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SDMHART 

A literature review of compression perpendicular-to-graln (C-perp) 
research which are relevant to Machine Stress Rated (MSR) lumber is 
presented. Evidence suggests that an increase in C-perp design values 
assigned to MSR lumber may be merited. 

This report describes the work performed to date on this project and 
presents the experimental approach and proposed analysis to determine 
the C-perp strength of MSR lumber. 
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1.0 OBJECTIVES 

The objectives of this project are as follows: 

o Identify any relationship between MSR lumber grade and strength; 

o Determine whether MSR Ivimber grades, such as 2100f-1.8E and 
2400f-2.0E, merit higher ccwipresslon perpendicular-to-grain 
design values; 

o Provide information for establishing any merited changes in the 
Engineering in Wood Design Code (CAN3-086), and additional 
information for developing models and design procedures. 

The specific objective of this report is to present the literature 
review, the experimental approach, and the proposed analysis. 

2.0 INTRQDDCTION 

Compression perpendicular-to-graln (C-perp) type loading occur, for 
example, at member supports and bolted connections. The compression or 
bearing may be against a wood or steel plate in the case of supports, 
or a dowel in the case of fasteners. Design stresses for these 
applications are established to limit deformation due to the C-perp 
loading. Although the failure due to excessive C-perp loading is 
seldcan catastrophic, designers must s t i l l adhere to those limits 
specified for engineering in wood codes in order to meet standard 
serviceability and construction tolerance limits. In Canada, the 
permissible C-perp stresses are published in CAN3-086-M84, Engineering 
Design in Wood (Working Stress Design) (CSA, 1984a) and in 
CAN3-08e.l-M84, Engineering Design in Wood (Limit States Design) (CSA, 
1984b). 

In Machine Stress Rated (MSR) lumber grading, an on-line lumber bending 
machine works in conjunction with a visual lumber grader. For every 
piece of lumber, the machine, usually a Metrlguard Continuous Lumber 
Tester (CLT) in North America, measures the flatwise bending Modulus of 
E l a s t i c i t y (MOE) and tentatively assigns an HSR grade to the piece. 
The visual grader then inspects the piece and either accepts or, i f the 
piece does not meet the visual requirements for the grade, assigns the 
piece to a grade lower than that given by the CLT. The MSR grading 
process also requires o f f - l i n e quality control testing for strength and 
stiffness to ensure that the machine is operating accurately and that 
the wood resource has not changed. Together, the o f f - l i n e quality 
control testing and on-line testing for stiffness makes MSR lumber 
grading more accurate than visual grading. Consequently, MSR lumber 
grading can produce grades of lumber having lower strength and 
stiffness v a r i a b i l i t y than visual grades. This permits the MSR lumber 



producer to extract the higher strength and higher valued pieces of 
lumber fr<an his production. Compared to 2x4 Select Structural 
Spruce-Pine-Fir (S-P-F), for example, four out of the ten MSR lumber 
grades customarily used for engineered light frame construction have 
higher specified bending strengths; five have higher specified MOE 
values; eight have higher specified compression parallel to grain 
strengths; and nine have higher specified tension parallel to grain 
strengths (CSA, 1984a, b). 

C-perp and longitudinal shear (L-shear) design values, however, are the 
same as those assigned for various species to visually graded lumber. 
The values for visually graded lumber have, in turn, been derived form 
smaai clear specimen tests. Thus, L-shear and C-perp strength values 
are species dependant and grade independent. 

Occasionally, designers find that C-perp values for MSR lumber are 
inconsistent with the other allowable stresses—that i s , the limiting 
design value i s the lumber's C-perp strength even when tension, 
compression and bending capacity are more than adequate for the 
application. This dilemma is most frequently encountered when 
designing with S-P-F MSR lumber: although S-P-F MSR lumber may have 
tension, bending, compression and MOE values identical to Douglas-fir 
MSR lumber, the C-perp strength value is only 53% that of that assigned 
to Douglas-fir. 

The present approach in developing C-perp design values is to u t i l i z e 
data derived from tests performed on small clear specimens of a 
particular species. In specific instances, this approach for 
developing tension, compression and bending strength values gives 
different results than those obtained with f u l l - s i z e graded lumber. 
Thus, measurements of C-perp values from the higher grades of S-P-F MSR 
lumber may merit assigning higher design values. 

This report presents the literature review, experimental approach and 
proposed analysis. At the time of the report, a l l specimens have been 
sampled and conditioned. Three compression perpendicular-to-grain 
configurations have been tested for the 1650f-1.5E, 2100f-1.8E and 
2400f-2.0E grades at 10%, 15%, and 20% moisture content levels. 
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4.0 LITERATURE REVIEW 

4.1. RESEARCB STUDIES 

Although research on the behavior of wood under compression 
perpendicular-to-grain (C-perp) is extensive, most of the research in 
developing design values has followed ASTM testing and analysis 
procedures. Some exceptions are Madsen, Hooley and Hall (1982) who 
used lumber samples; and Fergus (1981) who examined wood-to-wood as 
well as metal bearing on wood in order to obtain results directly 
applicable to design problems. 

One reason for not taking samples from lumber i s to avoid having to 
deal with the numerous natural wood characteristics which affect test 
results. The effect of ring orientation on strength, for example, Is 
well documented (Alexander and Smith, 1950; Hofstrand, 1974; Kennedy, 
1968; Scothorn and Wakefield, 1950). The ring orientation effect i s 
not simple. Under radial ccxnpresslon, Kunesh (1966) found that the 
stress-strain curve for Douglas-fir always exhibited an anomalous peak, 
shown as point A in Figure 1. Thus, under load-controlled conditions 
just exceeding the value for A, deformations w i l l increase rapidly up 
to point B (Figure 1). This phenomenon was found to occur at average 
strains of about 2 to 3%. For a 2-inch high specimen, this deformation 
Is about 0.04 to 0.06 inches, the deformation which is presently used 
in the U.S. to define the allowable stress for C-perp loading. The 
effect of pith location, which has not been examined as thoroughly as 
ring orientation, may also affect the C-perp strength v a r i a b i l i t y . 

Fergus et al (1981) found that for a given load, wood bearing on wood 
would deform approximately 20 to 50% more than steel bearing on the 
same area. He emphasized, however, that in light-frame structures, 
lumber shrinkage, s o i l settlement and construction irregularities w i l l 
result In much greater deformations than those attributed to C-perp 
changes. 

Madsen et a l (1982) examined the effect of varying loading plate length 
and specimen depth on the C-perp strength and stiffness. They 
recommended that C-perp design properties be developed from tests with 
100% of the specimen area loaded, because the edges of the steel 
bearing plate used in the standard ASTM test w i l l spread the load away 
from the plate and increase the apparent C-perp load carrying capacity. 

Most of the recent research on C-perp i s contained i n Bendtsen, Haskell 
and Galllgan (1978), and Bendtsen and Galllgan (1979a, 1979b). This 
work has led to ASTM adopting the practice of establishing design 
C-perp stresses at a 0.04-inch (1 mm) deformation level In addition to 
the stress at the proportional li m i t . C-perp test data, collected over 
a 50-year period at the U.S. Forest Products Laboratory, were uti l i z e d 
by Bendtsen to develop a regression correlating stress to various 



F i g u r e 1. T y p i c a l Load-Deformation Curves f o r Compression 
P e r p e n d i c u l a r - t o - g r a i n Loading f o r D o u g l a s - f i r 
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deformation levels (Bendtsen et a l , 1978; Bendtsen and Galligan, 
1979a). A 1.67 reduction factor was subsequently suggested to account 
for the effects of ring orientation on C-perp strength. This 
information has since been incorporated in ASTM D2555 (ASTM, 1987). 
Bendtsen and Galligan (1979b) then published tables characterizing 
stress-compression perpendlcular-to-graln for several species. Models 
were also presented which predicted C-perp strength values from MOE or 
specific gravity, but these regressions were derived using tabulated 
small clear MOE results of the same species rather than the MOE of the 
parent sample. 

4.2. CODES AND STANDARDS 

With the exception of L-shear and C-perp, present design values for MSR 
lumber are species independent. That i s , 2100f-1.8E Douglas-fir has 
the same bending, tension, compression and MOE design values as 
2100f-1.8E S-P-F. And while the bending, tension canpression and MOE 
design values vary with grade, C-perp and L-shear design strength 
values are the same for a l l MSR lumber grades for a given species. 

According to CAN3-086-M84, the Engineering Design in Wood (Working 
Stress Design) code (CSA, 1984), C-perp strengths are developed 
following the principles of ASTM Standard D245 (ASTM, 1981). ASTM 
D245, in turn, uses the clear wood specimens test results derived 
according to ASTM D143 and modified according to ASTM D2555 (ASTM, 
1981). The reader is referred to the Appendix for additional details 
on the relevant ASTM standards. For Canadian species, results of ASTM 
D143 tests are given by Jessome (1977). At present, MSR lumber are 
only produced in Bri t i s h Columbia and Alberta, and the average small 
clear C-perp strengths (air dry) of the species usually used for MSR 
lumber in Western Canada are as follows: 

Species MOE C-perp 
Strength 

Larch 13 800 MPa 7.31 MPa 
Douglas-fir 13 600 MPa 6.01 MPa 
Lodgepole pine 10 900 MPa 3.65 MPa 
Alpine f i r 10 300 MPa 3.61 MPa 
White spruce 9 930 MPa 3.45 MPa 

When we compare these MOE values to the MOE values assigned to seme of 
the common grades of MSR Ivmiber being produced, we find 

Grade MOE 

2400f-2.0E 13 800 MPa 
2100f-1.8E 12 400 MPa 
1650f-1.5E 10 300 MPa 



From the values given above, there is evidence to suggest that the 
small clear C-perp strengths of lodgepole pine, alpine f i r and white 
spruce may not adequately reflect the C-perp strength of 2100f-1.8E or 
2400f-2.0E MSR lumber. 

5.0 EXPERIMENTAL APPROACH 

Using graded dimension lumber, this study w i l l determine whether the 
C-perp strength can be sorted by the MSR process. 

Results must be comparable to existing values. Therefore, a total of 
three tests were conducted for each test replicate. Two matched 
specimens, 2 inches deep, were tested; the f i r s t with a standard length 
steel bearing plate (2 inches) and the second with a bearing plate 
covering the f u l l 6-inch length of the specimen. F u l l depth specimens, 
also matched with the two 2-inch deep specimens, were tested with a 
tvll length plate. 

ASTM testing standards were followed for the f i r s t series of tests so 
that results can be adjusted to yield C-perp values comparable to 
existing design values. Non-ASTM test procedures were used for the 
other two tests to develop information more suited to end-use 
conditions. The information from the three test series w i l l allow test 
results to be extrapolated to f i e l d situations and confirm whether the 
proposed C-perp design procedure can be used with MSR specific C-perp 
strength values. 

The effect of moisture content on data secured by the various test 
configurations w i l l be examined. Some impacts are indicated by Fergus 
(1981) who compared wood-to-wood and wood-to-metal bearing at various 
moisture contents, and by Madsen et al (1982) who tested material under 
"dry" and "wet" conditions. For this study, specimens w i l l be tested 
at equilibrium moisture contents of 10%, 15% and 20%. These moisture 
contents cover the upper range of moisture contents defined in 
CAN3-086-M84 (CSA, 1984) as the dry service condition. Dry service 
conditions apply where the average equilibrium moisture content i s less 
than or equal to 15% and the maximum equilibrium moisture content does 
not exceed 19%. 

Results w i l l confirm or refute whether the C-perp - MOE regression 
models, proposed by Bendtsen and Galllgan (1979b), are applicable to 
MSR graded lumber. 



6.0 MATERIALS AND METHODS 

6.1. SAMPLING 

Samples for the present study were obtained from lumber evaluated in 
the Canadian Wood Council (CWC) In-grade testing program on MSR lumber 
and included a l l five grades of 16-foot S-P-F MSR lumber tested in 
bending and tension parallel-to-the-grain. The following specimens 
were prepared: 

o two ASTM C-perp specimens 2.2 Inches high, 1.5 inches thick, and 
6 inches long as shown in Figure 2. One specimen w i l l be tested 
with a 2-inch long steel bearing plate as specified in ASTM D143 
whereas the other specimen w i l l be tested with a steel bearing 
plate covering the f u l l length of the specimen. 

o one full-depth C-perp specimen, 3.5 inches high, 1.5 inches 
thick, and 6 Inches long as shown in Figure 2. These specimens 
w i l l be tested with a steel bearing plate covering their f u l l 
length. 

A l l samples were marked with the same piece nixnber used in the CWC 
in-grade test program. Limiber sampled for this study were also used to 
obtain samples for a companion project on the longitudinal shear 
strength of MSR lumber (Lum, 1989). Thus, results from this study can 
be match with the CWC in-grade and to the longitudinal shear test 
results. 

6.2. SAMPLE SIZE AND SPECIES MIX 

The number of samples obtained were determined by what was required by 
the L-shear testing study (Lum, 1989) and by what was available from 
the CWC testing program. The number of samples in each grade-moisture 
content canbination are svmmarized in the following table: 

Grade 10% mc 15% mc 20% 

2400f-2.0E 97 97 97 
2100f-1.8E 120 120 120 
1800f-1.6E 59 59 59 
1650f-1.5E 120 120 120 
1450f-1.3E 58 58 58 

In preparing this matrix of samples for the L-shear project, test 
specimens within each grade were segregated according to species 
(spruce, pine, or f i r ) before being assigned to one of the three 
moisture content groups for conditioning. The assignment was 
determined by a computer program using a pseudo-random number generator 
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and was arranged so that within a grade, the proportion of each species 
was maintained for every moisture content group. Species proportion 
was maintained to guard against bias in the results i f certain species 
are found to consistently define, for example, a particular segment of 
the strength distribution. 

In establishing sample sizes for the C-perp test, species was again 
considered separate from other random effects. For an estimate of the 
lower 95% tolerance limit for the mean, a sample size of 6 is adequate. 
But because global variation of ring orientation and pith location are 
random, the desired sample size for C-perp testing was increased to 10 
for each grade-moisture content combination. Then to guard against 
bias in the results i f a species effect is present, an attempt was made 
to maintain the same proportion of each species in the C-perp sample as 
in larger L-shear sample. The smaller C-perp sample sizes, however, 
made this impossible. Consequently, each C-perp grade-moisture content 
sample was assigned up to 10 samples of each species. Before the data 
are analyzed, the results for each species w i l l be weighted according 
to the proportion of that species in the L-shear sample and then 
recombined. 

The number of specimens to undergo C-perp testing are given in the 
following table. Numbers in the parenthesis indicate the number of 
spruce, pine, and f i r pieces, respectively. 

Grade 

2400f-2.0E 
2100f-1.8E 
1650f-1.5E 

10% mc 

20 (10/10/0) 
21 (10/10/1) 
23 (10/10/3) 

15% mc 

20 (10/10/0) 
21 (10/10/1) 
23 (10/10/3) 

20% mc 

20 (10/10/0) 
20 (10/10/0) 
23 (10/10/3) 

Only the above three grades were tested. The 1450f-1.3E and 1800£-1.6E 
grades w i l l be tested i f more accurate correlations between C-perp and 
grade are required. 

6.3. SPECIMEN PREPARATION 

The C-perp specimens were conditioned for about 2 months to equilibrium 
moisture contents of 10%, 15% and 20%. After conditioning, the 
standard ASTM size specimens were planed down to a depth of 2 inches 
whereas the f u l l depth specimens were planed to 3.2 inches. 

6.4. TESTING APPARATUS AND TEST PROCEDURE 

The C-perp tests were conducted on a universal testing frame with the 
displacement rate controlled by a closed-loop hydraulic system. Load 
was applied through a swivel head. The loading apparatus and 
deformation monitoring device are shown in Figure 3. 



(B) 
Figure 3. Compression Perpendlcular-to-grain Test Setup for 

Full-depth Specimen: a) showing displacement transducer 
and b) showing bearing plate. 



The vertical displacement of the steel bearing plate relative to the 
base of the specimen was measured with an external displacement 
transducer (DCDT type). External displacement transducer, applied load 
and machine stroke readings were monitored with a microcomputer based 
data acquisition system equipped with a 12-bit analog to d i g i t a l 
converter. Loads were measured' with a 10-kip capacity load c e l l and 
deformation with a 0.1-inch range displacement transducer. 

The data acquisition system was programmed to collect displacement 
transducer, load and stroke readings either at 10-pound load Increments 
as measured by the load c e l l , or at 0.0002-inch deformation increments 
as measured by the external displacement transducer. 

The accuracy of the data acquisition system was as follows: 

o for load, within 5 lb at 5 kips total load and within 10 lb 
at 10 kips total load 

o for deformation, within 0.0001 inches over a 0.1 inch range 

As mentioned above, three types of C-perp tests were conducted. The 
f i r s t test followed ASTM D143 C-perp test procedures except the 
specimen was 1.5 inches wide with random orientation of the growth 
rings. A displacement rate of 0.012 inches per minute was used and the 
test was terminated after 0.065 inches of deformation (3.2% average 
strain). 

For the second, the steel bearing plate, 0.5 inches thick, covered the 
f u l l length of the wood specimen. A l l other aspects of the test were 
unchanged from the f i r s t test. 

In the third test, the test specimen was 3.2 inches deep. The bearing 
plate, as in the second test series, covered the f u l l length of the 
specimen. The displacement rate was 0.020 inches per minute, which 
produced the same strain rate as for the 2-inch deep specimens. 
Loading was terminated when total deformation exceeded 0.1 Inches (3.2% 
average strain). 

Following each test, pith location and ring orientation relative to the 
center of the piece and loading face were recorded for each specimen. 
Moisture content and specific gravity based on loss of weight during 
oven drying and on oven dry volume were also determined. 

6.5. DATA ANALYSIS 

Except for the interpolation method, data analysis w i l l be the same as 
the procedure outlined by Bendtsen et al (1979b). 

1. For each specimen, a linear regression using data from frcn 
the linear portion of the load-displacement curve w i l l be 



performed. This relationship is used to extrapolate back to zero load. 

2. A l l deformations w i l l be taken as the incremental 
displacement above that corresponding to the zero load 
level. The stress, defined as the applied load divided by 
the product of the bearing plate length and the specimen 
width, w i l l be calculated for deformation increments of 
0.005 inch, up to 0.060 inches for the 2-inch deep specimen; 
and up to 0.10 inch for the 3.2 inch deep specimen. The 
proportional limit w i l l also be calculated. A program to 
process the test data i s being prepared. 

3. The mean, standard deviation, and tolerance limits w i l l be 
calculated at each deformation level across a l l replicates 
for each treatment. 

It is unlikely that any of the data points collected by the data 
acquisition system system w i l l coincide with the reference deformation 
levels required by step 2 above. Therefore, an interpolation procedure 
is required. A linear interpolation between data points should be 
adequate because the data acquisition scan increment for the external 
displacement transducer has been set at 0.0002 inches and at least 300 
data points w i l l be collected for each specimen. 

Within each grade-moisture content treatment, results from the spruce, 
pine and f i r tests w i l l be weighted in proportion to the frequency of 
their occurrence in each specified grade, and combined for further 
analysis. From the ASTM tests, the stress values at the proportional 
limit w i l l be compared with those published in Jessome (1977) which 
forms the present basis for Canadian design values. Distribution of 
stress values at 0.04 Inch (1 mm) deformation, which w i l l be the 
reference deformation for the next revision of CAN3-086, w i l l also be 
calculated. 

C-perp test results w i l l also be compared to results from f u l l scale 
parallel chord truss and truss system tests conducted at Forintek (Lum, 
1989). Crushing at the truss supports have been measured for every 
truss and truss system tests. Data from the truss tests provide an 
opportunity to check the valid i t y of design values and procedures 
proposed in this study. 

7.0 OONCLDSIOIS 

Li""^^"" f"''''*̂ ' ̂ ^ " i m e n t a l approach and proposed analysis have des?an " ' r ^^terature suggests that an increase in c-perp 
design values for MSR lumber may be j u s t i f i e d . ^ 

The test results w i l l be comparable to existing design values and w i l l 



provide a basis for any merited revision of C-perp design procedures. 
Sample numbers are large enough to accommodate any random variables 
arising from sampling f u l l - s i z e lumber. 
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APPENDIX 



SUMMARY OF ASTM STANDARDS APPLICABLE TO 
C-PERP TESTING AND DATA ANALYSIS 

ASTM D245 - Establishing Structural Grades and Related 
Allowable Properties for Visually Graded Lumber 

This standard specifies how the small clear test results are 
modified so that they may be applied to f u l l size lumber. There 
is no reduction in design value attributed to grade, since C-perp 
is not affected by strength reducing characteristics. Although 
design values are reduced for ring orientation i t is not 
considered a defect. 

According to clause 6.2, allowable stresses may be derived from 
either the proportional limit or the stress at a compression 
perpendicular to grain deformation of 0.04 inches. The factor 
for the proportional limit in C-perp. includes an adjustment for 
average ring position and a safety factor. 

The 0.04-lnch (1 mm) deformation limit is used when C-perp design 
is limited by deformation. Allowable stresses for other 
deformations can be obtained from the equation 

Yo2 = 0.73 * Yo4 + 5.60 

where Y02 = mean stress at 0.02-inch (0.5-mm) deformation 
Yo4 = mean stress at 0.04-lnch (1.0-mm) deformation 

The proportional limit is used for bolted and other mechanically 
fastened wood connections. 

The adjustment factors to be applied to small clear green test 
results are as follows: 

Reduction for duration of load and factor of safety = 
1.67; 

- Increase for season from green to any moisture content 
less than the fiber saturation point = 1.50; 

No adjustment for grade or duration of load effects 
when using the 0.04 inch deformation l i m i t . 

The adjustment factor for duration of load is required i f the 
design requires that the proportional limit be used 

ASTM D143 - Small Clear Specimens of Timber 

The small clear test samples, covered by this standard, are 
normally tested green and specimens should be placed so that the 
load i s applied tangential to the growth rings (i.e. on the 
radial surface). 



ASTM D2555 - Establishing Clear Hood Strength Values 

ASTM D2555 specifies how to derive species group C-perp values 
for a species group mix from test results for the individual 
species. Allowable stresses can be determined by combining the 
values for the individual species according to the ratio of 
species in the group mix. 

Methods described in either section 5.3 or 5.4 can be used. 
Briefly, 

Values assigned to any combination of species shall be the 
weighted average value for a l l species Included in the 
combination and 

- The property value assigned to the combination shall not be 
more than 10 percent larger than the average value for any 
included species or regional subdivision 



(A) 

(B) 
Compression Perpendlcular-to-graln Test Setup for 
Full-depth Specimen: a) showing displacement transducer 
and b) showing bearing plate. 


