliminate unintended restraint.
This will allow relatively free movement between the wythes for the dissipation of tem-
perature and other volume change stresses. While such bond may be destroyed in time, it
is strongest at the initial stages of casting, when the concrete has its least tensile strength.

Panels may be manufactured by incorporating bond breakers of polyethylene sheeting
or reinforced paper sheets over the insulation, or by applying form release agents to the
insulation or by using two layers of insulation with staggered joints which will allow move-
ment between the two insulation sheets. This intended movement may be inhibited if the
layers are not placed in a level plane. Similarly, the use of sheeting as a bond breaker can be
nullified by unevenness in the bottom layer of concrete and hence the insulation. Under
certain conditions, air gaps may be utilized between the insulation and the outer wythe.
This also ensures prevention of shear transfer.

The use of tape or sheeting to bridge insulation joints with a single layer of insulation
minimizes concrete bridges between the wythes. Polyethylene sheeting on the warm side
of the insulation also serves as a vapor retarder. In this case, it is necessary to seal around
mechanical ties between the wythes to provide continuity of the vapor retarder. It should
be noted that a 3 in. minimum thickness of the inner structural concrete wythe is normally
regarded as a satisfactory vapor retarder, provided that it is quality concrete, has a low
water-to-cement ratio and remains crack-free. Refer to the section beginning on page 38
for appropriate placement of vapor retarders depending on climate.

Wythe minimum thicknesses are dependent upon structural requirements, finish, rein-
forcement protection, handling considerations and past experience. Wythes should be
kept close to equal thicknesses for composite panels.

In order to minimize differential temperature across the thickness of the non-structural
wythe (non-composite panels), it should be as thin as architectural details will permit. A
non-composite panel usually requires a thicker wythe(s) than a composite panel with the
same load and span conditions. The following limitations are applicable:

1. Atthe thinnest point, thickness should not be less than 2 in. but preferably a minimum
of 2.5in. or 1.5 in. without reinforcing bar in the area.

2. Thickness should be sufficient to provide proper reinforcement cover.

3. Thickness should be sufficient to provide required anchorage of the wythe connector
devices.

4. At no point should the thickness be less than three times the maximum aggregate size.

The thickness of the structural wythe should be determined by structural analysis, and by
the need to accommodate architectural details. In general, the structural wythe should
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not be less than 3 in. thick. In certain cases, a thinner wythe may be successfully used with
rather high quantities of reinforcement and with a higher risk of cracking and bowing.
If the wythes are prestressed, the wythe should not be less than 2.5 in. thick. The wythe
thickness may be controlled by the specified fire resistance for the project.

The other limitations listed above for the non-structural wythe also should be considered.
Loadbearing structural wythes are, in most cases, supported at the bottom edge. They
may have a lateral tie near the top and a mid-height connection to the adjacent panels
to prevent differential bowing. Non-loadbearing composite or non-composite panels can
be supported by hanging from suitably designed connections. It is worth noting that top
hung panels eccentrically supported will bow outwards less than bottom supported units.

Panel size. Sandwich wall panels are manufactured in virtually all the same shapes and
sizes as solid panels. In general, the larger the panel, the greater the economy because
there are fewer pieces to form, strip, load, transport, erect, and connect. The maximum
size is limited only by the handling capability of the plant, erection equipment, transporta-
tion restrictions, and the ability of the panel to resist the applied stresses. Local precasters
should be contacted to verify optimal panel configurations. Sandwich panels have been
made as wide as 15 ft and as tall as 75 ft. Overall thickness has varied from 5 in. to greater
than 12 in. Insulation thicknesses have commonly varied from 1 to 4 in.

Special procedures that will reduce the differential shrinkage rate, or differential tempera-
ture rate permit the larger panels. Such procedures include: (1) use of low shrinkage con-
crete, and (2) jointing of the non-structural wythe. Any joints should preferably be com-
plete all the way to the insulation and should be provided at corners of large openings in
the panels.

Wythe Connectors. Wythe connectors serve a variety of functions. If the panel is cast and
stripped in a flat position, the connectors must be capable of resisting the tension cre-
ated between the wythes during stripping. The connectors are also used to transfer wind
and seismic forces between the wythes. In composite panels, the connectors provide re-
sistance to horizontal shear forces between the wythes. In non-composite panels, the type
and arrangement of connectors are detailed to minimize horizontal shear resistance so
that the wythes may act independently. Wythe connectors may also be required to sup-
port the weight of the architectural wythe when the wall panel is bearing only on the
structural wythe. Wythe connectors may be used in various combinations. For example,
in a composite panel design, solid regions of concrete may be used for horizontal shear
transfer while metal C-ties can be used to prevent the wythes from separating. Mechanical
wythe connectors penetrate the insulation and are bonded to each wythe.

Shear connectors are used to transfer (horizontal) shear forces between the two wythes.
Because sandwich wall panels are usually designed as one-way structural elements, hori-
zontal shear forces are generated due to longitudinal bending in the panels. In some cases,
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the shear connectors may be used to transfer the weight of a non-struc-
tural wythe to the structural wythe. Some shear connectors are inten-
tionally stiff in one direction and flexible in the other. These are called
one-way shear connectors. Examples of these are longitudinal steel wire
trusses, M-ties, flat sleeve anchors, small diameter bent bars, and FRP
wythe connectors. These connectors are shown in Figure 41.

Tension connectors are tension elements only and are not capable of
transferring horizontal shear forces between the wythes. They are used
in non-composite panels to transfer normal forces between wythes
- and in composite panels as auxiliary connectors to the shear connec-

tors when the spacing of the shear connectors is large. Because these
: >< - % . connectors are unable to transfer shear, their contribution to composite
1I0EE . o action is usually neglected. Examples of tension connectors are plastic
Sleeve Anchor Expand'ed Metal  Welded Wire pins, metal C-ties, hairpins, and continuous welded ladders. These con-

Truss nectors are shown in Figure 42.

1K

..
..

Figure 41 Typical shear connections. Wire tie connectors are usually 12 to 14 gauge, and preferably of stain-
less steel, Type 304 or 316. Galvanized metal, fiberglass, or plastic ties

_ - : may also be acceptable. Ties of welded wire fabric and reinforcing bars
"E - . - ) are sometimes used. Ties should be arranged or coated so that galvanic reaction be-
IE ; j' tween the tie and reinforcement will not occur. In buildings with high relative humidi-
i B .. ties (over 60%) it may be desirable to use plastic ties to avoid condensation at the tie
= : o locations. Plastic rather than metal ties will maintain the rated R-value of the insula-
Z-Tile Hairpin tion and reduce heat flow through the wall. Consideration may have to be given to

the effect of the plastic tie on the fire resistance of the wall.

General Architectural Design Considerations for precast concrete sandwich panels
are similar to the design of single wythe architectural precast concrete panels. How-
ever, there are some special considerations for precast concrete sandwich wall panels.

Bowing in sandwich panels is a deflection caused by differential wythe shrinkage, ec-
Fiber Tie C-Tie centric prestress, thermal gradients through the panel thickness, differential modulus
of elasticity between the wythes and creep from storage of the panels in a deflected
position. These actions cause one wythe to lengthen or shorten relative to the other.
When wythes are interconnected, such differential wythe movement may result in
curvature of the panel, that is, bowing. Because most sandwich panels exhibit some
degree of composite interaction due to shear transfer by either bonded insulation
and/or by the stiffness of wythe connectors, bowing in all types of sandwich panels
is common.

Figure 42 Tension/compression ties.

Some useful observations made by those experienced with composite sandwich pan-
els are:
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«  Panels bow outwards most of the time.

«  Panels heated by the afternoon sun will bow more than those that are not, that is,
panels on the south and west elevations will bow more than those on the east and
north elevations.

«  Panels bow daily due to transient thermal gradients.

«  Sandwich panels experience a greater thermal gradient than solid panels of equal
thickness. This is due to the superior thermal properties of sandwich panels.

«  Panels stored in a bowed position will tend to remain in the bowed position after erec-
tion. This may be due to “locked-in” creep.

- Differential shrinkage can occur between the wythes due to relative humidity differ-
ences between interior and exterior exposures.

«  Panels containing wythes with different moduli of elasticity, such as panels with wy-
thes containing different concrete strengths but with equal levels of prestress, will
bow due to differential shortening and creep of the wythes after prestress transfer.

In order to maintain integrity of caulking, connections should be detailed so that adjacent
panels move together perpendicular to their plane. The connections should also be de-
tailed so that volume change forces do not build up parallel to the plane of the panels. It
is important that the designer realize that any calculation of anticipated sandwich panel
bowing is approximate. The exact amount of actual bowing cannot be determined. It is
essential that all parties understand there will be bowing, that experience with similarly
configured panels is the best method of predicting the magnitude of bow, and that the
panel connections be detailed accordingly.

For panels with large openings, joints in the outer wythes at the corners of such open-
ing are desirable. These joints should preferably be completely through to the insulation
layer and may subsequently be sealed or treated architecturally, in the same manner as the
joints between panels.

Control joints may be required in large non-composite panels to break the outer wythe
into units which will not craze or crack due to extreme temperature changes, or shrink-
age and creep of the concrete. The pattern for such control joints becomes an important
architectural feature and aligning such joints with adjacent panels must be done carefully.
These can be minimized by having the real panel joint expressed as a recess, but this may
not be possible if the outer wythe is already of minimum thickness. Alternatively, the pat-
tern may be varied and only maintained in alternate panels, so that a small misalignment
will not be noticeable. The problem of crazing or cracking and the need for control joints
in the outer wythe can be reduced by prestressing the panels.

At corners, the bowing of panels perpendicular to each other may cause unacceptable
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Figure 43 Corner variations of sandwich panels.
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separation and possible damage to the joint sealant. It may be desirable to restrain bow-
ing at the corners with one or more connections between panels or to a corner column.
Good corner details are essential and should be carefully detailed, Fig. 43. Mitered corners
should have a quirk detail and be restrained with the panels adequately prestressed or
reinforced to resist the restraint forces. The panel-to-panel connections should be detailed
to minimize significant in-plane volume change restraint forces. Corner panels are not easy
to weatherseal even with returns as the bowing will be in different planes. In addition, the
panel with even a small return will be stiffer than its neighbor, and both joints on either
side of a corner may suffer. A separate corner unit, which is not necessarily flush with the
adjacent panels, can be effectively used to camouflage bowing in the two different planes.

If other materials are incorporated in a wall with precast concrete sandwich wall panels,
no attempt should be made to make this material flush with the concrete surface, as it
is unlikely that this material will act and bow exactly like the concrete panels. Anything
connected or adjacent to the sandwich panels must be able to accommodate such move-
ment. If it is essential that they are in the same theoretical plane, it is suggested that they
be framed around with material which is not flush with the walls, similar to suggestions
for corner columns. A door or window frame can be attached to the inside wythe since the
movement is confined to the exterior wythe.

Window frames should have thermal breaks between the exterior frame and the interior
frame. Although extruded aluminum window frames are more commonly used in precast
concrete cladding, other framing materials such as aluminum-clad wood, vinyl, fiberglass,
or aluminum with a thermal break, will experience less heat loss through the frame. A
substantial part of the total heat loss through a window can occur through its frame. Care
must also be taken to avoid placing moisture sensitive materials in contact with concrete.
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Disclaimer

The recommendations and details presented in Figures 19-30 are based on specific
analyses, engineering judgment, and best-available practices at the time of publication.
Performance testing of the details has not been performed. Detail drawings are provided
in order to assist competent professionals in the detailing of the building insulation en-
velope. Reinforcing designations, structural connections, wythe thickness, and insulation
indicated in the drawings are to be used for reference only and are not intended to substi-
tute for project specific judgment. PCl makes no warranties, either written or implied, of
details provided.
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About AIA Learning Units

Please visit www.pci.org/elearning to read the complete article, as well as to take the test
to qualify for 1.0 HSW Learning Unit.

The Precast/Prestressed Concrete Institute (PCl) is a Registered Provider with both the American Institute of Architects (AlA)
and the National Council of Examiners for Engineers and Surveyors (NCEES). Continuing education credit is reported to both
agencies.

All certificates of completion, for architects and for engineers, will be available from the Registered Continuing Educa-
tion Provider (RCEP) web site at www.rcep.net. PCl reports data twice per month so you should see your credits appear
(and your certificate will be ready) within 30 days of our receiving your completed quiz.

If you are new to the Registered Continuing Education Provider system, www.rcep.net will email you a welcome email
when PCl uploads your data. That email will contain your account password. Your login name at www.rcep.net will be
your email address, so you must include it when submitting your completed quiz.

Instructions
Review the learning objectives below.
Read the AIA Learning Units article. Note: The complete article is available at www.pci.org/elearning.

Complete the online test. You will need to answer at least 80% of the questions correctly to receive the 1.0 HSW Learning
Units associated with this educational program.

Learning Objectives:

After reading this article, readers will be able to:

1. Discover how to control energy and manage moisture in an envelope system.

2. Understand the various codes that are applicable for wall systems.

3. Develop a deeper understanding of the insulation systems for walls and R-values and U-factors.

4. How to create an air barrier system within one building envelope system.

Questions: contact Education Dept. - Alex Morales, (312) 786-0300, Email amorales@pci.org
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