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AHSTRACT 

hloduli of elasticity \\.ere clttermined parallel to t l ~ e  grain in woocl specimens using 
tlynalliic flexl~ral tcsts, static tensile tests, and static comprcssion tcsts. In the static tests 
tllc spccimcns were repetitively loaded at  different strain rates I)clo\v their proportional 
liniits. Stress rate and \train rate data were taken at discrete: stress levels. Species usctl 
\\,ere red oak, Douglas-fir, and \\restern Ileinlock. 

Strcss rate plotted as a linear function of strain ratc \\,it11 zero intercept. Tbe slopcs of 
the plots were Young's tnoduli. For the majority of speci~nc~ns, there were no significant 
tliffcrenccs between Young's nloduli in tension and Yo~~ng 's  ~noduli  in cornprcssion. There 
\vfJrf: also no indications that Young's moduli were eit1lr.l. a function of stress level or strain 
ratc. Dyn;umic flexural nioduli uncorrected for shear deflection averaged 3% less than static 
tensilc moduli. 

ittlditiot~c~l kct~t~.o~.cls: Tsrcgu I~eteroplzylla, <)ne~.cics sp., Pserctlotstcga menziesii, dynamic 
tests, stalic tcsts, bending tests, cornpression tcsts, tension tests. 

INTRODUCTIOS 0.05% to 10% per lnin in compression 

Scvcral c11:iracteristics of Young's moduli 'oadillg. 

parallel to the grain in wood are investi- It is generally believed that measured 
gated in this pal,er, ~h~~~ the Young's moduli decrease with increase in 

c,cjuality of llloduli ill tension alld stresslevel even below the proportional 

conlpression, the varial>ility of young's mod- limit because of the hypothesis that stress- 

uli \\,itll strairl rate, and the v:,riability of strain curves are not straight lines. The rea- 

Y ~ ) ~ ~ ~ ' ~  moduli witll stress level. The test- soning for this theory coines from the fact 

iug tcchlliqut. alld data allalysis al.c based on that when a constant load is maintained on 
s t ress  r a t e  and straill r ; l t e  data collected at a \1700(3 mcnlber, the lncmber oftell con- 
cliscrcte stre.,s levels in rc:petitice loadings tinuesto deflect or creep. When thc load 

of test samples. is incrc~ased, the total strain obsen~etl is the 

Thc variation of Young's moduli with rate strain due to the change in stress and the 

of loading is conceded to be slnall. James strain clue to creep during the timc required 

( 1968) did not find any signific.ant differ- for the load change. King (1961) fouild 
measurable creep occurring in tensilc speci- cnces l)et\17eon Young':; moduli -in bending mcns at stresses as low as 5% of thclir ulti- 

that \rere determined at rates of loading te,lsile strength parallel to thi. grain 
differing by a factor of 10,000. FIon7ever, for some species and least as low 15% 
Kill:: (1957) observed slliall dif'fcrences in for all species tested. The creep in- 
111oduli measured at speeds from 0.008 creasecl with increase ill stress. C:onse- 
il~clies per n~in to 0.035 inches pcr illin in cluently, he co~icluded that the stress-strain 
tension specimens. More recently, Okuyama relationship was not liuear below tho pro- 
ct a]. ( 1970) lloticed slight ilLcreases in portional limit. However, since creep strain 

young's lllocluli as strail, ratcs rlinged from isrelatively small at loadings below this 
. - -~ limit, r~onlincarity of the stress-strain curves 

1 hficlliRan ~ ~ ~ i ~ ~ l t ~ ~ ~ l  ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ t  statioll and therefore changes in Young's moduli 
rial Article N~linbcr 613:3. are not very apparent. 
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flow in tension. Carefully matched samples 
of red oak werc used in their work. 

2- One of the rnore popular models for the 
fittiilg of stress-strain data for viscoelastic 
materials is a Maxwcll Model. which con- 
sists of a spring and a dashpot in series. 
Collectiun of data in the form of stress and 
strain at constant strain rates is very de- 
sirable for this type of analysis. Special 
control procedures are requircd to achievc 
constant strain rates with most tcsting 
machines. Okuyama and Asano ( 1970 ) and 
Okuyama et al. (1970) collected stress- 
strain data at controlled strain rates for 
wood and fitted them to Maxwell Motlels. 
Similar analysis of data with Maywell 
Models is giver1 for rubber testing by Srnith 
and Dickie ( 1970 ) . Sliker's ( 1972 11 deter- 
mination of Young's moduli from stress rate 

o ~ t  and strain rate data may also conforn~ to a 
~ P S  Maswe]l Model. 

PROCEDURE 

A 
TVood members were each tested in dy- 

B C namic flexure, static tension parallel to the 
1 1. Sl>cci1nc,l1 gcometrics: A-lxam for dy- grain, and static colllpression parallel to the 

nali~ic flesnral \~ ib ra t io~~ ,  R-co~lverted lo member grain, ~~~t specimens are shown in ~ i ~ .  1. 
for tc.~isile te\ting b y  addition of c.nd reinforcement, 
(:-crlt to shorter length for co~npression tests. Members 1.25 inches by 1.25 inches by 20 

inches parallel to the grain were first cut as 

Ethington and Youngs (1965) found no at A. After dynamic testing in bending, end 
differellcc between illstantaneolls elastic g r i p ~ v e r e  added for tensile testing as in 
colnp~iances ( instalitanc,ous strain as a func- sketch B. When the tcnsile testing was com- 
tioll of stress) llleasured ill tension and corn- pleted, tlie central 10 inches of the speci- 
pression pcrpendicular to the grain. How- mens were cut out as at C for coml)rt~ssion 
ever, flow in compression was groater than loading. Baldwin type A-3-S6 bonded wire 

TIME IN MINUTES 

I .  2. F:xi~lnplt, of load versus time data (solid sloping lines) as drn\\m by strip chart recordel. for a 
sillglc: load seqllmcc at one testing nlacl~ine crosshead speed. Dashed lines are those used to deterlnine 
stl.cXss ~.;ltcs at i l~d iea t~ t l  load levels. 
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. . I A I ~ L E  1. Strc~s  rc1te.u ( i n ( /  stl-(lit1 rat(::; measured at scucii lout1 lcnels in tension ~)arallel to the grnin for 
rl:estern hcinlock sample El-4. 

TEST NOMINAL CROSSHEAD LOAD STRESS RATE STRAIN RATE YOUNG'S MODULUS 
SERIES RATE IN INCHES LEVEL IN IN PSI PER IN MICROSTRAIN IN POUNDS PER 
NUMBER PER MINUTE POUNDS MINUTE PER MINUTE SOUARE INCH x 

(Col .  4 t Col. 5) 
1 2 3 4 5 6 

rcsist:nlce strain gages ( l : K o  inch by !X;i inch 
grid; thin paper backing) were attached 
with Duco cernent for measuring tension 
and compression strain: one gage was cen- 
tewd on a longitudinal tangential face of 
each spcciinen; a second gagc w7as placed 
in the saillc location on thc opl~osite face. 
Ry connecting tllc tn-o gages in a Wheat- 

stone bridge circuit so that like signals were 
added and unlike canceled, strains from 
l~ending of thc test sample were sllppressed 
while the average axial strain was being 
recorded. 

Initially, there were five specinlens of 
western lieinlock ( Tsugn heteroph!llln (Raf.) 
Sarg.), five of red oak (Quercus sp. ), and 
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? 

1 . \III.F: 2. Sf1.e.r.s rates and stlaitl rates rneaszcred at fioe leatl leuels i n  compre.~sion parallel to tho grain 
for cl;eatCri~ Irernlock satn)~le H-4 

TEST NOMINAL CROSSHEAD LOAD STRESS RATE STRAIN RATE YOUNG'S MODULUS 
SERIES PATE IN INCHES LEVEL IN IN PSI PER IN MICROSTRAIN IN POUNDS PER 
NUMBER PER MINUTE POUNDS MINUTE PER MINUTE SQUARE INCH x 

(Col. 4 + Col. 5) 
1 2 3 4 5 6 

four of Douglas-fir ( Pseutlotsuga mensiesii 
( Mirb. ) Franco ) . However, one of the 
Douglas-fir sanlples failed during tensile 
tcsting because of spiral grain that had not 
been previously detc,ctcd; this specimen was 
cli~ninated from the analysis. Moisture con- 
tent coi~ditioning and tcstiilg werc: done in 
a room kept at 63 F and 65% relative hu- 
nridity. The oak had an cquilibriilnl mois- 
turc, content close to 11%; the equilibriuni 
moisture coiltents of the other t\vo species 
were, from 121/i% to 13% in this atmosphere. 

Testing for dynamic modulus in bending 
was accomplished as descrihcd in n publica- 
tion by Kitazawa ( 1952). The 20-inch-long 
wood ~llcnlbers were simply supported as 
l~cams 4.5 inches from either eilil and vi- 
l~rated to detcrniine their resonant frequen- 
cies. Coil nlagllets on rigid stands interacted 
with staples driven into the bottorn surface 
at the bean1 ends to provide driving forcc 
and signal pickup. 

I'rocedurcs for static testing we1.e similar 
for the coi~lprcssion and teilsilc 1o:lding ex- 
cept for the direction of stress application. 
Tcllsile specimens were successivt:ly loaded 
at five different rates of lnachinc crosshead 

movement (0.02, 0.05, 0.10, 0.20, 0.50 inches 
per min) up to a maximum load of 
5600 pounds. Compression specimens were 
loadccl at four different rates (0.02, 0.05, 
0.10, 0.20 inches per min) up to a load of 
4000 pouilds. Successive loadings of a given 
specimen were 48 hr or more apart. (See 
Tables 1 and 2 for typical load secluc~nces 
at the different crosshead rates. Order of 
tcsting was as ill  order of listing in tables. ) 

During a particular test sequence, load 
versus time and strain versus time were 
being recordetl on strip chart recorders. 
Simultaneous markiilg pips were placetl on 
each chart for every load increment of 800 
pounds. In addition, after passing each 800 
pou~lds load increment, the existing load 
and the existing strain were suppressed on 
the chart scales in order to maintain greater 
chart accuracy. (See Fig. 2 for an cxample 
of a typical load chart.) Slopes of the 
charts in terins of microstrain per minute 
and pounds per minute (co~lverted to stress 
per minute) were measured at each of the 
desired load increments. A few readings 
were discarded because of electronic noise 
in the strain measuring circuits. 
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where E is Young's modulus, is stress and 
7 is the coefficient of viscosity. A limit 
value for Young's modulus can be found 
equal to the slope of the straight line plot by 
making the strain rate infinitely large: 

Young's modulus at lower strain rates would 
l ~ e :  

Theref  ore, s t r a i n - r a t e  d e p c n t l e l ~ c y  of 
Young's mochllus would be indicatetl if the 
last term of Equations 1 and 2 werc other 
than zero. For compression samplc H-4. 
the equation deter~llined from thc statistical 
routine was: 

STRAIN RATE - MICROSTRAIN PER MINUTE 

1'1c.. 3. Stless rate plotted. ar a function of strain 
rate for speci111c.n H-4 in col~lpression parallel to 
tlie grain. 

RESULTS AKD DISCUSSION 

du 
Stress rate - (psi por miri) can be 

tlt 
plotted as a linear function of strain rate 
~ / . L E  

- ( rnicrostrain per mill ) for a qiven speci- 
tlt 
men 0vr.r the range of data taken. A graph 
of the two variables is shown in Fig. 3 for 
wcste~n hemlock specimen H-4 in compres- 
sion. Linear regresqion aualysi, yields the 
rcluation: 

whcre n and 1) arc the regression constants. 
Coefficients of determination for equations 
of thi\ type, which wele calculated for each 
test spc,cimen, were 0.998 in two cases; 
otlierwi\e they wcLrc 0.999 or 1.000. 

If an analogy is made to a Maxwell 
hlotlel, Equation 1 beco~i~e \ :  

The constant terrn 20.55 might be ahsumed 
to be the value of the stress rate when the 
strain rate was zero. However, the staildard 
error of this particular constant term is 
44.58, and according to the t test-, the 
constant tern1 is not significantly different 
from zero at the 0.1 level of probability. 
The same situation occurred for t h ~  linear 
regression analyses of all the other conlpres- 
sion samples and for all but four of the 
tension samples. In the case of the tc~nsion 
samples, the intercept for one was signif- 
icant at the 0.1 level of probal~ility, for 
another at the 0.05 level, for a third at the 
0.02 level, and for a fourth at the 0.01 level. 
The most logical statistical assumption is 
that the straight line relationships deter- 
mined for the twenty-six test specimens pass 
through the origins of the graphs with pos- 
sibly a few exceptions as mentionccl and, 
therefore, the Young's moduli arc. equal to 
stress rate divided by strain rate for all 
values of strain rate. 

Young's moduli determined in tension, in 
compression, and by dynamic frcxe-free vi- 
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I~rntio~ls in bcnding are co~nparetl in Table 
:3. Iliffcrencc*~ between the You11:'s rlioduli 
in tension and those in compression were 
lcss t ha~ i  I? for sc>ven test specimens, were 
I~etwcen 1R and 2.5% for four others, and 
for the rctmainiilg two \\,ere 4.6% and 5.470. 
Tllc 1tittc.r t\i7o differences, ~vhicli were for 
specinlens KO-3 and DF-2, were statistically 
sigi~ificarrt at th:, 0.001 level of probability 
\vllcw analyzed by covariance with dummy 
variables as described by Freese ( 1964). 
In addition, the difference for RO-2 was 
sig~lificaiit at tlic 0.01 levcl of probability. 
The remaining differencc.~ were not sig- 
nificant at the 0.05 level of probability. No 
a p ~ ~ a w n t  reason was observed for the largcr 
differt~nccs other than that they occurred in 
sl)c~cin~c.~~s with distinct change in properties 
I~ct\veen early\vood and latr,\vood. For most 
of t l ~ .  specimens, it appc,ars as though 
Young's nlodulus in compression equals 
Young's ulodulus in tension. I t  should be 
notc,d that stress was calculated on the basis 
of original cross-sectional dimensions and 
not with thc dimensions of the stressed 
specimens. 

Ilyna~nic flexural Young's niodi~li without 
correction for shear dcflectio~i avcrtiged 3% 
less than the static tensile nloduli (C801umn 
9 of Ta l~ lc  3) .  This compares closely with 
thc. results of Bcll et al. (1954) whew 
Young's~nloduli fro111 dynamic flcxural tcsts 
approxinrately cclualed the Young's moduli 
fro111 static. conlpressiou parallel to the grain 
tcsts on Douglas-fir before an allowance 
had 11ec~ made for shcar dcflection in bend- 
ing. As can be seen in Table 3, the ratios 
of tllese two nlodnli were more consistent 
for the hpmlock specinlens than for the red 
oak or Ilouglas-fir. I t  might I,(. cxpccted 
that for thcscl two spccics the cffectivc 
n~oment of inertia of a beam woulcl be af- 
fvcted more than in the hc~nlock by growth 
rill:: I~lac.e~llcnt, gro\vtl~ ring \vidth, and 
(1ifferc.nc.c.s in properties of earlywood and 
latcwootl. I t  is also well to keep in mind 
that thc standard errors associated with the 
strain gage determinations for Younq's mod- 
uli do not take into account errors from 
i ~ ~ r l x o ~ ~ r  gage placement, incorrect gage 
factor, ctc. 

There was no clear indication that Young's 
nloduli varied with either strain rate or 
stress level over the range of the test data. 
In ~ilultiple correlation analysis with stress 
rate run as a function of strain rate and 
stress level, the stress level factor clicl not 
prove to be significant. A number of addi- 
tional rc,gressions were tried with Young's 
moduli versus various manipulations of 
stress and strain rate, such as stress, 
log of stress, strain rate, log of strain 
rate, reciprocal of strain rate, and log of 
reciprocal of strain rate. Young's ~noduli 
wercl formed for these analyses by dividing 
stress ratrs by strain rates. Occasio~~ally, 
tho mathematical statistics would indicate 
significa~lcc at the 0.01 level of  probability 
for a few spc.cimens exa~llined with a par- 
ticular set of variables. However, no con- 
sistent pattern emerged for the majority of 
samples for any system. 

A potential complicating factor in observ- 
ing strain rate phenomena was that the 
strain rate during the testing of a single 
speci~nen at a given machine crosshead 
speed was not a constant. This can be seen 
in Table 1 for specinlen H-4 in tension and 
in Tablc 2 for the same specimen in com- 
pression. At the lower loads, rate of strain 
increased rapidly and then appeared to ap- 
proach ti11 equilibrium at the higher loads. 
Strain ratcs occurring at the higher stress 
levels were often 25% more than those oc- 
curring at 800 pounds. I t  was possible to 
take all the data from the 452 observations 
of tensile testing irrespective of spr:cic,s and 
to write a predictive equation of strain rate 
( t l p ~ / r l t )  in nlicrostrain per minutc: as a 
function of tc.sting machine crossheacl speed 
sctting (cs)  ii-I inches per minute, loatl level 
( P )  in pounds, anci Young's n~odulus ( E )  
in pounds per square inch: 

*= 20,04S(cs)  + O.OX011 ( I ) )  
d t  

The coc.fficient of multiple determination 
(KL) for this equation is 0.989. Similarly 
from t h ~  190 observations for coniprcssion 
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testing, the equation determined by lincar 
regression analysis is: 

- O.Ol l8S  (E)  (CS)  - 5(10.2 ( 7 )  

For this equation, the coefficient of n-~ultiple 
determination is 0.991. Kot included in the 
ecluations is the effect of specimen dimen- 
sions on strain rate. 

Strain rates under comprcssior~ loading, 
which are easicr to compare than those 
under tension loading, \verc approximately 
half or were less than half of those predicted 
from measured crosshead rates without 
load. For instance, the expcbcted strain rate 
in a 10-inch-long specimen for a crossheacl 
nio\1ement of 0.02 inches pt,r min would be 
2000 microstmin per min. Measured strain 
rates from Table 2 for this speed setting 
were between 800 and 1074 niicrostrain 
per inin. 

The test results do not agrce completely 
with the literature revicwcd with regard to 
the relationships between Young's moduli 
and stress level and strain rate. From sev- 
eral references (King 1957; Okuyama et al. 
1970), it was to be expected that Young's 
moduli \vould decrease with stress level. 
Either this is not true or the test n~cthocl was 
not sensitive enough to detcct thc changes. 
Variation in stress-strain relationships re- 
ported by King (1957) would be large 
enough to be detected if data werca taken at 
stress levrlls where creep occurred. Data for - 

this research were taken below and slightly 
above the lowcst strcss levels where King 
rc,ported creep. 

Tliis report also disagrees \\,it11 some 
others (King 1957; Okuya~na et al. 1970) 
with regard to the effect of the time-depcn- 
clency of Young's moduli. Again the changes 
arct \mall ancl could be easily overlooked. 
It is important that observed strain rate 
etfects are properties of the test material 
and not of the testing apparatus. Data taken 
over a wider range of ratcs than clescribed 
here would be helpful. 

CONCLUSIONS 

For western hemlock, red oak, and Doug- 
las-fir samples tested at a number of strain 
rates in compression parallel to the grain to 
a nlaxi~num stress of 2560 psi and in tension 
parallel to the grain to a nlaximurn strcss of 
3580 psi at 68 F and 12% moisture content: 

1. Stress rate could be plotted as a linear 
function o'f strain rate with a zero stress 
rate intercept. Relationships were inde- 
pendent of stress level. 

2. The slope of the above-mentioned plot 
for a given specimen was its Young's 
modulus. The standard errors as\oc*iatecl 
with the slopes were froin 0.5% to 1.0%~ 
of the slope values. 

3. No significant differences wercb found 
between Young's moduli from tension 
testing and Young's moduli from com- 
pression testing for the majority of test 
specimens. 

4. The dynamic moduli measured in free- 
free vibration in flexure avera9ed 3% 
less than thc tensile rnoduli from static 
tctsting when no correction was niaclc: for 
shear deflections in bending. 

5. There was no apparent relationship be- 
tween Young's modulus and stress level 
nor between Young's modulus and strain 
rate. 

6. For a give11 crosshead speed setting on 
the tcsting machine, the strain ratcs ob- 
served in the test specimens were con- 
siderably less than those expected. 
Strain rates were functions of crosshead 
speed settings, load level, and interaction 
between crosshead speed setting and 
specimen stiffness. 
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