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ABSTRACT: A lightweight structurâl ;sncrete was developed for use in exterior walls of low-tise
residential and commercial buildings. Thc light*eight concr€tc has t unit weight of 800 k3/m3 (50

[rf), a æmpressive srength of 13.8 MPa (2000 psi), and a thermal conduclivity of 0.23 Vr'lm ' K
(1.ó Bru . in. /h . ftr . oF). Lightweight csncretes have not been previously dweloped with this com-
bination of tow density and moderate strength. The most c.ommonly urcd c.oncrete, normal weight
oncreie, has a unit weight of approximately 2320 kglmr (145 pcf), a conprcssive strcngth in the
tange of l7 to 4l MPa (2500 to óO0O psi), and a th€mal conductiYity of 1.7 to 2.3 W/m ' K (12 to
tó Btu ' in./h ' ft2' "F).

The portland c.ement concrrtè developed for this project can be uscd to combine structural,
thermal insulation, and hest storege c¡pacity functions of exterior walls in one element. For many
climates this concrete can be used without additional insulation as a cûmplete wall system in low-

risc buildings.
Heat transfer characteristics of two 20O-mm (8-in.)-thick, full-size wall assemblies were evalu-

ated using a calibrated hot box (ASTM C 97ó). One test specimen, desiSnated lYall L, was a 2fi)-
mm (8-in.)-thick wall constructcd entirely of the nwly developcd liShtwcight structurâl concrete.
The scond specimen, designated V/all S, was the same as the first exc€pt for a 150-mm (6-in')-
high normal weight €.oncrete strip running horizontally across the wall at midheight. The horizon-
tal strip simulates a floor slab extending through an exterior wall.

Overall thermal resistances of lYalls L and S, respectively, are 0.92 and 0.E3 m2 ' K/W (5-2 and
4.7 h-ltr."F,zBtu) at 24oC (75"F). Thermal resistance of Wall S is I I % less than that for Wtll L.

Tests under dynamic tempcrature crrnditions providc ¡ mc¡¡urc r¡l llterntal rcxprrtttc for ¡elcclntl
temperature ranges- l)ynamic rcsponßc lncludc¡ hert;torûSccspaclly or well n¡ lrcll lrünvrtlt¡krll
characteristics of the wall asscmbly. Results from a 24-h period, sol-air lcmperature cycle showed
that heat storage capacity of thc low density concretc dclayed hcat flow lhrough the test specimen.
Average thermal lag for the 200-mm (8-in.Fthict lightweight concrete wall was 6 h.

Thermal and physical properties of the lightweight concrete were also measurcd on small-scale
spccimens- Concrete thermal conductivity, thermal diffusivity, specific heat, compressive
strentßh, flexural strength, splitting tensile stren8th, shear st¡ength, modulus of elasticity, drying
shrinkage, and frcezelthaw resistance werc determined.

Laboratory test results provide information on the thermal and phy¡lcal performance of the new
lightweight cûncrete.

KEY WORDS: calibrated hot box, energy. heat transmission, lightweight concrete, structural
concrete, thermål conductivity, thermal mass, thermal resistance

" This paper summarizes results from a project to develop portland cement concrete with suffi-
fut thermal resistanc€ and strength properties to s€rve as an effective thermal break in build-

.fo envelopes.

: rSerior Research Engineer, Fire/Thermel Technologr Section, Construc-tion Technology Lrborrtories,
.. Skokie, IL ó0077.
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A thcrmal bre¡k is an exterior building element made of a material with a high thermal
resist¡nc¿ uscd in placl of a mate¡ial with a lower thermal resistance to reduce energy tosscs
through a buitding envetope. A thermal break may range in size from a small plastic nail used in
place of ¡ metel nail, to a large sheet of insulation used to prevent energ¡r losses through e
building foundation. The term "structural" used as an adjective to "thermat break" impliet
that the material has load bearing capabilities.

A concrete was developed with an air-dry unit weight of 800 kg,/mr (50 pcf), a compressive
strcngth of approrimately 13.8 MPa (2000 psi), and a thermal conductivity of 0.23 W,zm. K
(1.6 Btu'in./h'ft2' oF). Although it is envisioned that concrere with these properties could bc
uscd for many building comPonents, project emphasis is to evaluate the concrete for use in
exterior walls for low-rise buildings.

The portland ccment concrete developed for this project combines the structural, thermal
insulation, and heet storage capacity functions of exterior walls in one element. For many cli-
mates this concrete can be used as a complete wall system in low-rise buildings without addi-
tional insulation.

ObjccdÌcr end Scopc

Project work is reported in Refs / to 3. Reference / is a feasibility study to identify uses for the
propoccd light*eight portland cement concrete in buildings. Reference 2 inctudes (l) selection
of materials and mix designs for the lightweight portland cement and lightweight polymer con-
craes, (2) physicål and thermal properties of candidate concretes, and (3) casting and surfacc
finishing techniques for thc most desirable mixes. Reference 3 describes heat transfer measure-
ments of full-size wall a-ssemblies constructed of the developed portland cement concrete.

He¡t flow tårough two walls was measured in the calibrated hot box test facility (ASTM C
97ó) at Constn¡ction Technologr Laboratories, Inc. (CTL). One test specimen, designated Wall
L, was an 20ûmm (&in.)-thick wall constructed entirely of the newly developed lightweight
stn¡ctural concretc.The second specimen, designated Wall S, was the same as the first except
for a l50-mm (6-in.)-high normal weight concrete strip running horizontally across the wall at
midhcight. The horizontal strip simulates a floor slab extending through an exterior walt,

Wells were tcsted for steady-state temperature conditions to obtain âverage heat transmission
ctefficients, including total thermal resistance (Rr) and thermal transmittance ( Lf). A compari-
son of test results fo¡ the two walls shows the effect of the normal weight concrete strip.

Well L, the homogeneous concrete wall, was also tested under dynamic temperature condi-
tions. Dynamic tests provided a measure of thermal response for selected temperature ranges. A
simulated sol-air dynamic cycle was selected to permit comparison of results with those ob-
tained in preyious investigations [4-ó].

The progtam was conducted at Construction Technology Laboratories, Inc., (CTL). The
project was sponsored jointly by the U. S. Department of Energy (DOE) Office of Buildings and
Community Systems, and the Portland Cement Association. It is part of the Building Thermal
Envelope Systems and Materials Frogram (BTESM), Energy Division, at Oak Ridge National
l-aboratory (ORNL).

B¡clr3¡ound

Concete developed for this program will have lower heat transmission than concrete com-
monly used for tow-rise building construction. A wall v/ith low heat transmission will conserve
en€r8sl.

Types of Concrete

Concrete is available in a wide range of weights and strengths. Normal weight concrete uti-
lizes send and gtavel aggtegate and is most commonly used for construction of structural con-
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clcte members. Normal weight concretes havc e unit weiSht of approximately 2320 kg/mr (145

pc{), and compressive strengths of approximatety 17 to 4l MPa (2500 to óO0O psi) are common.
High-strength normal weight concretes have been devetoped with strengths exc,eeding 100 MPa
(15 000 psi). Measured thermal conductivities of normal weight concretes range from 1.4 to 2.9

lvlm .K (10 to 20 Btu .in./h .ft2. oF).

Concretes in the 1440 to 20E0 kglmr (90 to 130 pcf) range arc knoìvn as structural lightl'eight
cûncretes. These concretes have compressive strengths in the range oÍ l7.2to over 62.1 MPa
(2500 to over 9000 psi), depending on materials, mix design, and other factors. Lightweight
concretes typically have thermat conductivities tanging ftom 0.6 to 1.9 ri//m'K (4 to 13

Btu.in./h 'ftt."F).
While normal weight and structural lightweight c.oncretes have more than adequate strength

for the proposed use, their thermal proP€rties may be inadequate for external walls-

Concretes weighing 800 kglmJ (50 pcf) or less are called insulating concretes. Cunent tech-

nology limits the compressive strengths of these concretes to about 4.1 MPa (600 psi) [4. These

concretes typically have thermal conductivities of 0.07 to 0.22w/m'K (0.5 to 1.5 Btu'in./
h'ft2."F).

A second category of lightweight concretes is in the weight range of 800 to about 1440 kglm3
(50 to about 90 pcf). These are usually calted/¡// concretes. Concretes in this weight range have

not been widety used and their development has been somewhat neglected. This is because of
generally poor strength-weight relationships available with these cìoncretes. However, it is at the

lower limit of this category, in the range of 720 to 800 kglm3 (45 to 55 pcf) concrete, that an

effort has been made to deyelop concrete which will meet strength and thermal resistance re-

quirements desirable for extern¡l walls in low-rise buildings. Concretes with unit weiShts of 720

to 800 kglm3 (45 to 55 pcf) have thermal conductivities of approximately 0.22 W/m' K (1.5

Btu.in./h.ft2. "F).

Thermal Properties of Concrete

Aggregates used to make concrete with e desired unit weight ere available in a wide range of
unit weights. Thermal conductivity o{ concrete is primarily dependent on its unit weiSht which

is a function of the constituent aggregates used to make the concrete. To a tesset extent, thermal

conductivity is dependent on the cement paste. Generally, concrete conductivity increases expo-

nentialty with unit weight. Concrete with a unit weight of 800 kglmr (50 pcf) has a thermal

conductivity of approximately 0.22 w/m. K (1.5 Btu' in./h'ft2' "F), while concrete with a

unit weight oÍ 2240 kglmr (140 pcf) has a thermel cÐnductivity of approximately 2.3 W/m' K
(16 Btu .in./h .ft2. "F).

Heat flow through a homogeneous wall subjected to steady-state temperature conditions is

linearly related to the thermal conductivity of the watl material and the temperature differential

across the wall. For dynamic temperature conditions, heat flow is dependent on the storage

capacity of the wall material in addition to its thermal conductivity.

Exterior building walls are seldom in a steady-state condition. Outdoor air temperatures and

solar effects cause cyclic changes in outdoor surface temperâtures.

A conditioned building with high mass walls will have less energy losses to the outdoor envi-

ronment than an identical building with low mass u,rells of equivalent thermal resistance [/l-
Energy savings are most significant for outdoor diurnal temperature cycles that cause reversals

in heat flow through walls.

Optimafiy, the leasr heat wìll flow through a wall having high thermal resistance and high

storage capacity. Heat transmission properties are more sensitive to changes in thermal resis-

tancethan to changes in storage capacity. The goal of this project is to develop a concrete with

the highest thermal resistanc.e and therefore the lowest unit weight. The concrete unit weiSht is

limited by the need for sufficient structural capacity, because strength generally decreases with

decreasing unit weight.

:i:Án;i:'i l.l ..ì ..1
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Cæti. Mtr Dcrelopnont

Ponland Cement Concrete

Potl¡nd cemcnt concrete consists, essentially, of portland cement, aggregatesr and *¡tcrl
Relatively small quantities of other materials are frequently included to enhance certain propar.
tics which may be desirabte for specific applications. Generally, âggtegate is between 6O a¡d
75% and cement, wate¡, and air between 2s and. 40To of the concrete 

"ãlu*". since aggregr¡.
volumc is so high, its specific gravity greatly influences the weight of the concrete. While cemcot
h¡s tlte highest specific gravity, it occupies a relatively small volume. Since cement is tba
strength'producing ingredient, the amount rhat it can be reduced is rimited.

Bascd on the above, the investigative procedure consisted of locatìng the lightest avaiJabt
8g$€8atcs capable of producing concrete having sufficient structural capacity. With thcsc r¡.
greSates' mi¡es had to be designed having the lowest cement contents (to lower weight) consir-
tent with obt¿itriDg the required strength. Chemical and mineral admixtures were used to co.
hancc the cÐn61ete's fresh properties and strength-to-weight relationship.2

stnrctural lightweight aggregates are available in all parts of the country. Many of thesc g:1
8túgatcÊ &rc capÊble of producing relatively high strength conc¡ete in the weight range of 14@
to l8O0 kg/mr (90 to 115 pcf). - rl

Tìc aggrtgates used in this investigation were Iimited to those known by the principal invcdl-
gator, by previous cxperience, to be capable of producing lower weight concretes with adeq'+
strcngth, or thosc found in a search for additional desirable aggregetes. Acceptance of an ag,
81Ê8ate or concrete mix design was based on compressive st¡ength and unit weight. Other pmq.
erties were not dctermined on those mixes that did not meet the strength-to-weight criteria. i:

:.!.

:

Prcliminary Míx Development t:
4:

concrete mixes were made using seven aggregates, singly or in combination (Table l). Tl:
number of mixes m¡de with each aggregate varied from one to twelve, depending on the aggrc,
gste's potential for meeting the weight and strength objectives. Aggregate combinations wcrtj
uscd in many c¡rses in an attempt to take advanrage of desirable properties found in fineat
coarsc sizcs of certain aggregãtes. ^d

Tbe lsst column in Table 1 shows the average strength-to-weight ratio for mixes made rtä
different eggÌ€gate combinations. Mixes utilizing 3M Macroliter had the highest st
weiSht retio and had the best chance of meeting the program objectives. Therefore mixes tcr'Ëì
made with this aggegate to optimize the strenglh-to-weight retationship and to providc
specimens for further testing.

Macrolite ceramic Spheres (Fig. 1) is a recently developed ceramic supplied by the 3M
pany of St. Paul, Minnesota. According to the company, arrangements are being mede to prú¡ti
ducc this material commercially. A unique feature of this aggregate is that it has a relatively brj
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water absorption of less than 0.5%. Most low-absorption lightweight aggregates have
tions ranging from ó to l4To. The aggregate was supplied in two sizes; 12.7 to 4.75 mm (r/r
to No. 4) and 4.75 mm to 300 pm (No. 4 to No. 50).a

Fillite, furnished by Fillite uSA, Inc. of Huntington, west virginia, is described as
alumina silica microspheres- The particles are similar in size and chemical composition to Ç
ash- However, they are hollow and have a much lower specific gravity than most fly ash. Tb,

.;itlThc strtngth-to-weight ratio is the ratio of the concrcte's compressive strength to its unit weight. ;¡Product nsmes uscd in this paper may be trademarked.
tA¡gtegate sizes sre described by sieve opening sizes in accorclance with ASTM Specification for Wi#,j

Cbth Skres for Testing Purposes (E I l). ;T$
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size range was 30 to 300 ¡rm. Fillite was used to provide a very fine lightweiSht material to

sggregates which were deficient in that size range.

Tufflite is a naturally occurring volcanic pumicc aSgregate. Livtite is an expanded clay aggre-

¡ta. Liapor and læca are expanded shale aggregates produced by grinding and pelletizing
'S¡lcs 

o¡ clays and firing in a rotary kiln. Thus Liapor and Leca are spherical compâred to

Î¡flite and Livlite which are irregularly shaped.

fbthod for unit t¡iût. Yl.ld, ànd Alr content

Most aggregates had relativety high water absorptions and were batched in a saturated condi'

to âvoid rapid stiffening during mixing. However, the 3M Macrolite had an extremely low

ion and was batched in a dry condition.
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FIG- 1-3M Macrolite Ceromic Spheres.

Final Mk Design

The final mix design is shown in Table 2. It was used for determining various concrete physi-
c¡l ¡nd thermal properties and for câsting two full-size wall panels. designated Walls L and S,

for determination of thermel properties. The same volumetric mix design was used for botå
pancls. However, eggregâte weights varied because of the differences in specific gravities of
aggtegates from different shipments. The amount of vinsol resin air entraining agent was varied
slightly to obtain a unit weight of about 800 kglmr (50 pcf).

Phydc.l rnd Tbcrn¡I Fropcrtlcr of Small-Scale Spcclmeno

Select€d ph¡sical and thermal properties were measured on specimens cast from six concrete
mixes using 3M Macrolite as aggregates- The six mixes are similar to those presented in Tabh
2. Test results are summarized in Table 3. Reference 2 gives details of specimen preparationr
snd test procrdur€s.

Referencc2 also compares properties of the newly developed concrete to properties of conveo-
tional normel weight and lightweight concretes.

Full-Slrc Tcrt Spcclmcnr

Two lightweight structural concrete walls were constructed by CTL and subsequently testcd

in a calibrated hot box. Walls were cast horizontally and have overall nominat dimensions oú

2.62by 2.ó2 m (103 by 103 in.).

Wøll Construction

rffall L is I lights'eight structural concrete wall with an average thickness of 203 mm (8.ül
in-). Wall S is similar to Wall L except for a 150-mm (ó-in.)-high normal weight concrete sttþ
running horizontally across the wall at midheight. Average thickness of Wall S is 206 mm (8.13
in.).

.:

t
d
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TABLE 2-Fual portland ccmcnt cancrcte mix design.
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Quåntttl.3 p.r I 0 13
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(1 -0r )
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( 0.76)

r6?0-ì950 nl
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1ì60 nl
(088 ml)

¡ar'lght.
kg

( lb)

¡trll L

252
(12s)

26. ì
(43)

l¡9
(250)
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rAtr contcnt.rtlmt"d åt 6f.

The concrete mix for Walls L and S are presented in Table 2. Reinforc.ement representative of
¡ctual wall construction was placed within Walls L and S. Reinforcement consisted of a single

hyer of l3-mm (No. 4) bars spac'ed 305 mm (12 in.) center-to-c€nter in each direction. The
rcinforcement was located at the u/alls' approximate midthickness.

Thre¿ded concrete inserts were cast into the walls at midthickness to aid in transporting walls
dter c¡ncrete had attained the nec€ssery strength.

Walls L and S were allowed to cure in the formwork for approximately two ureeks. After
nrnoving from formwork, Wall L was allowed to air dry in the laboratory at a temperature of
l8 t ó'C (65 t l0"F) for approximately three months. Wall S was air dried in the laboratory

ú a temperature of 21 + 6"C (70 t l0"F) for approximately four months.
Before testing, the faces of Walls L and S s'ere coated with a cementitious waterproofing

nrte¡ial to seal minor surfac€ imperfections. A textured, noncementitious Paint $'as subse-

qumtly used as a finish c.oat. These coatings provided a white, uniform su¡face for both faces of
ach wall. \ilall edges were left uncoatd.

Measu¡ed weights, thicknesses, surfac:e arÊas, &nd estimated moisture contents of Walls L
¡¡d S are summarized in Table 4. Wall weights immediately beforc and after calibtated hot box
hsts are presented.

Reference 3 more fully describes wall construction.

Iâìl s

25?
(125',)

26. t
( 43)
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(?s0)

t95
(3?7)
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(.66)
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( 33)
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I -2
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l -l
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( ì .96)
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TABLE 3-På¡sical ond rhermal properríes of hardened. contete.
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Insttumentation

EiShty 2Ggage, TyPe T thermocouples, corresponding to ASTM Temperature-Electromotive
Forcc (ÊMF) Tables for Standardized Thermocouples (E 230), were used to measure temperr-
tures during thermal testing. For each test wall, ló thermocouples were located in the air spacc
on each side of the test specimen, !6 on each face of the test wall, and 16 at the approximatc
canct€te midthickness. The 16 thermocouples in each plane were spaced 525 mm (20ols in.)
apårt in a 4 X 4 grid over the wall area (Figs. 2 and 3).

Ân edditional four thermocouples were located on each wall surface and at concrete mid-
thickness along the centerline of the normal weight concrete strip of Wall S (Fig. 3).

1.8 MP¡ (æo pd)
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¡{€O Jr(g.K (0.11 Bn/4Þ'Ð
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(0.0104 rq ùh4

ôax10 4 míYm p.r'C
(3.6x10 '6 loln. fs'F)
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TABLE 4-Suz mary of physical prcpenies lor Wolls L and S.
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Wal¡ (L
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Coærete Strtp
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FIG- 3-Wsl/.ç air. surJace. and internul thermocouple læations-

Thermocouples measuring temperatures ìn the air space of each chamber of the calibrated
hot box were loceted approximal.ely 75 mm (3 in.) from rhe fâce of rhe test wall.

Surface thermocouples were securely attached to the wall with duct tape for a length of ap-

Prorimately 100 mm (4 in.). The tape covering the sensors was painted the same color as the test
wall surface.

During wall construction, internal thermocouples were placed at wall midthickness on top of
the first l0ûmm (4-in.) concrete layer. To secu¡e their location, thermocouples were taped to
reinforc€ment or suspended bv wire between reìnforcement. The thermocouple junction was not
placed in contact s'ith the reinforcement. This was done for all internal thermocouples to avoid
any influence by internal heat flow through reinforcement. Thermocouples were wired to form å
thermopile such that an electrical average of four thermocouple junctions, located along a hori-
zontal line across the grid, was obtained. Wires for ìnternal tlìermocouples were routed through
side formwork before casting the second 100-mm (4-in.) concrete layer.

One heat flux transducer measuring I00 by 100 mm (4 bv 4 in.) was mounted on each of the
indoor and outdoor surfaces of the test walls. Sensors were located near the center of the walls
(Figs. 2 and 3). The surface of the heat flux transducer in contact with a wall surface was coated
with a thin layer of high-conductivity silicon grease. The silicon grease provided uniform con-
tac't b€ts,een the heat flux transducer and wall surface. Duct tape was used to secure heat flux
transducers to the wall surfaces. The duct tape was painted the same cotor as the test wall
surface. Heat flux transducers were calibrated using results from steady-state calibrated hot
bor tcsts on Wall L.
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C¡llbnt¡d Hot Bo¡ Tcot Fælllty

Heat flow through Walls L and S u'as measured under steady-state and dvnamic temperature
conditions. Tests were conducted in the calibrated hot box facility shown in Figs. 4 and 5. Tests

Outdw
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FlG. 4-Calibrated hot lnx test Jøcility.
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thrn for WaU L tests because of a higher laboratory relative humidity when Wall S tests u'crc
st¡rt¿d.

Maximum and minimum laboratory air temperatures obtained during each steady-state test
are also listed in Table 5. The laboratory âcts as a guard for the metering chamber during tests
conducted in CTL's calibrated hot box.

Thermal conductivity of 
-Wall 

L and thermal resistances of Walls L and S at a specimen mean
temPeraturË of 24oC (75"F) were interpotated from measured values. Thermal conductivity of
trVall L is 0.27 W/m 'K (l.Eó Bru.in./h .ftz. oF) at24"C (7S"F). Overall rhermal resistancrs
of Walls L snd S, respectively, are 0.92 and 0.83 m2 . K/W (5.2 and 4.7 h . tù. oFlBtu) aï Z4o C
(75"F).

Thcrmal resistancr of Wall S is l0% less than that for Wall L at 24oC (75oF). The norma.l
weight c.oncrcte strip of Wall S is 5.8% of the tota¡ walt area.

Guarded Hot Plate Test Results

Thermal c.onductivities of specimens made from concrete mixes used to make Walls L and S

wele measured using a guarded hot plate. Tests were conducted at CTL in accordance with
ASTM Test for Steady-State Heat Flux Measurements and Thermal Transmission Properties
by Means of tJ're Guarded-Flot-Plate Apparatus (C 177) and ASTM Practic.e for the Calculation
of Thermel Transmission Properties from Steady-state Heat Flux Measurements (C 1045).

Tcst Spcimens-Two specimens \rere tested from the lightweight concrete for Wall L, thc
light*eight concrete for Wall S, and the normal weight concrete for Wall S. Nominal specimen
dimensions werc 5O by 300 by 300 mm (2 by 12 by l2 in.). Specimens were moist-cu¡ed at 23 t
1.7"C(73.4 t 3"F) and 1007o RH for seven days, then air-dried at 23 + 3"F (73 f 5"F) and
45 t l59o RH. Spccimens were ovendried before testing to eliminate effects of moisture migra-
tion during testing. Measured specimen dimensions and unit weights are given in Table ó.

Test Procedure-Test specimen temperatures are measured by chromel/alumel thermocou-

TABLE b-Meuured prcpertíes oJ guarded hot plote test specimeß.

ples embedded near the specimen surfaces. Thermocouples were placed in previously sawed

grooves. Cement paste lvas used to fill the groove flush with the specimen surfac€ and to secure
thermocouples in place. Cement paste was also used to fitl small holes in the specimen surface,
The c.ement paste for lightweight concr€te sp€cimens had lightweight aggregate fines.

Embedded thermocouples reduce the effects of thermal contact resistance, which is due to
the influenc.e of any thin air gap between thermocúuple wire and concrete. More information on
embedding thermocouple wires and thermal contact resistanc'e is given in Ref //.

Test Results-Guarded hot plate test results are presented in Fig. 6 for Walls L and S light-
weight concrete sp€cimens and Fig. 7 for lYall S normal weight concrete specimens. Thermal
conductivity is shown as a function of mean specimen temperâture. Thermal conductivity in-
creases with increasing mean tempe¡ature for lights'eight cûncret€ ând decreâses with increas-
ing mean temperature for normal weight concrete,

Thermal conductivities at a specimen mean temperature of 24"C (75"F) were interpolated
from measured guarded hot plate values. Thermal cunductivities for Wall L, Wall S light-
weight, and Wall S normal weight specimens, respectively, are0.2!,0.21, and 1.82 W,zm'K
(1.43, 1.48, and 12.6ó Btu ' in./h ' ft2 ' "F) at a specimen mean temperature of 24"C (75"F)'

Average measured thermal conductivity of the lightweight concrete developed for this project
is about one ninth that for normal v/eight concrete.

Heat FIux Transducer Test Results

Test Procedures-Two heat flux transduccrs (HFTs) were mounted on each wall specimen as

shown in Figs. 2 and 3 and previously described in the Instrumentation section. Sensors were
sttached near the center of Wall L and on the lightweight concrete portion of Wall S.

ìrVall L catibrated hot box test results were used to calibrate the HFTs for Wall S. Heat flow
through Wall S as measured by the HFT's was determined in accordance with ASTM Practice

for In-Situ Measurement of Heat Flux and Temperature on Building Envelope Components (C

1046).

Test Results-Heat flux transducer test results for the ¡ightweight concrete Portion of Wall S

are presented in Fig. ó. Results a¡e averages for 16 consecutive hours of testing during steady-

state temperature conditions. Data u/ere collefted during steady-state calibrated hot box tests.

Results are similar for the heat flux transducers mounted on the climatic chamber and meter-
ing chamber sides of the wall.

Thermal conductivity of Wall S tightweight concrete et a mean specimen temperature of
24oC (75oF), interpolated from measured values, is 0.26W/m 'K (1.8 Btu'in'/h'ft2' "F)'

Discussion oJ Results

Figure 6 presents thermat conductivities of the lightweight conc¡ete measured by the cali-

brated hot box (ASTM C 976), the guarded hot plate (ASTM C 177r, and heat flux transducers
(ASTM C lO4ó). Thermal c.onductivitiesfrom calibrated hot box and HFT measurements are

g?eater than those from guarded hot plate tests because guarded hot plate specimens were oven-

dúed to remove moisture, while the wall specimens Ìvere air-dried. An increase in specimen

moisture content increases thermal conductivity.
Prcdicted thermal resistanc€s of Walls I- and S are presented in Table 7. Values arc calcu-

lated using results from guarded hot plate tests on ovendry specimens and measured wåll thick-

¡erses. calculation procedures are trom the.4iHRAE Handbook - 1985 Fundamentals u0l.
The predicted thermal resistancc of Wall S is l77o less than that for Wall L. This compares to

¡ l07o decrease in measured thermal ¡esistancr for Wall S compared to Wâll L. A percent

reduction comparison is used because predicted values are based on oven-dried specimens and

measured values are based on air-dried sPecimens.
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'f ÃBLE7-Predicted thermal resistance oÍ Walls L and S.

Layer

Orsire 
^ir 

Filñ

200 lm Thick CoEdo Wa[
(8-in-)

l6iJe At F¡lm

' CatâJlalod lrom gua.ded fþt plate rherrol conductivil¡es ot ovendry sp€c¡mons at
24'C (75"F) and measured walt thrckness.

Wafl S R-veàJâ ebvtaled using ASHFTÀE parafl€t path mthod (R€t. 1O):

U-(1/1.49).(â/1 03)+(t /6.34).(97/1 03)
-0.188 BtuÎy-se næF
-j.07 w/sq ÞK

R-l/U . 5_33 ly.sq ft."F/Blu
-0.9.1q Dl(^¡/

Dtnelr}c Cdlbnt¡d Hot Box Tcsts

Exterior buitding walls are se!dom subjected to steady-state thermal conditions. Outdoor air
temP€råturcs and solar effects cause cyclic changes in outdoor surface temperatures- Generally,
indoor surface temp€ratures are relatively constant compared to outdoor surface temperatures.

Dynamic tests a¡e a means of evaluatìng thermal response under controlled conditions that
simulate temp€rature changes actually encountered in building envelopes. Heat flow through
walls as a rtsponse to temperature changes is a function of both thermal resistance and thermal
storage capacity.

Test Procedures

The lightweight concrete wall, designated Wall L, was subjected to four dynamic temperature
cyclcs using the CTL calibrated hot box. For these tests, the calibrated hot box metering cham-
ber air temperatures were held constant, while climatic chamber air temperatures were cycled
ovet a pte-determined time versus temperature relationship. The rate of heat flow through a test
specimen was determined from hourly averages of data.

Results for one c¡rcle, denoted the NBS Temperature Cycle. are presented. Results for other
test cycles are presented in Ref 3. 1'he NBS Test Cycle has been applied to more than 25 walls in
previous CI-L calibrated hot box studies [12. /3]. This perioCic cycle is based on a simulated sol-
aiÉ clcte used by the National Bureau of Standards in their evaluation of dynamic thermal

sSol-air tempcratuæ is that temp€rature of crutdtnr ¿ìir that. in the abænce of all ra<liation exchanges,
would give the same rate of heat entry into the surface as would exisl wilh (he actual combinâtion of incident
slar radiation. rediant energy exchange, and convective heat exchange wilh outdoor air lll)l-

R
Thsmal Rgsistaæo.

sq ßK,/W
(hr.sa lt..F/8tu)

Wa[ L

Tdel R

0.03
(0.1 7)

0 9a'
(5.se)

(0.68)

Wa[S
Lhrl Concrâtâ

0.03
(0.1 7)

0.9r
(5.49)

0.1 2
(0.68)

Watt S
NW Corcrete

1.13
(6. aa)

0.03
(0.1 7)

0.1 1'
(0.ô.)

0.12
(0.68)

1.'t2
(6.34)

performance of an experimental masonry building [/l]. lt rcpresents a large variation in out-
door temperatult over a 24-h pcriod. The mean climatic chamber temperature of the cycle is
approximately equal to the mean metering chamber temperatu¡e.

A dynamic cycle is rep€ated untit a c.ondition of equilibrium is obtained. Equilibrium condi-
tions were evaluated by consistency of applied temperstures and mcasured energy response.
After an equilibrium condition was reached, the test was continued for a period of three days.
Results are based on average readings for three consecutive 24-h cycles.

Test Results

Measured temperatures for the NBS Temperature Cycle applied to Wall L are presented in
Fig. 8. Climatic chamber air (r"), metering chamber air (r-), climatic surf¿ce (¡-), metering
surfacc (¿.), and internal wall (ú-¿) temp€ratures are average readings of l6 thermocouples
placed as described in the Instrumentation section. The average climatic chamber air tempera-
ture was 20.2oC (68.3"F). The average metering chamber air temperature was 22.3"C
(72.t"F).

Measured heat flow for the NBS Tempereture Cycle applied to Wall L is presented in Fig. 9.
Heat flow is designated positive when heat flows from the calibrated hot box climatic chamber
to the metering chamber. Heat flow determined from calibrated hot box tests (ASTM C 976) is
denoted 9..

0.26
(r.49)
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FllG. 9-Meæured heat flow Jor NBS test cycte applied to Wøt! L.

Hest floc'from the heat flux transducer (ASTM C 104ó) tocated on the metering chamber
sidc of the test specimen surface is denoted qhft. Heat flux transducer data were câlibrated using
æsults f¡om ste¡dy-state calibrated hot box tests on Watl L.

F{eat flow predicted by steady-state analysis is denoted q*. Values were calculated on an
hourly basis from wall surface temperatures using the equation

9* : (r-. - t",)/R (l)

where

qE : heat flow through wall predicted by steady-state analysis, W/mz (Btu/h - ft2),
R : average thermal resistance, m2. K,/W (h .ft2 . "F/Btu),
!6 : sve¡â.ge temperature o{ wall surface, climatic chamber side, "C ("F), and
fûr : average temperature of wall surface, metering chamber side, "C ("F).

Thermal resistances are dependent on wall mean temperature and were derived from steady-
stete calibratêd hot box test results.

Mcasurcd heat flow curves, denoted g* and ghft, show significantly reduced and delayed
pcaks comparcd to calculated heat flow, denoted g,,.

Thermal Lag

One measure of dynamic thermal performance is thermal lag. Thermal lag is a measure of the
Fesponse of indoor surfac.e temperatures and heat flow to fluctuations in outdoor air tempera-
tures. Lag is dependent on thermal resistance and heat storage capacitv of the test specimen,
since both of these factors influence the rate of heat flow-

Calibrated hot box thermal lag ìs quantified by two methods. In one measure, lag is calcu-
lated as the time required for the maximum or minimum specimen surfece temperature on the
m€tering chamber side to be reached after the maximum o¡ minimum climatic chamber air
lempcrature is attaìned. In the second measure, lag is calculated as the time required for the
¡naximum or minimum heat flow rate, qw, or qhír, to be reached after the maximum or mini-
mum heat flov/ rate based on stead_y-state predìctions. g,r, is attained. The second measure is
illustrated in Fig. 9 for the NBS Test Cycle applied to Wall L. Both measures give similar
r€sults.

31.5

t 5.75

Horl Flow,o wteq m

-1 5_75

-31 .5

(Calc.)
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Average thcrmal lag was 6.5 h for the NBS Test Cycle applied to Wall L. The value deter-
mined using heat flux transduccr data is the s&me as that determined from calibrated hot box
test results,

[.ag times of 3 to 15 h arc generalty beneficial for exterior rvalls. Walls with these lag times
delay peak afternoon heat loads until cooler night hourc. Thermal lags as low as 3 h sre benefi-
cia! in delaying peak afternoon loads until cooler evening hours. These lower lag times are espe-
cially beneficial in commercìal and industrial buildings that are vacated in the evening hourc.
The "lag effect" is also beneficial for passive solår applications.

Reduction in Amplitude

Reduction in amplitude is a second measu¡e of dynamic tbermal performsnc€. Reduction in
amplitude, as well as thermal lag, is influenced by both wall thermal rcsistance ând heet storage
capacity. Reduction in amplitude is dependent on th€ temperâture cycle applied to the test
specimen.

Reduction in amplitude is defined as the perc'ent reduction in peak heat flow when cûmpared
to peak heat flow calculated using steady-state theory. Reduction in amplitude is illustrated in
Fig. 9. Values for reduction in amplitude were calculated using the equation

A : lr - @' - q)/(qi - 4*)l . 100 (2)

where

.4 : reduction in amplitude, 7o,
q' : maximum or minimum heat flow through wall,

4 : mean heat flow through wall,
qi, : maximum or minimum heat flow through wall predicted by steady-stâte analysis, and

4r¡ : mean heat flow through wall predlcted by steady-stâte analysis.

Average reduction in amplitude for heat flow measured by the calibrated hot box, q-, is 479o

for the NBS Temperature Cycle. Reduction in amplitude from heat flux transducer measure-
ments is 587o.

Amplitudes for heat flux transducer data, g¡¡,, a¡e generally not the same as those for cali-
brated hot box measurements, q* ll2,l3l. Heat flow amplitudes differ because of the physical

presence of the instrument mounted on a wall. A wall's thermal properties are locally altered by

the heat flux transducer. In addition. heat {Iux transducer calibration using steady-state hot
box results may not fully correct for dynamic effects of the instrument location.

Actu¿l maximum heat f]ow through a ]vall is important in determining the peak energy load

for a building envelope. Test results show that anticipated peak energy demands based on ac-

tuat heat flow are less than those based on steady-state predictions for walls with thermal stor-
age capacit-v [/]. As expected, calculations based on steady-state analysis overestimate peak

heat flow for the dynamic temperature cycle applied to Wall L.

Total Heat Flow

Results of dynamic tests are âlso compared using measures of totâl heat flow through a sPeci-

men fo¡ a 24-h temperature cycle. Figure 9 can be used to iilustrate total measured heat flow.

The curve marked "g*" is heat flow through the test wall measured by the calibrated hot box.

Areas enclosed by the measured heat flow curve and the tine for zero heat flow are total heat

flow through a wall. The sum of the areas âbove and belor¡, the horizontal axis is total measured

heat flow fo¡ a 24-h period. ,{ similar procedure is used to calculate total heat flow for a 24-h

period from measured heat flux transducer data, qrn, and predictions based on steady-state

analysis, 9,".
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Totsl hcet Ílows for a 24-h period measured by the calibrated hot box. measured by heat flux
tr¡nsducrs, 4nd predicted by steady-state analysis, respectively are 129,107, and 294w . h/m2
(40.9, 33.8, and 93.3 Btuzft2).

Total hc¡t flow measured by the calibrated hot box ìs 449o of total heat ftow calcutated using
steady-stete analysis. The ratio of total measurecl heat flow to steady_state predictions, denoted
the total heat flow ratio, depends on the climatic chamber air temperaturJcycte applied to the
wall. Particularly for m¡ssive walls, greater reductions in actua! heat flow, compa.ed to steady-
state predictions, occur for temperature cycles which produce heat flow reversals through a
wall.

It should be noted that ccmparison of total measured heat flow values are limited to the
specimcn and dynamic cycte evaluated in this program. Resutts a¡e for a pârticular diurnal test
cycle and should not be arbitrarily assumed to represent annual heating and cooling loads. In
addition, results arc for an individual opaque wall assembly. As such, they are representative of
only orrc component of the building envelope.

Comparisons with Other Concrete Walls

Dynamic hcat transmission coefficients of thermal lag, reduction in amplitude, and total heat
flow ratio are used to cÐmpare dynamic thermal response of alternative wall systems.

Thermal lag and rcduction in amplitude are dependent on both thermal resistance, R, and
h€at storage câpâcity,

pcL

where

p : well density, kg,zmr (pcf),
c : wall specific heat, I/kg. K (Btu,/lb. "F), and
I : wall thickness, rn (ft).

Mo's, pI, is the predominant factor in determining heat storage capacity of most building
måterials.

For homogencous walls, thermal lag and reduction in amplitude increase with an increase in
M UsI:.

where

I : wall thickness, m (ft).
a = thermåf diffusivity, k/pc, mt/s (f.t2/h),
ft : thermal cronductivity of wall, W,/m- K (Btu/h - ft . "F),
p : wall density, kglmr (pcf),
c : wsJl specifìc heat, J./kg. K (Btu,u lb - 'F),
R : wall resistance, m2. K/'vV (h - ft: . oF,¡Btu), and
P - pcriod of dynamic cycle, h.

Table E Presents values of M and dynamic heat transmission coefficients for Wall L and three
other homogeneous concrete wal!s. Thermal lag, reduction in amplitude, and toral heat flow
ratio arc for the NBS Temperature Cvcle applied to each wall using the calìbrated hot box.
Thermal resistances used in Eq 3 to calculate M are for a wall mean ternperature of 24"C (75"F)
and arÊ from me¿surernents using CTL's calibrated hot box. Surfac.e resistances are not in-
cluded in resistances used in Eo -1.

/ Lzrc.l'', / (R).(pc¿) \',2M:t- r -{ I

\p/ \ P /
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