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Executive Summary

The National Research Counciléfanadadés I nstitute for-IRREmsearch

collaboration with Canada Mortgage and Housing Corporation (CMHC) and Natural Resources
Canada (NRCan) evaluated the dynamic heat transmission characteristics throiatgmtieal
Insulating Cowrete Form (ICF) wall assemblies. The ICF specimens were provided by an
industry partnei the Ready Mixed Concrete Association of Ontario (RCMAe walls were
exposed to naturally occurring climate at ihéhe NRCGIRC Field Exposure of Walls (FEWF)

test facilityin Ottawa, Canada from 1Qct-09 to 16Sep10.

Heat flux and temperature data was collected from both of the wall assemblies. However, the
results from one wall assembly only (Wall 1) were chosen for detailed analysis, due to suspected
interior overheating of Wall 2 and potentially erroneous heat flux datar in heat fluxdata
wasdiscovered through comparison of measured data with resultsHietmggrothermal model
hygRC-C (Saber2011)

The ICF wall had a measured psetsteady state Ralue of RSI 3.77 [R21.4]. Additionally,
correlations between the temperature at the exterior surface of the ICF and the exterior surface of
the concrete revealed a buffering effect of approximately 5 diagy$o the mass of the ICF.

Measuredl5-minuteheat flux data from Wall 1 arecompared to the expected heat flux through
atheoreticalwall with identical steadgtate Rvalue(RSI 3.77 [R21.4]andno mass effect. This
analysis showethatthe ICF modeated heat loss to and from the interidihe interior heat flux
through the wallvasnot following weather changes on the outsigd#antaneously This was
interpreted as the buffering effect of the maswe measured heating season peak in heat flux
leaving the room was 8.3 Wfrbelow the expected peak heat flux without mass effect 0.3
W/m?. The peak heat flux entering the room in summer was also reduced by the mass effect of
the ICF, 2.2 W/rh as opposed to an expected 5.6 Wim a wall withno mass effect. This may
have implications for the sizing of heating and cooling equipment.

Some seasonal storage effects were apparent. When the mass of the concrete was cooling (from
September to December) heat losses from the room to the ICF wétly dbgver than the

expected heat losséw a wall with no mass effect. When the mass of the concrete was warming
up (February to June), heat losses from the room to the ICF were slightly higher than would be
expected without mass effect. This seaseffalct wassmallcompared to the impact of the mass

on peak heat losses and gains.

The results from this experiment are limited to a single wall section and set of conditions.
Modeling is suggested to further explore the optimization of ICF insulatiokn&ss for different

wall orientations and climate. Whole house modeling would be required to explore the dynamic
interaction of IG& $ with solar gains and to quantify the impact of the ICF mass on annual energy
consumption.
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1 Introduction

Increasingly, home builders are turning towards a variety of construction methods to improve
thermal performance while reducing the cost of construction. Windlelating Concrete Form

(ICF) technology dates back to the late 1960s in Europe, ICF constrings only caught on in
North America for use in residential and commercial construction over the last two decades
(Hersh Servo AG, 2010).Generally modern ICFs consist of stackable formwork made of
expanded polystyrene foarwhich is filled on site wh concrete, and then remains in place to
provide permanent insulation. ICF technology offers the potential to improve air tightness and
energy performance over the current practice of wood frame construction. With the growing
presence of ICF constructiam the market, it is important to gain an understanding of their actual
performance in the field, and the role played by the thermal mass of the concrete in regulating
heat losses.

A number of research projects have been performed on the thermal evtermnd thermal

mass to investigate the potential of annual energy saving compared to traditionaleligfht
construction for example. The benefit of thermal mass was extensively investigated, especially at
the Oak Ridge National Laboratory (Burch bt 4984a, Burch et al., 1984b, Burch et al., 1984c,
Christian, 1991, Kosny et al., 1998, Kosny et al., 2001, and Kossecka and Kosny, 1998). Petrie et
al. (2001) conducted field investigation of two sldeside houses in Knoxville, Tennessee. The

two hauses were similar except one house had Insulating Concrete Form (ICF) exterior walls and
the other house had conventional wdmamed exterior walls. The results showed that the ICF
house used 7.5% less energy than the conventional house. This wank\waglsat the principal

benefit of thermal mass on thermal performance is to dampen fluctuations in interior conditions
during significant fluctuations in outdoor conditions. Additionally, Petrie et al. (2001) conducted
numerical simulations using DOE2fsmare to investigate the effect of different climates of six

US cities (Phoenix, Minneapolis, Dallas, Boulder, Knoxville and Miami) on the energy
consumption of both the ICF and conventional wéradned houses. The results of cooling,
heating and totallectricity usage showed that the thermal mass had benefits for both cooling and
heating. The ICF houses used 5.5% to 8.5% less energy annually than the conventional wood
framed houses. This range of saving4%®H. 5% to
10% savings with ICF houses compared to conventional ¥ramded houses for 10 US climates
(Kosny et al., 2001).

In 1999, NAHB Research Centre tested 3 diglside homes with floor area of 102 (1098 ff)

to compare the energy performance of t&F homes (one had an ICF plank system and one had

an ICF block system) versus conventional wé@ined home (2x4 wall stud framing, sheathed

with OSB, and insulated with fiberglass batt in the wall cavities). The three homes were located
on the same stet in Chestertown, Maryland. Also, the three homes had identical orientation,
window area, roof construction, footprint, ductwork, and air handler systems. The testing was
conducted over a ongear period beginning in April 1998. Heating consumptiomposed of

two periods, April 1, 1998 through June 1, 1998 and October 6, 1998 through March 16, 1999.
Cooling consumption represented the period from June 1, 1998 through September 22, 1998.
This study showed that a 20% difference was noticed betwdemdGses and the conventional
woodf r ame houseds e nTais differenceocansbe ratfributed primarily to the
higher effective Rvalue of the ICF walls and continuous insulation at the slab. The insulation for
the walls of the ICF homes is-B0 while the wall insulation of the woefilamed home is R3.

The solid wall surfaces for all three homes make up approximately 44% of the total surface area
of the homes (the remainder being made up of the ceiling area, windows, and doors). A 50%
increasen the solid wall surface area resistance to conductive heat |63 ¢(Bmpared to R 3)
represented significant increased enegfficiency. The foundation/slab details showed the
impact clearly on the woeffame home and was demonstrated greater beatih February and
greater heat gain in August as evidenced by the iooda me home dés more pronoul
response to outdoor temperature changes. Given the total area and the thermal conductivity of



materials involved, the foundation/insulationksidetail of the woodrame home represented a
significant source of heat loss and gain not evidenced in the ICF homes.

In 2001, the Portland Cement Association conducted a modeling study of the energy use of
singlefamily houses with various exterior wallsing DOE 2.1 software (Gajda, 2001). This
study presented two ICF options: (1) concrete sandwiched by two insulation layers, and (2)
insulation sandwiched by two concrete layers. The study examined the performance of eleven
different types of exteriowalls in 25 North American locations to determine the expected
differences in energy use. In this study, the only differences for a given location were the exterior
wall type and the capacity of the HVAC system. The results showed that houses witheconcret
walls had lower heating and cooling costs than walls with light construction, and contributed to
additional savings through a reduction in the required heating and cooling system capacity.

In 2006, a project was conducted by Enermodal Engineering ldrfoteCanada Mortgage and
Housing Corporation (CMHC) and the Ready Mix Concrete Associate of Ontario (RMCAO) to
study the performance of a-sforey insulating concrete form muigsidential building in
Waterloo, CanadaEpermodal 2006). Temperatures thugh the wall assembly were monitored

at eight locations from Decembet' 12005 to February 26 2006. The project reported little
contribution of the concrete to the steaadgite Rvalue. During transient conditions, heat storage
effects were reportedWhile the concrete never supplied heat to the interior during the winter
monitoring period, the measured data showed that concrete did temper heat loss to the exterior
during the periods of cold weather.

Recently, the National Research Council of Canéads I nstitute for Resear

(NRC-IRC) in collaboration with Canada Mortgage and Housing Corporation (CMHC) and
Natural Resources Canada (NRCan) proposed evaluating the thermal response of two ICF wall
assemblies in NRC R CBield Exposure bWalls Facility FEWF) for one year cycle of
exposure to outdoor natural weathering conditions. The FEWF allows field monitoring of the
thermal response of sidg/-side test wall specimens exposed to natural weathering on the
exterior and exposed to coolled indoor conditions.

2 Objectives

The National Research Council of CandRCprms | nsti

collaboration with Canada Mortgage and Housing Corporation (CMHC) and Natural Resources
Canada (NRCan) evaluated the dynaimeat transmission characteristics through two Insulating
Concrete Form (ICF) wall assemblies in the NIRRT Field Exposure of Walls (FEWF) test
facility for a one year cycle 2068010 of exposure to outdoor natural weathering conditions. The
ICF specimes were provided by an industry partiiethe Ready Mixed Concrete Association of
Ontario (RCMAOQ). The scope of work included the design of the experiments, the installation of
test specimens, the commissioning of the instrumentation, the operation ettHacility, the
monitoring, data collection & analysis to determine the field energy performance of the ICF
system. The objective of this project was to monitor the field performance of two ICF wall
specimens for one year at the NRC Field Exposure ofl Wecility (FEWF), in orderto
understand and quantify timpactof thethermal mass of theoncrete in the ICF wall system on
heat losses and gains

The objective of thisstudy is alsoto use the present NRCRC& hygr ot her mal
fi h y g-C & Cu sirtedpret the readings of the instrumentations and to improve the experiment
design by selecting the appropriate locations of instrumentati®@me results from this
modelling study is presented in this report and detailed informatinrbe found aaber et al.
(2011). Next, the present model is benchmarked by comparing its prediction against the test
results. After gaining confidence in the simulation tool, it will be used to investigate the effect of

mo c



thermal mass of the concretedaBPS on the thermal response of the ICF assembly subjected to
different Canadian climate conditions.

3 Methodology

Two identical ICF wall specimens were installed side by side in the FEWF test bay on the NRC
Campus in Ottawa, Canada. The walls were locatethe first floor of a two storey facility, with
West exposure Figure 1). A chamber provided controlled indoor conditions (~21°C, 30%
humidity), and the walls werexposed to naturally occurring Ottawa climate (with an average of
4602 heating degree days <18°C (Environment Canada, 2010). Data was collectediraité5
intervals from Octobet3", 2009 toSeptember 16 2010.

Figure 1. View of the ICF wall specimens before installation of siding

3.1 Construction

The ICF forms were assembled and thermocouples were installed on the interior of the form prior
to pouring the concrete. The concrete was poured into the forms JUB0R8, with the forms

sitting outside the FEWF test bay. The specimens were allowed to cure oyfutotested from

direct precipitationfor 28 days before being lifted into place by forklift on August 2609.

The ICF wall specimens measured 1828 x 1676 mniLb/16 x 66 in.) and featured 152 mm (6

in.) thick concrete surrounded by 64 mm (2.5 in.) of EPS foam on all sides, and 51 mm (2 in.) of
EPS foam on the basd-iure 2). The ICF specimens were separated from surrounding
construction by an additional 102 mm (4 in.) of XPS fodfigre 3). This thickness of
insulationwas determined through simulation withgRC-C. The thickness was chosen in order

to preventheat losss from the top, bottom and sides of the wall specimensfoarat transfer

to predominantly occur at thaterior and exteriosurfaces of the ICF.Chases204 mm (6 in.)



wide were situated on either end of the test bay and between walls to provide space for running
wires. The completed chases were filled with batt insulation. The finished walls included an
interior drywall finish and exterior vinysiding. Detailed documentation of the construction
process is provided in Appendix A.

Insulated and sealed space
/Z y — (after installation)

NNt o 0.5 in. (13 mm) dia. threaded rod,

g cast in place

Steel plate bolted to two rods for forklift

Steel plate and bolts removed from
final installation

PVC lap siding attached to ICF

ICF: 2.5in. (64 mm) EPS foam

6 in. (152 mm) concrete

2.5in. (64 mm) EPS foam
Drywall 0.5 in. (13 mm)

&)

L0
\M\M\
T

e 4 in. (102 mm) XPS foam to separate
ICF from other elements

Figure 2. ICF wall vertical cross section
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Figure 3. Elevation view from the interior of one ICF wall

3.2 Instrumentation

Instrumentation was located at four layers through each wall, as shdviguire 2: 1) between

the lap siding and the exterior EPS foam layer of the ICF; 2) on the face of the concrete behind
the exterior EPS foam layer; 3) on the face of the concrete behind the interior EPS foam layer;
and 4) between the drywall and the intelEPS foam layer of the ICF. At layers 2 and 3, two
thermocouples were installed prior to pouring the concrete at each of the five instrumentation
locations shown irFigure 3, for a total of 10 thermocouples per layefhermocouples were
doubled at these locations as a precaution, in case damage to the sensors occurred during the
pouring and curing of concretéit layers 1 and 4, a total of four thermocouples were installed at

all instrumentation locations except the bottom right location. The average temperature of each
layer was used in this analysis and was obtained by averaging the readings of all theesocoupl
on each layer.

In each of the four layers, a single heat flux transducer was located at the central instrumentation
location. This paper refers to the heat flux measured at location 2 (HF2) and location 3 (HF3) in
the analysis. During the firééw morths of the experiment, HF2 and HF3 were positioned at the
interface of the foam and the concrete. This proved a complex task due to the ridges on the
interior side of the foam. To provide a flat surface for the heat flux transducers so that the
measuredheat flux component was perpendicular to the surface, sections of foam were removed
prior to pouring the concrete. The ridges of the removed section were filled in with concrete and
cured Figure4) before the foam section was put back into position. However, this meant that the
heat flux transducer was not exposed to a uniform maiebat rather alternating lines of foam

and concrete on one sidehis resulted in erroneous readings, based on those expected from the
nominal Rvalue of the systemSimulation usinghydRC-C was required to interpret the
erroneous results and try to improve the experiment design by repositioning the heat flux
transduces at critical locationso avoid the fin effectA model was used to @esign and correct

the location of the HFTs, and benchmarked later on. Numerical simulations were conducted to
investigate the differences in the predicted heat fluxes at differeatidos in the foam (at the

outer surface of the foam, middle of the foam and feaamcrete interface). The numerical results



showed that the differences caused by location were very small, and were approximately within
the uncertainties of the heat flirahsducers (Saber, 2010b). These small differences wette due

the small thermal mass of the foam. Consequently, in order to expose the heat flux transducers to
a uniform material, HF3 was repositioned on Januafytietween two blocks of foanfrigures).

The same correction was made to HF2 on Janudty Tigereafter, the predicted results from the
simulation could be compared directly with the measured daapeature and heat flux data

was sampled every minute, and the average was stored everndtes.

Figure 5. Heat flux transducer repositioned in the middle of the EPS

3.3 Material Properties Affecting the Thermal Response of Wall Systems

The thermal properties of the concrete layer of the ICF wall assembly are listeable 1

(Enermodal 2006). Recently, the thermal conductivity and density of the type of EPS layer that

was used in the ICF wallere measured atthe NRCRC&6s mat er i al ddmiyar act er i
different temperatures. The test method used to measure the thermal conductivity of EPS was

ASTM C 51804 (2007). The measured thermal conductivity of EPG, (in W/(mK)), as a

function of temperature,;l (in °C), that was used in the numerical simulatisngiven as:
/ 4 =1.062° 10 “T +0.0308 1)

The uncertainty of the measured thermal conductivity of EPSHv&86. The measured density
of EPS was 22.7 kg/ifuncertainty =+0.6 kg/n?).



There arefour main parameters that affect the thermal response of a wall system. These
parameters are:

1. Volumetric heat capacity, sometimes called thermal mass. This is a measure of the
ability of the material to store thermal energy. In the case of the ICFthaltoncrete
has the ability to store energy of 75 times that for EPS.

2. Thermal diffusivity @ = | ««/(r Cp). This is the ability of the material to conduct
thermal energy relative to its ability to store thermal energy. The material with low
thermal diffusivity responds slower to changes in the thermal environment compared to
that with high thermal diffusivity.As shown inTablel, the EPS respond to the thermal
changes 3 times faster than the concrete.

3. Thermal resistance (Ralue). It is a measure of theaterial ability to resist the heat
flow. As shown inTablel, both the ICF components have approximagelR-value of
(R-20). By including the thenal resistance of the drywall in an ICF wall assembly, the
total resistance can be 4.0PKAV (R-22.8). Note that for the ICF wall, the thermal
resistance of the concrete is much lower than the EPS. As such, the main contribution of
the concrete in théCF walls to thermal performance is to provide thermal mass and
ability to store thermal energy.

4. Characteristic time constaitt,is another parameter that affects the transient response of
a wall system. It is defined ag = szla, where Lp is the characteristic heat

penetration length, which is equal to the thickness of material lagler, The
characteristic time constant is a measure of the time that a material layer takes to
complete 63.2% of th&ransient portion of its response due to a change in its thermal
environment (63.2% response corresponds to 38.2% deviation from a -stataly
condition, Rabin and Rittel, 1999). As shown T@ble 1, the characteristic time
constant of a 60 thick concrete (9.53 hr)
(0.93 hr). As such, the exterior and interior EPS layers respond quickly to the clranges i

the indoor and outdoor conditions. On the other hand, the concrete layer responds
slowly to changes of thermal environment resulting in a small change in its temperature

as will be shown later.

Table 1. Dimension and thermalroperties of the ICF components and glass fibre

Properties Concrete EPS
Thicknessd, mm (inch) 152.4 (6") 63.5 (2.5")
Thermal Conductivityl ¢ (W/(m.K)) 1.4 0.0332
Density,r (kg/n) 2,350 22.7
Specific Heat, Cp (J/(kg.K)) 880 1,210 (ASHRAE)
Volumetric Heat Capacity,Cp (kJ/(nf.K)) 2,068 27.47
Thermal Diffusivity,a = | ¢/(r Cp) (nf/s) 6.77 x 10/ 1.21 x 10°
Characteristic Time Constantz= d/a (hr) 9.53 0.93
Thermal Resistance, RSIdH ¢« (M?.K/W) 0.109 1.913
Total ThermaResistance, R {fhr °F/BTU) 22.3

" Properties at 2&

#Value does not include the effedftthermal bridging due to the plastic spanners



4 Results

4.1 Outdoor Air Temperature

Outdoor air temperature data for the full field trial period is presenté&tgure 6. This data is

from the Ottawa International Airport (Environment Canada, 2010), located approximately 15 km
South of the field trial location. The test period featured 3766 heating degredalaw 18°C,

and 322 cooling degree days above 18°C. The maximum temperature was 34.5°C and occurred
July 8" 2010. The minimum temperature we23.0°C, attained on January'3@010. The

average, maximum and minimum monthly temperatures are giveaibie2.
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Figure 6. Outdoor Air Temperature, from the Ottawa International Airport (Environment Canada,

2010 Table 2. Average, Maximum and Minimum Monthly Outdoor Air Temperature
Average Max Outdoor T| Min Outdoor T

Date Outdoor T (°C) | (°C) (°C)

13-Oct09 to 3:Oct09 5.3 14.9 -3.3
Now-09 4.1 17.3 -6.1
Dec09 -6.1 8.1 -22.3
Janrl10 -7.3 8.0 -23.0
Feb10 5.2 4.0 -17.2
Mar-10 3.1 16.4 -11.5
Apr-10 9.6 28.5 -0.7
May-10 15.8 34.2 -0.5
Jun10 17.8 28.8 8.5
Jutl0 22.7 34.5 10.2
Augl0 20.2 320 9.5
01-Sepl0 to 16Sepl0 16.6 31.9 6.8




4.2 Indoor Air Temperature

The temperature of the air on the interior side of the ICF wall specimens is controlled by an
indoor chamber. In winter, the chamber temperaturadmtained above a 21°C setpobyt a
heater. When the temperature drops below the setpoint, the heataes on. However, there is

no control to prevent the chamber from overheating due to solar gains to the surrounding room
This overheating occurs primarily in the spring.

In summer, the chamber was opened and the maximum air temperature was cooyraied
houseds central cooling system.

Chamber Air Temperature
Measured by an RH&T sensor adjacent to Wall :
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Figure 7. Chamber Air Temperature, as measured by an RH&T sensor adjacent to the interior
surface of Wall 1



4.3 Surface Temperature

The average temperatgref the four different instrum@ation layers are plotted iFigure8: the

exterior surface of the ICF (behind the siding), the exterior surface of the concrete, the interior
surface of the concretand the interior surface of th@F (behind thedrywall). The temperature
measurements were taken every 15 minufidese temperatuieat the exterior and interior surface

of the concrete are similar, due toeth concr et eds Hhegangesc dfferdngec t i vi t )
between these two surface temperatures was 1.dé€urring on January 29 2010. The

temperatures at the surface of the concrete follow the general trends in owgtthperature
reachingminimum temperatuein January. In summer concrete surface temperatures are

relatively steady remaining around 20°C throughout the cooling season.

The interior surface temperature of the I@fehind the drywall)s strongly influenced by the
indoor air temperaturé as controlled by théindoor chamber. In April and May, the interior
surface temperature of the ICF was hidhe to the overheating of the indooriaas described in
Sectior4.2

The temperature at the exterior of the I®Ehind the claddingfpllows outdoor air temperature,
ard is also influenced by solar gains on the cladding in the afternoon/evening.
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Figure 8. Measured 15minute temperature data
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4.3.1 Winter Surface Temperature

A detailed graph of the temperatures during February is providegjime9. In addition to ICF

and concrete surface temperatures, this graph also includes outdoor and chamber air temperatures.
The exteriorsurfacetemperaturef theICF (behind the claddindjuctuates dailywith changes in

outdoor temperature, and also heats up on sunny days up to 10°C above outdoor air temperature.
The concrete provides a buffering efféctand its surface temperatures dot follow these
up/downswings. The temperatuseat both the interior and exterior surface of the conaete
relatively steady, increasingradually from ~5°C to ~12°@ith the general trend of increasing
outdoor temperatureDuring this period, e indoor temperature was ¢miled in the chamber

by theheater and overheating did not occufhe temperature on the interior surface of the ICF
(behind the drywall) was approximately 3°C cooler than the chamber air temperhtioeks

like night radiations lowers the surfamperature below ambient conditions.
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Figure 9. Winter detail of measured 15minute temperature data
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4.3.2 Summer Surface Temperature

Detailed 15minute temperature measuremeintsn Augustare shown irFigure10. Throughout

this month,the concrete surface temperatures singilar to theinterior surface temperature of

the ICF plottedin red). All three surface temperatures (interior surface of the ICF, and interior
and exterior surface of the concrete) are slightly (~1.5°C) cooler than the indoor chamber air
temperature.The exterior temperatur@lpttedin black) fluctuates based on outdaemperature,

andis heated above the air temperaturesbhar radiation on sunrgfternoonsgvenings.

Figure 10. Summer detail of measured 15minute temperature data
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