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HEAT TRANSFER CHARACTERISTICS OF INSULATED
CONCRETE SANDWICH PANEL WALLS

by

Martha G. Van Geem and Scott T. Shirley

ABSTRACT

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions. The objective of the
test program was to investigate effects of ties connecting wall layers on
thermal properties of insulated sandwich panel walls.

The three walls tested were similar except for the type of connectors
joining the insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two 3-in.
(75-mm) normal weight concrete layers. The first wall, a control wall, con-
tained no ties. Layers of the second wall were connected using stainless
steel ties and anchors. Layers of the third wall were connected using high-
tensile fiberglass-composite ties.

Walls were tested in the calibrated hot box facility (ASTM Designation:
€976) at Construction Technology Laboratories, Inc. (CTL). Steady-state
tests were used to measure thermal resistance (Ry) and thermal transmit-
tance (U). A comparison of results from steady-state tests on the control
wall and the wall with stainless steel connectors showed that stainless
steel connectors reduced wall thermal resistance by 7%. A comparison of
results from steady-state tests on the control wall and the wall with
high-tensile fiberglass-composite ties showed that the ties did not reduce
wall thermal resistance.

Dynamic calibrated hot box tests provided a measure of thermal response
under selected temperature ranges. Heat storage capacities of the walls
delayed heat flows through specimens. Average thermal lag values ranged
from 5 to 6 hours for the three walls.

Thermal resistances of insulations used in the walls were measured using
a guarded hot plate (ASTM Designation: C177. Wall resistances measured in
a calibrated hot box were compared to resistances calculated from wall
material properties.

*Respectively, Senior Research Engineer and Assistant Research Engineer,
Fire/Thermal Technology Section, Construction Technology Laboratories,
Inc., 5420 01d Orchard Road, Skokie, I11inois 60077.
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EXECUTIVE SUMMARY

A significant amount of energy is lost from conditioned environments of
buildings through thermal bridges. Heat transfer measurements of building
components with thermal bridges are needed to assess the severity of heat
loss through particular bridges so that remedial measures may be used, if
necessary. Heat transfer measurements are also used to verify analytical
methods of predicting heat losses through thermal bridges.

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions in a calibrated hot box.
The three walls tested were similar except for the type of connectors
Joining the insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two
3-in. (75-mm) normal weight concrete layers. The first wall, a control
wall, contained no ties. Layers of the second wall were connected using
stainless steel ties and anchors. Layers of the third wall wére connected
using high-tensile fiberglass-composite ties.

The objective of the test program was to investigate thermal effects of
metal and non-metal ties connecting wall layers on thermal properties of
insulated sandwich panel walls.

The program was conducted at Construction Technology Laboratories, Inc.
(CTL). Work was performed as part of a project sponsored jointly by the
U.S. Department of Energy (Office of Buildings and Community Systems), Amoco
Foam Products Company, and the Portland Cement Association.

Construction and testing of the control wall and the wall with stainless
steel connectors was performed as part of a subcontract with Martin Marietta

Energy Systems for the U.S. Department of Energy. This work was

-xi-
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co-sponsored by the Portland Cement Association and is part of the Building
Thermal Envelope Systems and Materials Program (BTESM) at Oak Ridge National
Laboratory.

Construction and testing of the wall with high-tensile fiberglass- -
composite ties were sponsored by Amoco Foam Products Company. Guarded hot
plate tests of insulations used in the walls were also sponsored by Amoco
Foam Products Company.

A guarded hot plate was used to measure thermal resistances of the two
Brands of extruded polystyrene insulation used to construct the three test -
walls. Thermal resistances were determined at CTL in accordance with ASTM
Designation: C 177 "Steady-State Thermal Transmission Properties by Means
of the Guarded Hot Plate." Nominal specimen dimensions were 2x12x12 in.

(50x300x300 mm). Average measured thicknesses of the two brands of

insulation were 1.99 and 1.94 in. (49.8 and 48.5 mm), respectively. Thermal -
resistances were determined at specimen mean temperatures ranging from 34 to e
121°F (1 to 50°C) for one brand and 36 to 116°F (2 to 47°C) for the second e
brand. -

L

Insulation thermal resistances at specimen mean temperature of 75°F
(24°C) were interpolated from measured values. The two brands,
respectively, had thermal resistances of 8.92 and 9.02 hr-ft2°°F/Btu (1.57 and ke
1.59 m2-K/N) at a specimen mean temperature of 75°F (24°C). -

Walls were tested in the calibrated hot box facility (ASTM Designation:
C976) at CTL. Test specimens were 8-ft 7-in. (2.6 m) sq. Steady-state tests
were used to measure thermal resistance (R) and thermal transmittance (U).
Wall thermal resistances were measured at mean temperatures of approximately
105°F (40°C) and 35°F (2°C), and air-to-air temperature differentials, -

respectively, of 60°F (33°C) and 75°F (42°C).

-x¥1-
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A comparison of results from steady-state tests on the control wall and
the wall with stainless steel connectors showed that stainless steel
connectors reduced wall thermal resistance by 7%. A comparison of results
from steady-state tests on the control wall and the wall with high-tensile
fiberglass-composite ties showed that the ties did not reduce wall thermal
resistance.

Design total thermal resistances for Walls P1, P2, and P3 were within 6%
of calibrated hot box test results. The isothermal planes method of
calculating total wall resistance predicted performance of the wall with
stainless steel connectors. A 5% decrease in total thermal resistance for
the wall with stainless steel connectors, compared to the control wall, was
predicted. A 7% decrease was measured.

Comparing results from the control wall and the wall with stainless
steel ties shows that the three-dimensional finite difference technique
performed by Mr. K. W. Childs, ORNL, accurately predicted steady-state
thermal performance of the stainless steel torsion anchors. A 6% decrease
in wall thermal resistance due to the connectors was predicted. A 7%
decrease was measured.

Calibrated hot box indoor and outdoor air temperatures, indoor and
outdoor wall surface temperatures, and the two concrete-insulation interface
temperatures were measured using 16 thermocouples in each of thg six
planes. Additional thermocoﬁp]es were used to evaluate the effects of ties
on surface temperatures. Steady-state test results showed that wall surface
temperatures adjacent to stainless steel ties are not significantly
different from su}face temperatures between ties.

Dynamic calibrated hot box tests were performed on the three test
specimens. Dynamic tests are a means of evaluating thermal response under

controlled conditions that simulate temperature changes actually encountered

-xiii-
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by building envelopes. For these tests, the calibrated hot box indoor air
temperatures were held constant while outdoor air temperatures were cycled
over a pre-determined temperature versus time relationship.

Three 24-hour (diurnal) temperature cycles were performed on each wall
in this investigation. The cycles had mean temperatures of approximately
58, 68, and 78°F (14, 20, and 26°C) and temperature swings of about 60°F
(33°C). Average indoor air temperature over the 24-hour period for each
cycle was approximately 72°F (22°C).

Dynamic calibrated hot box tests were used to determine dynamic thermal
properties of thermal lag, reduction in amplitude, and total heat flow
ratfo. As indicated by thermal lag, heat storage capacities of insulated
concrete sandwich panel walls delayed heat flow through specimens. Average
thermal lag values ranged from 5 to 6 hours for the three walls.

As indicated by the damping effect, heat storage capacities of the walls
reduced peak heat flows through specimens for dynamic temperature conditions
when compared to predictions based on steady-state thermal resistances
(R-values). Reduction in amplitude values ranged from 34 to 46% for the
control wall, 42 to 48% for the wall with stainless steel connectors, and 44
to 69% for the wall with high-tensile fiberglass-composite ties.

For the three diurnal temperature cycles applied to the test walls,
total heat flow for a 24-hour period were less than would be predicted by
steady-state R-values. Totaﬁ measured heat flows for the 24-h6ur cycles
ranged from 43 to 81% of those predicted by steady-state analysis for the
three walls. These reductions in total heat flow are attributed to wall
storage capacity énd reversals in heat flow.

Transient test data were collected during calibrated hot box testing of
the three test specimens. Results of a transient test are determined from
data collected in the period of time between two steady-state tests. After

-xiv-
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a wall is in a steady-state condition, the outdoor chamber temperature
setting is changed. The transient test continues until the wall reaches
equilibrium heat flow for the new outdoor chamber air temperature. The
initial wall mean temperature for the tests was 73°F (27°C). The final wall
mean temperature was approximately 33°F (i1°C).

Transient test results indicated that heat storage capacities of the
three insulated concrete sandwich panel walls delayed heat flow through the
specimens. The amount of time required for the walls to reach 63% of a
final heat flow were approximately 3-1/2 times greater than predicted by
steady-state calculations based on measured surface temperatures.

Calibrated hot box test results presented in this report are limited to
the specimens and temperature cycles used in this investigation. It is
anticipated that results would differ for walls with different insulation
thicknesses, for tie systems with different cross-sectional areas, or when
insulation is not tightly packed around ties as it was in this test program.

Results described in this report provide data on thermal response of
concrete-insulation sandwich panel walls subjected to steady-state and
diurnal sol-air temperature cycles. A compliete analysis of building energy
requirements must include consideration of the entire building envelope,
building orientation, building operation, and yearly weather conditions.
Data developed in this experimental program provide a quantitative basis for
modeling the buiiding enve]obe, which is part of the overall eﬁergy analysis

process.
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HEAT TRANSFER CHARACTERISTICS OF INSULATED
CONCRETE SANDWICH PANEL WALLS

by

M. G. Van Geem and S. T. Shirley*

INTRODUCTION

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions. The objective of the
test program was to investigate effects of ties connecting wythes on thermal
properties of sandwich panel walls.

The three walls tested were similar except for the type of connectors
Joining the insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two
3-in. (75-mm) normal weight concrete wythes as shown in Fig. 1. The first
wall, a control wall, contained no ties. Layers of the second wall were
connected using stainless steel ties and anchors. Layers of the third wall
were connected using high-tensile fiberglass-composite ties.

Walls were tested in the calibrated hot box facility at Construction
Technology Laboratories, Inc. (CTL). Steady-state tests were used to obtain
average heat tran§m1ss1on coefficients, including total thermal resistance
(RT)’ and thermal transm1ttaﬁce (U). Dynamic tests provided a measure of

thermal response for selected temperature ranges. A simulated sol-air

*Respectively, Senior Research Engineer and Assistant Research Engineer,
Fire/Thermal Technology Section, Construction Technology Laboratories,
Inc., 5420 01d Orchard Road, Skokie, I1linois 60077.
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dynamic cycle was selected to permit comparison of results with those obtained

(1‘8)* R
esults from tests on walls with ties are

in previous investigations.
- compared to those from the wall with no ties.

- Thermal resistances of insulations used in the walls were measured using a
guarded hot plate. Wall resistances measured in a calibrated hot box are

compared to resistances calculated from material properties.

BACKGROUND
One method of insulating structural concrete walls is to provide a layer
of insulation between two layers of concrete as shown in Fig. 1. Ties or
other fasteners are used to connect the three layers. Ties are often
- necessary for stability and load transfer, as either or both concrete layers
may be designed to be load bearing.

Ties or other elements that penetrate an insulation layer act as thermal
bridges when their conductivity is large compared to insulation. Heat losses
are concentrated at the location of conductive elements because heat will
flow through the path of least resistance, as i11lustrated in Fig. 2. Metal
ties connecting layers of insulated concrete sandwich panel walls reduce the
thermal resistance of a wall assembly.

Materials other than metal may be used for connectors if they provide
enough strength to resist the connector design loads. High-tensile
fiberglass-composite ties, such as those manufactured by Amoco Foam Products,
have been developed to reduce thermal bridging through insulation. The con-

ductivity of the fiberglass-composite material is approximately 1/100 that

of stainless steel.

- *Superscript numbers in parentheses refer to references listed at the end of
this report.
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The guarded hot plate test method [ASTM Designation: 0177(9)] is the
most widely accepted method of measuring thermal resistance of building mate-
rials. Generally, tests are performed using relatively small samples of
homogeneous materials. Sample sizes generally range from 0.2 to 4 sq ft
(0.02 to 0.4 m2), depending on the hot plate used. Overall thermal resist-
ance of a system containing a thermal bridges such as a stainless steel tie
cannot be measured using a guarded hot plate.

The calibrated hot box [ASTM Designation: 976{°’] and the guarded hot
box [ASTM Designation: 0236(9)] are used to measure thermal performance of

(9)

full scale wall assemblies. Specimens may be constructed of homogeneous
materials, such as concrete, or composite systems, such as insulated frame
walls, masonry walls, or panels with metal connectors. The CTL calibrated
hot box 1s used to measure performance for steady-state or dynamic tempera-
ture conditions. Dynamic testing is particularly important for massive
envelope components that store as well as transmit heat. Test results are
used to evaluate performance of comparative wall systems and to verify

analytical models. Heat transfer characteristics of building elements must

be known to evaluate energy losses through a building envelope.

TEST SPECIMENS

Three insulated concrete sandwich panel walls were constructed by CTL and
subsequently tested in a calibrated hot box. Walls consisted of insulation
board sandwiched between normal weight concrete layers as shown in Fig. 1.
Overall nominal dimensions of each wall were 103x103 in. (2.62x2.62 m).
Nominal dimensions of concrete and insulation layers were 3 in. (75 mm) and

2 in. (50 mm), respectively.
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The first wall, designated Wall P1, was constructed of board insulation
sandwiched between two concrete layers. The 1ight blue colored board
insulation was identified as Dow Styrofoam extruded polystyrene insulattion.
Wall P1 was constructed without any ties bridging between two concrete ~
layers.

The second wall, designated Wall P2, was also constructed with Dow
Styrofoam insulation board identified as, sandwiched between two concrete
]ayers. Wall P2 was constructed with stainless steel ties and torsion
anchors bridging the two concrete layers.

The third wall, designated Wall P3, was identified by Amoco Foam
Products Company as the Amoco-Thermomass Wall System. It consisted of 1ight
green colored board insulation, identified as Amofoam*-CM extruded
polystyrene, sandwiched between two concrete layers. The two concrete
layers were bridged with plastic ties, identified by Amoco Foam Products -

Company as high-tensile fiberglass-composite ties.

-
Wall Construction
Walls were reinforced with a single layer of 6x6-in. (150x150-mm) "
W1.4xW1.4 welded wire fabric located at the center of each 3-in. (75-mm) )
concrete layer, as detailed in Fig. 3. Walls were oriented horizontally for j
casting. The wire mesh was supported at a distance of 1.5 in. (38 mm) from -
the face of the wythe by congrete chairs. These chair supports, shown in
Fig. 4, raised the wire mesh off of the formwork base before and during con- -
crete placement. Chair supports were also used to raise wire mesh above the
insulation prior to casting the second concrete wythe. Chair supports were )
*Styrofoam and Amofoam, respectively, are trademarks of Dow Chemical Company -
and Amoco Foam Products Company.
-
-6- .
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made of the same concrete used for wall construction. Concrete, rather than
steel or plastic chairs, were used to eliminate potential thermal bridging
caused by supports.

Threaded inserts were cast into Walls P1, P2, and P3 at mid-thickness of
the top edge of each wythe, as shown in Fig. 5. The steel loop-type inserts
were used to transport each wall after the concrete had attained the neces-
sary strength.

The mix design for concrete used to construct Walls P1, P2, and P3 is
given in Table 1. Elgin coarse and fine aggregates were used in the concrete
for all walls., The nominal maximum size of the coarse gravel was 3/4 in.

(20 mm). Aggregates from Elgin are considered do]om1t1c.(]0)

Laboratory test results for measured slump, air content, and unit weight
of the fresh concrete are summarized in Table 2. The water-cement ratio of
concrete used for each of the three walls was 0.57.

Details of construction procedures for each of the three walls are des-

cribed in the following sections.

wall Pl

The 2-in. (50-mm) thick Dow Styrofoam insulation used for Wall P1 was
obtained from Dow Chemical U.S.A. in nominal 4x8-ft (1.22x2.44-m) sheets.
Insulation was pieced together to form an 8-ft 7-in. (2.62-m) square panel
as shown in Fig. 6. Insulatjon pieces were secured at joints using continu-
ous strips of duct tape on each surface. Taping of the seams prevented
infiltration of concrete paste during placement. Wall P1 had 25-ft 2-1/4 in.
(7.68 m) of insulation seams.

Measured thickness and density of the Dow Styrofoam insulation was 2 in.

(50 mm) and 1.87 pcf (29.9 kg/m3), respectively.
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TABLE 1 - CONCRETE MIX DESIGN FOR WALLS P1, P2, and P3

Quantities per cu yd

Material of concrete

Type 1 Cement 454 1b

(206 kq)

Water 258 1b

(117 kq)

E1gin Coarse Gravel, 872 1b

3/8" to 3/4" SSD* (395 kg)
(2.04% MC**)

Elgin Fine Gravel, 872 1b

No. 4 to 3/8" SSD (395 kg)

(2.25% MC**)

Elgin Sand, SSD 1431 1b

(1.79% MC**) (649 kg)

Vinol Resin - 2.2% 1.5 m1/1b cement
Solution (3.30 ml/kg)
(Air-Entraining

Admixture)

*Saturated surface dry; neither absorbing w?¥e from

r
nor contributing water to the concrete mix(11)
**Moisture content, by ovendry weight

-10-
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TABLE 2 - MEASURED

PROPERTIES OF FRESH CONCRETE

Average Average Average Unit
Wall Slump, Air Content, Weight,
Designation in. % pcf
(mm) (kg/m3)
P1 3.7 7.3 144 .1
(94) (2308)
P2 3.2 6.1 144.9
(81) (2321)
P3 2.9 7.8 143.3
(74) (2296)
-11-
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Ten 6-cu-ft (0.17-m3) batches of concrete were prepared for casting of
Wall P1. Concrete was mixed by a b6-cu-ft (0.17—m3) pan-type concrete mixer
and transported by wheelbarrow to the casting site. Placement of concrete
to form the first 3-in. (75-mm) thick concrete layer was performed initially.
Concrete was consolidated using a vibrating pad as shown in Fig. 7. Concrete
was screeded to obtain a uniform 3-in. (75-mm) thickness. Insulation board
with thermocouple wires attached was then placed on top of the concrete.

After the insulation board and thermocouples were positioned, construc-
tion procedures described above were repeated for the second concrete layer.
The top layer of concrete was troweled to obtain a uniform surface. Both
concrete layers were cast within a 3-hour period. Figure 8 shows the
finished surface of Wall P1.

Wall P1 was allowed to cure in formwork for 15 days. After removing
formwork, the wall was allowed to air dry in the laboratory at a temperature
of 73+5°F (23+3°C) and 45+15% RH for approximately 3 months.

Prior to testing, the faces of Wall P1 were coated with a cementitious
waterproofing material to seal minor surface imperfections. A textured, non-
cementitious paint was subsequently used as a finish coat. These coatings
provided a white, uniform surface for both wall faces. Wall edges were left

uncoated.

Wall P2

Torsion anchors and ties, identified as stainless steel, were used to
connect concrete layers of Wall P2. Locations of the four torsion anchors
and sixteen metal-ties are shown in Fig. 9. A Type A-3 tie consists of a
0.118-in. (3-mm) diameter bar with a nominal height of 5 in. (125 mm).
Dimensions of Type A and Type B torsion anchors are shown in Fig. 10.

Connectors were manufactured by The Burke Company and were installed per

manufacturer's instructions.
-13-
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Figures 11 and 12, respectively show ties and torsion anchors attached
directly to the wire mesh of the lower layer before concrete was placed. Two
28-in. (700-mm) long No. 2 bars were installed at the location of each tor-
sion anchor, as shown in Fig. 13.

The Dow Styrofoam insulation used for Wall P2 was obtained in nominal
4x8-ft (1.22x2.44-m) sheets. 1Insulation was cut to form three sections as
shown in Fig. 14. Sections were chosen to facilitate placement of insulation
around ties and torsion anchors. 1Individual pieces of insulation sections
were joined using duct tape. Joints of each surface were continuously taped,
except at the location of torsion anchors.

Secttons of insulation were cut out at locations of ties and torsion
anchors. Figure 15 shows insulation in place with a tie penetrating the cut-
out section. Cut-out sections were saved and replaced, as shown in Fig. 16,
after insulation board was placed on the first concrete layer. Seams of
cut-out sections and the three sections of insulation shown in Fig. 14 were
taped on the top surface using duct tape.

Measured thickness and density of the Dow Styrofoam insulation used for
Wall P2 was 2.0 in. (50 mm) and 1.86 pcf (29.8 kg/mz), respectively.

Ten 6-cu-ft (0.17—m3) batches of concrete were prepared for casting of
Wall P2. Concrete was mixed using a 6-cu-ft (0.17-m3) revolving-drum-type
mixer and was transported in a concrete bucket by forklift to the casting
site. The concrete bucket wés 1ifted above formwork by an overhead crane
and concrete was placed in the formwork. Concrete was placed in each 3-1in.
(75-mm) thickness from one side of the wall to the opposite side. Concrete
in each layer was.consol1dated using a vibrating screed as shown in Fig. 17.
Polystyrene insulation was placed on top of the first concrete layer after

the concrete was placed.

-17-
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The top surface of the second concrete layer was troweled to obtain a
uniform surface.

Wall P2 was allowed to cure in formwork for 14 days. After removing
formwork, the wall was allowed to air dry in the laboratory at a temperature
of 73+5°F (23+°C) and 45+15% RH for approximately 3 months.

Prior to testing, the faces of Wall P2 were coated and painted in the

same manner as Wall P1.

Wall P3

Ties, described as high-tensile fiberglass-composite, were used to
connect concrete layers of Wall P3. Locations of the thirty-six ties are
shown in Fig. 18. Connectors, shown in Fig. 19, were manufactured by
Thermomass Technology Inc. and were installed per manufacturer's instruc-
tions. Dimensions of the 6-in. (150-mm) long connectors are shown in
Fig. 20.

The Amofoam insulation was obtained in nominal 4x8-ft (1.22x2.44-m)
sheets. Insulation was cut to form an 8-ft 7-in. (2.62 m) square panel as
shown in Fig. 21. 1Insulation pieces were joined using continuous strips of
transparent cellophane tape on each surface. Tape was provided by Amoco Foam
Products. Wall P3 had 25 ft 2 in. (7.67 m) of insulatton seams.

Prior to placing the insulation on the concrete, 15/32-in. (12-mm) holes
were drilled through the insulation at the location of ties.

Polystyrene insulation was placed on top of the first concrete layer
after the concrete was placed. High-tensile fiberglass-composite ties were
pushed through thé predrilled holes in the insulation into the lower

concrete layer, as shown in Fig. 22.

_23-
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The Amofoam insulation used for Wall P3 had a measured thickness of 2 in.
(50 mm) and a density of 2.08 pcf (33.3 kg/m3).

Ten 6-cu-ft (0.17-m3) batches of concrete were prepared for casting of
Wall P3. Concrete was mixed using a 6-cu-ft (0.17-m3) revolving-drum-type
concrete mixer and was transported in a concrete bucket by forklift to the
casting site. The concrete bucket was 1ifted above formwork by an overhead
crane and concrete was placed in the formwork. Concrete was placed in each
3-in. (75-mm) thick layer from one side of the wall to the opposite side.
The concrete was consolidated using the same vibrating screed used in con-
struction of Wall P2. To reduce the chance of voids in the concrete, ties
were touched gently with an immersion vibrator as shown in Fig. 23.

The top surface of the second concrete wythe was troweled to obtain a
uniform surface.

Wall P3 was allowed to cure in formwork for fourteen days. After remov-
ing formwork, Wall P3 was allowed to air dry in the laboratory at a tempera-
ture of 73+5°F (23+3°C) and 45+15% RH for approximately 3 months.

Prior to testing, the faces of Wall P3 were coated and painted in the

same manner as Walls P1 and P2.

Physical Properties of Walls
Measured unit weights, thicknesses, and surface areas of Walls P1, P2,
and P3 are summarized in Table 3. Insulation thicknesses and densities for

Walls P1, P2, and P3 are also listed in Table 3.

Instrumentation

Ninety-six thérmocoup]es, corresponding to ASTM Designation: E230,
"Standard Temperature-Electromotive Force (EMF) Tables for Thermocoup]es,“(g)

Type T, were used to measure temperatures during thermal testing. For each

-28-
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TABLE 3 - SUMMARY OF PHYSICAL PROPERTIES FOR WALLS P1, P2, and P3

Measured Value

Property Wall Pl Wall p2 Wall P3
Unit Weight of Wall, 1b/ft2 (kg/m2) 77 %% 74.5% 75.1*
(376) (364) (366)
Average Wall Thickness, in. (mm) 8.20 8.20 8.19
(208) (208) (208)
Wall Area, ft2 (m2) 73.90 73.94 74.09
(6.86) (6.87) (6.88)
Insulation Thickness, in. (mm) 2 2 2
(50) (50) (50)
Insulation Denstty, 1b/ft3 (kg/m3) 1.87 1.86 2.08
(29.9) (29.8) (33.3)

*Measured before calibrated hot box testing.

**Measured after calibrated hot box tests were completed.

-30-
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test wall, 16 thermocouples were located in the air space on each side of
the test specimen, 16 on each face of the test wall, and 16 at each of the
two concrete/insulation interfaces. The 16 thermocouples in each plane were
spaced 20-3/5-in. (525-mm) apart in a 4x4 grid over the wall area.

Thermocouples measuring temperatures in the air space of each chamber of
the calibrated hot box were located approximately 3 in. (75 mm) from the
face of the test wall.

Surface thermocouples were securely attached to the wall with duct tape
for a length of approximately 4 in. (100 mm). The tape covering the sensors
was painted the same color as the test wall surface. Thermocouples attached
to indoor and outdoor surfaces of Wall P1 are shown in Figs. 24 and 25,
respectively.

Internal thermocouples placed at the concrete/insulation interfaces were
taped directly to the insulation board prior to placement in the wall, as
shown in Fig. 26. This technique ensured desirable thermocouple location
during concrete placement. Thermocouples were wired to form a thermopile,
such that an electrical average of 4 thermocouple junctions, located along a
hortzontal 1ine across the grid, was obtained.

Additional thermocouples were also used to monitor temperatures on and
near ties bridging concrete layers for Walls P2 and P3. Two stainless steel
ties in Wall P2 were monitored. Each tie was located 2-ft 9-1/2 in. (0.85
m) from the top of the wall énd 2-ft 9-1/2 in. (0.85 m) from the side of the
wall. Thermocouple locations in a typical cross-section of the wall are
shown in Fig. 27. Thermocouple sensors were taped to each end of the
monitored tie, on concrete surfaces directly across from the monitored tie,

and on concrete surfaces 6 in. (150 mm) and 12 in. (300 mm) above the

-31-
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monitored tie. The thermocouples located 12 in. (300 mm) above the
monitored tie are midway between two ties. Reported temperatures are
average readings of two similarly located thermocouples at the monitored
ties.

Thermocouples were placed in Wall P1 at the same locations as those
placed in Wall P2 to monitor stainless steel ties. Comparisons of measure-
ments from thermocouples on Walls P1 and P2 show effects of ties on concrete
temperatures.

One high-tensile fiberglass-composite tie in Wall P3 was also monitored.
The tie was located 26 in. (650 mm) from the top of the wall and 26 in.

(650 mm) from the side of the wall. Thermocouple locations are shown in
Fig. 28. Thermocouple sensors were taped 1-1/2 in. (68 mm) from the insula-
tion along the longitudinal axis the monitored tie, as shown in Fig. 29.
Thermocouples were also taped to concrete surfaces directly across from the
monitored tie, and on concrete surfaces 4-1/4 in. (106 mm) and 8-1/2 in.
(212 mm) below the monitored tie. The thermocouples located 8-1/2 in.

(212 mm) below the monitored tie are midway between two ties.

Wires for thermocouples mounted on ties and insulation were routed through
side formwork prior to casting the second concrete wythe of each wall.

Heat flux transducers measuring 4x4-in. (100x100-mm) were mounted near
the center of the indoor and outdoor surfaces of the test walls. Sensors
were located near the center of the walls at wall mid-height. 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 contact between 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 color as the test wall surface. Heat flux
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transducers were calibrated using results from steady-state calibrated hot

box tests on the insulated concrete walls.

PHYSICAL PROPERTIES OF CONCRETE

At the time each wall was cast, companion control specimens were made for
measurement of selected physical properties. Concrete for control specimens
was sampled from each of the 10 batches required to cast each wall. Each
specimen was cast in individual 6x12-in. (150x300-mm) cylinder molds.

Unit weight, moisture content, compressive strength, and tensile split-
ting strength of 6x12-in. (150x300-mm) cylinders were determined. Measured

physical properties are summarized in Table 4.

Unit Weight
Weights of the 6x12-in. (150x300-mm) cylinders were determined periodi-

cally while specimens were air drying. Volume of each cylinder was calcula-
ted from cylinder weights in air and immersed in water. Unit weights were
calculated from measured weights and volumes.

Unit weights of the concrete cylinders are summarized in Table 5. As
shown in the table, unit weights decreased with time for the first two months
and then remained fairly constant thereafter. The reduction in unit weight

i1s due to evaporation of free water from the concrete.

Moisture Content

Average moisture content of concrete in each wall at the time of calibra-
ted hot box tests was estimated using air dry and ovendry unit weights of
6x12-1n. (150x300-mm) cylinders. Estimated moisture content for the con-

crete in each wall are listed in Table 4.
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TABLE 4 - SUMMARY OF PHYSICAL PROPERTIES OF
CONCRETE FOR WALLS P1, P2, and P3

Measured Value

Property Wall P1 | Wall P2 | wall P3
Unit Weight of Fresh Concrete, 1b/ft3 1441 144.9 143.3
(kg/m3) (2310) (2320) (2300)
Estimated Moisture Content of Concrete,
%, Ovendry Weight 1.8 2.3 2.2
Concrete Compressive Strength, psi (MPa)
Moist cured* 4715 4820 4630
(32.5) (33.2) (31.9)
Air cured 5580%* 5660*** 5520*% %% |
(38.4) (39.0) (38.0)
Concrete Splitting Tensile Strength,
psi (MPa)
Moist cured* 479 454 471
(3.30) (3.13) (3.25)
Air cured 498** 500*** 4g5k k%
(3.43) (3.45) (3.41)

*Cured in molds for first 24 hours, moist cured for 27 days

**Cured in molds for first 7 days, air cured for 147 days
***Cuyred in molds for first 7 days, air cured for 133 days
****Cyred in molds for first 7 days, air cured for 124 days
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TABLE 5 - UNIT WEIGHT OF SITE-CURED CONTROL SPECIMENS

Average for Cylinders, 1b/ft3 (kg/m3)
Age,
Days Wall P Wall P2 Wall P3
0 144.1 (2310)* 144.9 (2320)* | 143.3 (2300)*
14 - — 146.5 (2350)
16 146.2 (2340) - -
17 — 146.7 (2350) -
21 - 145.7 (2330) -
22 145.2 (2330) - -
28 144.9 (2320) 145.1 (2320) 144.7 (2320)
35 144.6 (2320) - -
42 — 144.5 (2320) -
46 - - 144.4 (2310)
57 144.0 (2310) - -
62 — - 144.3 (2310)
63 - 143.9 (2310) -
70 143.8 (2300) - -
84 143.4 (2300) —- 143.6 (2300)
98 - 143.5 (2300) —
112 143.0 (2290) —- -
154 142.6 (2280) - -
175 142.6 (2280) —- _—

*Unit weight of fresh concrete
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Compressive Strength

Compressive strengths of 6x12-in. (150x300-mm) concrete cylinders were
determined in accordance with ASTM Designation: C39 "Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens." Two sets of com-
pressive strength data were obtained for each wall as follows:

1. Twenty-eight day compressive strengths of 5 cylinders cured for 24
hours in molds, and then moist cured at 73+3°F (23+1.7°C) and 100% RH
the remaining 27 days.

2. Compressive strengths of 5 cylinders cured in molds for 7 days, and
then air cured at 73+5°F (23+3°C) and 45+15% RH until each wall was
midway through thermal tests.

Compressive strength was measured on 5 moist-cured cylinders and 5 air-cured

cylinders. Average compressive strengths for both sets of cylinders are shown

in Table 4.

Splitting Tensile Strength

Splitting tensile strengths of 6x12 in.-(150x300-mm) concrete cylinders were
determined in accordance with ASTM Designation: (496 "Standard Test method for
Splitting Tensile Strength of Cylindrical Concrete Specimens."® Cylinders were
cured in the same two ways as compressive strength cylinders. Splitting tensile
strength was measured on 5 mo1sf—cured cylinders and 5 air-cured cylinders.

Average strengths for both sets of cylinders are shown in Table 4.

THERMAL RESISTANCE OF INSULATION

A guarded hot plate was used to measure thermal resistances of Styrofoam
insulation, used for Walls P1 and P2, and Amofoam insulation, used for Wall P3.
Tests on Styrofoam insulation were performed in August and September 1985.

Tests on Amofoam insulation were performed in October 1985.
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Test Procedure

Thermal resistances were determined at CTL in accordance with ASTM Desig-

nation: C 177 "Steady-State Thermal Transmission Properties by Means of the

Guarded Hot P]ate."(g)

Guarded hot plate specimens were cut from the same lot of insulation board

as that used in the concrete-insulation sandwich walls.

Two specimens were cut

from each type of insulation. Nominal specimen dimensions were 2x12x12 in.

(50x300x300 mm). Measured thicknesses of both Styrofoam insulation specimens

was 1.99 in. (49.8 mm). Measured thickness of Amofoam insulation was 1.94 in.

(48.5 mm).

Insulation densities were determined from measured weights and dimensions.

Densities of Styrofoam and Amofoam were 1.8 1b/ft3 (28.8 kg/m3) and 2.2

1b/ft3 (35.2 kg/m3), respectively.

Using a gquarded hot plate, two identical samples of the material to be

tested are placed on either side of a horizontal flat plate heater assembly

consisting of a 5.88 in. (149.4 mm) square inner (main) heater surrounded by a

separately controlled guard heater to form a 12-in. (300-mm) square assembly.

The function of the guard heater is to eliminate lateral heat flow to or from

the main heater thereby forcing all heat generated in the main heater to flow

in the direction of the two test samples.

Liquid cooled heat sinks are also

placed in contact with the samples producing a uniform and constant

temperature on the outside of each sample.

(12)

The rate of heat flow through the specimens is determined from measuring

heat input into the heater plate.

The thermal resistance of the test samples

is determined froﬁ measurements of the final surface temperatures after

steady-state has been reached, the power input to the main heater, and the

geometry of the test samples.
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Test specimen temperatures are measured by chromel/alumel thermocouples
placed in contact with the specimen surfaces. For each of the two surfaces of
the two specimens, three thermocouples were located in the region of the main
heater, and two were located in the region of the guard heater.

After steady-state heat flow and temperatures are reached, the test is
continued for 3 hours. Thermal resistance is calculated from three sets of
measured data collected after equilibrium is reached. Data sets are collected
at time intervals of not less than 30 minutes. Power input to the main heater
and surface temperatures within the region of the main heater are used to

determine thermal resistance.

Test Results

Thermal resistances were determined for 4 mean temperatures of the Styfo—
foam insulation and 5 mean temperatures of the Amofoam insulation. Measured
resistances are 1isted in Table 6. |

Specimen mean temperature, also listed in Table 6, is the average tempera-
ture of the cold and hot surfaces for the two test samples. The average tem-
perature differential across the specimens, from the hot surface to the cold
surface, is denoted AT in Table 6.

A plot of thermal res1stance‘versus mean specimen temperature is presented
in Fig. 30. Thermal resistance decreases with increasing mean temperature for
both types of insulation.

Thermal resistances at specimen mean temperatures of 75°F (24°C) were
interpolated from measured values. Styrofoam and Amofoam insulations, respec-
tively, had thermal resistances of 8.92 and 9.02 hr-ft2-°F/Btu (1.57 and 1.59
m2-K/N) at a specimen mean temperature of 75°F (24°C). Apparent thermal con-
ductivities of Styrofoam and Amofoam insulations, respectively, were 0.223 and

2

0.215 Btuein./hreft“«°F (0.032 and 0.030 W/m+K).
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TABLE 6 - MEASURED THERMAL RESISTANCES OF STYROFOAM

AND AMOFOAM INSULATIONS

AT,
Specimen Temperature R,
Type of Test Mean Temp., Differential, Thermal Resistance,
Insulation No. °F °F hreft2.°F/Btu
(°c) (°C) (m2 K /W)
Styrofoam* 1 33.9 29.5 9.87
(1.1) (16.3) (1.74)
Styrofoam 2 52.6 45.0 9.36
(11.5) (25.0) (1.65)
Styrofoam 3 98.5 1.0 8.56
(33.8) (22.8) (1.51)
Styrofoam 4 121.3 38.5 B.05
(49.6) (21.4) (1.42)
Amof oam** 1 36.0 29.5 9.91
(2.2) (16.4) (1.74)
Amofoam 2 46.2 28.1 9.37
(7.9) (15.5) (1.65)
Amof oam 3 70.2 21.3 9.18
(21.2) (15.1) (1.62)
Amofoam 4 88.3 25.9 B8.69
(31.2) (14.3) (1.53)
Amofoam 5 115.7 24.1 8.13
(46.5) (13.4) (1.43)

*Average measured thickness
**Average measured thickness

of Styrofoam insulation was 1.99 in. (49.8 mm).
of Amofoam insulation was 1.94 in. (48.5 mm).
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CALIBRATED HOT BOX TEST FACILITY

Heat flow through Walls P1, P2, and P3 was measured for steady-state and
dynamic temperature conditions. Tests were conducted in the calibrated hot
box facility shown in Figs. 31 and 32. Tests were performed in accordance
with ASTM Designation: C 976, "Thermal Performance of Building Assemblies
by Means of a Calibrated Hot Box."(]])

The following is a brief description of the calibrated hot box. Instrumen-
tation and calibration details are described in Appendix A and Reference 13.

The facility consists of two highly insulated chambers as shown in Fig. 32.
Walls, ceiling, and floors of each chamber are insul