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HOR= -1293 + 2.20(FRFREQ) 

MOR= 15653 - 177(TTIME) + 0 . 649(TTIME)2 

- 0 . 0007(TTIME)3 

(6.5) 

(6. 7) 

The FRFREQ and TTIHE values of each specimen were then substituted 

into the above equations and predicted MOR values, designated 

MORpred6 and HO~redJ' were obtained. The results are summarized in 

Appendix K. Regressions between predicted and actual HOR values for 

cases 6 and 7 were perfomred with t~e scatter diagrams and equations 

plotted in Figures 7.6 and 7.7, respectively. 

(use 

The 2 r and 

of FRFREQ as 

SEE 

the 

values for regressions involving MOR d6 pre 

predictor variable) and HOR d
7 

were pre 

74.9 percent, 1642 psi, and 87.2 percent 1180 psi respectively. These 

values are also shown in Table 7.3. Average errors were 25 . 2 percent 

and 32 percent for Cases 6 and 7, respectively. 

7.4 COMPARISON OF NDE PREDICTION TECHNIQUES 

The seven methods used to predict MOR involved different levels · 

of sophistication and gave varying levels of results. Based on the 

SEE values, knowledge of exact grain angle and moisture content 

resulted in the best prediction of MOR with a SEE value of 796 psi. 

The second lowest SEE value of 1007 psi was obtained from Method 4, 

with grain angle being predicted from TTIME once the moisture content 

is known. However, both of these methods required knowledge of the 

MOR at O and 90 degrees. The third best model, using the SEE value as 

the selection criteria, involved direct correlation of the TTIME value 

with HOR, Method 7. 
2 

The regression had an r of 87.2 percent and an 

SEE of 1159 psi . The remaining four prediction methods has SEE values 
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ranging form 1325 to 1642 psi. The least accurate method, based on 

SEE values, was obtained by direct correlation of MOR with the NDE 

parameter FRFREQ. 

Significantly different ranking of th~ regression methods results 

if the· average error statistic is used instead of the SEE values. 

However, average error, as defined by Eq. (7.3) is highly dependent on 

the actual MOR value since relatively small absolute psi errors at low 

strength values (large grain angles) will result in large percentage 

errors. The average error for each prediction method at nominal grain 

angles of O and 3 degrees as well as at 60 and 90 degrees is given in 

Table 7.4 for all predictive schemes. Though prediction Method 1, in 

which the material properties were measured, has a slightly higher 

overall percentage error than Method 4, the error is .much smaller at 

the high strength values. Thus, method 1 predicts strength better at 

smaller grain angles, while Method 4 in which grain angle is 

predicted, works better for large grain angles. Method 6, which 

involved direct correlation of TTIME with MOR bad the third lowest SEE 

value but exhibited the largest percentage error of any of the 

predictive schemes. 

Analysis of the spectral characteristics of stress waves in 

small, clear specimens of Douglas-fir resulted in significant 

relationships between grain angle and the NDE parameters FRFREQ, 

FRINT, and TTIME . Although no consistent relationship between 

moisture content and the NDE parameters studied was obtained, it 

appears that moisture above the £iber saturation point creates 

significant damping of the stress waves at grain angles larger then 

30 degrees. The mode of wave propagation through the wood is 

speculated to change with grain angle and moisture content . 
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Table 7.4. Average errors of predicted MOR values as a 
function of grain angle. 

Predictor* Grain Angle Range 
Variabl e 

Grain 10 ~ Grain Grain 
Angle ~6 Angle S30 Angle >30 All Grain Angles 

MORpredl 6.3 17.3 22.8 16.0 

MOR d2 pre 
20.0 26.2 19.6 23.4 

MORpred3 12.2 25. 1 22.3 21.5 

MOR d4 pre 15. 7 14. 8 19.2 15.9 

MORpre~ 18.5 22 . 0 18.7 20.5 

MOR d6 pre 16.7 15.6 89.9 32.0 

MOR red7 24.2 24.0 29.3 25.2 

*Predl - Grain angle and moisture content of specimens known. Use of 
Hankinson's formula by logMOR-MC equations for adjustment. 

Pred2 - Moisture content of specimens known. Grian angle predicted 
from Eq. 6.3 involving NDE parameter TTIME. Use of 
Hankinson's formula and logMOR-MC equations for adjustment. 

Pred3 - Moisture content of specimens known. Grain angle predicted 
from Eq. 5.4 involving NDE parameter FRFREQ. Use of 
Hankinson ' s formula and logMOR-MC equations for adjustment. 

·Pred4 - Moisture content of specimens known. Grain angle predicted 
from equations in Table 7.2 involving NDE parameter TTIME . 
Use of Hankinson's formula and logMOR-MC eauations for 
adjustment. 

Pred5 - Moisture content of specimens known . Grain angle predicted 
from equations in Table 7.2 involving NDE parameter FRINT. 
Use of Hankinson's formula and l ogMOR-MC equations for 
adjustment. 

Pred6 - Direct prediction of MOR using Eq. 6.5 and NDE parameter 
FRFREQ. 

Pred7 - Direct prediction of -MOR using Eq . 6.7 and NDE Parameter 
TTIME. 
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Predictive of strength of an individual piece of wood by direct 

correlation with the NDE parameters studied was in general not as 

accurate as when basic relationships between grain angle and moisture 

content with MOR were used. However, these latter predictive schemes 

required knowledge of the strength at parallel and perpendicular to 

grain orientations. 7his may be impractical for direct application to 

poles. Best estimates of MOR by direct correlation was obtained with 

the NDE parameters TTIME and FRFREQ. 



Chapter 8 

SUMMARY AND CONCLUSIONS 

8.1 RELATIONSHIPS OF WOOD PROPERTIES WITH STRESS WAVE SPECTRAL 
CHARACTERISTICS 

The purpose of the investigation was to measure and quantify the 

spectral properties of stress wave propagation in wood with the goal 

of facilitating improved NDE methods for individual wood poles. 

Several physical properties of wood were varied to investigate their 

influence on the spectral properties. Four NDE Parameters were found 

to be significantly related to the wood properties studied. The 

velocity of wave propagation in the material, as measured by the 

transit time (TTIHE), was significantly related to the grain angle of 

the wood. Two other significant NDE variables were the measures of 

the frequency response function of wood, i.e.; the frequency at which 

the amplitude gain reaches a maximum (FRFREQ) and the total gain of 

the specimen over the frequency range studied (FRINT) . Additionally, 

the ratio of total energy content of the wave in the wood over the 

total energy input (NNINTENGD) was significant for certain cases . 

Two methods were found to be best for grain angle prediction. 

When the moisture content of the wood was unknown, grain angle was 

best predicted by a third-order polynomial regression equation 

(Eq. 6.4) involving the variable FRFREQ. The regression equation 

2 produced an r of 93.0 percent and an SEE value of 7.8 degrees . This 

parameter was not influenced much by the moisture content of the 
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' specimens. When moisture content of the specimens was kno~n, the NOE 

variable TTIME was found more accurate in the prediction of grain 

angle . Six regression equations, covering the range from 7 t o 

160 percent moisture content, were used to predict grain angle as 

presented in Table 7. 2 . The r 2 values varied from a low of 

90.8 percent for a mean moisture content of 7 . 1 percent to a high of 

98.8 percent at a mean moisture content value of 109.6 percent . 

Variation about the regression equation, as '111easured by the SEE, 

ranged from 4 percent to 11 . 1 percent moisture content. 

None of the NOE parameters studied were consistently significant 

for the prediction of moisture content . However, at the higher grain 

angles, i . e . , above 30 degrees, the influence of moisture content 

above the fiber saturation point resulted in significant decrease in 

the amplitude peak of the frequency response function (FRAMP), 

indicating increased attenuation of the stress wave. 

Weight loss investigation proved significant only when the grain 

angle of the specimens was 90 degrees. The best predictor of weight 

loss was obtained with the NOE variable NNINTENGD . The regression 

resulted in an r 2 value of 56.7 percent and an SEE value of 1 .6 per­

cent weight loss . The variable NNINTENGD is a meas ure of the ratio of 

total spectral energy content in the wave before and after decay , each 

variable normalized to that of their respective inputs. The specimens 

experienced only limited values of weight loss . With the exception of 

one specimen, all weight loss values were less than 4 percent. The 

decay was confined to small, irregularly spaced pockets on the surface 

of the specimens. Additionally, several specimens produced a weight 

gain after exposure to decay. Though none of the 90 degree specimens 
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exhibited a weight gain, the presence of weight gain in other 

specimens renders all conclusions regarding the influence of decay on 

stress wave characteristics tentative. 

8.2 PREDICTION OF STRENGTH FROM NDE STRESS WAVE CHARACTERISTICS 

Due to the exploratory nature of this research, it was felt that 

such properties as knots and inhomogeneities in the specimens, which 

significantly influence the strength properties of poles, could not be 

included. This simplification must be recognized before extending the 

results of this research to the prediction of the strength of wood 

poles. With these simplifications in mind, two basic approaches 

toward strength prediction were attempted. 

The first approach assumed that for the specimens studied, the 

two major wood properties influencing strength were grain angle and 

moistu.re content. Two proven relationships between strength and these 

properties were then employed . The influence of grain angle was 

accounted for by use of Hankinson's formula (EQ. 2.7). This relation­

ship requires knowledge of the strength of wood both parallel and 

perpendicular to grain. The second relationship was used to adjust 

MOR for moisture content (MC) below fiber saturation point. The 

equation used was of the form; 

log MOR= a+ b MC [ 8. 1] 

Using this approach and the wood properties measured from each 

specimen, the regression between predicted and actual MOR yielded an 

2 . 
f value of 93.9 percent and an SEE value of 796 psi. If grain angle 

and moisture content could be predicted exactly from the NDE param­

eters, the same accuracy in prediction of MOR would occur. Since 

moisture content could not be predicted any degree of precision over 
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the entire range covered by the specimens, the ac tual moisture content 

values were used. Grain angle was predicted using four relationships 

and the NDE parameters 'ITIME, FRFREQ, and FRINT . Use of the NDE 

relationships between grain angle and the variable TTIME, given in 

Table 7 . 2, yielded a relationship between predicted and actual MOR 

with an SEE of 1007 psi and an r 2 value of 90 .2 percent. For grain 

angle predicted by Eq. 6.4, using the NDE parameter FRFREQ and the 

relation.ships of grain angle and moisture content with MOR, corre­

lation of predicted and actual MOR resulted in an r 2 of 81 . 2 percent 

iwth an SEE of 1396 psi. 

A simplified approach in the NDE of pole strength would be the 

direct correlation between strength and NDE parameters. This is 

because the first approach used requires knowledge of parallel to 

grain strength, which is the desired parameter for poles. The best 

results, based on the SEE, were obtained using a third-order poly­

nomial with the variable TTIME (Eq . 6 . 7). Prediction of MOR from this 

2 method yielded an SEE of 1642 psi and an r of 87 . 2 percent. A 

straightline relationship with the NDE variable FRFREQ and MOR, 

2 Eq. 6.5, resulted in an SEE of 1642 psi and an r of 74 . 4 percent . 

Use of Eq. 6 . 7 for MOR prediction with the variable TTIME resulted in 

negative strength predictions at large grain angles, clearly an 

unacceptable method. 

8.3 RECOMMENDATION FOR FURTHER RESEARCH 

Since the density of the material in this investigation was 

closely controlled, it was not included in the data analysis . 

However, density strongly influences the strength and s t i ffness of 

clear wood . It is known that material density also influences 
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propagation velocity through the material. Since density of the wood 

often requires destructive sampling, it is often unknown. This 

decreases the value of velocity measurements for NDE purposes when 

material density is highly variable. Further testing should be 

conducted to determine if the other NDE variables studied, such as 

FRFREQ , are also dependent upon density. 

Since velocity is fundamentally related to material behavior 

further use of the spectral analysis procedures see.m warranted. 

Specifically, the phase information available from the cross-spectral 

density function ca.n provide velocity information as a function of 

frequency. This may provide more insight into the material charac­

teristics and strength than information obtained from velocity of the 

fastest wave only, as is traditionally done. 

Specimens for this research were clear material of small size. 

The next obvious step is to extend the information obtained to full­

size members. An important cpnsideration would be the influence of 

knots and the grain deviation around knots , which often are the 

controlling factors in the strength of structural wood members . The 

relationwhips of the NDE parameters FRFREQ and FRINT with global grain 

angle were significant . If the presence of localized cross grain 

could be determined, it could be useful in predicting failure location 

on strength. 

8.4 APPLICATIONS OF RESULTS TO A POLE NDE TECHNIQUE 

Prediction of the strength of utility poles to determine the need 

for their removal from an active line, appears most promising if 

testing is conducted across the grain. The only significant 

relationship with wieght loss from decay, a prime consideration of the 

Ii 
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pole user, was obtained for 90 degree oriented specimens. However, a 

fundamental problem in prediction of pole strength with testing per­

pendicular to the grain is that bending of the poles causes stress in 

the longitudinal direction. For this research, the wave propagation 

direction coincided with the direction of stress application during 

destructive testing. Serious thought must be given to this aspect of 

the NDE procedure. Pole failure often occurs at knots and knot 

clusters which have not been investigated as to their influence on the 

wave propagation spectral p~operti es . Addi tionally, poles are roughly 

circular in cross section while the specimens for this research were 

rectangular. It is expected that specimen geometry influences the 

wave propagation characteristics. 

Although prediction of MOE was not emphasized i n the data 

analysis of this research, the relationships between the NDE param­

eters and MOE appear similar for MOE prediction as for MOR perdiction. 

Further work needs to be done on the influence of decay on the NDE 

variables with closer control of the decay process and measurement of 

weight loss, possibly by use of conditioning specimens t o constant 

moisture contents before a.nd after exposure to decay. 

Several topics need t o be developed and i nvestigated before a 

successful NDE of wood poles with stress wave spectral analysis pro­

cedures would be coamercially feasible. Testing must be able to 

include the regions of the pole where failure is most likely to occur, 

which must include a section of the pole above groundline . The 

encouraging information obtained from this exploratory work is that 

the condition of wood does influence the spectral characteristics of 

the stress waves . In short, many problems still remain unsol ved for 
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NDE of wood pole strength, but the basic premise and method appear 

viable. 

, 
I 
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APPENDIX A 

LISTING OF ACRONYMS FOR NDE PARAMETERS 



NDE Acronym 

FRAHP 

FRFREQ 

FRINT 

'ITIHE 

170 

Description of NDE set I parameters 

Maximum amplitude of the amplitude 
response spectrum. 

Frequency at which the amplitude response 
function reaches a maximum value (FRAHP). 

Maximum value of the integrated amplitude 
response spectrum. 

Units 

(Unitless) 

(Hz) 

(Unitless) 

Time required for stress wave to travel (µsec) 
between the two accelerometers on the wood. 



NDE Acronym 

ENG.AMP 

ENGFAHP 

ENGlAMP 

ENG2AKP 

ENGINP 

ENGINT 

INTENG 

INTFENG 

INTlENG 

IRT2ENG 

NENGFAMP 

NENG2AMP 

NINTFENG 

NINT2ENG 
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Description of NDE set II parameters 

Maximum amplitude of the energy spectral 
density function of the stress wave 
response in wood. 

For GAMC study specimens, the ENGAHP value 
of the front accelerometer on the wood. 

For GAMC study specimens, the ENGAMP value 
of the back accelerometer, recorded con­
currently with the front accelerometer . 

For GAMC study specimens, the ENGAMP value 
of the back accelerometer, recorded con­
currently with the impact. 

Maximum value of the energy spectral 
density function of the impact to the wood. 

Total energy content of the impact to the 
wood. 

Total energy content of the stress wave 
response in the wood. 

For GAMC study specimens, the INTENG value 
of the front accelerometer on the wood . 

For GAMC study specimens, the INTENG value 
of the back accelerometer recorded con­
currently with the front accelerometer 
response . 

For GAMC study specimens, the INTENG value 
of the back accelerometer recorded con­
currently with the impact. 

The ENGFAMP value normalized to the impact 
through division by the corresponding 
ENGINP value. 

The ENG2.AMP value normalized to the impact 
through division by the corresponding 
ENGINP value. 

The INTEFENT value normalized t o the 
impact through division by the corre­
sponding ENGINP value. 

The INT2ENG value normalized to the impact 
through division by the corresponding 
ENGINP value . 

Units 

(100&2s/Hz) 

" 

" 

ft 

II 

2 (lOOg s ) 

,, 

II 

II 

" 

(unitless) 

,. 

" 

II 



NDE Acronym 

RENGAHP 

RINTENG 
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Description of NDE set II parameters 

The ratio of maximum energy spectral 
· densities, i.e ., ENGFAHP divided by ENGlAMP . 

The ratio of total energy content values of 
the front and back accelerometers, i .e., 
INTFENG divided by INTlENG. 

Units 

" 

" 



NOE Acronym 

ENGAMPPD 

ENGAMPD 

ENGINPD 

ENGIND 

ENGINTPD 

ENGINTD 

INTENGPD 

INTENGD 

NENGAMPPD 

NNENGAMPPD 

NENGAMPD 

NNENGAMPD 

RENGAMPD 

RRENGAMPD 
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Description of NOE set III parameters 

For DEC study specimens, the ENGAMP value 
of the accelerometer on the wood before 
exposure to decay. 

For DEC study specimens, the ENGAMP value 
after specimen exposure to decay. 

Units 

2 
(l00g s/Hz) 

For DEC study specimens, the ENGINP value of 
the impact before specimen exposure to decay. 

,, 

For DEC study specimens, the ENGINP value of 
the impact after specimen exposure to decay. 

For DEC study specimens, the ENGINT value 
before specimen exposu_re to decay. 

For DEC stu_dy specimens, the ENGINT value 
after specimen exposure to decay. 

For DEC study specimens, the INTENG value 
of the specimen before exposure to decay. 

For DEC study specimens, the INTENG value 
of the specimen after exposure to decay. 

The ENGAMPPD value normalized to the impact 
through division by the corresponding 
ENGINPD value . 

The ENGAHPPD value normalized to the impace 
through division by the corresponding 
ENGINTPD value. 

The ENGAMPD value normalized to the impact 
through division by the corresponding 
ENGINPD value. · 

The ENGAMPD value normalized to the impact 
through division by the corresponding 
ENGINTD value. 

The ratio of decayed to undecayed maximum 
normalized energy spectral densities , i.e., 
NENGAMPD divided by NENGAHPPD. 

The ratio of decayed to undecayed maximum 
normalized energy spectral densities, i.e., 
NNENGAMPD divided by NNENGAMPPD . 

II 

2 
(l00g s) 

tt 

" 

II 

(unitless) 

II 

II 

tt 

" 

" 



NDE Acronym 

NINTENGPD 

NNINTENGPD 

NTNTENGD 

NNINTENGD 

RINTENGD 

RRINTENGD 

H4 

Description of NDE set III parameters 

The INTENGPD value normalized to the impact 
through division by the corresponding . 
ENGINPD value. 

The INTENGPD value normalized to the i mpact 
through division by the correpsonding 
ENGINTPD value . 

The INTENGD value normalized to the impact 
through division by the corresponding ENGIND 
value . 

The INTENGD value normalized to the impact 
through division by the corresponding ENGINTD 
value. 

The ratio of decayed to undecayed normalized 
total energy content values, i.e., NINTENGD 
divided by NINTENGPD . 

The ratio of decayed to undecayed normalized 
total energy content values, i.e., NNINTENGD 
divided by NNINTENGPD. 

Units 

(unit less) 

II 

II 

ti 

II 

fl 
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SPEC. NO. FRFREQ!/ FRAMP~/ FRINT~/ TH1E9 
(Hz) (µse c) 

00-1 4875.0 3.878± 2372. 4 62 .0 
00- 2 5000 .0 1.1975 1658 .2 50 .0 
00-3 3850.0 3. 7788 1984.0 61.0 
00- 4 3825.0 2.9551 1791. 9 54.0 
00-5 3675 .0 3.2159 1681.l 54.0 
00- 6 3675.0 4. 3972 1811.9 53.0 
03-1 2650.0 1.2103 1004. 1 66 .0 
03-2 3800.0 2.0238 1505.5 57.0 
03-3 3625.0 1.3184 1464.1 48.0 
03- 4 3750 .0 2.7043 1905.9 53 .0 
03-5 4000 .0 2.3989 1717 .7 55 .0 
03- 6 3925.0 3.0916 1774. 9 50.0 
03- 7 3825.0 3.0440 1788.6 49 .0 
06-1 2575 .0 1,'3445 937.6 78 .0 
06-2 3525.0 2. 7196 1474.4 64.0 
06-3 3975.0 3.5354 1754.1 53.0 
06- 4 3900 .0 4.3042 2033.7 57.0 
06-6 3675 .0 3.8268 1659 .2 48 .0 
06-7 4875.0 1.5966 2021.7 44.0 
10- 2 3350.0 3.0977 1529 .6 72 .0 
10- 3 3425 .0 2.0924 1484.0 68 .0 -
10- 4 3625 .0 4. 1530 1798 . 1 67.0 
10-5 4425.0 4.6234 2555.6 48.0 
10-6 3150.0 2.9537 1346.7 66 .0 
10- 7 4150 .0 2 .5334 2361. 7 48 .0 
15-1 3550.0 1.4286 1346.3 90.0 
15-2 3225 .0 1. 5936 1320.6 81.0 
15- 3 3675 .0 2.9337 1675.6 65.0 
15-4 4700 .0 3.8724 2226 . 7 64.0 
15-5 3625.0 4.7681 1803.0 68.0 
15- 6 2900 .0 3.4473 1661. 5 62 .0 
15-7 3225.0 2.8362 1511. 5 61.0 
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SPEC. NO . FRFREQ FRAKP FRINT TIME 
(Hz) (unitless) (unitless ) (µsec ) 

20-1 2425.0 2.0863 1183 .5 97 .0 
20-2 2450.0 2.8509 1304. 1 92 .0 
20-3 2550.0 4 .1389 1401.1 82 .0 
20-4 2325.0 4.2109 1292. 1 94 .0 
20-5 2825 . 0 3.5214 1418. 1 89 .0 
20-6 3100.0 3 .9596 1580.7 74 .0 
20-7 2950 .0 3.8597 1621.3 72 . 0 
30-1 3475.0 1. 9126 693.9 166. 0 
30-2 1625.0 3.4778 799 .4 154.0 
30-3 1825 .0 3.0812 979 .2 125 .0 
30-4 2025.0 3. 1778 1075.S 119 .0 
30-5 1975.0 2.8918 1023 .8 122.0 
30-6 2200.0 5.3103 1297 .4 102 .0 
60-2 900 .0 3.3652 436.6 352.0 
60-3 875.0 2.3212 429.8 340 .0 
60-4 900.0 3.5687 477 .o 297.0 
60-5 1125.0 6.1051 670. 2 270.0 
60- 6 1050.0 5.0637 646.1 272.0 
60-7 1075 .0 5.7934 682 . 1 254 .0 
90-1 . 775 .0 2 . 2832" 310 .0 442 .0 
90-2 800.0 2.6808 370.8 370 .0 
90-3 825.0 2.6022 406 . 4 325 .0 
90-4 850.0 4. 1836 454.5 343 .0 
90-5 900.0 2.8896 446.9 314. 0 
90-6 900 .0 4.7036 495.8 311 . 0 
90-7 1100.0 6. 1612 637.3 234.0 



APPENDIX B 

FREQUENCY RESPONSE FUNCTION VALUES FRFREQ!/, 
FRAMP~/, FRINT~/, AND TRANSIT TIME VALUES TTIME~/ 

FOR GRAIN ANGLE-MOISTURE CONTENT STUDY SPECIMENS 

Specimen Number Notation: xx-0 

xx= nominal grain angle 
0 = moisture content group 

! / FRFREQ - Frequency at which t he amplitude response function reaches 
a maximum value. 

~/FRAMP - Maximum amplitude of the amplitude response function . 

I/FRINT - Maximum value of the integrated amplitude response spectrum. 

'!./TTIME - Time required for the stress wave to travel between the two 
accelerometers on the wood speci~en. 
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SPEC. NO. ENGAMP.!/ INTFEN~/ ENGlAMPJ/ INTIEN~/ 
(lools/Hz) 2 

(loos2s/Hz) 2 (IOOg s) (100g s) 
0- 1 I. 7167 28 . 296 3.0940 37. 169 
3- 1 1.9023 39 .155 2.2180 42.320 
6-1 1.8297 29 . 915 1.5337 39. 724 

15-1 2.5889 44 . 735 3.2910 55 . 756 
20-1 3. 7776 64. 728 3.4738 71. 167 
30- 1 3.9649 72.820 5.3234 79.452 
90-1 4.5354 71 .569 6.7298 91.072 
0-2 1.6014 22 . 418 1. 4617 26.116 
3-2 2.3794 26 . 101 2.1064 33.802 
6-2 2.5014 30. 166 2.2715 31.528 

10-2 3.2067 41.898 2.6876 40.428 
15-2 2.5330 30 .582 1.9401 31. 910 
20- 2 2.5789 40.100 2.2943 38.214 
30- 2 4 .9310 63 .808 4. 1738 54 . 117 
60-2 2.8728 39.156 4 . 1599 41.611 
90- 2 2.7992 41.142 2.9924 38.029 
0- 3 3.5981 39.937 2.4457 33.228 
3-3 2.0199 29 .804 4 .3638 47.361 
6-3 4.1306 38. 717 1.5845 26.252 

10-3 3.3333 34.662 2 .0424 31.263 
15-3 3.5920 34.434 1.9646 27 .598 
20-3 2.4582 48 . 134 3.6155 55.188 
30-3 2.5778 50.230 3.8558 57 .791 
60-3 3. 0106 44.020 2.9621 38.694 
90- 3 2.5028 36.219 2.7555 34.221 
0-4 1.9408 28.080 3.3876 42 .000 
3- 4 2.3953 34. 414 4.2205 48.756 
6-4 4.1068 43.453 3.3004 35.849 

10-4 4 .6351 37.380 2.9546 32.265 
15-4 1.4923 27.397 3.6458 38. 711 
20-4 3.3256 50.392 3.2983 51.975 
30-4 2.3278 42.828 2.3050 43.293 
60-4 3.9028 47.554 3.4776 41.256 
90-4 3.4517 47.560 5 .0952 51. 984 
0-5 4.8232 44 .624 3.0808 47 .271 
3-5 2. 7158 29.349 3.2725 42 .086 

10-5 2.1937 25.564 2. 3687 31. 443 
15-5 2. 4164 29 . 259 2.5011 30.739 
20-5 3.2763 57.301 5. 3093 60.905 
30-5 3.0395 49.095 2.7934 48.625 
60-5 4.8892 54.074 6.3491 67.752 
90-5 3.4479 52 . 107 2.5557 43.736 
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mo 

SPEC . NO. ENGAHP INTFENG ENGIAMP INTlENG 

(loois/Hz) (loos2s) 2 (IOOg s/Hz) (loos2s) 

0-6 3.5862 38.650 2.1441 30.407 
3- 6 3.8425 47.976 3.2134 53.067 
6-6 5 . 0521 42 .889 2.4395 28.270 

10- 6 4. 2913 43.299 2.3994 38 .307 
15-6 2.7368 50.413 2.1083 46.415 
20-6 . 5 .1415 51.474 4.2868 52.044 
30-6 7.8249 99 . 285 7. 0703 94.685 
60-6 6.9644 71. 493 6.9559 69.441 
90-6 6.1996 69.700 5.0607 57.398 
3-7 3. 7124 32.768 1. 6271 27.507 
6- 7 3.1598 28. 773 2.4049 30 .550 

10-7 1.6703 30.510 3.6509 43.964 
15-7 3.5359 42 . 380 2.1286 39.057 
20- 7 3. 2887 57 . 741 3.5063 63.107 
60-7 6.4070 68.851 6.6731 68 . 783 
90-7 7.6182 81.425 9 .9664 96 . 243 



APPENDIX C 

ENERGY SPECTRUM VALUES ENGAMP.!./, INTFEN~/, ENGlAMP;!/ 
AND INTlEN~/ FOR GRAIN ANGLE-MOISTURE CONTENT STUDY SPECIMENS 

.!/ENGAMP - Maxi.mum amplitude of the energy spectral density function 
of the stress wave response in wood, measured at the front 
accelerometer . 

~/INTFENG - Total energy content of the stress wave in the wood speci- ' 
men, measured at the front accelerometer. 

l/ENGlAHP - The ENGAHP value, except measured at the back accelerometer 
using accelerometer arrangement one. 

~/INTI.ENG - Total energy content of the stress wave in the wood speci­
men, measured at the back accelerometer using accelerometer 
arrangement one. 



APPENDIX D 

ENERGY SPECTRUM VALUES ENG2AffP!/, INT2EN~/, ENGINPl / 

AND ENGINT~/ FOR GRAIN ANGLE-MOISTURE STUDY SPECIMENS 

!/ENG2AHP - Maximum amplitude of the energy spectral density function 
of stress wave measured at the back accelerometer u.sing 
accelerometer arrangement two. 

~/INT2ENG - Total energy content of t he stress wave measured at the 
back accelerometer using accelerometer arrangement two. 

l/ENGINP - Maximum amplitude of the energy spectral density function 
of the impact to the wood specimen. 

~/ENGINT - Total energy content of the impact to the wood . 
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SPEC. NO. ENG2AMP INT2ENG ENGINP ENGINT 
o ooiHz) 2 (100g s) (100&2 /Hz) 2 (110g s ) 

0- 1 3. 2420 38 . 193 1.9346 82 . 291 
3-1 1.9120 60. l 77 3.5957 140.010 
6-1 1.6630 41.606 3.7040 131.460 

15-1 3.4487 58 . 763 3.8345 138 .890 
20,-1 3.4345 70.242 4.4999 157.600 
30-1 5 . 2366 79.928 4.3743 146.940 
90-1 6.9721 92.659 3.4783 116. 210 
0- 2 1.4117 26.591 2. 3714 80.237 
3-2 1. 9903 31.895 2. 3969 76.896 
6-2 1.9757 23 . 937 2.0261 63.690 

10-2 1. 6113 37.859 2.7049 89.828 
15-2 1.8001 30.073 2.3623 11 . 713 
20-2 2.3639 35.956 2.5278 77.118 
30-2 4.6077 59.416 2.2731 75.089 
60-2 3 .8835 38 . 208 1.7043 43~655 
90-2 3.1754 39 . 651 1. 5095 51.658 
0-3 2.4029 32 . 761 2.7012 80.101 
3-3 4 . 2799 47 .337 3.4584 102 .540 
6-3 1.5252 25 .856 2.4530 80 . 418 

10-3 1. 9864 29.083 2.5282 78.938 
15-3 2.1303 32.837 2.4705 80.260 
20- 3 3.5613 50.333 2. 2228 73 . 495 
30-3 4.1685 63.023 2. 4599 11 . 781 
60-3 2.9738 39 .551 1.7389 52.803 
90-3 2.9089 35.858 1 1.6511 48.101 
0- 4 3. 3755 41 .565 2.6006 94.908 
3- 4 4.0383 46 . 493 2.8749 93.222 
6-4 3. 4158 34 . 721 2.2531 77 .507 

10-4 2.8738 30.995 2.3862 63.686 
15-4 3.6166 36 .678 2. 4852 68 . 438 
20-4 3.6277 55 .862 2.8118 76.572 
30- 4 2. 9224 53.383 2.2293 67.847 
60- 4 3.7041 43.976 1.5315 57.533 
90-4 5.1606 54 . 981 1. 6702 61.668 
0-5 2.9101 44.483 2.9008 85.003 
3-.5 3.4429 44. 193 2.9416 92 .189 

10-5 2.2633 31.135 3.5423 80. 868 
15- 5 2. 2961 30.679 2.3276 65.681 
20-5 5 . 3596 61.871 2. 3712 82 . 329 
30-5 2.7620 48.351 2.4180 70.768 
60-5 5 . 7497 57 . 106 2.2895 57.037 
90-5 2.4127 40 .188 1.6457 54.840 
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SPEC. NO. ENG2AHP INT2ENG ENGINP ENGINT 

(10os2Hz) (loos2s) (loos2/Hz) (11os2s) 

0-6 2.2082 30 .698 2.3154 68.960 
3-6 3.3251 52.646 3.5298 116.050 
6-6 2.3407 28.480 2.2113 59.358 

10-6 2.3550 40.300 2.4031 79.928 
15-6 2.0210 45.370 2.5148 88.551 
20-6 4. 3716 51.531 3. 6777 101.270 
30-6 7.1473 95.501 3. 1289 99.644 
60-6 7. 1361 71.148 1. 9825 62. 775 
90-6 5. 1584 58.591 1.8958 66.605 
3-7 1.6489 28.295 2.2418 65.666 
6-7 2.4939 32.503 2.3839 76.382 

10- 7 3.5824 40.162 2.5340 83.385 
15-7 2.2222 45.517 2.5828 87.265 
20- 7 3.5470 65.803 2.5690 91. 937 
60- 7 6.5861 67.852 1.9382 58.443 
90-7 9.8314 95.798 2.3103 77 .427 



APPENDIX E 

ENERGY SPECTRUM VALUES ENGINPo!/, ENGINDY, ENGINTP~/, 
AND ENG!~/ FOR DECAY STUDY SPECIMENS 

1/ENGINPD 

~/ENGIND 

Specimen Number Notation: xoo 

x = nominal grain angle in tens of degrees 
oo = sequence number 

- The maximum value of the energy spectral density function 
of the impact to the wood specimen before exposure to 
decay. 

- The maximum value of the energy spectral density function 
of the impact to the wood specimen after exposure to 
decay. 

1/ENGINTPD - Total energy content of the impact to the specimen before 
exposure to decay . . 

~/ENGINTD Total energy content of the impact to the specimen after 
exposure to decay. 
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SPEC . NO. ENGINPD ENGIND ENGINTPD ENGINTD 
2 (l00g /Hz) (lools/Hz) 2 (l00g s) 2 (l00g s) 

001 26.2 ND* 34.3 ND 
002 22 .2 ND 30.6 ND 
003 7.6 10 .2 8. l 9.4 
004 13.6 15.8 20.0 11.8 
005 11.2 17 . 0 11.1 21. 3 
006 10 . 4 15 . 4 12.4 12.7 
007 12 . 6 20 . 1 19.0 18. 1 
008 12.0 32 . 4 18 .5 21.7 
009 15.6 17 . 7 17.2 13.2 
010 11.2 14.8 15 .1 10.8 
011 13.3 21.1 19.3 16.1 
012 15 .4 15.8 22.7 16.0 
013 16.9 14.6 18 .3 15 . 0 
014 12.4 7 .0 13 .8 8.9 
015 8.8 7.5 11. 9 8.8 
016 7 . 9 11.3 7.6 11. 1 
017 7.3 10.8 8.4 10.1 
018 13.6 15.2 20.7 16.0 
019 12.3 9 . 1 17.7 9.0 
020 15.5 14.8 18.6 14.1 
201 21.2 ND .28.3 ND 
202 10.2 18.3 14.0 19.0 
204 11.8 24.0 15. 7 29.7 
205 11.6 19.0 12 . 1 12.4 
206 12.0 52.8 16.8 29.9 
207 14.6 15.3 16.2 12.4 
208 11. 9 10.1 14.3 9.3 
209 15 . 0 9 . 0 14.7 10.3 
210 5.7 6.5 8.4 8.2 
211 11.4 12.2 14.4 11.1 
212 10.4 10.3 12.4 10.7 
213 12 . 0 9 .6 16.4 9.2 
901 10 .7 ND 12.1 ND 
902 10.3 ND 12.6 ND 
903 8.0 10.5 7.8 10.1 
905 6.5 11.9 8.7 13.7 
906 10.4 6.5 8.6 4.8 
907 10.2 17.6 10.3 . 12.3 
908 6.7 21.1 7.9 14.3 
909 8.8 6.4 8.5 4.9 
910 9.9 8.3 11. 7 4.6 
911 5.6 7.7 7.1 6.9 
912 7 . 1 6.8 8 .8 5.3 
913 8.8 3.6 6.9 4.0 
915 7.0 5.1 7.5 4.5 
917 6 . 6 7 . 2 7.9 4.6 
918 10.0 4.5 9.1 4.4 
919 8.3 7.2 9.9 5.1 

*ND - Not exposed to decay. 



APPENDIX F 

ENERGY SPECTRUM VALUES ENGAMPPo!/, ENGAMP~/, 
INTENGP~/• AND INTENG~/ DECAY STUDY SPECIMENS 

l/ENGAHPD - Maximum amplitude of the energy spectral density function 
of the stress wave in the wood specimen before exposure 
to decay. 

~/ENGAHPD - Maximum amplitude of the energy spectral density function 
of the stress wave in the wood specimen after exposure to 
decay. 

1/INTENGPD - Total energy content of the stress wave in the wood 
specimen before exposure to decay . 

!!_/ INTNEGD Total energy content of the stress wave in the wood 
specimen after exposure to decay . 
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SPEC . NO. ENGINPD ENGIND ENGINTPD ENGINTD 

(lool/Hz) (lOOg2s/Hz) 2 (100g s) 2 (100g s) 

001 7.7 ND* 2.4 ND 
002 9.6 ND 2.3 ND 
003 2.8 9.3 0.7 1.4 
004 16.6 7.8 2 .8 1.3 
005 10.9 5.5 1.3 2.3 
006 8.6 9.0 1.2 1.4 
007 16.1 8.4 2. 6 1. 7 
008 4 . 6 11.5 1.4 1. 9 
009 20 .0 6.4 2.2 1.2 
010 22 . 8 8 .4 2.7 2.7 
011 20 .5 5 . 1 2 .8 1. l 
012 6.5 6.5 1.6 1.4 
013 5.9 2.3 1.5 1.0 
014 15 . 0 4 . 0 1.8 1.0 
015 8 . 9 4 .5 1.5 0 .8 
016 6 . 2 2.9 0.8 0 .8 
017 5.6 11.0 0 . 9 1.4 
018 11.5 14.3 2.2 2 . 3 
019 2 .9 6.3 1.4 1.0 
020 18 . 7 16.6 2.5 1.7 
201 38.2 ND 9.2 ND 
202 8.6 11.8 3.1 4 . 2 
204 18 . 3 23 .2 4 . 7 8.0 
205 4.8 20.9 1.8 4.4 
206 9.9 26 . 1 3.6 6.9 
207 28.3 8 .1 6 . 5 1.8 
208 15. 3 9 .7 3. 0 1.9 
209 8. 4 4 . 6 1.7 1. 9 
210 5.0 2 . 7 1.4 1.3 
211 10 . 2 13.0 3.1 3.4 
212 23 . 1 10 .2 3.0 2.6 
213 15 . 3 5.4 4 . 4 1.6 
901 35.4 ND 6 . 2 ND 
902 59.0 ND 7 .4 ND 
903 34 .9 46 .5 6.0 6.3 
905 16 . 3 90 .2 2.9 8.3 
906 25 . 2 17.2 3. 1 2 .4 
907 18.9 21.7 3.2 4.0 
908 23 .5 38.9 3.6 5.9 
909 16.6 7.2 2.8 1.6 
910 42 .2 13 . 2 4.4 1.6 
911 11.1 22.7 3.5 3.9 
912 28 .3 17 . 5 5.5 2.6 
913 12. 1 9 .9 2.2 1.9 
915 15.1 16.4 2.0 2.1 
917 28.0 10.9 4.3 1.6 
918 20 .3 8.7 3. 7 1.3 
919 25 . 8 7.6 3. 8 1.2 

*ND - Not exposed to decay. 



APPENDIX G 

FREQUENCY RESPONSE FUNCTION VALUES FRFREQ!-/ AND FRINT~/ 
FOR DECAY STUDY SPECIMENS AFTER EXPOSURE TO DECAY 

!/FRFREQ - Frequency at which the amplitude response function reaches 
a maximum value. 

~/FRINT - Maximum value of the integrated amplitude response 
spectrum . 
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SPEC. FRFREQ FRINT 
NO. (Hz) (unitless) 

001 4100.0 1580.6 
002 3825.0 1312.6 
003 5000.0 1267.6 
004 4100 . 0 1517.6 
005 3225 . 0 1129 .5 
006 4275.0 1733 .6 
007 3875.0 1464.0 
008 4300 . 0 1486 . 2 
009 3975 .0 1510. 0 
010 3050.0 1192.4 
011 3975.0 1500.2 
012 3675.0 1373.7 
013 4375.0 1503.6 
014 5000.0 1575.1 
015 475.0 1368.5 
016 450 .0 1512.2 
017 350 .0 1121.9 
018 4375.0 1576 .1 
019 3700.0 1219 . 1 
020 4500 . 0 . 1509 . 2 
201 2500.0 1103.6 
202 2600 .0 1089 .5 
203 350.0 807.1 
204 2525.0 1082.2 
205 2700 .0 1385.2 
206 3075 . 0 1367 . 0 
207 2550 .0 1166. 2 
208 3125.0 1449.3 
209 2600.0 1254.2 
210 2425.0 1218.9 
211 2525 . 0 1041 . 1 
212 2550.0 1341.2 
213 2425 . 0 1804. 2 
901 800.0 285 .5 
902 775.0 304.6 
903 1375 .0 386.7 
905 775.0 287.6 
906 1525 .0 466 .5 
907 5000.0 392.5 
908 775.0 265.8 
909 1875.0 272 .2 
910 800.0 414.7 
911 1425 . 0 286.9 
912 5000.0 516.S 
913 1425.0 489.1 
915 800.0 272.4 
917 1475.0 307.6 
918 750.0 307.6 
919 3125.0 403.3 



APPENDIX H 

SUHHARY OF MATERIAL PROPERTIES FOR GRAIN 
ANGLE-MOISTURE CONTENT STUDY SPECIMENS 
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SPEC. SG GRAIN ANGLE MC HOE MOR COMMENTS 
NO . (deg) (%) (ksi) (psi) 

00-1 0.42 3 91 1260 6590 
00-2 0.37 2 63 1260 6040 
00-3 0.43 2 34 1260 6360 
00-4 0.43 3 22 1530 8250 
00-5 0.38 3 26 1210 6650 
00-6 0 . 42 4 16 1310 9380 
00-7 0.39 3 7 1730 12590 INVALID NDE 
03-1 0.39 4 82 1200 6160 
03-2 0.38 3 49 1310 6190 
03-3 0.45 4 17 1580 8790 
03-4 0. 37 3 30 1270 5910 
03-5 0.45 4 26 1380 7400 
03-6 0.43 4 16 1660 10500 
03-7 0.37 2 7 1570 12320 
06-1 0.42, 7 166 1290 6440 
06-2 0.41 8 37 1150 5920 
06-3 0. 46 8 19 1610 10130 
06-4 0.43 6 19 135 8550 
06-5 0. 43 6 17 1670 9700 INVALID NDE 
06-6 0.43 8 15 1890 10020 
06-7 0. 45 7 7 1650 12290 
10-1 0.40 14 100 910 5030 
10-2 0.41 11 41 800 5910 
10-3 0. 40 12 30 950 6010 
10-4 0.40 10 23 910 5680 
10-5 0.·44 10 16 1240 8320 
10-6 0.43 13 16 930 6420 
10-7 0 .42 12 7 1140 7330 
15-1 0.43 15 86 660 4500 
15-2 0.40 14 48 650 4660 
15-3 0. 40 11 27 820 6080 
15-4 0.43 14 18 790 5840 
15- 5 0. 41 12 20 930 6690 
15-6 0. 42 14 16 810 6010 
15-7 0 .45 14 7 930 6280 



192 

SPEC . SG GRAIN ANGLE MC MOE MOR COMMENTS 
NO. (deg) (%) (ksi) (psi) 

20-1 0.42 20 113 600 4440 
20-2 0.42 18 32 500 4120 
20-3 0.40 20 23 400 3520 
20-4 0.41 21 20 410 3530 
20-5 0.42 21 17 350 3560 
20-6 0.41 18 16 710 5065 
20-7 0.42 19 7 730 5350 
30- 1 0.40 31 166 210 2090 
30-2 0.40 29 52 150 2650 
30-3 0.38 29 30 170 2140 
30-4 0.40 28 24 210 2250 
30-5 0.38 28 27 190 2300 
30-6 0.40 28 15 290 3180 
30-7 0.40 27 7 360 3420 INVALID NDE 
60- 1 0.40 61 164 40 730 INVALID NDE 
60-2 0.38 63 49 40 570 
60-3 0 . 39 62 32 30 310 
60-4 0 . 40 62 22 30 430 
60-5 0.42 59 15 60 960 
60-6 0.40 61 15 60 1140 
60-7 0.42 63 7 70 590 
90- 1 0 . 40 89 160 30 530 
90-2 0.40 88 44 20 510 
90-3 0.41 88 25 30 490 
90- 4 0.41 88 21 30 550 
90-5 0.43 88 17 30 740 
90-6 0.34 88 15 30 600 
90-7 0.41 90 7 so 1000 

., 



APPENDIX I 

SUMMARY OF MATERIAL PROPERTIES FOR DECAY STUDY SPECIMENS 

(> 
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SPEC. SG GRAIN MC 'MOE MOR Wt . COMMENTS NO. ANGLE (%) (ksi) (psi) LOSS 
(deg) (%) 

001 0.55 2 88 2550 ll210 ND* 002 0.55 3 91 2610 12320 ND 
003 0.55 5 69 2330 10320 4 
004 0.54 5 68 2170 9420 4 
005 0.54 3 70 2220 11450 1 
006 0.54 2 67 2090 10610 1 
007 0 .53 2 81 1910 10650 3 008 0.52 2 84 1130 9630 3 
009 0.54 2 63 2450 11180 1 010 0.54 2 62 2170 10900 1 
011 0.53 3 95 1760 9720 WGtt 
012 0.54 2 87 2190 10040 WG 
013 0.54 3 78 1910 9570 WG 
014 0.54 3 65 2210 10020 WG 
015 0.52 2 88 2190 9970 0 
016 0.53 2 84 1880 10170 WG 
017 0.53 2 71 2240 10780 WG 
018 0.54 2 64 2120 10680 WG 
019 0.53 2 103 2110 9340 WG 
020 0.54 4 94 1990 9580 WG 
201 0.54 18 96 640 4580 ND 
202 0.54 19 93 640 4430 4 
203 0.52 19 77 720 4710 5 
204 0.52 20 82 490 4950 WG 
·205 0.52 18 67 520 4450 WG 
206 0.53 17 79 660 4840 WG 
207 0.53 19 76 830 5270 WG 
208 0.55 18 72 1580 8890 WG 
209 0.55 20 • 80 680 4360 WG 
210 0.54 18 85 520 4220 WG 
211 0 .53 19 77 590 4570 3 
212 0.55 19 72 620 4300 2 
213 0.54 19 94 720 4330 2 
901 0.54 90 113 40 750 ND 
902 0.56 90 114 40 740 ND 
903 0.55 90 . 94 40 710 WG 
904 SPECIMEN BROKE 
905 0 .54 90 101 30 640 1 
906 0.53 90 98 30 660 1 
907 0.53 90 109 40 480 4 
908 0.52 90 105 20 425 4 
909 0.51 90 104 30 530 2 
910 0.51 90 107 30 510 2 
911 0.55 90 100 40 550 2 
912 0.54 90 103 40 530 2 
913 0.54 90 88 40 550 1 
914 0.53 90 99 SPECIMEN BROKE 

*ND= not decayed 
* WG = weight gained 
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SPEC. SG GRAIN MC MOE MOR Wt. COMMENTS 
NO. ANGLE (%) (ksi) (psi) LOSS 

(deg) (%) 

915 0.44 90 133 30 540 5 ' SAPWOOD 
916 SPECIMEN BROKE 
917 0 .53 90 90 30 360 4 
918 0.52 90 93 20 250 4 
919 0 .51 90 105 30 300 9 
920 SPECIMEN BROKE 



APPENDIX J 

REGRESSION ANALYSIS STATISTICS 

G 



Table J -1 . SUJ11Dary of parabolic regression statistics for prediction of moisture content 
at various grain angles. 

Mean NDE Variable 
Group Grain TTIME FFREQ FRI.NT 

Designation Angle 
(degrees) 2 SEE Significance* 2 SEE Significance 2 SEE Significance r r r 

CU (%) Level (%) (%) Level (%) (%) Level 

CGAI 2 .6 37 . 4 24 .8 N. S. 68.3 17.7 N. S. 74. 1 16.0 5 
CGA2 4. 1 99.4 3.2 N;li6 . 99.0 4.1 2.5 95.8 8 .3 N.S. 
CGA3 7. 2 98.4 10.0 0 . 5 98.5 9.4 0 .5 99.4 6.3 0.1 ,-

'° CGA4 11.2 73.5 6.3 N.S. 32.5 IO . I N. S. 37.5 
--.i 

9.7 N.S. 
CGA5 14.1 98.7 5.4 N.S. 56.1 31.1 N.S. 64 . 1 28 .1 N.S . 
CGA6 19.5 62.4 27.3 N.S. 22.8 39.l N.S. 85.4 17.0 2.5 
CGA7 28.9 90 . 3 16.2 N.S. 99.6 3.1 0 .1 91.6 15 .1 N.S . 
CGA8 61. 9 93.1 5. 1 N.S. 58.7 12.5 N.S. 74.9 9.8 N.S. 
CGA9 88.3 98.3 8.7 0.1 68.2 37.0 N.S . 88.6 22.2 2.5 

*N.S. - Not significant at the 5 percent level. 
5 - Significant at the 5 percent level. 
2.5 - Significant at the 2 .5 percent level . 
0.5 - Significant at the 0.5 percent level. 
0 .1 - Significant at the 0.1 percent level. 
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Table J -2. Sunmary of regression statistics for prediction of MOR 
at various grain angles. 

Mean Grain NDE Parameters 
Group Angle FRAMP FRFREQ FRINT TTIME 

Designation (degrees) 2 SEE 2 SEE 2 SEE 2 SEE r r r r 
(%) (psi) (%) (psi) (%) (psi) (%) (psi) 

CGAl 2.6 3.3 2295 6.1 2261 0.3 2330 22.9 2049 

CGA2 4.1 39.2 1528 46.3 1437 58.7 1260 69.3 1086 

CGA3 7.2 12.9 890 68 . 2 538 72.0 506 77 . 6 451 

CGA4 11.2 0.8 2697 69.4 1497 51.2 1891 78.2 1264 

CGAS 14. 1 73.8 484 0.1 945 30.4 789 95.7- 197 

CGA6 19.5 1.3 825 41.3 634 35 .2 669 41.1 637 

CGA7 28.9 86.9 168 8.1 444 38.3 364 22.6 408 

CGA8 61.9 52.7 245 59.1 228 53.8 243 33.5 291 

CGA9 88.3 56 .2 133 90.7 61 72 . 2 106 58.5 129 
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Table J-3. Summary of regression statistics for prediction of MOE 
at various grain angles . 

Mean Grain NDE Parameters 
Group Angle FRAMP FRFREQ FRINT TTIME 

Designation (degrees) 2 SEE 2 SEE 2 SEE 2 SEE r r r r 
(%) (ksi) (%) (ksi) (%) (ksi) (%) (ksi) 

CGAl 2. 6 0.1 148 7.7 142 1.9 146 19.6 132 

CGA2 4.1 0.1 220 42 . 1 167 23.7 192 70.8 119 

CGA3 7.2 0.2 214 50.5 151 31.0 178 47.0 156 

CGA4 11.2 5.6 159 69.0 91 74. 3 83 84.8 64 

CGAS 14.1 46.7 98 0.3 134 13.2 125 77.8 63 

CGA6 19. 5 1.8 167 30.7 140 25.8 147 34.5 136 

CGA7 28.9 38.4 43 11. 2 51 47 . 0 39 31.9 45 

CGAS 61.9 85 . 1 7.4 85.8 7 . 2 89 . 4 6 64.8 11 

CGA9 88.3 60 .8 6 79 . 4 4.5 66.5 6 47 . 7 7. 1 
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Table J-4. SW11Dary of measured MOE and Ed values obtained from 

Eq. 2.4 for all GAHC specimens. 

Spec . MOE E Spec . MOE E 
No. (ksi) (kgi) No . (ksi) (kgi) 

00-1 1260 1022 20-1 600 418 
00- 2 1260 1385 20-2 500 464 
00-3 1260 1081 20-3 400 557 
00-4 1530 1380 20-4 410 434 
00- 5 1210 1219 20-5 350 496 
00- 6 1310 1399 20-6 710 701 
00-7 1730 1725 20-7 730 758 
03-1 1200 838 30-1 210 136 
03-2 1310 1094 30-2 150 158 
03- 3 1580 1828 30-3 170 228 
03-4 1270 1233 30-4 210 264 
03-5 1380 1392 30-5 190 239 
03-6 1660 1609 30-6 290 360 
03-7 1570 1442 30-7 360 600 
06-1 1290 646 60-1 40 21 
06-2 1150 ~37 60-2 - 40 29 
06-3 1610 1532 60-3 30 32 
06-4 1350 1238 60-4 30 42 
06-5 1670 1609 60-5 60 54 
06-6 1390 1746 60-6 60 51 
06-7 1650 2175 60-7 70 61 
10-1 910 473 90-1 30 19 
10- 2 800 740 90-2 20 27 
10-3 950 809 90-3 30 36 
10-4 910 834 90- 4 30 33 
10-5 1240 1787 90-5 30 41 
10-6 930 924 90-6 30 33 
10-7 1140 1706 90-7 50 70 
15-1 660 497 
15-2 650 570 
15-3 820 886 
15-4 790 982 
15-5 930 830 
15-6 810 1022 
15-7 930 1132 

• 
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SUHHARY OF MEASURED AND PREDICTED NOR VALUES 



Table K. Comparison of actual and predicted MOR values for GAMC specilllens. 

Spec. No . HOR!/ 
act. 

MOR~/ 
predl 

HORi/ 
pred2 

HOR~/ 
pred3 

HOR~/ 
pred4 

HOR~/ 
pred5 

WJRJ../ 
pred6 

HOR~!/ 
pred7 

00-1 6590 6255 6255 5043 5516 5735 6975 9454 
00-2 6040 6362 6362 6111 6111 6450 8316 9730 
00-3 6360 6362 5283 5283 5283 6255 7081 7195 
00-4 8250 7247 6111 6639 6lll 6383 7852 7140 
00-5 6650 6255 5043 5735 5936 5936 7852 6809 
00-6 9380 8824 7429 8565 7249 8269 7966 6809 
03- 1 6160 6111 3657 4800 5283 2763 6561 4549 
03-2 6190 6255 5283 5516 5735 5735 7516 7084 
03-3 8790 8506 6991 8506 7330 4762 8554 6699 
03-4 5910 6255 5043 5936 5739 6255 7966 6974 
03-5 7400 6111 5283 5735 5936 5936 7739 7525 
03-6 10500 8824 7602 8824 7602 7945 8316 7360 
03-7 12320 12813 10548 12283 10049 10548 8434 7140 N 

0 

06-1 6440 5516 3456 3657 4800 2234 5415 4384 N 

06-2 5920 5283 5043 4800 5043 4800 6766 6478 
06-3 10130 6816 6816 7673 6814 6816 7966 7470 
06-4 8550 7409 6816 7121 6501 6816 7416 7305 
06-6 10020 7884 7517 9155 7884 7517 8554 6809 
06- 7 12290 11034 12586 12813 10548 11034 9044 9454 
10-2 5910 4558 4800 4320 5043 5735 5971 6092 
10-3 6010 4320 5043 4558 4800 4800 6360 6258 
10-4 5680 5350 5623 5079 5079 6154 6460 6699 
10-5 8320 6892 7945 8824 7602 6892 8554 8462 
10-6 6420 5856 6538 6892 5856 3935 6561 5652 
10-7 7330 8560 10548 12283 10049 8560 8554 7856 
15-1 4500 3657 5043 2920 4090 6255 4405 6533 
15-2 4660 3868 4800 3456 4558 5283 5150 5817 
15-3 6080 4558 5043 4800 5043 5743 6663 6809 
15-4 5840 5151 7959 6411 6083 5962 6766 9069 
15-5 6690 5361 6269 5659 5161 6866 6360 6699 
15-6 6010 5533 6192 7249 6192 7249 6975 5100 
15-7 6280 7637 9546 10548 8088 7207 7081 5817 



Table K. Comparisonof actual and predicted HOR vaiues for GAMC specimens (continued). . 

Spec. No. HOR!/ MORY MOR~/ HOR!/ MOR~/ MOR§_/ MORY HOR~/ act predl pred2 pred3 pred4 pred5 pred6 pred7 

20-1 4440 2763 3088 2617 3657 4800 3876 4053 
20-2 4120 3088 3088 2920 3457 3456 4249 4108 
20-3 3520 3073 3846 3846 3846 4070 5063 4329 
20-4 3530 3234 3416 3416 3611 3611 4097 3833 
20-5 3560 3798 5639 4249 4016 4498 4484 4935 
20-6 5065 4595 6538 5856 5.226 6192 5781 5541 

~ 
20-7 5350 5722 8560 8560 6417 8560 5971 5211 
30-1 2090 1602 5043 1023 1675 1023 681 6368 
30-2 2650 1753 1129 1169 1836 1413 1006 2290 
30-3 2140 1753 1472 1675 2234 1535 2167 2731 
30-4 2250 1969 2065 1969 2168 1796 2481 3171 
30-5 2300 1836 1836 1836 2353 1753 2321 3061 
30-6 3180 2697 3465 3465 3654 3465 3524 3557 N 60-2 570 642 545 532 559 576 1084 691. 0 

w 60-3 310 652 538 538 542 559 1039 636 
60-4 430 749 626 648 636 621 670 691 
60-5 960 1005 937 872 884 923 385 1187 
60-6 1140 969 872 872 884 896 405 1022 
90-1 530 520 522 520 520 532 242 1077 
90-2 510 521 525 527 542 538 -389 416 
90..:3 490 539 548 564 548 542 1073 471 
90-4 550 618 632 635 619 625 939 526 
90-5 740 710 . 743 755 738 714 1054 581 
90-6 600 760 796 809 791 781 842 691 
90-7 1000 1000 1197 1300 1097 1035 814 691 

123 1132 

' 
!/MOR 

act - HOR value of specimen determine from destructive flexure test. 

'!:/HOR 
predl - Predicted MOR value of specimen utilizing Hankinson's formula, Eq. 2. 7, and moisture 

content correction, Eq . 7.1. Specimen grain angle and moisture content values used 
are measured. 



'i/HORpred2 

4/ R 
- HO pred3 

'J./HORpred4 

§_/HORpred5 

?./ HORpred6 

!/HORpred7 

Predicted HOR value of specimen utilizing Hankinson's formula, Eq. 2.7, and moisture content 
content correction, Eq. 7.1. Specimen grain angle was predicted using Eq. 6 .3. Measured 
moisture content was used. 

- Predicted HOR value of specimen utilizing Hankinson's formula, Eq. 2.7, and moisture content 
correction, Eq. 7 .1. Specimen grain angle was predicted using Eq . 6.4. Measured moisture 
content was used. 

Predicted HOR value of specimen utilizing Hankinson's formula, Eq . 2.7, and moisture 
content correction, Eq. 7 . 1. Measured moisture content was used . Based on the moisture 
content, the appropriate equation in Table 7. 2 involving NOE variable TTIHE was used to 
predict specimen grain angle. 

Predicted HOR value of specimen utilizing Hankinson's formula, Eq. 2.7, and moisture content 
correction, Eq . 7.1 . Measured moisture content was used. Based on the moisture content, 
the appropriate equation in Table 7.2 involving the NDE variable FRINT was used to predict 
specimen grain angle . 

Predicted HOR value of specimen using Eq. 6.5 and the NOE varible FRFREQ. 

Predicted HOR value of specimen using Eq. 6.7 and the NDE variable TTIHE . 

N 
0 
~ 
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