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ABSTRACT 

Study of the basic design, fabrication, and construc- 
tion of structural sandwich materials started at the 
Forest Products Laboratory in the mid 1940's. It was 
recognised that, even with this extensive basic re- 
search, additional information was needed to establish 
the serviceability and durability of sandwich construc- 
tion designed as a building component. Accordingly, 
an experimental unit was built at the Laboratory in 
1947 to provide a facility for longtime exposure tests 
under conditions simulating those of actual houses. 

Performance of selected sandwich panels in the 
12- by 38-foot exposure unit was periodically eval- 
uated for various lengths of service up to 21 years. 
Such panels were constructed of paper honeycomb 
cores and a variety of facings including plywood. 
medium-density and high-density hardboard, particle- 
board, paperboard, cement asbestos, and aluminum. 
Observations of seasonal bowing of panels were also 
made over a IS-year period. 

After 21 years of exposure, the unit was dismantled 
and re-erected at a new location. During this move 
all wall, floor, and roof panels were tested for stiff- 
ness and selected panels were tested to failure. 

The plywood-faced panels exhibited a minimum of 
movement due to temperature and moisture changes, 
and retained a high proportion of original stiffness 
and strength properties. Other panel constructions 
were less stable under moisture and temperature 
changes. Only a few panels had a material loss in 
stiffness and most panels retained a strength well 
above the design load. 

The new experimental unit, incorporating the better 
panels and new ones with considerable promise, is 
continuing to furnish performance data. 
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LONGTIME PERFORMANCE OF 
SANDWICH PANELS IN 
FOREST PRODUCTS LABORATORY 
EXPERIMENTAL UNIT 

by O. E. SHERWOOD. Engin—r 

Formst Products Lobontory- 
Foroat Sorvieo 
U.S. Dopartmont of Agrteulturo 

INTRODUCTION 

Structural sandwich is a layered construction 
comprising a combination of relatively high- 
strength facing materials intimately bonded to and 
acting integrally with a low-density core material. 
Although structural sandwich construction has 
attained its well-deserved recognition only in 
recent years, its concept and a vision of its 
possibilities are not new. An efficient sandwich 
of metal facings and a plywood core was produced 
commercially some four decades ago, and no 
doubt there were applications at even earlier 
dates. In World War II, one of the most spec- 
tacular applications of structural sandwich con- 
struction was DeHaviland's mosquito bomber, 
which employed birch plywood facings with a light- 
weight balsa wood core. 

The possibilities through structural design 
of utilizing materials more efficiently, the 
development of prefabrication techniques, and the 
postwar production and availability of a great 
variety of facing and core materials, ushered in 
a new era of structural sandwich instruction- 
One end use where such factors are particularly 
important iti housing. 

Application of a new and untried construction 
to housing naturally raised a great many questions 
directly related to design, material selection, 
fabrication methods, strength, and durability. It 

was also desirable to determine, by some accel- 
erated method, the relative serviceability of the 
various combinations of facings and cores of the 
proposed sandwich panels. 

The need for basic information on these and 
related questions led to the development of a 
continuing research program at the Forest Prod- 
ucts Laboratory, extending over a number of 
years. 

Despite the encouraging results of accelerated 
aging tesls, the question remained as to how well 
these tests could be depended upon to give an 
accurate indication of longtime serviceability. 
The most effective and convincing answer would 
obviously be through a record of actual per- 
formance over a long period of time. Therefore, 
an experimental unit was built at the Laboratory 
in 1947 to evaluate structural sandwich construc- 
tions under conditions simulating those of actual 
dwellings. 

Winter temperature inside the unit was main- 
tained at 65° ± 5eF. and a humidifier was operated 
to simulate moisture conditions in an occupied 
house. 

Selected panels in the experimental unit were 
tested for stiffness and strength in 1948, 1955, 
1960, 1962, and 1968. During these tests, some 
panels were cut in half and one-half of a panel 

-Maintained at Madison, Wl«., In cooparatlon with the University of Wisconsin. 
2 
-A bibliography Is provided on page 14 of this research paper. 



was destructively tt-slüil while the other halt' 
was reinstalled in the lost unit. Some complete 
panels were destructively tested and eliminated 
from the unit. As panels were eliminated, replace- 
ment panels embodying new materials and fabrica- 
tion techniques were installed, 

lit addition to stiffness and strength tests, 
measurements of the amount of bow in each panel 
were made over a perioti of 1? years. Monthly 
average values of deformation clearly indicated 
the behavior of the various panel constructions 
to seasonal changes in temperature and humidity. 

In 1968, the entire experimental unit was dis- 
assembled and moved to a new location. During 
Ulis move, all sandwich panels in the unit were 
tested for stiffness and selected panels were 
destructively evaluated. 

Then a new experimental unit was erected that 
contained some of the best performing panels, 
as well as promising replacement panels. Plans 
are to expose the new unit for at least 9 more 
years to furnish data on which to judge sandwich 
performance In housing. 

EXPERIMENTAL UNIT 
EMPLOYING SANDWICH 
CONSTRUCTION 

The complete experimental unit re-erected In 
1968 is shown in figure 1, Overall dimensions of 
the unit are 32 feet 6 Inches long by 12 feet wide 
by 8 feet high. It is oriented with its longitudinal 
axis east and west sothe experimental wall panels 
In the long sides are placed to receive the two 
extremes of exposure. The unit Is on a concrete 
perimeter foundation over a 4-foot crawl space. 
Three sandwich floor panels are placed in the 
west room of the unit, and the remainder of the 
floor is conventional plywood subfloor over 2 by 
8 joists spaced 16 inches apart. 

The walls rest directly on the sill and fit over 
a sole plate secured to the sill. The end walls 
are made up of 4-foot-wide panels. The east end 
wall panels are of sandwich construction; the 
west end wall is insulated stressed-skin construc- 
tion. The center panel at each end contains a door. 
The   north   and   south   walls   are made up of 

experimental sandwich panels of a variety of 
materials except that a 4-foot-wlde panel con- 
taining a door is located near the center of the 
north side, ai.d a similar panel containing a window 
Is placed In the south side opposite the door. 

The unit is partitioned 11 feet from the east end 
and 13 feet from the west end, leaving an 8- by 
12-foot utility room near the center (fig. 2). One 
partition Is sandwich construction; the other is 
uninsulated stressed - skin construction. Parti- 
tions are routed on the bottom to seat over a sole 
plate secured to the floor, and on the ends and 
top to receive cleats which are glued to the wall 
and roof panels. 

A 1/2-Inch space was provided between adjacent 
side wall panels to permit them to deform without 
restriction. The space Is filled with glass fiber 
insulation and the joints are taped to provide the 
desired seal. 

A 3/4- by 2-1/2-lnch continuous plate, placed 
in the grooves at the panel tops, ties the panels 
together at the top. Cleats glued to the roof panels 
seat In the groove above the continuous plate and 
the panel facings are fastened to the cleats with 
screws. 

The 1/2-inch space between roof panels is 
filled with insulation and taped in the same manner 
as the wall panels. The panels are covered with 
a metal roof made in 1-1/2- and 2-foot-wide 
sections. Standing seams where adjacent sections 
join are covered with a sliding metal cap. 

Standard window and door frames are adapted 
to the 3-lnch wall thickness. Rough frames were 
glued in place when the wall panels were fabri- 
cated. A standard double-hung sash is used for 
the window. Doors are sandwich construction. 
Exterior doors have type XN cores and two-ply 
crossbanded birch facings made up of l/16-lnch 
veneer. One interior door has paper-overlaid 
1/8-inch Douglas-fir veneer facings; the other 
has two-ply Douglas-fir facings. 

Details of Panel Construction 

The sandwich panels in the experimental unit 
are primarily constructed of paper honeycomb 
cores with plywood or other wood-base facings; 
however, some metal facings are used and some 
of the panels employ rigid insulation as core 
material.   Details  of each panel construction, 

—The original experimental  unit Is discussed In the Appendix. 

FPL 144 



Figure  I.—Sandwich experimental   unit as re-erected   in   1968. 
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uloiin with year ol installation, are given in 
table 1. 

Core materials.—-The paper honeycomb cores 
used were of two types; the expanded or Christ- 
mas-bell type, and the corrugated-paper type. 
Expanded cores may lie produced with a variety 
of honeycomb cell sizes. Variations of the cor- 
rugated paper cores are possible by changing 
orientation of the flute axis with respect to the 
facings. 

The expanded paper core (fig. 3) was produced 
by assembling sheets of paper flatwise and bonding 
along continuous narrow bonds at regular Intervals 

across the sheet. Bonds were staggered for 
adjacent sheets. After sheets were bonded to- 
gether, they were cut off to the thickness desired 
for the core. The segments were then expanded 
to develop the honeycomb pattern. All of the 
expanded cores except those in the aluminum- 
faced panels contained 8 or 11 percent of thermo- 
setting phenolic resin. 

Corrugated cores were made from a typical 
kraft paper weighing about 45 pounds per ream 
(500 sheets 24 by 36 In.), Impregnated with about 
15 percent of a water-soluble phenolic resin. 
The corrugated sheets were bonded together with 
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Figure 3.—Expanded hexagonal paper- 
honeycomb sandwich core. 

M 87220 F 

Figure 5.—PN type of corrugated-paper 
honeycomb core. 

M 88875 F 

Figure 4.—XN type of corrugated-paper 
honeycomb core. 

M 87222 F 

Figure 6.~PNL type of corrugated-paper 
honeycomb core with flat Interleaves 
between the corrugated sheets. 

M 87223 F 



un ucld-catulyzed phenolic resin. 
The core designated XN (fig, 4) was made up of 

corrugated sheets (;lueil together with corruga- 
tions of adjacent sheets at right unglos. The 
assembly was sawed into panel thicknesses and 
used In a manner that places alternate corrugated 
sheets with flutes parallel and perpendicular to 
the facing. Core designated XF was similar except 
that It was placed in the panel with all flutes 
parallel to the facings. This orientation results 
In hotter insulation, but It is very weak In flatwise 
compression. A poor glue bond between corruga- 
tions could also result In low shear strength. 

The core designated PN (fig. 5) was assembled 
with all flutes parallel. Adjacent sheets were 
glued together at the nodes. Core designated PNL 
(fig. 6) was assembled in the same manner except 
that single-face corrugated board (corrugated 
board faced on one side with a paper sheet) was 
used. 

In order to make panels suitable for cold 
climates, two types of rigid insulation are used 
in the panels fabricated in 1968. One core employs 
the conventional expanded paper honeycomb with 
urethane foamed into the cells to a depth of 1 
inch (fig. 7). The other core is styrofoam having 
a density of 1.9 p.c.f. (pounds per cubic foot) 
(fig. 8). 

enamel  finish  bonded to 1/16-inch hardboard) 
outer face. 

Walls 

All wall panels except the aluminum-faced 
and paperboard-faced ones are about 3 Inches 
thick. Aluminum-faced panels are 2 inches thick; 
paperboard-faced panels are 4 inches thick. Wall 
panels were designed for a wind load of 20 p.s.f. 
The original panels were made either 2 feet 
11-1/2 inches or 3 feet 11-1/2 inches wide to 
conform to 3- or 4-foot spacing and to allow 
1/2-inch clearance for independent bowing of 
the panels. When structural tests were made, 
many of the panels were cut in half with one-half 
destructively tested and the remaining half re- 
installed. As a result of these destructive tests, 
most of the wall panels in the present unit are 
1 foot 5-1/2 inches or 1 foot 11-1/2 inches wide. 
The height of all wall panels Is 7 feet 11-1/2 
inches. After assembly and curing of the core 
and facing, panels were trimmed to the appro- 
priate size, and the core was routed from both 
top and bottom edges to a depth of 1-3/4 inches. 
Sole plates and top plates seat into grooves formed 
by routing, and the facings were secured to the 
plates with screws. 

Facings.—Plywood facings used in the experi- 
mental panels are: l/4-inch, three-ply Douglas- 
fir of exterior type; 1/4-inch, three-ply Douglas- 
fir exterior type, with 25 percent phenolic resin- 
treated paper overlay on one face; two-ply 
Douglas-fir of 1/10-inch veneers, with the grain 
of the veneers at right angles and a rosin-treated 
paper overlay on one side; and 3/8-inch, five-ply 
Douglas* fir, exterior type (for floor panels). 

In addition to plywood facings, the experimental 
unit has panels with several types of wood-base 
facings and one panel with metal facings. The 
wood-base facings Include medium-density and 
high-density hardboard, particleboard, and 0.1- 
inch paperboard with a film of polyethelene under 
the surface of each side. The metal facing is 
0.02-inch aluminum. The only panels of unbalanced 
construction have 1/4-inch-thick birch plywood 
inner face and l/8-inch-thick aluminum-faced 
hardboard   (0.024-inch  aluminum  with  baked 

Roof 

Roof panels are 14 feet long, spanning the width 
of the structure with 9-inch overhangs. Two 
panels, 2 feet 11-1/2 inches wide by 3 inches 
thick, with aluminum facings were designed for 
a load of 15 p.s.f. All other roof panels have 
plywood facings and, except for one panel cut in 
half for destructive testing, are 3 feet 11-1/2 
inches wide by 4-1/2 inches thick. The plywood- 
faced panels were designed for a load of 25 p.s.f. 
Three of the original panels were ventilated with 
2- by 3-inch ventilating flues spaced 6 Inches 
apart and extending lengthwise through the panels. 
Cleats glued to the underside of the roof panels 
near each end seat Into grooves at the top of the 
wall panels and are connected to the wall panels 
with screws through the wall panel facings. 

Floors 

The experimental unit has three sandwich floor 
panels 3 feet 8-1/2 inches wide by 12 feet long 
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Figure 7.—Expanded hexagonal  paper- 
honeycomb core with   i-inch urethane 
foam from one side. 

M 135 580 

Figure 8.—Styrofoam core with density 
of 1.9 pounds per cubic foot. 

M 135 581 

and 6 inches thick. They were designed for a load 
of 40 p.s.f. The cores were routed to a depth of 
1-1/8 inches on the longitudinal edges to accom- 
modate an insulated spline which connects adjacent 
panels together. During fabrication of the panels 
in 1947, a radiantheatlng system was incorporated 
by crushing copper hot water heating pipes into 
the paper core Just below the top facing. Although 
the copper tubing remains in the three floor 
panels, the remainder of the radiant heating 
system was not installed in the existing unit. 
The unit is heated by electric space heaters. 

STRUCTURAL WSTS 

Panels n\ the expo•'!mental unit have Ijcen 
exposed for varying lengths of tl mo up to 21 years. 
All panel ■ were testod lor stiffness at the time 
they wer«.1 fabricated. In additioa prototypes of 
all wall an<i floor panels were destructively tested. 
These tests serve as controls lor tests to be made 
after exp'mrc. When the experimental unit was 
moved In 1968, all panels were again tented tor 
stiffness, fc'ome pnnels had previously lieen cut in 
half with '..If the panel destructively tested. New 
panels i stalled in li>68 were tested only lor 
control va'ue.3. Tests after exposure will be made 
at future dates within the next 9 years. Tests of 
sandwich Tunel construction prior to erection of 
initial CA lerimental unit are discussed in the 
Append!? 

Bendina and Stiffness 

Tables i and 2 give the results of bending and 
stiffness ' jsts of panels in the experimental unit 
and bend:ng tests ofprototype panels destructively 
tested at ehe time the experimental panels were 
installed. Data on panels not retained in the 
experii lental unit are given in the Appendix. 
Design !<uds for the panels were 20 p.s.f. for 
walls, 25 p.s.f. for the roof, and 40 p.s.f. for the 
floor. Tefts were made by supporting the panel 
on rolle 'S .»ear the ends and applying load at the 
quarter points (fig. 9) at a rate of 0.041 Inch 
per minute. Spans for the'tests were 90 inches 
for the wall paneiu, 133 Inshcs for Onor panola, 
and 147 inches for roof panels. Values shown in 
the tables are equivalent uniform loads over the 
unsiqjported length of the panel. 

Wall oantls.—Most of the wall panels had a 
slight increase in stiffness after exposure. The 
only panels decreasing in stiffness were those 
with facings of high-density hardboard and 
redwood-faced particleboard. The hardboard- 
faced panels had a decrease in stiffness of 0 to 
9 percent after 6 years, and a decrease of 2 to 
13 percent after 20 years. The partideboard- 
faced panels had a decrease in stiffness of 36 to 
38 percent after 6 years. Even with this decrease 
in stiffness, the deflection-span ratio for high- 
density hardboard-faced panels was well above 
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Figure 9.—Method of testing sandwich wall  panel   with bending  load applied at quarter 
points of span. M 15lA0 F 

1/270; however, the deflection-span ratio of the 
partlcleboard-faced panels decreased below 
1/270. 

The greatest decrease In strength occurred in 
the aluminum-faced panels which lost 20 to 41 
percent of their strength after IS years of ex- 
posure. Even with this loss, the strength was 
still about six times the design load of 20 p.s.f. 
There was also some decrease in strength in 
panels faced with paperboard and high-density 
hardboard. 

Hoof panels.—The change in stiffness was 
insignificant in all at the roof panels ranging 
from a 2 percent decrease to a 7 percent increase. 
There were no strength tests before exposure for 
comparison with strength after exposure. Only 
two panels, one ventilated and one unventilated, 
were tested to failure. There was some concern 
when panels were first fabricated that moisture 
might condense within a panel and result in a 
reduction of panel performance. For this reason 
some roof panels were built with ventilating ducts. 
The unventilated panel (fig. 10) showed no loss 
of strength over the ventilated panel (fig. 11). 
These tests plus examination of panels indicate 

that ventilating the roof panels was not necessary 
for the type of construction used in the experi- 
mental panels. 

Floor panels."All of the floor panels showed 
an Increase in stiffness after 21 years of service. 
The increase ranged from 17 to 23 percent. The 
panel tested to failure (fig. 12) showed a 16 per- 
cent decrease in strength compared to a prototype 
floor panel tested at the time the experimental 
panels were put into service. Examination of the 
panel in the area where the copper tubing was 
Inserted for radiant heat showed no deterioration 
of the core material or the glue bond between 
core and facing. 

Tension 

To assess bond performance flatwise, tension 
tests were made of specimens taken from several 
types of sandwich panels that had been exposed 
for 1 year and for 15 years. The following is a 
summary of the results of these tests. 

1. Plvwood-faced panels.—These panels had 
been exposed for 15 years and consisted of 1/4- 



Figure  10.—Final   failure of unventllated roof panel  after 21 years' exposure, 

M  134 881 

Figure 11.—Final  failure of ventilated 
roof panel after 21  years' exposure. 

M  134 882 

Figure 12.—Final failure of floor panel 
after 21 years' exposure. 

M  134 880 
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inch Douglas-fir plywood with type XN corrugated 
paper cores. The average load at failure was 
slightly over 60 p.s.i. (pounds per square inch), 
and there was no significant difference between 
north and south panels. The majority of the 
failures occurred in the core itself, only a small 
percentage occurring in the glueline. 

2. Aluminum-faced panels. - - These panels 
were tested after 15 years of exposure and con- 
sisted of 0.02-inch-thick aluminum facings and 
expanded paper core. The average values at 
failure were quite high; 175 p.s.i. for the north 
panel and 140 p.s.i. for the south panel. The 
difference was probably due to the better glue 
bond of the north panel specimens. The paper 
thickness of the core of the north panel was 
0.012 inch, and 0.006 inch for the core used in 
the south panel. The greatest percentage of the 
failures was in the glueline. 

3. Paperboard-faced panels.—These panels 
consisted of 0.10-inch paperboard covers and 
expanded paper cores. Exposure period was 
1 year. The average tension values were quite 
low (16 p.s.i.), and there was little difference 
between the north and south panels. Most of the 
failures occurred in the facings and few, if any, 
in the glueline. 

BOWING OF WALL AND 
ROOF PANELS 

Bowing of wall and roof panels due to moisture 
and temperature effects was studied over a 15- 
year period for the original panels and over a 
4-year period for replacement panels installed 
in 1962. Observations showed a cyclic pattern with 
panels generally having about the same seasonal 
bow year after year. 

Plywood-faced panels were essentially flat 
during the warmest part of the year, bowing out- 
ward during the cold season with the north panels 
bowing more than the south panels (fig. 13). The 
south panels remained almost flat for the 6-month 
period from May to November and bowed outward 
to a maximum of a little more than 1/10 inch 
during the coldest season. The north panels were 

IP 
High-density hardboard  faced 
and cement-asbestos  faced 

Figure  13.—Average bow of sandwich wall 
panels by months during exposure from 
August  1947 to June   1962. 
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flat only in July ami bowed outward to a maximum 
of about 1/4 inch In February, 

Aluminum-faced panels 2 inches thick on the 
south side were nearly flat from April to October 
but had an Inward bow of slightly less than 1/10 
inch during the winter (flg. 13). The north panels 
bowed slightly inward during all months except 
from January to April when there was a slight 
outward bow. 

Average seasonal bowing curves of panels faced 
with high-density hardboard and with cement- 
asbestos are also shown in figure 13. The hard- 

board-faced panels on the north had the largest 
bow,   ranging from a flat condition In July and 
August to an outward bow of almost 1/2 Inch in 
March. The range of bow in the south exposure 
hardboard-faced panels was from an outward 
bow of 1/10 inch In summer to almost 4/10 inch 
in winter. The cement-asbestos panel was some- 
what more stable with a variation of only about 
2/10 inch between summer and winter conditions. 

The average seasonal bowing of paperboard- 
faced panels (4 inches thick) is shown In figure 14, 
Bowing of these panels was influenced primarily 
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Medi um-denslty-hardboard-faced panels Plywood Inside, aluminum-faced 
hardboard outside 

Figure 14.—Average bow of sandwich wall  panels by months during exposure 
at FPL from January 1963 to June 1966. 
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by moisture content of the faces with the largest 
outward bow in March and a slight inward bow in 
September. Bow of the panel in the north wall 
was generally slightly less than bow of the panel 
in the south wall. The maximum outward bow was 
slightly over 2/10 inch, and the maximum 
inward bow was less than 1/10 inch. 

The particleboard-faced panel in the north wall 
bowed outward from a maximum of almost 1/2 
inch in the middle of winter to a minimum of 
slightly less than 2/10 inch in the summer (fig. 
14). The north and southpanels were bowed nearly 
the same amount in summer, but the panel on 
the north side was bowed about 1/10 inch more 
than the panel on the south side during winter. 

Average bow of the medium-density-hardboard- 
faced panels (fig. 14) on the north side ranged 
from slightly less than 4/10 inch outward in the 
winter to about 1/10 inch outward in the summer. 
Average bow of the panel on the south side was 
from about 2/10 inch outward in the winter to 
almost flat in the summer. 

The only panel of unbalanced construction had 
a 1/4-inch birch plywood Inside facing and a 
1/8-inch aluminum-faced hardboard outside 
facing. The north panel had a maximum inward 
bow of about 1/4 inch in August and an inward 
bow of about 1/10 inch in February (fig. 14). 
Bow in the south panel ranged from about 1/10 
inch inward in January to about 2/10 inch outward 
in April. 

Average bowing of plywood-faced and 
aluminum-faced roof panels is shown in figure 
15. Bowing of the plywood-faced panels ranged 
from about 1/10 inch inward during the summer 
to an outward bow of about 1/3 inch during the 
coldest months. The bowing of aluminum-faced 
panels ranged from almost flat during the heating 
season to about 1/10 inch outward during the 
summer months. 

Bowing of the panels with wood-base facing 
was caused mostly by the difference in moisture 
content. Calculations indicate a difference in 
moisture content between inside and outside 
facings of about 8 percent. This difference reached 
a maximum near the end of winter due to the 
lower temperature and consequent higher relative 
humidity on the outside during the winter. Thermal 
contraction of the outer facing tended to reduce 
the amount of bow. 

Bowing of aluminum-faced panels was caused 
by temperature difference in the inner and outer 
face. This bowing was lessened by the significant 
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Figure  15.—Average bow of roof 
panels of plywood-faced and 
aluminum-faced sandwich by 
months during exposure from 
August  1947 to June  1962. 

M  126 270 

heat loss through the uninsulated panels. If the 
panels were insulated for a lower U value, there 
would be a greater temperature differential be- 
tween inner and outer facings and, consequently, 
much greater bowing. 

Theoretical analysis shows the bow to be 
proportional to the square of the length and 
inversely proportional to the thickness. Longer 
panels applied horizontally would have much 
greater bow than those in the experimental unit; 
however, this bow could be largely restrained 
by suitable fastenings at midlength or by other 
structural elements, such as partitions. The 
amount of bow in all the test panels did not 
produce an objectionable appearance where ad- 
jacent panels bowed the same direction and the 
same amount. There was evidence of bowing 
where a wall panel intersected a roof panel or a 
partition, but in practice this would be covered 
with a molding which conceals most of the move- 
ment. 
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SUMMARY OF OBSERVATIONS 

Performance of sandwich panels In the experi- 
mental unit over 21 years indicates that panels 
of nominal thicknesses and constructions can be 
satisfactorily used for housing construction. 
Minimum stiffness and strength requirements 
are easily achieved, and most constructions 
retain their stiffness and strength properties 
even after longtime exposure. 

Adhesive bonding techniques proved to be 
adequate with good bonds even after as much as 
21 years of service. No moisture problems at 
the bond were observed. Synthetic resins In the 
honeycomb material also afford a degree of 
moisture resistance that insures adequate 
strength and stability even If the material is 
Immersed. 

Plywood-faced panels have demonstrated 
excellent performance during 21 years of service. 
They had a minimum of movement due to tempera- 
ture and moisture changes, and retained stiffness 
and strength. Mechanical fasteners used in 
assembling a house might govern the thickness 
of facings. In some cases, thinner prefinlshed 
plywood with a nonmarrlng plastic surface might 
be used for the Interior facing. 

Although plywood was relatively stable, the 
other wood-base facings were more affected by 
moisture and temperature changes. In normal 
construction, much of the bowing would be 
eliminated by fastenings; however, restricting 
the panel edges might result in cross bowing or 
cupping. Therefore, facings that are highly sensi- 
tive to temperature and moisture changes are 
undesirable. 

The feasibility of radiant heating coils in 
sandwich floor panels was demonstrated in the 
original experiment unit. The coils did not cause 
any deterioration in the core material or the 
bond between core and facing. 

Minimum insulation requirements for many 
areas of the United States are satisfied by the 
corrugated core; however, this core does not 
provide adequate insulation for the colder 
climates. Expanded core provides even less 
Insulation. The panels with styrofoam core or 
urethane foamed into expanded core both have 
Insulating properties comparable to conventional 

wood-frame house construction with 2 Inches of 
blanket insulation. 

The long-term durability test with panels 
exposed for periods as long as 21 years has 
shown the feasibility of using this type of construc- 
tion in housing. The requirements for satisfactory 
sandwich panels are selection of proper combina- 
tions of facings, core, and adhesives; careful 
fabrication techniques; and good quality control. 
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APPENDIX 

Initial Sandwich Experimental Unit 

The complete experimental unit erected in 1947 
is shown in figure 16. Overall dimensions were 
38 i'oet 6 inches long by 12 feet 6 inches wide by 
8 feet high. The front of the unit faced north, and 
both the front and the rear walls were constructed 
of 10 sandwich panels, generally installed in 
matched pairs us shown in figure 17. The roof 

consisted of 10 sandwich panels. Four of the wall 
panels and two of the roof panels had aluminum 
facings, and all others had plywood or other wood- 
base material facings. Both the east and west end 
walls consisted of three panels. Those on the east 
were of sandwich construction and those on the 
west were of stressed-skin construction. One of 
the panels in each end wall and in the south wall 
contained a window. 

The interior was divided into two 12- by 15- 
foot rooms and one 8- by 12-foot utility room, 
with an exterior door, located in the north wall, 
opening directly into the utility room. Another 
special feature of the construction was the use of 

Figure  16.—Original Forest Products Laboratory sandwich experimental unit.       M 116 396 
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Figure 17.—Positions of original  numbered wall  and roof panels  In sandwich 
experimental  unit. M 126 174 
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sandwich panels over a crawl space for the floor 
of the east room, with copper heating pipes in- 
stalled in the panels during fabrication to deter- 
mine the effect of radiant heating with hot water 
on the long-range performance. The west room 
had a concrete subfloor with radiant heating to 
permit study of wood finish floors under such 
heating conditions. 

Tests of Panels in the Initial Experimental Unit 

Prior to construction of the experimental unit 
in 1947, small sections of various sandwich 
constructions wore submitted to a variety of tests. 
Impact bending tests were also made on prototypes 
for a plywood-faced wall panel, an aluminum- 
faced wall panel, a plywood-faced floor panel, and 
an aluminum-faced roof panel. A prototype of 
each experimental panel was tested to failure in 
bending, and each experimental panel was tested 
for stiffness before being installed in the experi- 
mental unit. Results of initial strength and stiff- 
ness tests for panels are given in tables 1, 2, 
and 7. 

Tension Tests 

Flatwise tension tests were made of small 
sections of sandwich panels to determine the 
type of failure that might occur in the facing, 
glueline, or paper core after exposure. ASTM 
procedure C 297, «Tension Test of Flat Sandwich 
Construction in Flatwise Plane," was used for 
these tests. Small 2- by 2-inch-square sections 
of the exposed sandwich panels were glued to 
steel plates. After conditioning, a tension load 
was applied to the steel plates until failure of 
the specimen occurred. Both plywood- and 
aluminum-faced specimens had average maximum 
loads greater than 50 p.s.i. 

Accelerated Durability Tests 

Paper honeycomb cores.—Prior to the selec- 
tion of core for the expo ure panels, some 72 
types of treated paper honeycomb cores were 
subjected to ASTM procedure C 481, "Laboratory 
Aging of Sandwich Constructions." A few repre- 
sentative results of the subsequent tests are listed 
in table 3. General results indicated that strength 

Table 3.--Effect of aging on paper-honeycomb sandwich cores.1 

Treating resin Ratio of property after aging to 
property before agings 

Amount Type 
Compress ion parallel to flutes 

Static 
strength 

:    Impact    : 
:  strength : 

Modulus of 
elasticity 

: Pet. Pet. :      Pet.      : Pet. 

Water-soluble phenolic 20 79 :      125       : 107 

do. 35 81 :       80       : 86 

Alcohol-Soluble phenolic : 20 80 :      100       : 70 

do.                      : 35 110 :      100       : 60 

Polyester 20 64 86 223 

do.                      : 35 100 :        70       : 70 

-Weight of paper was 90 lbs. per- 3,000 sq.  ft. 
2 
-Accelerated aging consisting of 6 cycles of the following: Immersion 

in water at 120* F. for 1 hour; spraying with wet steam at 200° F. 
for 3 hours; storage at 10* F. for 20 hours; heating in dry air at 
210* F. for 3 hours; spraying with wet steam at 200* F. for 3 hours; 
and heating in dry air at 210* F. for 18 houra. 
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and stiffness were reduced about 20 percent and 
shock resistance very little. 

Saiulwich pant'ls.—Small sandwich panel speci- 
mens with cores and wood facings similar to 
the original panels in the FPL experimental unit 
were suhjectcd to ASTM aging procedure C 481 
and tested in bending. Generally, the reduction 
of shear stress in the cores of the aged specimens 
was ahout 20 to 30 percent. The reduction in 
stiffness was about 20 percent, and no visual 
defects or warping were observed in the aged 
specimens. 

Small specimens of a commercially manu- 
factured 2-inch sandwich with resin-treated paper 
honeycomb core and aluminum faces were tested 
in tension perpendicular to the faces after a 
variety of aging exposures. The exposures and 
the results of the tests are summarized In table 
4. The tests showed that appreciable softening 
occurred in the adhesive bonding of the core to 
the facings when exposed to a temperature of 
180° F. The adhesive bond also was seriously 
affected when soaked in water for 48 hours. 
Exposure to high humidity or to cyclic conditions 
had less severe effects. 

Moisture and 
Temperature Effects 

Moisture and temperature are important factors 
that may affect the structural properties of 
sandwiches made of wood or wood-base materials. 
They may have an immediate effect on the facings 
or the core, and they are major factors in pro- 
ducing aging effects on facings, core, or adhesive 
bond. 

Facings of wood or wood-base material are 
hygroscopic; that is, they take on or give off 
water vapor until they are In equilibrium with 
the surrounding atmosphere. With an Increase of 
moisture, the dimensions are Increased, while 
structural properties are generally reduced. This 
can and often does happen to a building. Since the 
properties of sandwich constructions are largely 
controlled by the facings, these effects are 
important. Table 5 gives the structural properties 
of a number of common facing materials, both 
wet and dry. 

Table 5 also shows the moisture effects, both 
on dimensions and on strength and stiffness of a 
number of facing materials. Plywood expands by 

0.1 to 0.2 percent of its original length and loses 
about 18 percent of its strength and stiffness 
when soaked. Shock resistance is little affected. 
Hardboards and insulating boards have more 
expansion than plywood. The reductions of strength 
and stiffness follow the aamo order. 

Moisture also affects the strength of the paper 
core. Honeycomb cores A and D in table 6 were 
tested for compressive and shear strength when 
dry and when wet. The wet values ware about 
30 percent in compression and about 45 percent 
in shear, compart ! to the dry values given in 
table 6. 

Temperature effects on strength are generally 
not important In structural sandwich for building 
construction. The strength of most wood materials 
increases or decreases only 0.33 to 0.50 percent 
from that at 70° F. for each degree of ten^orature 
change. Adhesives that become plastic at high 
temperatures should be used with care where 
there is a possibility of high temperatures in 
service. On the other hand, thermosettlng adhe- 
sives that have not been fully cured may become 
hardened and strengthened by exposure to high 
temperature. This was shown in tests of sand- 
wich specimens with phenol resin-treated paper 
honeycomb cores bonded to aluminum facings with 
the phenol-vinyl resin adhesive. 

The effect of severe temperature differences 
was shown by previous laboratory tests on six 
sandwich panels 20 by 72 by ?< inches in size. The 
core was paper honeycomb, and the facings were 
various combinations of Douglas-fir veneers and 
plywood, mostly with paper overlay and one with 
aluminum paint on the warm side. The panels 
were built into a wall between two rooms, one at 
70° F. and the other a refrigerated room at -20° 
F. Bowing due to temperature occurred immedi- 
ately; it was toward the warm side and was 
observed to range from practically nothing up to 
0.06 inch in the various panels. With continuing 
exposure, the bow was reduced because of expan- 
sion in the facings on the cold side due to absorp- 
tion of moisture. 

Tests of smaller panels placed near the floor 
in the same wall showed about 5 percent of 
moisture in the facing on the warm side, 4 per- 
cent in the core, 5 percent in the facing on the 
cold side, and an additional 5 percent as frost 
crystals on the inner surface of the cold facing. 
Bow of the panels was not measured. 
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Table 4.--Average  resulta of tension  tests on specimens of sandwich wall 
panelsi 

Exposure Test results* 

Refer- 
ence 
No. 

Description 
Total time 

before testing 

:Location of 
Tensile:  failure 

: In :  In 
:gliie: paper 

Weeks: Days:Cycles P.s.l. :Pct.: Pet. 

3 

4 

1 hour at  180s F.    Tested at 
180° F. 

Continuous exposure to 97 
percent relative humidity 
at SO* F. 

1 cycle (4 weeks):  2 weeks at 
80* P. and 97 percent rela- 
tive humidity,  and 2 weeks at 
80* P.  and  30 percent rela- 
tive humidity. Then repeated. 

:1 cycle (2 days):  1 hour    In 
:wacer at 122* F., 3 hours  in 
:wet  steam at  200* F.,  20 
:hours at 10* F.,  3 hours at 
:212* P.,  3 hours In wet steam 
:at  200* P.,  and 18 hours  in 
:dry  air at  212* F.    Then 
:repeated. 

1 cycle (2 days):  24 hours at: 
158* P.,  and 24 hours at : 
40*  P.    Then repeated. 

1 cycle (2 weeks): 2 days in 
water, 12 days at 80* F. and 
30 percent relative humidity 
Then repeated. 

1 
2 
4 
8 

12 
16 

4 
8 
12 
16 
24 

2 
4 
6 
0 

12 

Conditioned at 80s F. and 65 
:percent relative humidity. 
:Tea ted dry. 

:48 hours in water at 80* P.  : : 2 
:Tested wet. 

2 1 • 
4 2 : 
6 3 : 
8 4 : 
10 5 : 
12 6 : 

75 

44 

28 

58 

82 

94 

42 

18 

70 69 31 
85 54 46 
78 58 42 
88 39 61 
69 60 40 
88 46 54 

91 49 51 
74 59 41 
71 63 37 
95 31 69 
80 34 66 

49 79 21 
50 91 9 
66 77 23 
38 96 4 
41 86 14 
32 94 6 

10 5 92 42 58 
20 10 82 33 67 
30 15 82 57 43 
40 20 83 30 70 

1 88 35 65 
2 63 59 41 
3 80 52 48 
4 83 28 72 
6 50 53 47 

—Each value is the average of 10 specimens from each panel subjected to 
exposures 1, 2, or 3, and of 5 specimens for each panel tested at the end 
of each period after being subjected to exposures 4, 5, 6, 7, or 8.  The 
wall panels consisted of 0.020-inch aluminum faces bonded to a 2-lnch- 
thick honeycomb core of resin-treated paper. 

-Average of 4 panels. 

19 



1*1 

1 
C 
"i 

o 

B   U 

It 

I   u u  w e • M « 
fi. 3   • £ 

«I — 
Ou TP   0 *< 

u   O 

0 
li 

onl 

5" 

i fv* O »A r* *N 
f-* oo CJ "N *n 
(-•t in ") in ri 

-^ co er -ü er --' 
CO   iT^  f^J  o  ^  i^- 
.n   ■-<  o^ rj   ,i   fN 

CT D  -t (N ri  m 
in O f (JO c tT> 
a^   t*i fj r-^ .f 

c o o o o o 
m  o O n C  O 
cr  JO O O r- (^ 

O O O O O O 
*0 ■£) .f\ iß %£ r** 
O -t ^ ^ fM 'A 

sO (^l OJ >J ^ >^ 

i r* O O O -« 
i ^ O O »^ ao 
I %0 f*> 9t flO w 

fn -i r~- CN 
CT\ (j> r-j  —t 
r-( -M   .O rn 

o o o 
IT)   CN    XI 
oj ^ o 

rt r-l <N  CM 

m r» oo » 
F>4 fH rs « 
<n « *ä *n 

o o 

IA tn N m <4 m 

3Sg    ggSS 
IM «e A     r* p* rt N 

*■ 

<M m « 
-< O O 

e M M 

O 0) (^ O >0 N 
^ n M Ä fvi w ass 
e 

O O M »* ^fl f^ 

oo ^ .-< m r^ a\ 

O QD 00 r» i/> <t x r- (N ^ 

CO  ~J   "^ "^  "^  '^ ^ * .t ^t 

.t in O f"" <t  »^ 
f*. r^ >t f^- -i ',^ 

O ^  ^D -C 
r- <»» ^ -J 

o       -^       ^ —  (N 

-4  00  »f 00  --J  00 

OH 9 

Ü s 
B. u Z 

U 2 b 
— • i 
■u II 0 JS 
m u v 
<• • 8 •^ « u 
Mb a 
5 e u 
Q o H 

• 
o 

■o JS 
u u 
3 f "8 oo.« 2 • »< 

31 
8 .1 

■   C  W B 

». • 
w «j 

« 
> N 

•3     5 

I 

11 

C     11 
V   £ 'H 
u    *J fl 

15 | 
S 3 Si 

« a 
w     « 
«   u « 

«    «4    b   u 

FPL 144 20 

• mmm   i i ' —» 



Effect of Temperature and 
Molature Changes on Bowing 

Sandwich panels have large sir ace areas that 
may change appreciably in dimensions with varia- 
tions of temperature or moisture content. When 
used in exterior walls ollmildings, the two facings 
are generally exposed to different conditions and 
thus assume different dimensions; the resultant 
unbalance causes bowing or cupping. Defects in 
materials or manufacture can cause warping or 
twisting. Tests have shown that the change in 
dimension of a sandwich panel with equal facings 
and exposed to the same condition on both sides 
is practically the same as that of a free facing. 
Table 5 gives linear-expansion values for a 
number of facings. 

Heat Transfer 

A variety of sandwich-panel joint types were 
tested at the Forest Products Laboratory for 
heat conductivity, from a temperature of 73° F. 
in still air on the warm (indoor) side to -10" F. 
with moving air on the cold (outdoor) side. The 
panels were 3 Inches thick, with XN-type paper 
honeycomb cores and 1/4-lnch plywood or 0.02- 
inch aluminum facing. Under these conditions, 
the plywood-faced panel and the surface at a joint 
with a plywood-fiberboard spline had surface 
temperatures of about 66" F. on the warm side. 
These surface temperatures would require a 
relative humidity of nearly 90 percent indoors to 
cause condensation of water vapor. 

The aluminum-faced panel had surface tern- 

Table 6 .--Mechanical properties of several types of honeycomb cores 

:                                      :                     : :  Shear properties^ 
Oeslg-    :                     -             :Weight of : Compresslve :-•••———««—— 
nation                   Type—             :assembled : strengthl         Shear :Modulus of 

:      core      : :strength:  rigidity 

P.c.f. P.s.l.       :  P.B.I.   :      1.000 
p.s.l. 

A : Paper, corrugated :      1.64 :          30 : 28 :  

B :                  do. :      2.58                  63 : 74 :  

C : Paper, expanded             1.96                45 : :  

0 :                  do. :      1.76 :          95 : 97 :      10.3 

E :                  do. :      3.96               360 : 306 t      20.6 

P : Glass cloth        3.46 :   286 : 165     11.9 

G : Aluminum          3.05 :   234 : 152 :  29.1 

H          do.        4.41      436 : 244     41.9 

-Core A, XN type, 30-lb. paper, 5 pet. phenolic resin; Core B, XN type, 
50-lb. paper, 15 pet. phenolic resin; Core C, 60-lb. paper, 10 pet. 
phenolic resin; Core D, 60-lb. paper, 20 pet. phenolic resin; Core E» 
125-lb. paper, 35 pet. phenolic resin; Core F, 112-114 glass cloth, 
phenolic resin, 1/4-ln. cells; Core G, 0.002-in. foil, 3/8-in. cells; 
Core H, 0.002-in. foil, 1/4-in. cells; all paper cores tented dry; 
shear In cores 0 to H inclusive, parallel to core ribbons. 

2 
-Compression perpendicular to facings of sandwich, core ends laterally 

supported. 
3 
"Cores A and B, shear in bending. Cores 0, E, F, G, and H, shear 

between two steel plates. 
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Iimtiuv of iihoul "iT I', on tlif warm aide, 30° V. 
on ll\t' warni snlc of a |oinl with continuous metal 
from outside to iusidi-, and tntormeiltatc values 
for other joints iloslgneil so thai the continuity of 
the metul was interrupted from cold side to warm 
sulu. With u facing tcm|H'ralurc of 57°F., conden- 
sation would occur tit an indoor relative humidity 
of 65 percent, and with a temperature of 36° F., 
at a relative humidity of 30 percent. 

Condensation 

If sandwich panels with expanded or corrugated 
paper cores are used for exterior walls or roofs 
in cold climates, temperatures of the Indoor sur- 
faces of the sandwich may drop low enough to 
cause objectionable condensation of water vapor 
fron» the interior air, unless cores with more 
efficient insulation are used. The problem is 
most acute with sandwiches having metal facings 
and heat-conductive cores, ami at joints or around 
openings. 

2-inch steel hall on specimens of similar panels 
caused dents 0.01 to 0.03 inch deep from drops of 
4 inches. Dents of equal depth were more noticeable 
in smooth bright sheets of metal than In materials 
like fiberboard, with a dull finish or texture. 

Compx'esslve loads up to 500 p.l.f. (pounds per 
lineal foot) caused negligible deformation and no 
damage to plywood- and aluminum-faced panels 
8 feet In length. Three aluminum-faced panels 
failed by buckling of a facing at loads of 2,300 to 
3,100 p.l.f. An 8-foot panel faced with 1/4-lnch 
plywood had developed a load of 19,000 pounds 
per foot of width at failure. 

Edgewise Loading 

Three aluminum-faced panels were tested under 
an edgewise racking load. There was no structural 
failure at twice the design load of 60 p.l.f. of width. 
Ultimata strengths were from 250 to 640 p.l.f. 
when the panels were fastened and restrained In 
a manner similar to that expected In service. 

Impact Bending 

impact bending tests were made on prototypes 
of a plywood-faced wall panel, an aluminum-faced 
wall panel, a plywood-faced floor panel, and an 
aluminum-faced roof panel. Panels were sup- 
ported near the ends. Impacts were from a 60- 
pound sandbag dropped on the center of the panel 
from Increasing heights until failure occurred. 
Heights of drop at failure were 8 feet for the 
plywood-faced wall panel, 7 feet for the aluminum- 
faced wall panel, and exceeded 10 feet for the 
floor panel and 4 feet for the roof panel. There 
was no damage from the 3-foot drop on wall or 
roof panels, or from the 6-foot drop on the floor 
panel. These values had been suggested as per- 
formance requirements in this test. 

Concentrated Loading 

Concentrated loads of 50 to 200 pounds on an 
area 1 Inch In diameter caused less deflection 
of the aluminum-faced panels than that under 
design load In static bending. Permanent denting 
of the 1/50-inch facings occurred at loads ranging 
from 190 to 290 pounds. Tests made with a falling 

Bending 

Bending tests were conducted by supporting 
panels on rollers near each end and slowly 
applying load at the quarter points (fig. 9) until 
failure occurred. Strength values of panels not 
retained in the existing unit are given in table 7. 
All panels tested exhibited original strength values 
that far exceeded the strength requirements. Wall 
panels had strengths of five to twelve times the 
design load of 20 p.s.f. The floor panel tested had 
a strength nearly ten times the design load of 
40 p.s.f. The aluminum-faced roof panels, which 
had a design load of 15 p.s.f., were the only roof 
panels tested to failure. Their strength was more 
than three times the design load. 

Stiffness 

Stiffness tests were made by supporting the 
experimental panels on rollers near each end and 
applying load at the quarter points until the design 
load was achieved. Stiffness values of panels not 
retained in the existing unit are given in table 7. 
All panels except the aluminum-faced ones had 
deflections at design load less than 1/270 of the 
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spun which was selected as the maximumaccept- 
able. The aluminum-faced wall panels had deflec- 
tions only slightly greater than 1/270 of the span. 
The aluminum-laced roof panels deflected an 
average of 1/131 of the span; however, they were 
designed for a load of only 15 p.s.f. but tested 
under the roof design load of 25 p.s.f. At load 
of 15 p.s.f., deflection averaged 1/263. 
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This research paper supersedes U.S. Forest 
Service Research Paper FPL 12, of the same 
title, issued by the Forest Products Laboratory 
in 1964. 


