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i
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The use of glued laminated construction in boats has greatly increased in re-
cent years. This construction has been used successfully for skegs and keels,
and the growing scarcity of white oak suitable for frames has suggested its use
for this purpose.

At the request of the Bureau of Ships an investigation of the relative m&rits
of steam-bent and laminated frames for a 50-foot motor launch was made. = The

work was based on the pattern for frames in the midships section of a 50-foot
motor launch.

The material used for investigation was of a quality normally used for boat
frames at the Navy Yard, Norfolk, Virginia.

For purposes of this study only that portion of the frame with severest curva-
ture was tested. The tests included steam-bent frames of the full cross section
(2 by 2.6 inches) used in the standerd design, laminated frames of the same
cross section, laminated frames of reduced cross sections, and solid and lami-
nated straight pieces of the full cross section.

As received, the material was at a high moisture content, but all fabricated
parts were seasoned to approximately 12 percent moisture before test.

The tests showed that steam-bent frames are considerably excelled in bending
strength and stiffness by laminated fremes of the same cross section.

lThis work was performed in cooperation with the Bureau of Ships, U. S. Navy
Department. -

2
"Mainteined at Madison, Wis., in cooperation with the University of Wisconsin.
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Laminated frames approximately seven-eights as large in each cross sectional
dimension have about the same strength and stiffness within the useful working
range as steam-bent frames.

The set that remains after the imposition and release of stress within a useful
working range is small and is about the same for steam-bent frames as for lami-

nated frames lessened in each cross-sectional dimension by the factor seven-
eights.

Steam-bent frames may be bent or deflected much farther under a force that
tends to straighten them than can laminated frames, and when subjected to such
a force their full strength is developed only at extreme deformations. This
behavior causes the steam-bent frame to absorb before breaking several times as
much energy as a laminated frame under a force or blow applied to the outside
of a boat between the keel and the gunwale.

Introduction

The growing scarcity of white oak of the quality considered necessary for steam-
bent frames has suggested the possibility of using laminated frames, for which
there is a more abundant supply of material.

The usual practice in fabricating leminated products is to bend and glue the
laminations simultaneously in a dry condition. The laminations are limited to
such thicknesses that the desired curvatures can be attained without signifi-
cant injury to the material. Conversely, steam-bent fremes are normally formed
to radii such that the wood fibers, particularly those on the concave or com-
pression side are seriously injured. It is to be expected, therefore, that lami-
nated and steam-bent frames of the same size may differ considerably in proper-
ties and that equality of behavior may be achieved by using different cross-
sectional dimensions in the two types.

Purpose

The purpose of this study is the comparison of strength end stiffness between
laminated and steam-bent frames of the same size, together with the determi-
nation of the dimensions of laminated frames that equal in strength and stiff-
ness steam-bent frames of standard size.

Material

The white oak from which parts for test. were made consisted of some twenty k-
by 6-inch by 12-foot pieces and twenty 4- by 6-inch by 6-foot pieces obtained
from the Anchor Lumber Company at Marietta, Ohio. These were selected by a
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representative of the Bureau of Ships, Washington, D. C., from flat-grained
white oak, stock No. 39-L-2405, normally used for boat frames at the Navy Yard,
Norfolk, Virginia. The material conformed to the requirements of Bureau of
Ships Ad Interim Specification 39-0-6 (Int) dated 1 November 1943, Oak, White,
and Elm, for Bending except for moisture content.

The stock was in a partially air-dried condition and contained some surface
checks when received at the Forest Products Laboratory. Samples from a few of
the pieces had a moisture content of about 70 percent. A few of the pleces
also contained some visual defects, such as cross grain, small knots, and worm
holes.

Preparation_of Members for Test

Tests were made on steam-bent and laminated frames and solid and laminated
specimens all of the cross-sectional dimensions used for steam-bent frames in
the standard design (2.0 inches wide by 2.6 inches deep) and on laminated fremes
reduced by the same proportion in the two cross-sectional dimensions to give -
section moduli 7/8, 3/h, 5/8, and 1/2 as great. The timbers previously de-
scribed were so converted and reassembled that the items to be compared would
be as nearly alike as possible with respect to character of wood.

The 12-foot material was ripped and crosscut to obtain from each piece a set of
four blanks as indicated in figure 1. As the material was flat-grained, this
procedure resulted in side- and end-matching of blanks, each of which was ap-
proximately 3 by 4 inches in cross section by 6 feet long. Each set of four
blanks furnished a steam-bent frame, a solid straight specimen, a laminated
frame, and a laminated straight specimen. All frames and straight pieces from
the 12-foot material were 2 by 2.6 inches in cross section.

A lamineted frame of reduced section side-matched to a bent freme of full sec-
tion was obtained from each of the 6-~foot lengths as shown in B of figure 1.

The frames were of reduced length (about 6 feet) as compared to the full pattern

but were sufficiently long to include & straight portion on either side of a
curve of proper radius and angle.

Solid Straight Specimens

Each blank for a solid straight specimen was first cut to a cross section of
2-5/16 by 2-7/8 inches, the 2-7/8 inches being in the radial direction. These
blanks were then placed in a kiln and conditioned to approximately 12 percent
moisture, after which each was surfaced in a planer to form a test specimen 2
inches wide by 2.6 inches deep.
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Steam-Bent Frames

Each blank for a steam-bent frame was surfeced to 2-1/2 by 3 inches in cross
section, the > inches being in the radial direction. (In the actual boat con-
struction, the frames are approximately 2-1/2 inches wide by 3 inches deep at
the time of bending so that later it will be possible to obtain the proper: bevel
and a finished depth of 2.6 inches.) These blenks were first kiln-dried to
about 25 percent moisture content and then stored in & room at 97 percent rela-
tive humidity. Preparation for bending was by steaming for 2 hours in a retort
at atmospheric pressure. Bending was over a wooden form of 22.8-inch radius
and was started at the middle of the length and continued until the end portions
formed a right angle.

A heavy steel strap having adjustable end brackets was used together with the

form end a tackle arrangement in producing the bends .2 Figure 2 shows the com-
plete assembly of the bending equipment. The purpose of the strap and end .
brackets was to prevent appreciable stretch or tension stress on the convex
face during the bending. The bending produced a shortening of the periphery on
the concave side of about 4.7 inches or 11.6 percent of the original length of
the portion that became curved. To prevent a change in the curvature of the
bent frames subsequent to the bending operation and removal from the form, the
ends of & thin metal strap that was located between the heavier metal strap and
each bent frame during bending were joined by means of another metal strap and
turnbuckle. In addition, a wood stay was nailed to each side of the frame near
its ends (fig. 3). The frames were then placed in a kiln and conditioned to
about 12 percent moisture content. To facilitate drying, the thin metal straps
were removed from the frames a couple of days after starting the conditioning.

Subsequent to conditioning, the frames were sized to a width of 2 inches and a
depth of 2.6 inches. Approximately equal emounts of material were removed from
the convex and concave surfaces. This was accomplished with a shaper and
special jig, as shown in figures 4 and 5.

Laminated Stfaight Specimens

Each blank for a leminated straight specimen was resawed into six 1/2-inch flat
grain boards (figs. 1 and 6A). To replace material lost in resawing, additional
material of the same size and approximately the same grain and density was
furnished as fillers. After the l/2-inch boards were conditioned to 12 percent
moisture content, they were sited to a thickness of five-sixteenths inch. The
laminations were then assembled in the order as shown in figure 6B. With this
arrangement each outer lamination was tangentially matched to the corresponding
part of the solid piece, as it indicated by figure 6A. A total of nine lami-
nations were used for making one specimen ang filler material was placed in the
central portion of the depth where it would have the least effect on the bending

2Forest Products Laboratory Report, "The Bending of 2-1/2- by 3-inch by 6-foot
Appalachian White Oak Boat Frames for Strength Tests," by C. A. Jordan de-
scribes in detail the process of steam bending oak frames.
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strength. The gluing was with a low-temperature-setting phenol formaldehyde
glue in accordance with the Bureau of Ship's Specification R-39-0-7 and at a
pressure of 150 pounds per square inch. The specimens were subsequently cured
in a room maintained at a temperature of 210° F. and a relative humidity of
about 82 percent for a period of about 16 hours. Later they were sized to 2
by 2.6 inches by 6 feet O inch, equal amounts of material being taken from
opposite faces.

Leminated Frames

The blanks for the laminated frames were handled in much the same menner as
those for the laminated straight pieces. Subsequent to the conditioning to 12
percent moisture content, the 1/2-inch flat-gralned boards were planed to a
thickness of 5/16-inch, end assembled in accordance with table 1 and figure
6B. The 5/16-inch thickness is the maximum permitted for a radius of curva-
ture of 23 inches by Specification R-39-0-7, dated December 1, 19k,

The assemblies of lamination were bent over a wooden form of 22.9 inch radius
(fig. T); the bending was started in the central portion of the length and con-
tinued until the end portions were at 90° with each other. The gluing and
curing conformed to the procedure used for the straight laminated specimens.
The pressure of 150 pounds per squere inch was applied to the bent member
through clamps attached to the wooden form. Cauls or liners of proper thick-
ness were placed on the wooden form prior to the placing of the laminations for
frames of reduced cross section to provide the same radius of curvature of the
convex face of the frames of the various depths.

After the bending process, an equal amount of material was surfaced from oppo-

site faces in the manner described for the steam-bent frames. Table 1 shows
the net cross section of the various leminated frames.

Storage

After processing, all frames were kept in a 12 percent equilibrium moisture
content room until tested.

Numbering System

The forty U- by 6-inch white oak pieces from which the frames were obtained
were numbered from 21 to 60, inclusive. Letters were suffixed to these numbers
to designate the type of item obtained from the material.

The following are the letters used:
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Letter Designation

S Solid

L Laminated

B Bent

C Control or straight specimen
F Frame

R Reduced cross section

For example, the number 60 LB-FR means that this frame was obtained from piece
No. 60 and was a laminated frame of reduced cross sectlon.

Method of Tests

Tests were made by transverse and end thrust loading.

Transverse Tests of Bent Frames

One-half the 2~ by 2.6-inch laminated and steam-bent frames were tested under
tranverse loading (fig. 8). The loed was applied to the specimen through a
bearing block having a radius of curvature of 8 inches. The load to the bear-
ing block was transmitted through a wedge-shaped piece attached to the head of
the testing machine. The ends of the frames were supported in fixtures which
allowed them to pivet on knife edges as they rotated with the application of
load. The ends (fig. 8) of the laminated-bent frames were cut to an angle of
5° and the steam-bent frames to a 20° angle, so that the angle at the end of
the test was approximately the same as at the beginning but on the opposite side
of the horizontal. A set of rollers under each support permitted horizontal
movement of the end fixtures and prevented any horizontal thrust on the frame.
The span between supports prior to loading was approximately 5% inches. Verti-
cal deflection at the midpoint of the curved member, and full-chord and half-
chord lengths were measured on scales graduated to one-hundredth of an inch and
read through telescopes. Readings of set for increments of load were also taken.

Load was applied at a rate of 0.7 inch per minute throughout the test, except
for the final run on each unit in which the speed was doubled when the load was
well past the proportiomal limit. Load-deflection readings were taken until the
load, after reaching the meximum, decreased to one-half the maximum. Work or
energy absorbed by the member up to this point ig herein termed total work and
is expressed in inch-pounds. Figures 9 and 10 show typical failures of a lami-
nated and a steam-bent frame.

End-Thrust Tests of Bent Frames

One-half the 2-.by 2.6-inch laminated and solid steam-bent frames were tested
under end-thrust loeding (fig. 11). The load was applied to the ends of the
framing members through the same two fixtures as were used as supports in the
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transverse loading tests. The ends were cut to the same angles with the hori-
zontal and for the same reason as described for trenverse tests. The distance
between the ends prior to loading was approximately 54 inches. The testing
procedure was similar to that for tranverse loading. Set and load-deflection
readings were taken in the same menner. Likewise load-~deflection readings were
taken until the load, after reaching meximum. decreased to one-half the maxi-
mum. Load was applied at the rate of 0.7 inch per minute throughout the test,
except for the final run on each unit in which the speed was doubled when the
load was well past the proportional limit. Figures 12 and 13 show typical
failures of a steam-bent and a laminated frame.

Transverse Tests of Straight Specimens

The 2- by 2.6-inch straight specimens were tested over a 62-inch span under
center loading at the rate of 0.35 inch per minute (fig. 14). This 62-inch
span is approximately the span of bent frames at maximum load under transverse
loading. The load was applied to the member through a bearing block of 8-inch
radius rigidly attached to the head of the machine. The specimens were sup-
ported near their ends on roller bearings which were allowed to pivet on metal
knife edges. Load-deflection readings were taken until the load, after reach-
ing the maximum, decreased to one-half the maximum.

Tables and Charts

Figures 15 to 19, inclusive, give detailed information on individual frames
tested under transverse loading. Figure 20 presents composite load-deflection
curves for laminated frames of various cross sections and for steam-bent frames
of full cross section. Figure 21 shows composite graphs of load versus chord-
lengthening for laminated frames of various cross sections and for steam-bent
frames of full cross section.

Figures 22 to 26, inclusive, give detalled information on individual fremes
tested under end-thrust loading. Six of the steam-bent fremes prepared for
test under end-thrust loading were inadvertently tested at a moisture content
of about 20 percent. These and those tested at lower moisture content are
averaged separately in table 3 and are separately identified in figure:22.

Figure 27 presents composite load-deflection curves for laminated bent fremes
of various cross sections and solid steam bent frames of full cross section.
Figure 28 shows composite graphs of load versus chord-shortening for laminated
frames of various cross sections and for steam-bent frames of full cross sec-
L tion. Curves G in figures 27 and 28 represent only the 13 frames tested at
the lower moisture condition of about 10 percent, while curve F represents all
steam-bent frames tested under end-thrust loading. Figure 29 includes com-
posite load-set and load deflection curves for laminated and steam-bent frames
of 2- by 2.6-inch cross section under transverse loading. Figure 30 presents
composite load-set and load-deflection curves for laminated frames of 1.7l- by
2.22-inch cross section and steam-bent frames of 2- by 2.6-inch cross section
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under transverse loading. Figure 31 includes composite load-set and load-de-
flection curves for leminated and for steam-bent frames of 2- by 2.6-inch cross
section under end-thrust loading. Curves C and D of this figure represent only
the 13 steam-bent frames tested at a moisture content of about 10 percent.
Figure 32 presents composite load-set and load deflection curves for laminated
fremes of 1.7l- by 2.22-inch cross section and for steam-bent frames of 2- by
2.6-inch cross section under end thrust loading. Curves E and F of this figure
are duplication of curves C and D of figure 31. Figure 33, which presents load-
set curves for white oak fremes tested under transverse loading, differs from
the load-set curves of figures 29 and 30 in thet the set is shown at a greatly
enlarged scale. Figure 34 presents similar load-set curves for frames under
end-thrust loading.

Table 1 includes a schedule of tests and descriptive data on leminated boat
frames. Table 2 includes results of transverse tests on laminated and steam-
bent fremes. Table 3 includes results of end-thrust tests on laminated and
steam-bent frames, while table 4 includes results of transverse tests on the
laminated and solid straight specimens.

Discussion

The loed-deflection curves for laminated and steem-bent frames of full (2 by
2.6 inches) cross section under the transverse load (fig. 15) show that the
gteam-bent frames are much lower than the laminsted frames in strength and
gtiffness. The steam-bent fremes also have an exceptionally large deflection
at maximum load, while the laminated frames fail at a relatively small de-
flection. Most of the deflection of the steam-bent frames, however, occurs
after the proportional limit hes been passed. Figure 16 shows that laminated
frames 1.92 by 2.47 inches in cross section also are considerably stronger and
stiffer than steam-bent frames of full section. Leminated frames 1.82 by 2.36
inches in cross section are slightly higher in gtrength and stiffness than
steam-bent frames of full cross section (fig. 17). Figure 18 shows a close
agreement between the load-deflection curves for laminated fremes of 1.7T1- by
5.20-inch cross section and those for steam-bent fremes 2 by 2.6 inches in cross
section up to the point at which failure of the laminated frames took place.
Leaminated frames 1.59 by 2.06 inches in cross section are definitely lower in
strength and stiffness than steam-bent frames of full cross gsection, as shown
in figure 19. From figure 20, which presents composite load-deflection curves,
it may be seen that within reasonable working limits (below proportional limit)
the load-deflection curve (D) for laminated frames 1.71 by 2.22 inches in cross
section agrees closely with that for steam-bent frames of full cross section.

Figure 22 includes individual load-deflection curves for steam-bent and matched
1aminated fremes 2 by 2.6 inches in cross section under end-thrust loading. As
in the tests under transverse loading, the stesm-bent frames are definitely
lower in strength and stiffness than the leminated frames. Also, laminated
frames 1.92 by.2.h8 inches in cross section show higher strength gnd stiffness
then steam-bent frames (fig. 23). Laminated frames 1.82 by 2.36 inches in cross
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section are about equal or slightly superior to the steam-bent frames of full
cross section as shown in figure 24, while figure 25 shows that laminated bent
frames 1.71 by 2.22 inches in cross section are definitely inferior to the
steam-bent frames in both strength and stiffness. The composite curve G of
figure 27 for steam-bent frames tested at about 10 percent moisture content,

as well as composite curve F representing all steam-bent frames of the standard
size, appears between curve D for leminated frames of 1.71 by 2.22 inches in
cross section and curve C for those 1.82 by 2.36 in cross section. The con-
clusion could be drawn from these data that laminated frames of approximately
seven-eights the cross-sectional dimensions of steam-bent frames will have about
the same strength and stiffness within useful working range as steam-bent frames.

Other measures of the stiffness of the fremes are the load-chord-lengthening
and -chord-shortening relationships shown in figures 21 and 28. These charts
also indicate that laminated frames of about seven-eights the cross-sectional
dimensions of steam-bent frames would have about the seame stiffness.

Figure 29 shows a comparison between steam-bent end laminated frames of the full
cross-section with respect to set and deflection of frames following transverse
loading to various loads. This chart shows that set as well as deflection is
considerably greater for the steam-bent fremes. The set, however, either for
the laminated or the steam-bent fremes is not large. Figure 30 indicates that
set for laminated frames 1.7l by 2.22 inches in cross-section when tested under
transverse loading agrees closely with that of steam-bent frames of full cross
section, and the deflections under load in the earlier stages are also similar.
Figures 31 and 32, which present set and defelction curves for frames under end-
thrust loading, give results similar to those for frames under transverse load-
ing, although the set 1ls somewhat larger. Figure 35 presents information on
set at a considerably expanded scale over figures 29 and 30 for bent frames
under transverse loading. The set for steam-bent fremes for various loads is
about midway between those for laminated frames 1.7l by 2.22 inches in cross
section and 1.82 by 2.36 in cross section. Figure 34 shows that the set for -
steam-bent frames under end thrust is somewhat less than for laminated frames
1.82 by 2.36 inches in cross section, whereas under transverse loading, as Just
mentioned, it was somewhat greater.

A comparison between matched groups (the first group of 10 frames in table 2
and the second group of 10 specimens in table 4) shows that in average maximum
bending stress under transverse loading the laminated frames are about 5 per-
cent lower than the laminated straight specimens. This would indicate that
there may be some reduction in strength caused by the bending of the laminations
incident to meking the frames. A similar comparison for leminated frames under
end-thrust loading and solid straight specimens (tables 3 and 4) shows a de-
ficiency in strength of about 15 percent. This is not unexpected, since the
maximum stresses of full-sized laminated frames under end-thrust loading were
considerably lower than for laminated frames of the same size under transverse
loading. The difference in stress of well-matched curved members between end-
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thrust and transverse loadings has been observed in other tests.& From mathe-

matical considerations< it has been shown that the maximum stress of curved
members so loaded that the radius of curvature is decreased, as in the present
tests under end-thrust loading, is consideably less than when the loading is
such as to increase the radius of curvature, as in the tests under transverse
loading. As previously pointed out, however, the data from both types of test
indicate that steam-bent fremes of full cross section are approximately equaled
in strength and in stiffness within useful working range by laminated frames
about seven-eights as large in each cross sectional dimension.

In successful steam bending, no tension failure takes place at the convex face,
and the concave face remains smooth with no localized buckling, folding, or
wrinkling in spite of the fact that, since wood can be stretched only to a very
small extent, the major portion of the difference in length between the two
faces must take place as shortening or upset, which is a maximum at the concave
face and decreases to zero near or at the convex face.

The stretch that is possible without tension failure is on the order of 1 per-
cent or less. In the present instance, the difference in length is nearly 12
percent (3-inch depth divided by the outer radius of 25.8 inches gives 11.6 per-
cent) which, since stretch was largely inhibited by the use of straps, consists
almost entirely of upset along the concave periphery of the bend.

A striking feature of the behavior of steam-bent material is illustrated by
figure 10. The piece illustrated has been bent in the central portion of its
length to a curvature in the opposite direction to that to which it was formed.
As shown by figure 15, failure and maximum load in the transverse tests were in
most instances at & deflection nearly as great as or somewhat greater than the
original offset of 16.9 inches. As is also shown by figure 15, these deflec-
tions were many times as great as for laminated frames. A major portion of the
deflection of the steam-bent frames is the result of stretching back to its
original length wood which was shortened in the bending process. For steam-
bent frames under end thrust in which the stresses are of the same character

as those imposed in formation of the bends, the defelctions at maximum load
and at failure are similar to those for laminated frames.

The earlier suggestion of an equivalence ratio of seven-eights was based on

the similarity between the load deflection curves for steam-bent fremes of the
standard size (2.0 by 2.6 inches) and those for two sizes of laminated frames
(1.82 by 2.36 inches and 1.7L by 2.22 inches in cross gection). Approximately
the same value is found from a consideration of figures 35 and 36 in which
values for steam-bent frames are compared to graphs that average the data from
laminated frames of ell the sizes tested. Figure 35 indicates that steam-bent
fremes are equaled in maximum load, under either transverse or end-thrust load-
ing by laminated frames having & section modulus about 64 percent as great,

4
“Forest Products Laeboratory Report, "A Comparison of Laminated end Conventional
Structural Parts for Small Landing Boats" by A. M. McLeod.

2"Strength of Materials," by Edward R. Maurer and M. O. Withey, First Edition
Revised, 1929, p. 212,
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which corresponds to cross-sectional dimensions 86 percent as great (\? 0.64 =
0.86). Figure 36 indicates ratios of moment of inertia of 53 percent for trans-
verse loading and 60 percent for end-thrust loading corresponding to ratios of

dimension of 85 percent €¢70.53 = 0.85) and 88 percent (Q? 0.60 = 0.88).

Figure 35 is not fully realistic as a comparison between steam-bent and lami-
nated frames, particularly with respect to the transverse tests, which simu-
late the action of frames subjected to forces or shock applied between the keel
and the gunwale. As shown by figures 15 to 21, steam-bent fremes develop their
full load only at extreme distortions. Presumably a boat would be completely
wrecked by breakage of planking and by other failures long before such dis-
tortions were reached. Hence, use of the full transverse load for steam-bent
fremes in considering equivalent dimensions for laminated frames seems fully
conservative. For similar reasons, any comparison of "work" values from the
data of table 2 should be made with the load-deflection graphs in mind and with
the recognition that a very large proportion of the energy absorbed by the
steam-bent frames was the result of distortions far beyond any reasonable work-
ing range.

The data for steam-bent frames apply specifically only to the particular bend °
from which they were derived. For more severe bends (greater ratio of radial
dimension of the frame to the radius of curvature) lower velues of strength :
and stiffness may be expected, and conversely. Hence, an equivalence factor
derived from the present tests cannot be considered as applying to frames that
differ greatly in ratio of radial dimension to radius of curvature from those
tested.

An advantage of the laminating process is that wood of high density and strength
can be placed in the parts of the cross section where it is most effective, the
remaining parts being of wood of lower quality.

Although the white oak supplied for these tests was selected as suitable for
bent frames and as complying with Bureau of Ships specifications for bending
oak, the modulus of rupture (average of 10,785 pounds per square inch for solid
and laminated specimens tested at an average moisture content of 12.5 percent)
was low as compared to the average (15,200 pounds per square inch at 12 percent
moisture content) as recorded in USDA Bulletin 479 for white oak (guercus alba)
from other sources (Stone County, Arkansas, Hendricks, Marion, and Morgan
Counties, Indiana; and Richland and Winn Parishes, Loulsiana). The specific
gravity (based on weight and volume of ovendry wood) was also low, 0.65 as
compared to 0.7l; as was the modulus of elasticity, 1,385,000 as compared to
1,780,000 pounds per square inch.

Conclusions

Y

(1) Steam-bent frames are excelled in strength and stiffness by properly fabri-
cated leminated fremes of the same cross section. In the present tests, steam-
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bent fremes were approximately two-thirds as strong as leminated frames of the
same size and the stiffness was one-half to two-thirds as great.

(2) Steam-bent frames of the pattern tested are equaled in strength and stiff-
ness by laminated fremes whose cross-sectional dimensions are each seven-eights
as great as those of the steam-bent frames. The strength and stiffness of steam-
bent frames may be expected to decrease with an increase in the relative curva-
ture (ratio of depth or radial dimension of the frame to the radius of curvature)
and the factor of seven-eights is not applicable to frames whose relative curva-
ture differs greatly from that of the frames tested.

(3) The wood at the concave face is greatly shortened (11.6 percent for the
pattern tested) in the formation of a steam-bent frame, and when the frame is
subjected to a force that tends to straighten out or reverse the original bend
the stretching of the inner face to and beyond its original length before a
break occurs psrmits a much greater deflection than is true of a leminated
frame. This causes the steam-bent frame to be capable of absorbing several
times as much energy as a laminated frame under a force or blow applied to the
outside of a boat between the keel and the gunwale.

(h) The sets or residual deflections after release of loads that are within

a reasonable working range are comparatively small and do not seem to differ
significantly between steam-bent and laminated frames.
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The frame, which

Figure 2.--Complete assembly of equipment for steam bending frames.
is between the wooden form and a metal strap, was forced into the position shown

with use of the tackle arrangement. End brackets attached to the steel channels
prevent excessive tension stresses on the convex side of the frame during the

bending process.

2 M 87?37 F 3
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Figure 9.--Laminated frame in testing machine showing a typilcal failure under
transverse loading.
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Figure 12.--Steam-bent frame in testing machine showing a typical
Z M 67742 F failure under end-thrust loading.
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Figure 13.--Laminated frame in testing machine showing
under end-thrust loading.
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