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Some Characteristics of Compression Failures

Compression failures are minute fractures or short, locally deformed
areas along the cell walls of fibers that result when excessive endwise-
compression forces are applied to wood. Occasionally, well-defined buckling
can be seen without magnification; but, more frequently, compression failures
are so small that a high-power microscope is necessary to detect them.
Readily visible ones are shown in figure 1, as well as some that are barely
visible, even at slight magnification, when photographcd under optimum condi-
tions of lighting. These localized areas of damaged fibers, each of which
extends across at least several annual rings, constitute one important cause
of the condition in wood commonly known as brashness, which permits pieces of
lumber to break suddenly and completely at relatively small loads and deflec-
tions and with an abrupt fracture across the grain.

Cause of Ladder-rail Breakage

Requests for diagnosis of causes of unexpected breakage of ladder rails
during service are frequently received by the Forest Products Laboratory.
These requests come from ladder marufacturers and users, as well as from
insurance companies and others concerned with ladder failures. Examinations
at the Laboratory of many broken ladder rails showed that the fractures had
occurred at compression failures that were present before the rails ultimately
broke in what was frequently reported to have been ordinary use.

Ladder materials are specified as to kind, size, and quality in safety
codes of "American Engineering and Industrial Standerds" and by the National
Safety Council for the purpose of providing equipment that is as safe as
possible. Such codes for ladder rails are based on available information
regarding defects and on characteristics of the wood that are known to affect
adversely the strength properties of wood in service. Previous studies of

1
=Maintained at Madison 5, Wis., in cooperation with the University of
Wisconsin.
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causes of brashness in wood showed that compression failures seriously reduce
bending-strength properties, particularly when loads are applied suddenly.g
For this reason, the safety codes require that side rails shall be free from
compression failures. -

Need for Information

The objective of studies covered by this report was to provide informa-
tion essential to manufacturers and users of ladders on effects and detection
of compression failures in ladder-rail material, both during manufacture and
service of the finished products. Studies of broken parts of ladders have
demonstrated the need of understanding the nature of compression failures and
of adopting practical methods by which to exclude them from equipment on which
safety of life and property depends. Investigations of and experience with
the specifications and selection of material for aircraft during the war
resulted in the improvemgnt of inspection methods adequate for the detection
of compression failures.

Accordingly, the work at the Laboratory covered by this report included
examinations of broken ladder rails and of material during manufacturing,
determination of pertinent strength properties of the material with respect to
the presence of compression failures, further development of practical inspec-
tion methods, and assembly of explanatory material to aid and guide inspectors
in detection of obscure compression failures. This work was facilitated by
cooperation of ladder manufacturers from whom experimental material was
obtained, and at whose plants practical inspection techniques were explored.

Examinations of Broken Ladder Rails

Ladder rails that failed in service usually had abrupt breaks across
the grain rather than splintering breaks. Microscopic examinations under
polarized light on thin sections of wood, which included the ultimate abrupt
breaks, showed that the fractures across the grain had occurred at compression
failures. These observations conformed to those of previous work on causes of
brashness that showed positive relationships between the presence of compres-
sion failures and abrupt breaks across the grain.=

Two breaks due to compression failures occurred about 1 foot apart in
one ladder rail (figo 2), while in another ladder both rails had broken
simul taneously at the same rung insertion because of compression failures in
both rails. In the rails of both of these ladders, the compression failures
were too small to be detected by ordinary visual inspection of the sides and

gCause of Brashness in Wood, by Arthur Koehler. USDA Tech. Bull. 342, 1933,

Washington, D. C,

éDetection of Compression Failures in Wood, by Eric A. Anderson. Report No.
1588, June 194k, Forest Products Laboratory, Madison 5, Wis.
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edges of the rails. Their presence, nevertheless, was indicated by areas of
broken fibers that extended across several annual rings on end-grain surfaces
(fig. 3) that were cut from near the failures of each of the rails.2 Thus,
the abrupt fractures across the grain of the rails were found to occur at
compression failures already present in the wood, and the presence of these
defects was indicated in nearby parts of the rail by fiber breakage in end-
grain surfaces, although they were not detected by ordinary visual inspection
of other surfaces.

Studies of Ladder-rail Material

The numerous requests for information regarding causes of, and subse-
quent determination of effects of, compression failures in relation to ladder-
rail breakage during service indicated a need by ladder manufacturers Ror
information on practical inspection methods by which to detect compression
failures. In order to satisfy such a requirement, additional investigation
of occurrence of compression failures in ladder-rail material and of their
effect on strength properties of the wood was considered necessary.

Material Examined

This study was made on ladder-rail material in the process of manufac-
ture so that observations and results would directly apply to the particular
needs of ladder producers for information on compression failures. Visual
examinations oft the end-grain surfaces showed fiber breakage that indicated
the presence of compression failures in an appreciable percentage of a large
number of ladder rails in storage. Such fiber breakage had occasionally
occurred on only one end of some rails, but more frequently it was observed
at both ends of the rails. This observation indicated that compression
failures were distributed throughout the lengths of most of the rails showing
such fiber breakage.

Many of the compression failures were undoubtedly small and, therefore,
potentially hazardous, since they could not be readily seen and might remain
undetected until after the ladders were placed in service.

Occasionally, compression failures were also visible om surfaces of
ladder rails, but the ones observed were generally very small. They were most
easily detected in rails to which a clear lacquer had been applied. Such a
finish acts as a clearing agent by reducing the refraction of light from very
small surface irregularities, such as small compression failures, so that
their characteristics are somewhat more readily identified.l

ECompression Failures in Wood Detected by the Application of Carbon Tetra-
chloride to the Surface, by John P. Limbach. Report No. 1591, March 1945,
Forest Products Laboratory, Madison 5, Wis.
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Selection of Test Material

Some of the ladder rails examined for fiber breakage on end-grain sur-
faces were selected for study by means of a toughness test to determine their
strength properties and manner of failure. Seven ladder rails that showed
fiber breakage at one or both ends, were available for this work in comparison
to six other rails on which no fiber breakage was observed. The ladder rails
had been shaped to their final cross-sectional size and were either 14 or 16
feet in length, and their surfaces had been sanded.

One sample about 2 feet along the grain was cut from an end selected at
random from each of six rails on which no fiber breakage was observed on end-
grain surfaces. From each of the seven other rails that showed some fiber
breakage, one or more samples, 2 feet long, were cut from each end. Usually,
three or four consecutive samples from one end and one sample from the
opposite end were cut from the latter rails. In addition, consecutive samples
also were cut from the complete lengths of two of these rails.

Each of the samples provided material for determination of properties

of the wood that were considered important for studying the effects of com-
pression failures in material for ladder rails.

Properties Studied

Previous work had shown that when compression failures were present,
they seriouslg affected strength, particularly that of specimens subjected to
impact loads.Z Such test specimens break suddenly and completely and with
abrupt fractures across the grain; while specimens not having' compression
failures usually splinter, and the parts on each side of the break often hang
together tenaciously. Toughness-test values, as determined by a machins
developed at the Forest Products Laboratory, have been shown to be suitable
for detecting brashness in wood, particularly when this condition has been
caused by campression failures that were present prior to the testing.Z
Therefore toughness-test values were determined on three specimens cut from
each of the samples obtained from the ladder rails.

Specific-gravity determinations were made on each of the toughness-test
specimens, since it is known that wood with appreciably lower density than the
average for a species is one of the causes of brashness in wood.= The mois-
ture content of the material was relatively uniform as a result of condition-
ing the specimens under controlled conditions of temperature and relative
humidity. These values were mostly between 12 and 13 percent of the oven-dry
weight.

2Strength and Related Properties of Wood Grown in the United States, by L. J.’
Markwardt and T. R. C. Wilson. USDA Tech. Bull. 479, 1935. Washington,
DENCE
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End-grain and Surface Examinations

End-grain surfaces of the samples were examined for the presence or
absence of fiber breakage. Pieces about three-fourtiis inch along the grain
were sawed from one end of each sample in order to standardize the examination
of the ladder-rail material. While previous observations indicated that the
relative coerseness or sharpness of a cut-off saw did not seriously hamper
such an examination, it was found to be facilitated by using a reasonably
sharp saw pulled through the piece at a moderate rate of speed. Some observa-
tions have indicated that coarse and dull saws tend to cause rougher surfaces,
particularly when the saws are pulléd rapidly through the piece, so that fiber
breakage will be partially obscured by the roughness of the surface. A 16~
inch novelty cut-off saw, with four teeth and one raker to each set, that was
driven at about 1,800 revolutions per minute, was used. Thus, end-grain
surfaces were obtained by conditions that were considered to be as favorable
as possible for practical means of detection of fiber breakage. Comparisons
of the original ends of the ladder rails to those obtained subsequently in the
Laboratory also showed that some suspected fiber breakage was an artifact due
principally to roughened surfaces produced by a coarse and probably somewhat
dull cut-off saw.

The samples were classified with respect to the presence or absence of
fiber breakage after examination under uniform conditions (table 1). This
classification, in general, conformed to the previous observation in which
fiber breakage had been suspected on one or both ends of the ladder rails
originally examined. Samples from other rails showed no indications of fiber
breakage either in the original examination at the manufacturing rlant or in
that at the Laboratory under more favorable conditions (fig. 4).

Examinations at low magnification (20X) of end-grain surfaces with
fiber breakage showed that cells of the wood had been broken off cleanly
rather than having been cut and pushed to one side by the saw teeth (fig. 5).
This breakage occurred in radially oriented areas that frequently extended
across both springwood and summerwood of two or more annual rings. The saw
cut obviously must be made close to compression failures to cause such fiber
breakage. The occurrence of fiber breakage at both ends of the ladder rails
and at frequent distances along their lengths indicated that compression
failures were closely spaced and uniformly distributed throughout some of the
ladder rails being studied (fig. 6).

The fiber breakage showed considerable variation with respect to the
size of the areas in which the cells had been broken rather than having been
normally cut by the saw teeth, and also to the frequency of occurrence of
broken-fiber areas on the end-grain surface (fig. 7). The occurrence of any
fiber breakage is considered evidence of the presence of compression failures.
Examinations of broken ladder rails under a high-power microscope and polar-
ized light, both in this study and in previous ones, showed that numerous
compression failures of microscopic size were present in the vicinity of fiber
breakage on end-grain surfaces of the wood.
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The surfaces and edges of the ladder-rail samples also were examined
for compression failures large enough to be detected visually by only very
low magnification. Previous studies had shown that some compression failures
could be seen when incident light struck the surface of the piece from one
side at an angle of about 20° and when the point of view was between 45° and
vertical to the surfaced (fig. 8). A 3-inch reading glass with about 2X
magnification was also used.

Of the 34 samples of ladder rails showing fiber breakage, small, but
nevertheless visible, compression feilures were observed in 13 samples. These
visible failures were distributed so as to include all but one of the seven
rails in which fiber breakage was found on the end-grain surfaces (table 1).
Most of these compression failures, however, were so small that they were
detected only by means of careful visual examination under optimum lighting
conditions and low-power magnification after their presence was indicated by
fiber breakage on end-grain surfaces. Thus it appears that, for purposes of
practical methods for detecting compression failures in ladder rails, careful
examinations of the ends for fiber breakage affords the greatest possibility
of identifying pieces in which this defect is present. Certainly, any rails
with visible compression failures on either edges or surfaces also should be
excluded from the finished ladders, since it is possible that they are so
localized that they did not cause fiber breakage on end-grain surfaces of the
rails. Excessive endwise compression due to rough handling, such as by drop-
ping lumber across other material or otherwise bending it, sometimes causes
such localized compression failures. These frequently are so large, however,
that they are readily detected by ordinary visual examination of smoothly
planed and finished surfaces when suitable lighting is used.

Results of Determinations

Specific gravity.--The average specific-gravity value of the specimens
from each of the samples having fiber breakage on end-grain surfaces was only
very slightly lower than that of specimens from the samples without this
characteristic, namely, 0.422 and 0.431, respectively (table 1). Thus, excep-
tionally low specific-gravity values for the species were not found to be a
cause of brashness in either of these groups of specimens.

Toughness.--Toughness-test values were determined for three specimens
from each of the samples obtained from the ladder rails available for this
study. The average value for all of the specimens from samples having fiber
breakage was less than one-half of that of specimens from the samples without
this characteristic, namely, 53.7 and 117.4t inch-pounds per specimen, respec-
tively (table 1). The ranges of these values overlapped slightly; but,
nevertheless, they differed significantly (fig. 9). This overlapping of the
ranges resulted because the low specific gravity of three specimens from one
sample without fiber breakage caused moderately low toughness values and
several specimens with relatively high specific gravity caused about the same
toughness values, even though fiber breakage and compression failures were
present in the samples. The average toughness value of three specimens from
each sample having fiber breakage was considerably lower in relation to
average specific gravity of the specimens than that of the other specimens
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from samples without fiber breakage (fig. 10). Thus, for wood of the same
density, fiber breakage on end-grain surfaces 1is identified with seriously
lower toughness-test values than is wood without this characteristic, which
is caused by the presence of compression failures.

Types of failure.--Toughness specimens of this study, and also of
previous studies of causes of brashness,Z have shown that abrupt or brittle
breaks across the grain are very frequently caused by compression failures
present before thejultimate fractures occurred. Exemination of such brittle
fractures by high-pgower magnification has shown that many occurred at com-
pression failures (fig. 11) . The specimens from samples having fiber
breakage on end-grain surfaces had characteristically brittle failures in
contrast to the splintering failures of specimens from samples without fiber
breakage (figs. 12, 13, and table 1).

Abrupt breaks due to compression failures in the specimens occurred
almost directly across many fibers and sometimes across parts of several
annual rings. Examinations by low magnification of specimens with brittle
fractures due to compression failures showed that they had characteristically
steplike contours (fig. 14). This type of failure in wood bent as a beam
results when the ultimate fracture occurs along several closely adjacent com-
precsion failures. Such steplike breaks serve as a means of identification
of ultimate failures through previously existing compression failures. They
were found to be present, wholly or in part, in all of the specimens from
samples showing fiber breakage on the end grain, but not in those from
samples that did not show this characteristic (table 1).

!

Thus these data, in combination, showed that brittle failures and low
toughness values were caused by compression failures and were related to the
occurrence of fiber breakage on end-grain and, occasionally, to visible com-
pression failures on side surﬁaces, Specimens with splintering failures and
relatively higher toughness values were obtained only from samples of ladder
rails on which no evidence of compression failures was observed by visual
examinations of ends and sides of the samples .

Distribution of Compression Failures

This study showed that compression failures were abundantly distributed
along the length of the 2-foot samples having fiber breakage on their end-
grain surfaces. The fiber breakage was at least 6 inches and was sometimes
more thar 1 foot from the brittle failures of specimens also having low tough-
ness values caused by compression failures. Thus the several samples that
were obtained from a single ladder rail had fiber breakage, brittle fractures,
and low toughness values that demonstrated an abundant occurrence of compres-
sion failures distributed at very short intervals along the length of the rail.
Many of these were of microscopic size, since the only visible compression
failures that were found in these rails were widely scattered and relatively
few in number. In fact, they were detected only after careful examination
under highly favorable conditions.
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Occasional pieces of lumber have been found to have visible compression
failures that were restricted to a marrow zone across the piece. Such pieces
did not show Tiber breakage except close to the obviously damaged zone. It is
believed that such compression failures are due to rough handling of the
lumber, such as by dropping it across obstacles, that causes buckling of the
wood in localized areas. Many compression failures, however, are believed to
result from more widely distributed and possibly less severe stress, so that
microscopic buckling of the fibers occuts abundently along the length of a
piece of lumber. Stresses in standing trees resulting from violent winds are
believed to contribute to wide distributions of compression failures such as
were observed ian this study.

Recommendations for Inspectlon Practices

The study of ladder rails and previous ones on causes of brashmness of
wood have shown that compression failures are a serious hazard to strength
properties of materials on which safety of life and property depends. These
studies also have shown that the presence of compression failures can be
detected by practical inspection methods by which unsuitable pieces can be
excluded from critical equipment. Observations made under manufacturing con-
ditions and on samples submitted to the Forest Products Laboratory have
demonstrated that compression failures of microscopic size are exceedingly
numerous in some pieces of material, while those large enough to be visible
without high-power magnification are rare. It has usually been the effects
of compression failures on strength properties and on types of failures that
have been observed.

Inspection cf End-grain

Observations at plants manufacturing ladder rails showed that careful
inspection of end-grain surfaces for fiber breakage is a practical means of
detecting compression failures. Such inspections can be made on sawed lumber
in large sizes intended for resawing to ladder-rail dimensions, provided that
the ends are sawed with reasonable smoothness. Exclusion of pieces showing
fiber breakage in rough-lumber sizes will result in some saving in manufactur-
ing costs (fig. 15, A). Lumber having that characteristic confined to only
part of the cross section sometimes can be resawed so as to salvage the
remainder that is suitable for ladder-rail material (fig. 15, B).

Ends of ladder rails, when trimmed to final length, should be cut with
a saw that will produce a surface having smoothness suitable for detecting
fiber breakage due to compression failures. A coarse, dull saw has been
found to obscure fiber breakage, while a very fine, sharp saw is inclined to
produce somewhat glossy surfaces having a similar effect on identifying fiber
breakage. Inspection of ladder-rail ends should be made directly after the
ends are trimmed, or when they are piled in storage if ladder assembly is not
to be campleted immediately. Ladder rails piled on a push truck with the
ends exposed to moderately bright light coming from one side is a condition
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recommended for a rigid inspection by which to identify fiber breakage caused
by the presence of compression failures. Diffused light, regardless of its
brightness, and coming from all sides so as to dissipate shadows, is not
satisfactory.

The inspection for fiber breakage should be rigid, and both ends of
each rail piled on a truck or in a storege pile should be inspected. Any
rail having fiber breakage on both ends should be excluded from assembly into
a ladder. Rails showing fiber breakage on only one end can be shortened at
about 2-foot intervals. If the fiber breskage on one end of such a rail com-
pletely disappears within a relatively short length, for example, 2 to 6 feet,
then it is believed that the remaining length cen be used with reasonable
safety, provided there are no other visible compression failures on the sides
or edges.

The known information on occurrence and effects of compression failures
demonstrates that a ladder rail having fiber breakage on one or both ends is
likely to be hazardous to safety of life and property. Therefore, ladder
rails having fiber breakage at either end, such as is shown in figures 3y 6,
and 7, are not considered safe.

Inspection of Sides

Sides and edges of all ladder rails should also be inspected for iden-
tification of any visible compression failures that may be present. These
may be obscured by unevenness of sawed or even of planed surfaces. Compres -
sion failures are made more readily visible, however, after clear lacquer,
shellac, or varnish has been added to the surfaces. Application of a non-
swelling liquid, such as carbon tetrachloride, also makes small, but not
microscopic, compression failures more readily visible.

Careful inspection of sides and edges of ladder rails after they have
been lacquered or varnished, is considered a practical means of detecting
visible compression failures that may have resulted from localized endwise
compression stresses that resulted in forming compression failures only in
narrow zones across the width of the rails. Incident light from a reflector
spot bulb, for example, focused at an angle of about 20° to the surface being
examined, has been found to facilitate identification of visible compression
failures. These are most readily seen when viewed from a position between
45° and 90° with respect to the surface and from the same side from the
vertical as the source of light (fig. 8).

Arrangement of Lights

Figure 16 shows a convenient arrangement of lighting from a reflector
spotlight for identifying visible compression failures on the side grain and
from a conventional incandescent 60-watt bulb in a desk lamp for examining
end-grain surfaces for fiber breakage. The latter bulb should be shielded
so that the light does not shine directly in the inspector's eyes. Studies
of these methods to identify visible compression failures and fiber breakage
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have shown that inspections can be carefully and rapidly made on ladder rails
on a table of convenient height for the work. A cleat about 5/h inch thick
and 1-1/2 inches wide nailed to the table top was found to facilitate turning
the pieces during examination of all four sides.

In general, it is recommended that the actual inspections of end-grain
and side surfaces be made by inspectors who are qualified by understanding
and practical knowledge of the appearance, characteristics, and effects of
compression failures on the strength properties of wood. Thus responsibility
for inspection can be assigned to qualified supervisory or experienced
persomnel having other duties, and thereby interference with production can
be minimized. Workers making the final assembly of the ladders, however,
always should be alert to detect any visible compression failures that may
appear as lines of buckled fibers across the grain of ladder rails. Compres-
sion failures have been observed in ladders being assembled, although it was
not known whether they might have been detected earlier by adequate
inspection or were only made visible by the stresses applied during assembly.
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Figure 1.--Compression failures in spruce lumber that are visible
as lines across the grain. Slightly magnified.
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Figure 2.--Side view of a ladder rail that failed in two places
at approximately the same time because compression failures were
present prior to the ultimate breaks in tension, which are indi-
cated by arrows.: :. '
ZX 80313 P




Figure 3.--Cross section of a ladder rail showing fiber breakage

that indicates the presence of compression failures.
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Figure 4.--Cross sections of ladder-rail samples that showed no
fiber breakage.
z M 80315 F




Figure 5.--Photomicrograph of fiber breakage due to compression
failures, showing areas of cleanly broken fibers interspersed by
groups of other fibers cut by the saw teeth and pulled to one
side. X20.
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Figure 6.--Four cross sections cut at about 2-foot intervals from
one end (13) and one from the opposite end (14) of a 16-foot
ladder rail, all showing fiber breakage caused by the presence
of compression failures.
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Figure 7.--Cross sections from a ladder rail cut at about 2-foot
intervals, all of which show fiber breakage to lesser or greater
extents, indicating the presence of uniformly distributed com-
pression failures along the length.

Z M 3318 F




- seanTTRy uoTssesdmod JoJ SuTyodees usym JYSTT d TelE-iz

JUOPTOUT PUB 90BJINS POOM USoM3D(Q 9TSUB PUB MOTA JO oT8U®B 9ATII9JJ® 3SOW--°8 oan3STg

FH4NTIVS Qb\hﬂw.w_nﬂﬂbw\\




d 6T€08 K 2

*9T93STJIO30BIBYD STYJ INOYITM soTdmes Jaylo

‘ost® ‘puv S90BJINS UTBJIS-pus uo 938 Badq Ja(TJ POMOUS 98Y3} aWOS ‘STTBJ JappBT JO

soTdwes WOJJ paurw}qo Suswioads JO sanywvA 3s93-ssauydnog Jo aFvaeaw pur ¢ (paydley
~$S049) susmydads oyj JO SPITY}-OM] oIPPTW oYy Jo ofuwa ‘oSuva 18303--°6 24n31g

(NIWIIIJS Y3d SONNOd -HINI) SINTVA SSINHINOL
0} 44 002 09/ ocl 08 o¢ 0
_ _ _ i [ _ I

JOoVNVIYE Y78/
HIIM ST TdINVS

JOVHYIYE YT/
LNOHIIM ST TdIWVS

FOVYING




200

LEGEND: '
O FIBER BREAKAGE ABSENT
o FIBER BREAKAGE PRESENT

I

=
L
3
@/60
= A
&
Q A
D /20
Q
§ A A
Q
T
S 60— o
O
S <F i
N~ (o] O o o
" 08 ¢ fol
0 Q o%&o
= 40 o oo
I: o
A
D
E

o

0.35 0.40 045 0.50 0.55

SPECIFIC GRAVITY

Figure 10.--Relation of average toughness-test values to specific
gravity of three specimens from each sample with fiber breakage
in comparison to similar values of specimens from samples without
fiber breakage.
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Figure 11.--Photomicrograph of a brittle break in tension that
occurred at a compression failure already present before the
piece ultimately broke. X450 by polarized light.

s™ 80321 F




Figure 12.--Brittle breaks across the grain of toughness-test spec-
imens from a ladder-rail sample that showed fiber breakage on
end-grain surfaces.
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Figure 13.--Splintering toughness-test failures of specimens from
sample without fiber breakage on end-grain surface.
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Figure 14.--Steplike break in a toughness-test specimen that is
characteristic of a fracture through several compression failures
already present before the ultimate break occurred. X5 photo-
graphed by reflected light.
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Figure 15.--End-grain surfaces of Sitka spruce lumber showing fiber
breakage: A, distributed across most of the surface; and B, in
the part below the black line in comparison to wood free from this
characteristic above the line.
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