CASE STUDY 2

9 Case Study 2: Design Guidelines for Internally
Insulated Basement Walls

9.1 Description

9.1.1 Objectives

This case study is conducted to develop strategies for designing improved
internally insulated basement walls. The majority of houses in North America have been
built with poorly designed basement walls with highly vapour permeable internal
insulation. Conventional basement construction has experienced serious interstitial
material deterioration problems. Hence, the improvement of these existing basement walls
is desirable. The performance of two different systems which use low vapour permeance
insulation are investigated in this chapter. This case study is an application of 1-D steady
state hygrothermal analysis which includes the thermal mass effects of soil and concrete

walls associated with monthly exterior ambient temperature changes and soil depths.

9.1.2 Problem Definition

A house located in Toronto, Canada, with a 7 m X 7 m plan is considered. The
basement floor is at a depth of 2100 mm below grade and the wall ends 200 mm above

grade.

9.1.2.1 Basement Wall Sections

Three basement wall systems are proposed as shown in System 1
represents a typical basement wall, which is constructed with batt insulation in a wood
frame. A vapour barrier is installed behind the interior finish (gypsum wall board) to
reduce outward vapour flow. Systems 2 and 3 are suggested as an improvement of System
1. For System 2 EXPS insulation of 19 or 38 mm is applied between the concrete wall and

the batt insulation. EXPS insulation is expected to act as a vapour retarder to decrease the
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inward vapour flow from the soil and as insulation to increase the interstitial temperature
and hence avoid interstitial condensation. System 3 employs 89 mm of EXPS insulation
and an air space without batt insulation. The air space between the EXPS insulation and
gypsum board is designed to allow services to be distributed. All systems are assumed to

have a perfect air barrier system.
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System 3: EXPS insulation and air space

Figure 9-1. Three representative basement wall systems (Note: all units are in mm)
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The specific thickness of the layers in Figure 9-1]are:

« Gypsum board, t=12.7 mm,

« Polyethylene, t = 0.15 mm or none,

« Fibre glass insulation, t = 89 mm with wood stud, 38 x 89 mm and/or

EXPS insulation, t = 19, 38, or 89 mm,

+ Concrete, t =200 mm, and

«  Damp proofing (t < 1 mm).

Material properties used in the analysis are summarized in [[able 9-1

Table 9-1. Material properties [Kumaran 1996 and ASHRAE 2001]

Layer Property Value Units

Gypsum board | Thermal conductivity | 024 ] WimK
Vapour permeability 22.8 ng/slh[Pa

Concrete | Thermal conductivity | 14~26 | W/mE

2.5 for 70% RH

Vapour permeability 6.3 at 90-100% RH ng/sihPa

Polyethylene | Thermal conductivity | N W/mE
Vapour permeance 4.74 x10™ ng/s(th[Pa

Batt insulation | Thermal conductivity | 004 | W/mE
Vapour permeability 245 ng/sihPa

EXPS type3 | Thermal conductivity | 034 | W/mE
(Rigid insulation) | Vapour permeability |1 for t=19 and 1.7 for t=38 | ng/sih(Pa

Damp proofing | Thermal conductance | 02 | W/mE
Vapour permeability 0.004 ng/sihPa

9.1.3 Boundary Conditions

The analysis assumes that the interior basement space is maintained at 20°C and

40 ~ 60% RH. Interior RH is assumed to be 40% in winter, 50% in spring and fall, and

60% in summer.
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Exterior monthly mean temperature is used for the exterior boundary condition
since the thermal mass of soil and concrete walls reduces diurnal and daily fluctuations in
temperature. The monthly mean reference year weather data recorded for 54 years
[www.weatherbase.com] as shown in [Table 9-2]are utilized in the analysis of the above-
grade portion of the wall.

Table 9-2. Monthly mean reference year weather data [www.weatherbase.com|

Month | 1 2 3 4 5 6 7 8 9 10 11 12

Temperaturei -5 -6 -1 6 12 18 20 19 16 8 2 -3
AveragedRH§79.5 78 75 68 655 66 665 715 75 76 80 81

The thermal mass of the soil is important to the thermal analysis of basement walls
below grade. Because of the large thermal mass of the ground, the soil temperature will
be quite different than the exterior ambient temperature. The thermal mass of the soil
decreases the amplitude of exterior air temperature fluctuation by different amounts at
different depths. It also creates a time lag, which follows exterior air temperature
variations by several weeks to 6 months. For example, at a depth of 3 m, the soil
temperature lags six months behind ground surface temperatures [Hutcheon 1995]. Hence,

a July heat wave can affect the basement floor in January.

Design soil temperatures are crucial unknowns in this analysis since a steady state
calculation can not capture the dynamic thermal performance of basement walls linked to
the adjacent soil. The assumption that soil temperatures measured by others can be used
for exterior boundary conditions to determine the hygrothermal performance of basement

walls is assessed in Section 9.3.1.1.

presents the soil temperature profiles associated with various depths

and months in Toronto, Canada [Atmosphere Environment Service 1984].
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Figure 9-2. Soil temperature associated with depths of soil and months in Toronto,
Canada [Canada Climate Normals, Environment Canada 1984] (The soil
temperature at the depth of 2.0 m is obtained by interpolating between 1.5 and 3 m
depths.)

From Figure 9-2| an approximate soil temperature can be obtained for a given
month and soil depth. This analysis employs both the soil temperatures and the exterior

air temperature as exterior boundary conditions.

The relative humidity of the soil is assumed to be 100%. Basement walls have
another important unknown, which is the moisture storage of the concrete wall. The
concrete wall holds a significant amount of water. When the concrete wall is constructed,
the concrete is placed with water. The initially built-in water (100% RH) in the concrete
wall takes several years to dry out and reach equilibrium with surroundings. Even after
the basement wall reaches equilibrium, the top portion of the basement wall uncovered by

damp proofing may often be wetted by precipitation. For these reasons, the concrete wall
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may be maintained at 100% RH for several years, and stay in the range of 70 ~ 100% RH
for its service life. The analysis is therefore conducted based on three concrete RHs (i.e.,
70, 90, and 100%). A concrete of 70% RH represents a dry wall whereas 100% RH

represents a wet wall and 90% RH represents an intermediate condition.

9.1.4 Goals

The goals of this case study are: (1) to provide a detailed example of a simplified
hygrothermal analysis procedure, (2) to investigate interstitial hygrothermal conditions for
three proposed wall systems as a function of interior conditions, concrete RH, and soil
temperature, and (4) to develop design guidelines to avoid deterioration of basement walls

in a climate such as Toronto, Canada.

9.2 Analytical Approach

The analysis is built on the assumption of exterior boundary conditions. In order to
overcome thermal and moisture storage effects of the soil and concrete, the analysis only
deals with measured soil temperature at soil depths and the moisture content of the
concrete as exterior boundary conditions. Once the boundary conditions are set,
simplified hygrothermal analysis can be used by neglecting liquid moisture transport and
convective heat transfer. Simple serial networks of hygrothermal resistances are
established using the hygrothermal characteristics of the three proposed basement wall
systems. By solving the serial networks, the interstitial RH and temperature are calculated
as a function of exterior temperature (e.g., soil and exterior air), concrete RH, interior

temperature, and interior RH.

9.2.1 Thermal Analysis

illustrates the basic geometry and environments surrounding basement

walls.
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Figure 9-3. Geometry and environmental conditions surrounding basement walls

9.2.1.1 Thermal Resistance

Heat flux through several layers (see Section 3.5) can be calculated as:

q:Q/A:T:CiXAti — Zent  Text

,- S
=
where q = total heat flux through the whole assembly (W/m?),
R; = resistance of the layer i (m2 [K/W),
C; = conductance of the layer i (W/m*[K), and
ti, tent, and texs = temperature of the layer 1, at the entrance and the exit (°C or K).

The overall resistance of the serial paths is obtained from the sum of each layer’s

resistance as:

For the basement wall below grade,

Z Ri = Rin[ +ngpsum +R +Ry + R

insulation RI conc

For the basement wall above grade,
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+ R, + R

conc

+
gypsum insulation Rexl

ZRi = Rint +R +R

where int = interior surface film,

gypsum = gypsum board,

insulation = batt insulation,

RI = polystyrene foam insulation (rigid insulation),
conc = concrete layer, and

ext = exterior surface film.

Interior surface heat transfer coefficients are generally 2 to 8 W/m*[K for vertical
walls. In this analysis, a surface coefficient of 7 W/m’K is used for the interior wall
surface based upon a temperature difference of 2K between the basement air and the
surface (see Section 3.4.1). An exterior surface heat transfer coefficient of 20 W/m*K can
be approximated from Figure 3-4 by assuming a 2 m/s wind speed and no solar radiation

effects.

Choosing thermal conductivity of materials at high RH may be reasonable for the
analysis of basement walls because the walls are surrounded by 100% RH soil and a high
RH concrete wall. Concrete has a thermal conductivity of 1.4 to 2.6 W/m[K depending on
its moisture content. Based on its conductivity at dry conditions, a moisture factor can be
used to modify the conductivity. The moisture factors obtained from Figure 3-11 are 1.45
for 70% RH, 1.5 for 90% RH, and 1.9 for 100% RH. Using Equation 3.27 (i.e., kwet = Kary
x F), the wet concrete conductivity is approximately calculated as 2 for 70% RH, 2.1 for
90% RH, and 2.6 for 100% RH. For 100% RH concrete the use of 2.6 W/mIK is
reasonable. A conductivity of 2.0 W/mIK has been assumed for relative humidity between

70 and 90%.

9.2.1.2 Thermal Analysis Procedure

An example of 1-D steady state calculations of typical basement walls (i.e.,
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comprised of paint, gypsum board, polyethylene, batt insulation, concrete wall, and damp
proofing) using a spreadsheet is presented to provide an overview of the thermal analysis

procedure.

1. Layout interfaces and material layers (Figure 9-4).

Interface Layer
a

Interior surface film
b

Paint
a

Gypsum board
b

Polyethylene
a

Batt insulation
b

Concrete
a

Damp proofing
b

Figure 9-4. Layout of interfaces and layers

2. Enter thickness and thermal properties (conductivity or conductance) for each

layer (Figure 9-5).
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Thickness Conductivity Conductance

Layer (mm) (WmK)  (Wm2/K)
. C=k/1
Interior surface film 8
Paint 0 100.00 1.E+06
Gypsum board 13 0.24 19
Polyethylene 0.15 0.20 1333
Batt insulation 89 0.04 0
Concrete 200 2.40 12
Damp proofing 2 0.20 100
Soil 0 2.25 2.E+H09

Figure 9-5. Inputs of material properties

3. Calculate the thermal resistances and overall thermal performance (.

Thickness Conductivity Conductance Resistance

Layer (mm)  (WmK) (Wm2K) (m2K/W) R=1/C
Interior surface film 8 0.125
Paint 0 100.00 1.E+H06 0.000
Gypsum board 12.700 0.24 19 0.053
Polyethylene 0.150 0.20 1333 0.001 > B
Batt insulation 89.000 0.04 0 225 sum =R
Concrete 200.000 240 12 0.083
Damp proofing 2.000 0.20 100 0.010
Soil 0.000 2.25 2.E+09 0.000

Overall resistance (m2K/W) 25 /| Coveratt =1/Rovera
Overall conductance (W/m2/K) 0.4

Figure 9-6. Calculation of overall resistance and conductance

4. Calculate the temperature drops through each material and calculate the

temperature at all interfaces (Figure 9-7).
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Resistance | Temperature Interface .
Interface Layer (m2K/W) | drop(C)  Temperature (C) Interior
a [ 20 temperature, Tiy
Interior surface film 0.125
b 1.00 19
Paint 0.000 R/ZR(Tin-Tex)
a 0.00 19
Gypsum board 0.053
b 0.42 19 Tprevious‘Tdrop
Polyethylene 0.001
a 0.01 18.6
Batt insulation 2.225
b 17.82 0.7
Concrete 0.083
a 0.67 0.1 Exterior
Damp proofing 0.010 temperature, Tex
b 0.08 | 0.0
Overall resistance (m2K/W) 2.5
Overall conductance (w/m2/K) 0.4

Figure 9-7. Calculation of temperature drops and interface temperatures

9.2.2 Moisture Analysis

Diffusion between interior space and the concrete wall can be calculated with the

assumption that the concrete wall is at specific RH. The temperature gradient obtained

from the thermal analysis is used to calculate the saturation vapour pressure. When the

boundary RH is known, boundary vapour pressures can be calculated using saturated

vapour pressure and RH. Fick’s law is utilized to find the vapour pressure gradient

accompanied by the vapour resistance of each layer and the driving force. Interstitial RH

is calculated from the ratio of calculated vapour pressure and saturated vapour pressure at

that layer’s temperature.

Fick's law (see Section 4.6) gives the rate of vapour flow per unit area:

I _H

i=t=ban -py=mar -p)=— OB -p)

A4 1

v
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where I = vapour flow (ng/s),

1 = vapour flux (ng/(s [th?)),

P, and P, = vapour pressure (Pa) of location 1 and 2,

M = vapour permeability (ng/sith[Ba),

M = vapour permeance (ng/sih”[Ra), and

R, = vapour resistance (s [th? (Pa/ng).

The permeability of materials at a high relative humidity may be reasonable to

apply to the analysis because the surroundings are likely to be humid. The equivalent
permeance of the interior surface film can be obtained from the Lewis correlation

equation [= 6.58 x 10’ x h, (ng/m’Pals)].

The vapour pressure of a given interface, j, in the basement wall is calculated by:

— J
P- - (Pint Pext) X ZR +P

J V,i int
z RV nt
where P;= vapour pressure on the interface of j.

9.2.2.1 Moisture Analysis Procedure

A simplified moisture analysis assumes moisture transport occurs only by water

vapour diffusion. The analysis follows a similar procedure as the thermal analysis.

1. Input moisture transfer properties (vapour permeability or vapour permeance)
of each layer. Calculate vapour flow resistances (.
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Permeability Permeance Resistance |
Layer (ng/s/m/Pa) (ng/s/m2/Pa) (s g
Interior surface film 13160 0.0001+
Paint 250 /oﬁl)/
Gypsum board 22.8 1795 0.0006
Polyethylene 0.000474 3 0.3165
Batt insulation 245 2753 0.0004
Overall resistance (sm2Pa/ng) 0.32 4
Overall permeance (ng/s/m2/Pa) 3.11—

1. =6.58x10°xh,

2. =/ Thickness

3. =1/Permeance

4.=3R

5.=1/SR

Figure 9-8. Input of material properties and the calculation of overall permeance

2. Calculate interstitial saturated vapour pressure using the temperature gradient

calculated from the thermal analysis. Calculate vapour pressures on the interior surface

and soil using relative humidity of soil (= 100% RH) and interior air (.

Vapour pressure

Batt insulation

641.5

Layer (Pa) Psat (Pa) RH (%)
1163.2 2326.4 50
Interior surface film
2186.0
1. =1000xe(52:58-6790.5/(1 1273)-5.028*In(t +273)) \
2186.0
Gypsum board
2128.8
Polyethylene

2128.0 ,
641.5[ 100.0

Interior RH

2. =Pst*RH(%)/100

| —

Figure 9-9. Calculation of boundary vapour

RH of soil

pressures

3. Calculate vapour pressure drops across each material and vapour pressure at

interfaces (Figure 9-10).
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Resistance | Vapour pressure ~ Vapour
Interface Layer (sm2Pa/ng) drop (Pa) pressure (Pa)| Psat (Pa) RH (%)
a 116
1.=R/>R i i
Interior surface film{ ~ 0.0001 0.1 Ri2 xﬁ{H‘,“ RHoi)
b 1163.1
Paint 0.0040 65 /|2 PsresionsPar
a 1156.6 2186.0 53
Gypsum board 0.0006 0.9
b 1155.7 2128.8 54
Polyethylene 0.3165 5135
a 3. =P,/Pgx100 302
Batt insulation 0.0004 0.6
b 641.5 641.5| 100.0

Figure 9-10. Calculation of vapour pressure gradient

4. Calculate condensation rates if calculated interstitial RH is more than 100%. It
is physically impossible for vapour pressure to exceed saturated vapour pressure over a

surface. The calculation procedure of condensation rate (as described in [Figure 9-11) is

to:

1. set the calculated vapour pressure equal to the saturated vapour pressure,
2. divide the serial path analysis into two serial paths connected to the modified
interface, and

3. conduct two separate analyses again.

The calculation of flow from the interior to the condensation interface provides the
vapour in-flow rate, and the calculation from the interface to the exterior provides the

vapour out-flow rate:

Iinﬂow or outflow =AP / z R

where AP = pressure difference (Pa), and
> R = total vapour resistance (s qu[l?a/ng) of that part of the assembly.

From the comparison (= in-flow rate — out-flow rate) between the vapour in-flow
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and out-flow rates, the condensation rate can be calculated. A positive result indicates the

occurrence of wetting, and a negative result the occurrence of drying.

Resistance | Vapour pressure ~ Vapour I L
Interface Layer (sm2Pa/ng) drop (Pa) pressure (Pa)| 2. =Ri/suml X(Pin-P1)
a 1163 2326] 50|
Interior surface film| (~ 0.0001 -0.3 _
b Hesp—7563 | Trmvion s
e 0.0040 15,1
a < 1179 2363 ~
Gypsum board 0.0006 2.1 1. Set Py=Pe to
b 1181 2378 make 100% RH
Polyethy| ¢ |K L 0.3165 -1197.7
a | 2378 2378 100
Batt insulation 0.0004 -1954.1
b 3117}—"| 4. =Ry/sum2 X(P;-Psi1)
Flow in -3785 ng/s/m2

7. =Flow in — Flow out —_
hd wou \%-2033791 ng/sm2 " | 5. (Pu-P1)/suml
C 2030006 ng/s/m2

ondensation rate
= 175 g/day/m2 6. (Pl'Psoil)/Sum2

Figure 9-11. Calculation of condensation rate

9.3 Uncertainties

There are a number of significant uncertainties in the proposed analysis method.

The important uncertainties are discussed below.

9.3.1 Thermal Analysis

The thermal mass effects of the soil and the concrete walls and the exterior soil

temperatures are the major uncertainties for the thermal analysis.

9.3.1.1 Thermal Mass

The soil temperature adjacent to the basement walls may be higher than the soil

far from the building. Buildings in urban areas increase the adjacent soil temperature. In
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this case study, soil temperatures independent of the building heating effect are employed,
but in reality, the soil temperature close to the basement may be higher than field
measured soil temperatures. The influence of heat loss from the building may amount to
an annual average temperature increase of 2°C. The influence of a soil temperature

increase of 2°C on Systems 1, 2, and 3 is shown in [[able 9-3

The influence of the soil temperature increase is significant at the interface of the
concrete wall and the batt insulation although a change of 2°C is unlikely to change the
conclusions of any analysis. The influence on the interfacial temperature of the gypsum

board and batt insulation is insignificant.

The interfacial RH of the concrete wall and batt insulation is influenced by less
than 2% RH in Systems 2 and 3. The interfacial RH of the gypsum board and batt
insulation is influenced by less than 4% RH by the same soil temperature increase in

Systems 1 and 2. In all cases the change in RH is small and negligible.

Table 9-3. Comparison of the influence of soil temperature increase (0 to 2°C) based
on the concrete walls of 100% RH and the interior of 50% RH

Interstitial Interstitial
Temperature RH (%)
Soil temperature change 0°C 2°C 0° 2°C
System 1  Interface of batt insul.-vapour 18.6 | 18.7 302 ¢ 344
Interface of batt insul.-rigid insul.| 0.8 | 2.7 100 | 100
System 2 Interface of batt insul.-vapour 19 19 304 | 343
Interface of batt insul.-rigid insul., 6 | 8 704 1 727
System 3  Interface of air space.-gypsum 188 ¢ 19 31 1 32
Interface of air space.-rigid insul.| 16.6 | 17 35.6 ¢ 37

As discussed in Section 8.2.1, the thermal resistance of the concrete wall can be
neglected due to its small contribution (3% of the overall thermal resistance). When the
concrete wall is removed from the thermal analysis system, the resulting heat flow would

change by 3% at maximum.
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9.3.2 Moisture Analysis

Unlike thermal analysis, moisture analysis is less sensitive to vapour resistance of
each layer since the vapour barrier contributes 96% of the overall resistance in Systems 1
and 2. Hence, the changes of the vapour flow resistance values of porous material layers

due to RH changes are insignificant to the moisture analysis.

The concrete wall and the gypsum board may have a low vapour resistance due to
the contribution of surface diffusion and liquid flow. Even if the vapour resistance of the
concrete wall and the gypsum board are very low (= 0.0000001 sih*[Pa/ng), the vapour

retarder still resists more than 95% of the total.

9.4 Assessment

Basement walls usually fail by biological material deterioration within the walls.
Microbial growth within and on the walls occurs if hygrothermal conditions are higher
than 5°C and 80% RH for at least 1 month. Analysis can be used to calculate interstitial
conditions. The comparison of the calculated interstitial conditions to the critical
conditions for enclosure failures can be used to provide design guidelines for durable

basement walls.

Variables for the analysis are the soil temperatures and concrete RH (70, 90, and
100%) for exterior boundary conditions, and the room temperature (20°C) and interior
RH (40, 50, and 60%) for interior boundary conditions. The analysis results are presented
in several charts. The charts will assist the prediction of interstitial temperature, interstitial
RH associated with the soil temperatures and the concrete wall RH. Once the critical soil
temperatures are found from the critical conditions for microbial growth and interstitial
condensation, the critical soil temperatures can be plotted on the measured soil
temperature profile of a given area. From the comparison between the field measured soil
temperatures and the critical soil temperatures for system failures, it can be estimated

when, where, and how long the basement walls will be exposed to dangerous
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hygrothermal conditions.

9.4.1 Interstitial Temperature

presents the interstitial temperature for Systems 1, 2, and 3, associated
with a range of exterior temperatures (-10 ~ 30°C) and an interior temperature of 20°C.
Interstitial temperature can be used to indicate the biological material deterioration
potential. When the interstitial temperature is below 5°C, material deterioration will either

not occur or occur very slowly.

The interface between the batt insulation and vapour retarder for Systems 1 and 2
has a high interstitial temperature of around 19°C. The dry wall to air space interface

temperature in System 3 also remains around 19°C.

The interstitial temperatures on the concrete wall - batt insulation (a) and the rigid
insulation - batt insulation (b)(c) are influenced by the exterior temperature. The

additional rigid insulation moderates interstitial temperatures as shown in

(b)(©).
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Figure 9-12. Interstitial temperatures for Systems 1, 2, and 3, as a function of

exterior temperature
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9.4.2 System 1

The humidity within the batt insulation depends on the moisture level of the
concrete wall because of the very high permeability of batt insulation. There are two ways
to avoid exceeding the defined thresholds: (1) keeping exterior temperature at less than
5°C or (2) keeping the concrete wall at less than 80% RH. It is practically difficult to

satisfy either of these requirements.

The batt insulation - vapour retarder interface remains below 80% RH until
exterior temperatures reach 15°C for the 100% RH concrete wall. For a 70% RH concrete
wall, the interface would be dry until exterior temperature goes to 22°C. Hence, if a

concrete wall was maintained at 70% RH, System 1 would perform safely.

100
Concrete RH (%)
100
'O\o‘ _90
— 80 T ---- 70
an)
o~
E .......................................
E 60 - Concrete RH (% €
= 100
— O) ()
—————— 70
40 1 1 1 1 F \
-10 0 10 20 30 10 0 10 20 30
Exterior temperature (C) Exterior temperature (C)
(a) Interfacial RH of Batt insul. (b) Interfacial RH of Batt
and Concrete. insul. and Gypsum.

Figure 9-13. Interfacial RH of System 1 at (a) concrete wall-batt insulation, and (b)
batt insulation-gypsum as a function of exterior temperature and concrete RH at an
interior RH of 50%

At a soil temperature of lower than around 9°C, the basement walls experience
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outward vapour flow for a 100% RH concrete wall and a 50% RH interior space. Once

the soil temperature exceeds 9°C, the direction of vapour flow will be reversed.

9.4.3 System 2

9.4.3.1 System 2 with 19 mm EXPS Insulation and a Vapour Barrier

shows the interstitial RH as a function of exterior temperature and
concrete RH. The concrete wall RH is an important factor in System 2 with 19-mm of
EXPS insulation. With the 100% RH concrete wall, the interface of batt insulation and
rigid insulation is in a range of 80 and 95% RH, which can cause the system failures. For
an exterior temperature of higher than 15°C, the interface of batt insulation and vapour
retarder may experience a high RH. Above a 20°C exterior temperature, interstitial
condensation will occur. For a concrete wall of 90% RH, the interface of EXPS and batt
insulation has a critical exterior temperature of 10°C. For a concrete wall of 70% RH, the

interface has a critical exterior temperature of 36°C.

shows the insignificant influence of the interior RH. Only at an

exterior temperature of less than 5°C is there a slight interior RH influence.
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Interstitial RH (%)

100

Concrete RH (%)
100

60 Concrete RH (%) i
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40 | —====3=110 | ) |
-10 0 10 20 30 0 0 10 20

Exterior temperature (C)

(a) Interfacial RH of Batt insul.
and Rigid insul.

Exterior temperature (C)

(a) Interfacial RH of Batt insul.
and Vapour barrier.

30

Figure 9-14. Interfacial RH of System 2 (with a vapour barrier) at (a) 19 mm EXPS -
batt insulation, and (b) batt insulation - vapour barrier, as a function of exterior

temperature and concrete RH at an interior RH of 50%

100

5

5 60| Interior RH (%)

= 70
—_—50
—————— 30

40 | |
-10 0 10 20 30

Exterior temperature (C)

Figure 9-15. Influence of interior RH of System 2 (with a vapour barrier) at 19 mm
EXPS - batt insulation at a concrete RH of 100%
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9.4.3.2 System 2 with 19 mm EXPS Insulation and without a Vapour Barrier
shows the insignificant influence of concrete RH.

presents the interstitial RH as a function of exterior temperature and interior RH. The
interior RH is an important factor in System 2 with 19-mm EXPS insulation and without a
vapour barrier. For exterior temperatures of lower than 12°C and 50% interior RH, the
interface of EXPS and batt insulation may experience a high RH (> 80%). Below a 4°C
exterior temperature, interstitial condensation will occur. The interface of batt insulation

and the gypsum board will remain at a low RH (< 80%)).

100
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=
= Concrete RH (%)
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—_—00
------ 70
40 1 1 1
-10 0 10 20 30

Exterior temperature (C)

Figure 9-16. Interfacial RH of System 2 (without a vapour barrier) at 19-mm EXPS
and batt insulation as a function of exterior temperature and concrete RH at an
interior RH of 50%.
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Figure 9-17. Influence of interior RH of System 2 (without a vapour barrier) at (a)
19-mm EXPS and batt insulation, and (b) batt insulation and gypsum, as a function

of exterior temperature at a concrete RH of 100%

9.4.3.3 System 2 with 38 mm EXPS Insulation and a Vapour Barrier

shows the interstitial RH for System 2 with 38 mm EXPS and a

vapour barrier. The concrete wall RH is also an important factor in this system. The 80%
RH threshold occurs as the exterior temperature exceeds 9°C. Interstitial condensation
occurs at an exterior temperature of 21°C. For a concrete wall of 90% RH, the interface
of EXPS and batt insulation has a critical exterior temperature of 14°C for microbial
growth. For a concrete wall of 70% RH, the interface would not experience condensation

at the interface of EXPS and batt insulation.

The influence of interior RH is insignificant on the interstitial RH of EXPS — batt
insulation as shown in At an exterior temperature of less than 10°C, the
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graph shows a slight influence of interior RH.
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Figure 9-18. Interfacial RH of System 2 (with a vapour barrier): (a) 38 mm EXPS
and batt insulation, and (b) batt insulation and vapour barrier as a function of

exterior temperature and concrete RH at an interior RH of 50%
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Figure 9-19. Influence of interior RH of System 2 (with a vapour barrier) at 38 mm
EXPS and batt insulation, as a function of exterior temperature at a concrete RH of
100%

9.4.3.4 System 2 with 38 mm EXPS Insulation and No Vapour Barrier

shows the insignificant influence of concrete RH on this system.
presents the interstitial RH as a function of exterior temperature and interior
RH. The interior RH is an important factor in System 2 with 38-mm EXPS insulation and
without a vapour barrier. For exterior temperatures of lower than 9°C and 50% interior
RH, the interface of EXPS and batt insulation may experience a high RH (> 80%). Below
4°C exterior temperature, interstitial condensation will occur. The interface of batt

insulation and the gypsum board will remain at a low RH (< 80%).

The batt-rigid interface will only experience high RH’s under a combination of
low temperatures (less than 10°C) and high interior RH (over 80%). In practice, cold
winter temperatures and high interior RH’s do not coincide. Outdoor temperatures of 5 to

—5°C should usually be accompanied by interior RH of 30 to 40% RH.
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Figure 9-20. Interfacial RH of System 2 (without a vapour barrier) at 38 mm EXPS

and batt insulation as a function of exterior temperature and concrete RH at an
interior RH of 50%
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Figure 9-21. Influence of interior RH of System 2 (without a vapour barrier) at (a)

38 mm EXPS and batt insulation, and (b) batt insulation and gypsum, as a function

Interior RH (%)
70

-10

of exterior temperature at a concrete RH of 100%

9.4.4 System 3

shows the air space RH of System 3 associated with (a) exterior

temperature and (b) concrete RH. The influence of concrete RH is insignificant as shown
in [Figure 9-22| (a). Interior RH is an important factor. The interstitial RH is about 10 to

15% higher than interior RH. The interstitial RH is at a safe level regardless of interior

RH.
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Figure 9-22. Air space RH of System 3, as a function of (a) exterior temperature and
the concrete RH at an interior RH of 50% and (b) exterior temperature and interior

RH at a concrete RH of 100%

9.4.5 Wetting and Drying

The determination of the quantity of wetting and drying is almost as important as

the occurrence. The interfaces shown in [Figure 9-23| were chosen for analysis since they

are the interface between moisture sensitive materials (gypsum and wood studs) and

moisture tolerant materials (rigid foam and concrete).
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|

System 1 System 2 System 3

Figure 9-23. Drying occurrence locations (black ovals)

presents drying rates as a function of exterior temperature. Wetting is
shown as negative drying rates. Systems using a vapour barrier have very low drying and
wetting rates. System 2 with a vapour barrier has low wetting rates at exterior
temperatures higher than 22°C. If the interface has accidental water gains, materials
contacting that interface will stay at high RH (= 100%) for a long period. The drying rate
of System 2 walls without a vapour barrier increase as exterior temperatures increase.
System 2 walls with 19 mm EXPS insulation and without a vapour barrier will be wet at
exterior temperatures lower than 2.5°C. System 2 walls with 38 mm EXPS insulation and

without a vapour barrier will be wet at exterior temperatures lower than -2°C.

A comparison of and exterior air and soil temperatures shows that
System 2 walls without a vapour barrier will have short periods (less that 2 months) of
small wetting (less that 10 g/m*/day). Systems 2 and 3 walls without a vapour barrier
have long periods of time during which significant drying can occur. Hence, those walls

can dry out construction moisture and small accidental leaks.

Systems with vapour barriers have very little wetting potential and very little
drying potential. If an accidental leak occurs, even a very small one (e.g., one liter)
drying out can require over a year. Hence, these systems are much less tolerant of

accidental wetting events.
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Figure 9-24. Drying rates of systems for the 100% concrete RH and interior
conditions of 20°C / 40% RH for winter, 20°C / 45% RH for spring and fall, and
20°C /50% RH for summer. (Note: Negative drying rates indicate wetting potential.)

9.5 Interstitial Conditions of Basement Walls in Toronto

The critical exterior temperatures developed above can be used to assess basement
wall performance in a specific climate when combined with monthly soil temperature. In
this section, the 100% RH concrete walls (considered typical) are considered as an

example.

In order to assess the overall hygrothermal performance of the basement wall, the
critical exterior temperatures and can be utilized. The critical exterior
temperatures based on 100% RH concrete walls can be found from graphs in Section 9.4
for the microbial growth threshold (> 80% RH) and for the condensation threshold (>
100% RH). The critical temperatures obtained in this way are plotted in
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9.5.1 System 1

shows soil temperatures and interstitial RH of System 1 for the 100%
RH concrete in Toronto. Since the interior RH influence is insignificant for System 1,
critical exterior temperatures can be drawn as a straight line. The interface of the concrete
wall and batt insulation is always at 100% RH. The interface of the batt insulation and
vapour barrier may remain at less than 80% RH in spring, summer, and fall. In summer,
the interface experiences a high RH (> 80%). The interface of the walls 2 m below grade
will stay at a low RH. The interface will experience condensation during summer close to

grade.

It can be concluded that System 1 walls will experience rot and mould growth
since the wood studs will be exposed to 100% RH for long periods of time when it is

warm enough for rapid microbial growth.
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Figure 9-25. Soil temperatures and interstitial RH of System 1 for the 100% RH

concrete in Toronto
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9.5.2 System 2

9.5.2.1 System 2 with 19 mm EXPS and a Vapour Barrier

shows the results of System 2 with 19 mm EXPS insulation and a
vapour barrier. Since the interior RH influence is insignificant for System 2, critical
exterior temperatures can be drawn as a straight line. The interface of the EXPS and batt
insulation except close to grade may stay at more than 80% RH for the most of year. In
summer, the walls experience a high RH at both of the interfaces (i.e., of EXPS - batt
insulation and batt insulation-vapour retarder). The interface of batt insulation and vapour
retarder 2-m below grade stays at a low RH all year. The interstitial condensation occurs

at the wall close to grade during two summer months.
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Figure 9-26. Soil temperatures and interstitial RH of System 2 with 19 mm EXPS
and a vapour barrier for 100% RH concrete in Toronto

225



CASE STUDY 2

9.5.2.2 System 2 with 19 mm EXPS and No Vapour Barrier

shows results of System 2 with 19 mm EXPS insulation and no
vapour barrier. Since interior RH influences interstitial conditions of System 2, curved
lines of critical exterior temperatures can be drawn corresponding to interior RH changes

(i.e., 40% for winter, 50% for spring and fall, and 60% for summer).

The interface of batt insulation and gypsum board is always at low RH. The
interface of EXPS and batt insulation of the wall above 0.5 m depth stays at low RH in
summer, and experiences condensation in winter. The interface of the wall below 0.5 m
depth is at a high RH all year. This system may not be acceptable for basement walls in

Toronto. Drier concrete and lower interior RH can make this system viable.
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Figure 9-27. Soil temperatures and interstitial RH of System 2 with 19 mm EXPS

and without a vapour barrier for the 100% RH concrete in Toronto
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9.5.2.3 System 2 with 38 mm EXPS and a Vapour Barrier

shows the results of System 2 with 38 mm EXPS insulation and a
vapour barrier. Since the interior RH influence is insignificant for the system, critical

exterior temperatures can be drawn as a straight line.

The interface of EXPS and batt insulation may exceed 80% RH for about 7
months of the warmer. The interface stays at a low RH for the 5 cold months. The
interface of batt insulation and vapour retarder of the upper part of the wall is at more
than 80% RH during the summer. Interstitial condensation occurs close to grade during

two summer months.
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Figure 9-28. Soil temperatures and interstitial RH of System 2 with 38 mm EXPS
and a vapour barrier for the 100% RH concrete in Toronto
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9.5.2.4 System 2 with 38 mm EXPS and without a Vapour Barrier

presents the results of System 2 with 38 mm EXPS insulation and
without a vapour barrier. Since interior RH influences interstitial conditions of the system,
curved lines of critical exterior temperatures can be drawn corresponding to interior RH

changes (i.e., 40% for winter, 50% for spring and fall, and 60% for summer).

The interface of batt insulation and gypsum board remains at a low RH. The
interface of EXPS and batt insulation of the wall above 2 m depth stays at a low RH in
summer, and experiences condensation in winter. The interface may not have
condensation all year around. This system may be acceptable for basement walls in
Toronto since most basements of houses are built above 2-m depth. There are some parts
of the basement that will experience some condensation and high RH, however. Hence, it

is likely only acceptable for concrete with an 80 or 90% RH.
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Figure 9-29. Soil temperatures and interstitial RH of System 2 with 38 mm EXPS
and without a vapour barrier for the 100% RH concrete in Toronto

228



CASE STUDY 2

9.5.3 System 3

The results for System 3 are shown in The critical exterior

temperature line is a curve since the air space conditions are dependent on the basement
interior conditions (i.e., 40% for winter, 50% for spring and fall, and 60% for summer).
System 3 could be a very effective basement walls in Toronto since the airspace in this

basement wall will always stay lower than 80% RH.

25

o A
— 151
S 5 B
o =

10 + 5 o}
: 2|2 2
5 211g|| §
8 B s
2T 0 z ©
%)

-5 Soil depth \/
_10\ I I I I I I I I I I 1

1 2 3 4 5 6 7 8 9 10 11 12
Month Interstitial conditions

Figure 9-30. Interstitial RH of System 3 for the 100% RH concrete in Toronto

9.6 Conclusions

Simplified hygrothermal analysis has been utilized in this chapter to assess
internally insulated basement wall systems as a function of concrete RH and measured

soil temperatures.

Summarized suggestions to improve internally insulated walls are listed below:
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1.

Basement walls with batt insulation / wood stud and a vapour barrier should be
avoided in Toronto, Canada, because biological system failures can occur within a

few years of construction.

The application of EXPS insulation between the batt insulation and the concrete wall,
together with the removal of the vapour barrier will help maintain basement walls at
low RH in Toronto, Canada. The thickness of rigid insulation is an important factor.
The analysis shows that the 19 mm of EXPS insulation is insufficient for basement
walls. Basement walls may use 38 mm of EXPS insulation. Since a basement system
with 38 mm of EXPS and no vapour barrier has a high drying rate for significant parts

of the year, it can tolerate some accidental wetting.

. Basement walls consisting of concrete walls, 89-mm of EXPS insulation, an air space,

and gypsum board can successfully be used in Toronto, Canada. Since these walls
have high drying rates (between 16 and 23 g/day(th?), accidental wetting can dry out

in a short period.
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