
4.0  EXPERIMENTAL RESULTS AND DISCUSSION 
 
 

 
 
4.1  General 

 

The lag screw tests and studies resulted in additional information that presently exists for 

lag screw connections.  The reduction of data was performed for all tests, including 

connection tests, ink profile tests, fracture tests, tension perpendicular-to-grain tests, 

dowel embedment tests, moisture content tests, specific gravity tests, and dowel bending 

tests.  Mean values, standard deviations, coefficients of determination (COV), 

distribution identification, and hypothesis testing were performed.  This enabled the data 

to be effectively implemented into the development of mathematical models that can be 

used to predict connection behavior.  The statistical information will also allow future 

reliability studies to be performed on the structural response of lag screw connections. 

 

The primary objective of this work is to determine Yield Model predictions for capacity 

and 5% offset yield load.  The Yield Model does not fully address phenomena associated 

with lag screw connections.  Depending on the diameters of pilot hole and lag screw, test 

data indicates that the Yield Model does not always predict lag screw connection 

resistances at 5% offset yield and capacity.  From the experimental data, it appears that 

wood cracking is not the solitary condition to be addressed; additionally, proper 

consideration should be given to the obvious fact that lag screw connections have threads 

that may also affect design values.  It was not fully understood where along the load-slip 

curve threads and associated withdrawal resistance affects capacity and 5% offset yield 

load. 

 

Tests related to fracture (fracture tests and tension perpendicular-to-grain tests) provided 

a means to further develop the models that determine the effective load required to create 

and separate fracture profile surfaces.  Analyses for all major tests and the SEM studies 

are presented in the following subsections. 
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4.2  Distributions for Tests 

 

4.2.1  Introduction to Distributions 

 

All test results conducted for this work were analyzed to determine best distribution fit.  

Prior to undertaking a comprehensive study of connection results, an understanding of 

data distributions is necessary.  The three distributions considered were Normal, 

Lognormal and Weibull.  Most group configurations were classified as either Weibull or 

Lognormal, while, in some cases, the Normal distribution was the best fit (highest p-

value).  It is important to understand when and when not to include the Normal 

distribution as a best fit distribution to the data.  Normal distributions, however, by 

definition, are precluded from being the best fit.  This is due to the fact that a Normal 

distribution is an unbounded continuous distribution, which includes positive and 

negative values.  Of course, test results for this study are all positive in sign.  It is 

probably best to preclude the Normal distribution as likely to define the distribution 

characteristics of the samples.  This is due to the extensive implementation of the Weibull 

and Lognormal distributions in the study of wood engineering/technology, particularly in 

the study of wood fracture.  Knowing such (lower bound is non-negative), data with a 

known lower bound should best be studied by considering other distributions, such as 

Weibull or Lognormal.  For this study, because all data points are positive, and the lowest 

possible value is positive, Normal distributions are excluded as fitting results from the 

experimental samples. 

 

Prior to describing distribution fits for test results, it is important to understand the 

distributions of Lognormal and Weibull (also called Weibull-Gnedenko and Frechet)  

Weibull and Lognormal distributions are shown in Figures 4.1 and 4.2, respectively.  

Lognormal and Weibull distributions are lower bounded continuous distributions, and 

they can approximate Normal distributions, when assigned certain values:  for Lognormal 

distributions, a Normal distribution is approached when σ, standard deviation, is small, 

while for Weibull distributions, a Normal distribution is estimated when α, the shape 

parameter, is 3.6, with a Normal kurtosis value (measure of distribution’s heaviness at tail 
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between –2 and ∞  for three-parameter Weibull) of 3.  Even when approximating the 

Normal distribution, Lognormal and Weibull distributions retain positive values. 

 

 

Figure 4.1:  Weibull distribution (from ProModel, 1999) 

 

 

Figure 4.2:  Lognormal distribution (from ProModel, 1999) 
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The Lognormal distribution (ProModel, 1999) is characterized by the probability density 

function 
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where, 

min = minimum x (always zero for two-parameter Lognormal) 

µ = ln µ̂ = mean of ln x 

σ = shape parameter 

 

The cumulative distribution for a Lognormal distribution (ProModel, 1999) is 
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For a two-parameter Lognormal distribution always begins at the minimum x = 0, and its 

shape and scale are dependent upon µ and σ.  For a three-parameter Lognormal 

distribution, minimum x is some value greater than zero.  A constant relationship between 

Lognormal and Normal distributions is that the natural logarithm of a Lognormal random 

variable is a Normal random variable.  This is the reason the Normal parameters of µ and 

σ are also used for the Lognormal distribution. 

 

The Weibull distribution (ProModel, 1999) is characterized by the probability density 

function 
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where, 

min = minimum x (value less than magnitude of smallest data point) 

α = alpha = shape parameter > 0 

β = beta = scale parameter > 0 

 

The cumulative distribution for a Weibull distribution (ProModel, 1999)  is 
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For α = 1, the Weibull distribution is essentially an Exponential distribution, and for α > 

3.6, the distribution is skewed negatively (to the left).  For α < 1, the distribution tends to 

inifinity at minimum x and decreases for increasing x.  On the other hand, for α > 1, the 

distribution begins at zero, peaks at a value, which is dependent upon α and β, and then 

decreases for increasing x. 

 

4.2.2 Goodness of Fit Introduction 

 

The three goodness of fit tests considered in this study were Chi Squared, Kolmogorov-

Smirnov, and Anderson-Darling.  The Chi Squared (K2) test is a goodness of fit  test for 

fitted density, while both Kolmogorov-Smirnov (K-S) and Anderson-Darling (A-D) are 

goodness of fit tests for fitted cumulative distributions.  K-S tests take data point by point, 

whereas A-D tests take data by weighted point pairs.  Results for goodness-or-fit tests are 

shown in Appendix J. 

 

All data used in the study are independent random samples from identical distributions.  

These tests compare sample data to fitted distributions, such as Weibull and Lognormal.  

The level of statistical significance is determined, whereupon the fitted distribution is 

either rejected or accepted, based on the alpha value, α, which is not the same alpha as 

described in the “Introduction to Distributions” section.  For this study, an α of 0.05 was 
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selected.  The decision to reject or accept is based on a comparison of α to the p-value.  

The p-value is the achieved value taken from the test statistic for each goodness of fit 

test.  It is defined as the probability that the selected fitted distribution is the real 

distribution for the sample.  A small p-value indicates that the fitted distribution is likely 

not the proper distribution to define the data set (sample).  In this event another 

distribution type should be investigated.  If α > p-value, then the fitted distribution is 

rejected.  On the other hand, a large p-value indicates a much higher likelihood that the 

selected distribution is the correct distribution (i.e., α < p-value) and has a greater chance 

of being repeated with other data sets taken from the same population. 

 

It should also be noted that the results of goodness of fit tests for the present study are not 

of great accuracy.  Reasonable accuracy is achieved with approximately 100 data points, 

while optimum accuracy appears to occur with about 200 data points (ProModel, 1999).  

This study has been limited to no more than 28 data points for all samples.  Therefore, in 

the strictest sense, the goodness of fit results must be considered with a critical eye.  

However, though this limitation is present in all the project data sets, the point of the 

comparisons is to select the most likely fitted distribution.  With this in mind, results of 

the goodness of fit tests may be used as a simple comparison tool. 

 

The Chi Squared goodness of fit test is the most conservative test of the three primary 

goodness of fit tests.   Its “most conservative” label is assigned, because the Chi Squared 

test is the least likely to reject the fit in error.  This test divides continuous data sets into 

intervals of data, whereupon the expected value for each interval is calculated.  Typically, 

each interval has a minimum of five data points.  Subsequently, the Chi Squared statistic 

is calculated according to 
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where, 

χ2 = Chi Squared statistic 
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n = number of data points 

p = expected probability of occurrence 

i = ith interval 

k = number of intervals 

 

The K-S goodness of fit test is a conservative test.  Its “conservative” label is assigned, 

because the K-S test is less likely to reject the fit in error.  This test computes the largest 

absolute difference between the selected distribution and the data set in a point by point 

manner.  The K-S statistic, also referred to as the D statistic, is used to obtain the p-value, 

which, in turn, is compared to α to determine if the distribution should be rejected or 

accepted.  The K-S statistic is calculated according to 
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where, 

D = K-S statistic 

x = data point value 

i = ith data point 

n = total number of data points 

F(x) = fitted cumulative distribution 

 

The A-D goodness of fit test, like the K-S test, is a conservative test, as the A-D test is less 

likely to reject the fit in error.  This test computes the integral of the squared difference 

between the fitted distribution and the given data with distribution tail weighting.  The A-

D statistic, also referred to as the 2
nW  statistic, is used to obtain the p-value, which is then 
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compared to α to determine to reject or accept.  The A-D goodness of fit statistic is 

calculated according to the simplified form 
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where, 
2

nW  = A-D statistic 

n = total number of data points 

i = ith data point 

u = value of a data point from the fitted cumulative distribution, F(x) 

 

4.2.3 Fitted Distributions to Experimental Results 

 

The results of fitting the Lognormal and Weibull distributions follow.  A concise 

summary for all goodness of fit investigations is provided in Table 4.1.  The table 

summarizes the goodness of fit tests for Lognormal and Weibull distributions with 

respect to K2, K-S and A-D statistics, as they apply to investigations of lag screw 

connections (capacity and 5% offset yield load), dowel embedment (capacity strength and 

5% offset yield strength), TL-fracture, tension strength perpendicular-to-grain (fracture in 

RL plane), specific gravity, and moisture content.  For additional information regarding 

the goodness of fit work, see Appendix J tables.  The test of interest, species and lag 

screw diameter, response parameter of interest, and dominant distribution are shown in 

the table.  The dominant distribution is the best fit of the two primary distributions, 

judged by comparisons of goodness of fit statistics for each of the subgroups. 

 

Goodness of fit tests for connection test data concerning capacity and 5% offset yield 

load showed the Weibull distribution to typically be the best fit, though sometimes 

Lognormal distribution was the better fit.  In fact, given α = 0.05, both Lognormal and 

Weibull distributions were wholly accepted.  However, one set of data (Group 11 

capacity) was rejected for both Weibull and Lognormal distributions by the K2 statistic; 
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on the other hand, the K-S and A-D statistics accepted the distributions for this group as 

being Weibull or Lognormal.  Because both of these distribution types were acceptable to 

all groups, including both capacity and 5% offset yield load values, except one, it is 

concluded that Lognormal and Weibull provide good fits for lag screw connection tests. 

 
Embedment goodness of fit tests indicated the Weibull distribution to be the dominant 

distribution.  The Lognormal distribution was the better fit for only two groups:  (1)  

capacity for 1/4 in.-SPF and (2)  5% offset yield strength for 3/8 in.-DF.  All three 

primary goodness of fit statistics showed both distributions to be acceptable.  It is 

concluded that Lognormal and Weibull provide good fits for dowel embedment tests. 

 

Goodness of fit tests for fracture test data showed fracture to be a better fit with a Weibull 

distribution for DF and Lognormal for SPF.  For DF fracture tests, the Weibull 

distribution was only one-hundredth of a point higher for the A-D statistic than for SPF 

fracture tests.  Both K2 and K-S statistics were exactly the same for both DF and SPF.  It 

is concluded that Weibull and Lognormal provide good fits for fracture tests. 

 

To supplement the fracture tests, tension strength perpendicular-to-grain tests were 

conducted and analyzed, including goodness of fit tests.  The results of the goodness of 

fit tests were opposite of those obtained from fracture tests, as DF results showed 

Lognormal to be the better fit, while, for SPF results, Weibull was the better fit.  Overall, 

both distributions were acceptable, and it is concluded that the Weibull and Lognormal 

distributions provided good fits for tension strength perpendicular-to-grain. 
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Table 4.1:  Conclusions for goodness of fit tests 

 
 

Species & Parameter Dominant
Test Lag Diameter (if applicable) Distribution

(if applicable)
Capacity W

 5% Offset Yield W & L
Capacity W

5% Offset Yield W
Capacity L

Lag Screw 5% Offset Yield W
Connections Capacity W

5% Offset Yield W & L
Capacity W

5% Offset Yield L
Capacity L

5% Offset Yield L
Capacity W

5% Offset Yield W
Capacity L

5% Offset Yield W
Capacity W

5% Offset Yield L
Capacity W

5% Offset Yield W
Capacity W

5% Offset Yield W
Capacity W

5% Offset Yield W

Tension Strength
Perpendicular-to-Grain

Note:  "W" indicates Weibull distribution & "L" indicates
            Lognormal distribution.

Capacity

Capacity

Capacity

Capacity

DF

SPF

DF-1/4 in.

SPF-1/4 in.

DF-3/8 in.

SPF-3/8 in.

DF-1/2 in.

SPF-1/2 in.

DF-1/4 in.

SPF-1/4 in.

DF-3/8 in.

SPF-3/8 in.

DF-1/2 in.

SPF-1/2 in.

DF

SPF

Embedment

Fracture

Specific Gravity

Moisture Content

DF

SPF

DF

SPF

L

W

L

W

W

L

L

W
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Goodness of fit tests for specific gravity showed the Lognormal distribution to fit better 

for DF, while the Weibull distribution fit better for SPF.  Both distributions were 

acceptable, given α = 0.05, and it is concluded that Weibull and Lognormal distributions 

provide good fits for specific gravity. 

 

Because both distributions were rejected by the K2 statistic and barely accepted by the K-

S statistic, moisture content data for DF showed a rather weak correlation to Lognormal 

or Weibull distributions.  However, overall, the Lognormal distribution appeared to be 

the better fit of the two choices when considering moisture content of DF.  Contrariwise, 

the Weibull distribution was the better fit for moisture content of SPF.  It is concluded 

that for moisture content data, Lognormal and Weibull distributions provide only an 

acceptable fit for measured moisture in DF, while both distributions provide a good fit for 

measured moisture in SPF. 

 

4.3  Lag Screw Connection Tests 

 

4.3.1  General 

 

The subject connection test program consisted of a total of 448 single-shear, single lag 

screw, monotonic connection tests, of which 442 were useable and therefore analyzed.  

However, prior to the presentation of analyses of test data, definitions of commonly used 

terms will aid the reader in understanding dowel connection, bending and embedment 

and fracture test data.  Some of the following definitions are provided as given in 

Anderson (2001) and these a shown graphically in Figure 4.3. 

 

• Initial stiffness (k), also referred to as the elastic stiffness, is the slope of 

the linear elastic portion of the load-slip curve. 

• 5% offset yield load (P5%) is the load on the nonlinear portion of the load-

slip curve, which is determined by the intersection of a line parallel to the 

initial stiffness beginning at a slip of 0.05D (D = diameter) and ending 

upon intersection of the curve. 
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• Ultimate load or capacity load (Pcap) is the load that is the maximum 

recorded during testing. 

• Failure load (Pf) is the load at 0.8Pcap on the descending portion of the 

load-slip curve. 

• Equivalent elastic-plastic curve is determined by equating the area 

described by the load-slip curve up to failure load to the area defined by a 

line, extending at a positive slope, from point of the origin to 0.4Pcap on 

the load-slip curve and then yield load, which is then intersected by 

another line extending horizontally from the yield displacement to failure 

displacement. 

• Yield load (Py) is the maximum load for the equivalent elastic-plastic 

curve, and is at the intersection of the two lines described in the previous 

bulleted item.  This relationship must hold:  capycap PPP 8.0≥≥  

• Ductility (D) is the ratio of the failure displacement to yield displacement. 

Figure 4.3:  Typical load-slip curve and parameters 
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Test configurations were assembled and tested to yield an array of results, which were 

then statistically analyzed to provide a better understanding of lag screw connection 

behavior.  Incorporating different species, lag screw diameters and lead hole diameters 

promoted the likely event of statistical significance. 

 

YM results were used to compare/contrast with experimental connection capacities, 5% 

offset yield load values and lag screw yield modes (refer to Figure 4.4).  The 

determination of controlling failure mechanism was based on the inspection of each load-

slip curve.  Factors supporting the “less ductile” finding were relative achievement of the 

failure load, and/or a relative loss of load holding capability once capacity was achieved.  

Ductile behavior was based on behavior, whereupon failure load is not achieved within a 

reasonable time after achieving capacity, and/or the load did not quickly decrease in a 

relative manner once achieving capacity.  In the subject connection tests, “less ductile” 

behavior was usually accompanied by a rather large amount of splitting relative to 

fastener and pilot hole diameters, while ductile behavior had a lesser amount of splitting 

and evidence of a greater level of bearing failure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
                     (a)  Ductile response                                   (b)  Less ductile response 
 

Figure 4.4:  Lag screw connection load deformation curves for (a)  ductile response 

     and (b)  less ductile response 
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4.3.2 1/4-inch Lag Screw Connections 

 

For 1/4 in. lag screw connection tests, the average moisture contents and average specific 

gravities are shown in Table 4.2.  A summary of each moisture content and specific 

gravity test is shown in Appendix G tables. 

 

Note that average moisture contents are fairly consistent, ranging from 13.8% to 14.4%, 

while average specific gravity values range from 0.453 to 0.456 for DF and from 0.429 to 

0.437 for SPF.  These differences are not large and are deemed acceptable so that both 

parameters need not be considered as variables in the analysis of data for each species. 

 

Table 4.2:  Group moisture content and specific gravity statistics (1/4 in. lag screws) 

 

Prior to undertaking an explanation of connection tests results it is necessary to 

understand that dowel embedment test results corresponded well to the embedment 

formula used in the United States.  However, the embedment formula used in Europe is 

very conservative.  Figures 4.5 to 4.8 effectively demonstrate, in a qualitative sense, the 

fit between the prediction equations and the embedment test results using specific gravity 

(SG) as the independent variable.  For these figures, d represents the root diameter of the 

lag screw. 

 

Figures 4.5 to 4.8 consist of data obtained from all dowel embedment tests performed for 

this study.  The equation used in Europe is found in Eurocode 5 (ENV, 1994).  As 

observed, this equation did not provide a good fit due to the inclusion of the root diameter 

in the formula.  Through regression, linear equations were formulated to enable a better 

Group & Pilot
Species Hole Dia Mean Std Dev COV Mean Std Dev COV

(in.) % %
1-DF 0 14.3 1.1 0.078 0.456 0.052 0.114
3-DF 11/64 13.9 0.6 0.044 0.453 0.054 0.118

6-SPF 0 13.8 0.8 0.059 0.432 0.048 0.110
8-SPF 11/64 14.4 1.1 0.075 0.429 0.036 0.085

10-SPF 1/8 13.9 0.9 0.066 0.437 0.044 0.101

Moisture Content Specific Gravity
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prediction of embedment strengths.  As observed, the formula used in the United States 

well predicts 5% offset yield embedment strength, as the prediction line developed by 

linear regression has only a slight shallower slope than the United States formula’s curve. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 4.5:  5% offset dowel embedment strength vs. specific gravity (United States) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6:  Maximum dowel embedment strength (1/4 in. lag screw) vs. specific gravity 
(Europe) 
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Figure 4.7:  Maximum dowel embedment strength (3/8 in. lag screw) vs. specific gravity 
(Europe) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8:  Maximum dowel embedment strength vs. specific gravity (1/2 in. lag screw) 
(Europe) 
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observed.  Results of 1/4 in. lag screw connection and corresponding embedment tests are 

shown in Tables 4.3 and 4.4, respectively. 
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Table 4.3:  Statistical test data for 1/4 in. lag screw connection tests 
 
 

Group Stat Cap Failure 0.4 5% Off Yield Equiv Elastic Ductility Cap Failure 0.4 5% Off Yield 
    Load Load Cap Yield Load Energy Stiff   Displ Load Cap Yield Load 
                     Displ Displ Displ Displ 

    (lbs) (lbs) (lbs) (lbs) (lbs) (in-lbs) (lbs/in)   (in) (in) (in) (in) (in) 

  Mean 2189 1780 848 1170 1845 1258 8893 3.66 0.508 0.798 0.104 0.154 0.226 
1 Std Dev 186 220 74 101 147 326 2725 0.84 0.060 0.180 0.031 0.038 0.061 
  COV 0.085 0.123 0.087 0.086 0.080 0.259 0.306 0.23 0.118 0.226 0.300 0.244 0.270 
  Mean 2095 1731 816 1062 1771 1405 9696 4.71 0.565 0.898 0.096 0.133 0.197 
3 Std Dev 239 307 100 99 180 242 1741 1.08 0.051 0.145 0.030 0.034 0.040 
  COV 0.114 0.178 0.122 0.093 0.101 0.172 0.180 0.23 0.090 0.161 0.312 0.255 0.203 
  Mean 1678 1416 658 954 1507 1391 6072 4.49 0.548 1.046 0.105 0.167 0.255 
6 Std Dev 250 193 103 93 213 303 1500 1.42 0.129 0.154 0.043 0.054 0.090 
  COV 0.149 0.137 0.157 0.097 0.141 0.218 0.247 0.32 0.235 0.147 0.415 0.325 0.351 
  Mean 1598 1291 621 967 1410 1362 8219 6.11 0.496 1.060 0.082 0.137 0.181 
8 Std Dev 204 143 82 75 149 155 1514 1.39 0.063 0.094 0.027 0.031 0.037 
  COV 0.128 0.111 0.132 0.077 0.106 0.114 0.184 0.23 0.128 0.088 0.334 0.225 0.203 
  Mean 1763 1422 680 990 1526 1408 8973 5.98 0.468 1.017 0.076 0.124 0.174 

10 Std Dev 217 175 94 85 150 177 1772 1.22 0.043 0.145 0.022 0.026 0.029 

  COV 0.123 0.123 0.138 0.086 0.099 0.126 0.197 0.20 0.091 0.143 0.287 0.208 0.164 

 
 

Table 4.4:  Statistical test data for 1/4 in. lag screw embedment tests 
 

 
When compared to SPF, embedment tests showed DF to have greater initial stiffnesses 

and strengths for capacity and 5% offset yield.  This was expected due to DF’s generally 

Group Pilot Capacity 5% Offset Elastic
& Hole Dia Statistic Stress Yield Stiffness

Species Stress
 (in.) (psi) (psi) (lbs/in)

Mean 6464 5227 53438
1-DF 0 Std Dev 846 988 18594

COV 0.13 0.19 0.35
Mean 6227 5347 53488

3-DF 11/64 Std Dev 821 930 18894
COV 0.13 0.17 0.35
Mean 5230 3910 40001

6-SPF 0 Std Dev 763 753 16939
COV 0.15 0.19 0.42
Mean 5361 3929 39529

8-SPF 11/64 Std Dev 689 643 12999
COV 0.13 0.16 0.33
Mean 5319 4272 38982

10-SPF 1/8 Std Dev 711 865 13227
COV 0.13 0.20 0.34
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greater specific gravity.  The coefficients of variation are similar to those found in test 

results by other researchers.  Embedment tests for all connection specimens are 

summarized in Appendix C. 

 

Before a proper analysis of data can be performed the mechanical properties of the lag 

screw with respect to bending must be understood.  Cantilever bending tests on 1/4 in. 

diameter lag screws showed the mean 5% offset yield and capacity strengths to be 58600 

and 85,400 psi, respectively, for the shank portion and 61,200 and 95,600 psi, 

respectively, for the threaded portion.  Results for each lag screw bending test are 

summarized in Appendix D tables. 

 

From the results of 1/4 in. lag screw connection tests, there is correlation of groups within 

species.  The correlation is that the values change very little within species, no matter 

what size of pilot hole is used.  It is also apparent that direction (decrease or increase) is 

unpredictable based on pilot hole diameter.  This is likely due to the bending 

characteristics of smaller diameter lag screws in the face of thick plate behavior.  In other 

words, the connection is characterized by a lag screw-controlled mechanism.  This 

phenomenon is effectively displayed by noting that the two groups of each species, which 

have NDS® pilot holes, do not have the greatest capacity or 5% offset yield load.  In fact, 

connections using smaller pilot holes had greater capacity.  Additionally, as expected, DF 

had greater strengths than SPF with respect to capacity and 5% offset yield load. 

 

No clear trend for elastic stiffness values with respect to pilot hole diameter was 

established for 1/4 in. lag screw connections; however, the greatest or close to the 

greatest values for both SPF and DF were for connections that used NDS® pilot holes 

(Groups 3 and 8).  Elastic stiffness values were also greater for DF than SPF.  Because 

DF was denser than SPF, this result was expected.  Additionally, COV values were 

inversely related to pilot hole size.  The larger the pilot hole, the lower the COV.  This 

relationship is plausible due to the greater variation expected for cases where splitting is a 

greater issue. 
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Hypothesis testing was implemented to make inferences concerning the statistical 

significance level or relationship between group means.  A statistically significant result 

indicated that group means were not considered to have the same mean, while the 

opposite result indicated that means could be inferred to be the same (no statistical 

significance).  To determine statistical significance the α value was compared to the p-

value, where a p-value greater than the α value indicated statistical insignificance 

(acceptance of null hypothesis), while a p-value less than the α value indicated statistical 

significance (rejection of null hypothesis).  The null hypothesis for all cases was that the 

two compared means were equal for the level of significance of α = 0.05 (probability of 

rejection using the Studentized t-statistic).  For hypothesis testing, data between groups 

was assumed normally distributed about the mean with equal variances.  Upon inspection 

of hypothesis test results, various statistical relationships are more clarified (see Tables 

4.5 to 4.8).  Group identifications, for example, are G1 DF1/4-11/64, which indicates 

Group 3 specimens use DF with 1/4 in. diameter lag screws and 11/64 in. diameter pilot 

holes.  Note that the symbol *** indicates that the statistical significance is less than 

0.0001, and the forward slash mark has the t-statistic on the left side and level of 

significance on the right side.   

 

When comparing 1/4 in. lag screw groups, within species, there was little significant 

statistical difference between group means.  For capacity, only Groups 8 vs. 10 showed 

significant difference, while, for 5% offset yield load, the group combination of 1 vs. 3 

displayed intraspecies significant difference.  This indicates that groups within species 

are categorized as not being overly sensitive to pilot hole diameter.  Also, it is noted that 

all 1/4 in. lag screw connections tests, showed the lag screws to develop one or two 

plastic hinges.  This is due to the relative flexible behavior of smaller dowels when 

subjected to loading by a relatively thick side plate, which has been referred to in 

literature as “thick plate” 
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Table 4.5:  Paired t-statistic for difference between means (capacity) 

 

 

Table 4.6:  Decision for difference between group means (capacity) 

 

Table 4.7:  Paired t-statistic for difference between group means (5% offset yield) 

 

 

Group G1 G3 G6 G8 G10
G1 DF1/4-0 0 2.108 / 0.0444 *6.920 / *** 10.440 / *** 7.271 / ***

G3 DF14-11/64 0 *4.859 / *** 7.546 / *** 5.364 / ***
G6 SPF1/4-0 0 *1.596 / 0.1254 *2.363 / 0.0278

G8 SPF14-11/64 0 4.787 / ***
G10 SPF1/4-1/8 0

* indicates all groups compared with group 6 are modified to use 22 replications instead of 28.
To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05

Group G1 G3 G6 G8 G10
G1 DF1/4-0 0 F.R. Ho Reject Ho* Reject Ho Reject Ho

G3 DF14-11/64 0 Reject Ho* Reject Ho Reject Ho

G6 SPF1/4-0 0 F.R. Ho F.R. Ho

G8 SPF14-11/64 0 Reject Ho

G10 SPF1/4-1/8 0

* indicates all groups compared with group 6 are modified to use 22 replications instead of 28.
Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05

Group G1 G3 G6 G8 G10
G1 DF1/4-0 0 5.123 / *** 8.008 / *** 8.514 / *** 6.891 / ***

G3 DF14-11/64 0 4.010 / 0.0004 3.907 / 0.0006 2.852 / 0.0082
G6 SPF1/4-0 0 0.307 / 0.7613 1.323 / 0.1969

G8 SPF14-11/64 0 1.184 / 0.2467
G10 SPF1/4-1/8 0

To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05
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Table 4.8:  Decision for difference between group means (5% offset yield) 

 

behavior.  The thick plate does not allow the lag screw head much movement during 

testing.  As a result single or double curvature occurs. 

 

Contrary to the level of intraspecies group correlation, interspecies statistical 

insignificance for means was not noted between any of the group combinations, whether 

based on capacity or 5% offset yield.  This was expected, because SPF behaves 

differently than DF, as DF tends to behave in a more brittle manner (less ductile). 

 

Load-slip curves for all 1/4 in. lag screw connection groups displayed unique behavior 

for small lag screw diameters.  An insight into the unusual behavior for typical dowel 

connections are depicted in the Figures 4.9 to 4.13 (typical for each group); however, this 

behavior was not unusual, but more typical, when testing 1/4 in. lag screw connections.  

Note that the lighter colored lines are “raw data”, while darker colored lines are “reduced 

data”, in which raw data is reduced by averaging a certain number of consecutive data 

points, thereby smoothing the response curve.  Nomenclature for group identification is, 

for example, DF1/4-11/64, which indicates each specimen of the group is comprised of 

DF wood with a single 1/4 in. diameter lag screw and 11/64 in. pilot hole.  Each 

connection specimen’s load-slip curve is shown in Appendix A. 

 
 
 
 
 
 
 

Group G1 G3 G6 G8 G10
G1 DF1/4-0 0 Reject Ho Reject Ho Reject Ho Reject Ho

G3 DF14-11/64 0 Reject Ho Reject Ho Reject Ho

G6 SPF1/4-0 0 F.R. Ho F.R. Ho

G8 SPF14-11/64 0 F.R. Ho

G10 SPF1/4-1/8 0

Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05
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Figure 4.9:  Typical Group 1 (DF1/4-0) load vs. slip plot (specimen 12-1)  
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4.10:  Typical Group 3 (DF1/4-11/64) load vs. slip plot (specimen 12-3) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11:  Typical Group 6 (SPF1/4-0) load vs. slip plot (specimen 6-6) 
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Figure 4.12:  Typical Group 8 (SPF1/4-11/64) load vs. slip plot (specimen 12-8) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13:  Typical Group 10 (SPF1/4-1/8) load vs. slip plot (specimen 14-10) 

 

Load-slip curves for all 1/4 in. lag screw connection groups display a general shape 

similar to a double plateau.  The load-slip curve typically increases at a relatively large 

stiffness until slip of the steel side plate at the fastener head occurs due to overcoming the 

static frictional resistance developed between the steel side plate and wood main member 

during the fabrication process.  Usually this immediate slip, which in magnitude was 

anywhere from nearly zero to the full 1/16 in. oversize of the side plate hole, occurred at 

a load of approximately 300 to 500 lbf and was accompanied by an immediate, yet small, 

decrease in load. This result was observed for all lag screw diameters tested; however, 

generally, the larger the lag screw diameter, the less the apparent slip with accompanying 
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loss of load.  Further compression of the wood fibers was caused upon the lag screw 

bearing fully against the side plate.  The stiffness increased directly due to the very little 

play, which remained at the side plate location, and initiation of tension in the lag screw 

with accompanying withdrawal resistance at the lag screw threads.  Upon increased slip, 

bending in the lag screw occurred in the threaded portion, causing a plastic hinge to form.  

After a brief period of greatly decreased stiffness due to yielding of the lag screw, lag 

screw tension and withdrawal resistance increased, causing the connection stiffness to 

substantially increase.  Near capacity, cracking became more active.  With the increased 

tension in the lag screw, stress in the lag screw was enhanced, as further slip occurred, 

and the relative lag screw head fixity at the steel side plate caused lag screw yielding near 

the interface of the main member and side plate.  This double curvature is typical of 

Yield Mode IV.  As testing continued, DF specimens typically consistently decreased in 

load at a slow pace until achieving failure load.  This behavior is reminiscent of increased 

cracking of wood and physical withdrawal of the lag screw from the main member.  On 

the other hand, SPF specimens typically exhibited more of a ductile behavior, whereupon 

the failure load was not achieved, cracking was less but bearing was greater when 

compared to DF, and lag screw withdrawal was again experienced.  Due to relatively 

little change of load during latter stages of testing, these more ductile tests of SPF 

specimens were halted after approximately five to six minutes of test time, which 

corresponded to a maximum connection slip of 1.0 to 1.2 in.  At these slip values, 

evidence of each connection’s ductility was more readily assessed.  

 

Upon completion of tests, comparisons for capacities and 5% offset yield loads were 

conducted between test results and the Yield Model (YM) as per TR-12 recommendations.  

These results are presented in Tables 4.9 to 4.13.  Recall that predicted lateral resistances 

were based on dowel and embedment strengths at 5% offset yield load.  Nomenclature 

for group identification is, for example, DF1/4-11/64, which indicates each specimen of 

the group is comprised of DF wood with a single 1/4 in. diameter lag screw and 11/64 in. 

pilot hole. 
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In short, for 1/4 in. lag screw connections, the YM did not predict connection capacity and 

5% offset yield load.  Typically, predicted values were significantly less than values 

achieved from connection tests, as the ratio of actual to predicted values for capacity and 

5% offset yield load ranged from 2.11 to 2.65 and 1.74 to 1.94, respectively.  This is 

attributed, at least in part, to the nature of lag screws connections, as threads are 

embedded almost the full length of the lag screw’s shaft, except at the shank portion.  

Upon the event of achieving tension in the lag screw, more and more withdrawal 

resistance was created, and, as resistance was overcome, physical withdrawal of the lag 

screw began. 

 

Besides unanticipated withdrawal resistance, the following factors may have contributed 

to the difference between the YM and experimentally achieved values:  (1) assumptions 

of the YM, (2) testing procedures, and (3) material sampling procedures.  Embedment and 

specific gravity/moisture content specimens, which were obtained after each group was 

tested, typically could not be taken from the line of action of loaded connection 

specimens, where cracks had developed.  Uncracked specimens for tests, subsequent to 

connection tests, were obtained at locations as close as possible to the cracked areas.  The 

acquired specimens, hence, were likely slightly different from the wood material in which 

 

Table 4.9:  Group 1 Experimental vs. Yield Model results (DF1/4-0) 

Predict Actual Predict Actual
Mean 828 2189 604 1170

Variance 2644 34486 2781 10137
COV 0.062 0.085 0.087 0.086

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 18565 6459
t Critical two-tail 2.052 2.052

Paired Mean Differences 1362 566
Standard Deviation Paired Differences 175 95

T Stat Paired Differences 41.2 31.4
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.65 1.94

Conclusion S S

Group 1

Capacity 5% Offset Yield
Mode IV
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Table 4.10:  Group 3 Experimental vs. Yield Model results (DF1/4-11/64) 

 

 

 

Table 4.11:  Group 6 Experimental vs. Yield Model results (SPF1/4-0) 

Predict Actual Predict Actual
Mean 813 2104 611 1061

Variance 2713 57038 2543 9447
COV 0.064 0.114 0.083 0.092

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 29876 5995
t Critical two-tail 2.052 2.052

Paired Mean Differences 1291 450
Standard Deviation Paired Differences 208 91

T Stat Paired Differences 32.908 26.104
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.59 1.74

Conclusion S S

Group 3

Capacity 5% Offset Yield
Mode IV

Predict Actual Predict Actual
Mean 750 1678 533 954

Variance 2308 62708 2092 8574
COV 0.064 0.149 0.086 0.097

n Actual Observations 28 22 28 22
df (n-1) 21 21

Pooled Variance 28733 4928
t Critical two-tail 2.076 2.076

Paired Mean Differences 1006 444
Standard Deviation Paired Differences 206 75

T Stat Paired Differences 22.893 27.621
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.24 1.79

Conclusion S S

Mode IV
Capacity 5% Offset Yield

Group 6
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Table 4.12:  Group 8 Experimental vs. Yield Model results (SPF1/4-11/64) 

 

 

 

Table 4.13:  Group 10 Experimental vs. Yield Model results (SPF1/4-1/8) 

Predict Actual Predict Actual
Mean 757 1598 529 967

Variance 2176 41604 1691 5561
COV 0.062 0.128 0.078 0.077

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 21890 3626
t Critical two-tail 2.052 2.052

Paired Mean Differences 840 438
Standard Deviation Paired Differences 172 69

T Stat Paired Differences 25.829 33.738
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.11 1.83

Conclusion S S

Mode IV
Capacity 5% Offset Yield

Group 8

Predict Actual Predict Actual
Mean 755 1763 549 990

Variance 2368 46974 2581 7238
COV 0.064 0.123 0.092 0.086

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 24671 4909
t Critical two-tail 2.052 2.052

Paired Mean Differences 1009 440
Standard Deviation Paired Differences 204 69

T Stat Paired Differences 26.108 33.870
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.34 1.80

Conclusion S S

Mode IV
Capacity 5% Offset Yield

Group 10
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connection test cracking occurred.  Because cracks occurred in the more mature wood of 

the connection specimens, embedment and SG/MC specimens were obtained from the 

slightly more juvenile wood.  (When compared to DF, SPF had distinctly more evidence 

of juvenile wood.)  As a result, the YM was somewhat prefaced on the use of lower SG 

values and embedment strengths, which, in turn, would tend to yield lower capacity and 

5% offset yield load predictions.  Though for 1/4 in. lag screw connections YM 

predictions were lower, the differences in strength and stiffness between wood, which 

experienced bearing and cracking during connection tests, and wood used for embedment 

and SG tests, which was typically more juvenile, were not expected to be significant.   

 

Underestimation of embedment strength may also be attributed to dowel embedment test 

method.  In this study, dowel embedment testing was performed using the half-hole test.  

With this method, a stiff dowel was used, as the stiffening effect of the welded plate did 

not allow for dowel bending.  With this type of tool, when fracture occurred, it was fully 

across each specimen’s cross-section.  Of course, this did not model the actual connection 

test condition, as the dowel rotated and/or bent in the plane parallel to the applied load 

direction, which, in turn, caused increased longitudinal compression at the top of the 

specimen, where cracking initiated prior to cracking at lower depths.  With this cracking, 

the lag screw experienced greater frictional resistance per crack area at the greater depth 

than near the top of the wood specimen.   Additionally, as lag screw slip increased, as 

did, in some cases, lag screw head fixity at the top of the steel side plate, withdrawal 

resistance at the lag screw threads also increased, as lag screw threads engaged wood 

fibers, which developed increased tension in the fastener. 

 

With this scenario, three assumptions of the YM were violated:  (1) cracking occurred in 

which (2) nonuniform friction at the dowel to crack interface developed, and (3) lag 

screw tension developed an ever-increasing amount of withdrawal resistance at lag screw 

threads. Under these conditions, connection loads (capacity and 5% offset yield) may 

very well be increased well beyond loads predicted by the YM, particularly when the 

depth of the specimen is twice that of the lag screw embedment.  The boundary condition 

at the bottom edge of the crack profile is directly related to the critical stress intensity.  
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Hence, when the depth is sufficient to produce restrictive frictional forces at lag screws 

along both faces of the crack plane, an effective boundary condition of a set of springs 

exists, which inhibit lateral lag screw slip.  It is expected that the load reducing effect of 

cracks, combined with the frictional resistance at the lag screw to crack interface, will 

essentially cancel, and the greater contributor to increased capacity and 5% offset yield 

load, beyond that predicted by the YM, is withdrawal resistance developed in the lag 

screw.  This observation is made in light of past research that demonstrated fasteners that 

use oversized holes have good correlation to the YM.  Such is not the case for lag screw 

connections that always implement undersized pilot holes (less than the nominal 

diameter). To attempt to effectively predict the lag screw yield modes for the YM, the 

aforementioned three YM assumptions should not be fully accepted without question, but, 

instead, should be actively implemented for cases in which the three limitations are 

minimal.  For lag screw connections, it does not appear to be the case.  For the case of 1/4 

in. connections, the YM underpredicted the experimental results, thereby yielding 

conservative design values when safety factors and LRFD overstrength and reduction 

factors are considered.  Each connection test yield mode, as determined by the bending of 

its respective lag screw, is summarized in Appendix N tables. 

 

By careful post-test inspection, it appeared most 1/4 in. lag screw connection tests 

resulted in Yield Mode IV behavior (combination of wood crushing and dowel yielding 

with double curvature of dowel in main member and at interface of main member and 

side member).  Likewise, the YM predicted Yield Mode IV for capacity and 5% offset 

yield load.  As an exception, it should be noted that in six instances of the 28 tests for 

Group 8 (SPF and NDS® pilot hole), Yield Mode IIIs (wood crushing with single 

curvature of dowel in main member) occurred.  If adequate curvature is present to force 

yielding at any point along the outer perimeter of the dowel to cause the yield strength of 

the dowel’s material to be achieved, then at least one plastic hinge is formally introduced 

into the dowel. 

 

Group 8’s Yield Mode IIIs can be related to a combination of two factors:  species and 

pilot hole diameter.  SPF is less apt to split due to factors outlined in the “Morphology of 
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Wood in Fracture” section of Chapter 2.  Because Group 8 was assigned a pilot hole size 

in compliance with NDS® requirements, splitting was inhibited to a yet greater extent 

than those with smaller pilot holes.  However, as noted above, Mode IV was consistent in 

all other groups, which used 1/4 in. lag screws, and the 1/4 in. thick steel side plate is 

thicker than the root diameter of 1/4 in. lag screws (approximately 0.185 in.).  This 

geometry promotes thick plate behavior, which is typified with increased lag screw head 

fixity with accompanying tension in the lag screw.  The higher level of fixity allows the 

higher yield modes to occur.  Additionally, the effective thickness of the steel side plate 

is yet increased again when one considers the added rigidity brought about by the test 

fixture itself, as fixture rollers generally prohibit the specimen from moving laterally 

during the testing phase.  Again, the lag screw head fixity is increased. 

 

Splitting was experienced by most test groups, which used 1/4 in. lag screws.  To gain a 

feel for the length of wood cracks after connection testing for Groups 1, 3, 6, 8 and 10, 

refer to Table 4.14.  Surface crack length was determined with the use of a tape measure 

by measuring the total distance between crack tips. 

 

Table 4.14:  Statistics for crack lengths from connection tests 

 

For Table 4.14, crack length is defined as the total of the lag screw diameter, length of 

dowel bearing at the surface, and actual crack length achieved at failure load or the 

limiting slip.  It is noted from Table 4.14 that Groups 8, 10 and 3 are nearly the same low 

magnitude (ranging from 1.1 in. to 1.3 in.).   Group 8 is SPF with an NDS® pilot hole, 

Group 10 is SPF with a 1/8 in. pilot hole, while Group 3 is DF with an NDS® pilot hole.  

As shown in Table 4.14, both species with NDS® pilot holes (Groups 3 amd 8) performed 

well with respect to crack length. DF specimens cracked slightly longer than SPF 

Group Pilot Avg. Crack Std. Dev. COV
& Hole Dia Length

Species (in.) (in.) (in.)
1-DF 0 4.8 4.0 0.84
3-DF 11/64 1.3 0.6 0.52

6-SPF 0 2.8 3.3 1.18
8-SPF 11/64 1.1 0.6 0.51

10-SPF 1/8 1.1 0.4 0.39
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specimens, due to the inherent nature of DF to crack more easily.  Groups 8 and 10 were 

equal in average crack length due to the less brittle nature (much more ductile) of SPF, 

and dominant Mode IV behavior.  On the other hand, Group 1 and Group 6 both had no 

pilot holes and incidentally had the longest cracks of the five 1/4 in. lag screw connection 

groups.  Groups 1 and 6 are comprised of DF and SPF specimens, respectively. 

 

As can be concluded with 1/4 in. lag screw connections, there is a direct correlation 

between pilot hole size and crack length.  Lastly, from these comparisons, it is also 

suggested that species plays a role in crack length.  For instance, this study’s data 

showed, in a general sense, larger crack lengths for DF samples than SPF samples of the 

same lag screw and pilot hole diameter.  This again relates back to the “Literature 

Review” chapter of this work concerning anatomy of wood. 

 

4.3.3  3/8-inch Lag Screw Connections 

 

For 3/8 in. lag screw connection tests, average moisture contents and average specific 

gravity values are provided in Table 4.15.  A summary of each moisture content and 

specific gravity test is shown in Appendix G tables. 

 

Table 4.15:  Group moisture content and specific gravity statistics (3/8 in. lag screws) 

 

Note that average moisture contents are fairly consistent, ranging from 13.3% to 14.2%, 

while average specific gravity values range from 0.447 to 0.465 for DF and from 0.438 to 

0.442 for SPF.  These differences are not significantly large and are deemed acceptable 

Group & Pilot
Species Hole Dia Mean Std Dev COV Mean Std Dev COV

(in.) % %
2-DF 0 14.2 1.0 0.071 0.447 0.043 0.096
4-DF 1/4 13.8 0.6 0.044 0.449 0.054 0.121
5-DF 1/8 13.8 0.8 0.060 0.465 0.052 0.111

7-SPF 0 13.3 1.0 0.075 0.442 0.045 0.102
9-SPF 1/4 14.0 1.2 0.089 0.438 0.043 0.098

Moisture Content Specific Gravity
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so that both parameters need not be considered as “within species” variables in the 

analysis of data. 

 

Single lag screw connections were tested to failure, or, if failure was not achieved, tests 

were continued until a maximum slip of approximately one-inch minimum was observed.  

Results of 3/8 in. lag screw connection and corresponding embedment tests are shown in 

Tables 4.16 and 4.17, respectively. 

 

Table 4.16:  Statistical test data for 3/8 in. lag screw connection tests 

 

When compared to SPF, again embedment tests showed DF to have higher initial 

stiffnesses and strengths for capacity and 5% offset yield.  This was expected due to DF’s 

generally higher specific gravity.  The coefficients of variation are similar to those found 

in tests by others.  Embedment tests for all connection specimens are summarized in 

Appendix C. 

 

Before a proper analysis of data can be performed, the mechanical properties of the lag 

screw with respect to bending must be understood.  Cantilever bending tests of 3/8 in. 

diameter lag screws showed the mean 5% offset yield and capacity strengths to be 54200 

 

Group Stat Cap Failure 0.4 5% Off Yield Equiv Elastic Ductility Cap Failure 0.4 5% Off Yield
Load Load Cap Yield Load Energy Stiff Displ Load Cap Yield Load

Displ Displ Displ Displ
 (lbs) (lbs) (lbs) (lbs) (lbs) (in-lbs) (lbs/in) (in) (in) (in) (in) (in)

Mean 2668 2120 1040 2039 2432 1500 10981 3.16 0.443 0.725 0.103 0.212 0.234
2 Std Dev 461 367 181 345 377 578 2923 0.89 0.109 0.204 0.036 0.052 0.052

COV 0.173 0.173 0.174 0.169 0.155 0.385 0.266 0.28 0.247 0.281 0.355 0.246 0.220
Mean 3286 2691 1281 2288 2969 2571 12572 4.08 0.593 0.994 0.112 0.210 0.249

4 Std Dev 415 306 162 238 314 556 1852 0.98 0.092 0.187 0.025 0.033 0.042
COV 0.126 0.114 0.126 0.104 0.106 0.216 0.147 0.24 0.156 0.188 0.225 0.159 0.168
Mean 2923 2321 1126 2181 2681 1754 13550 3.76 0.468 0.751 0.085 0.178 0.201

5 Std Dev 336 268 139 251 271 659 1756 1.09 0.107 0.230 0.018 0.025 0.032
COV 0.115 0.115 0.124 0.115 0.101 0.376 0.130 0.29 0.229 0.307 0.212 0.138 0.162
Mean 2132 1698 831 1616 1988 1335 10549 4.17 0.423 0.756 0.070 0.164 0.186

7 Std Dev 342 269 131 420 343 712 3052 1.55 0.265 0.306 0.021 0.040 0.044
COV 0.161 0.159 0.158 0.260 0.172 0.534 0.289 0.37 0.627 0.405 0.300 0.242 0.235
Mean 2559 2274 994 1942 2370 2260 10539 4.37 0.744 1.074 0.117 0.224 0.250

9 Std Dev 358 397 141 241 311 527 1995 0.91 0.246 0.166 0.021 0.031 0.036
COV 0.140 0.175 0.142 0.124 0.131 0.233 0.189 0.21 0.330 0.155 0.178 0.137 0.142
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Table 4.17:  Statistical test data for 3/8 in. lag screw embedment test 

 

and 84,200 psi, respectively, for the shank portion and 71,200 and 98,900 psi, 

respectively, for the threaded portion.  Results for each lag screw bending test are 

summarized in Appendix D tables. 

 

From the results of 3/8 in. lag screw connection tests, there is correlation of groups within 

species.  Because 3/8 in. lag screws are larger than 1/4 in. lag screws, connections using 

the larger lag screws show the greater contribution of embedment strength and pilot hole 

size to connection performance.  Connection strength (capacity and 5% offset yield load) 

increased as pilot hole size increased.  Connections using NDS® pilot holes, for both DF 

and SPF, had the greatest capacity and 5% offset yield load.  Additionally, as expected, 

DF had greater strengths than SPF with respect to capacity and 5% offset yield load. 

 

As was the case for 1/4 in. lag screw connections, no clear trend for elastic stiffness 

values was established for 3/8 in. lag screw connections.  In this case, both SPF and DF 

connections that used NDS® pilot holes (Groups 4 and 9) had lower stiffness values than 

for other pilot hole conditions.  Elastic stiffness values were also greater for DF than SPF.  

Because DF was denser than SPF, this was expected.  Additionally, COV values were 

Group Pilot Capacity 5% Offset Elastic
& Hole Dia Statistic Stress Yield Stiffness

Species Stress
 (in.) (psi) (psi) (lbs/in)

Mean 3939 3497 59017
2-DF 0 Std Dev 711 731 14764

COV 0.18 0.21 0.25
Mean 4219 4003 80316

4-DF 1/4 Std Dev 736 768 27972
COV 0.17 0.19 0.35
Mean 4244 3971 67561

5-DF 1/8 Std Dev 727 607 23939
COV 0.17 0.15 0.35
Mean 3566 2947 45810

7-SPF 0 Std Dev 695 516 12722
COV 0.20 0.18 0.28
Mean 3458 3004 44736

9-SPF 1/4 Std Dev 785 566 15292
COV 0.23 0.19 0.34
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inversely related to pilot hole size.  The larger the pilot hole, the lower the COV.  This 

relationship is plausible due to the greater variation expected for cases where splitting is a 

greater issue.  The only exception was for Group 5, which had a lower COV than Group 

4.  Upon inspection of hypothesis test results, various statistical relationships are more 

clarified (see Tables 4.18 to 4.21). 

 

Table 4.18:  Paired t-statistic for difference between group means (capacity) 

 

Table 4.19:  Decision for difference between group means (capacity) 

 

 

Table 4.20:  Paired t-statistic for difference between group means (5% offset yield) 

Group G2 G4 G5 G7 G9
G2 DF3/8-0 0 6.071 / *** 3.385 / 0.0022 5.094 / *** 0.945 / 0.3530

G4 DF3/8-1/4 0 4.327 / 0.0002 13.594 / *** 7.189 / ***
G5 DF3/8-1/8 0 19.779 / *** 16.113 / ***
G7 SPF3/8-0 0 6.231 / ***

G9 SPF3/8-1/4 0

To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05

Group G2 G4 G5 G7 G9
G2 DF3/8-0 0 Reject Ho Reject Ho Reject Ho F.R. Ho

G4 DF3/8-1/4 0 Reject Ho Reject Ho Reject Ho

G5 DF3/8-1/8 0 Reject Ho Reject Ho

G7 SPF3/8-0 0 Reject Ho

G9 SPF3/8-1/4 0

Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05

Group G2 G4 G5 G7 G9
G2 DF3/8-0 0 3.255 / 0.0030 1.716 / 0.0976 4.766 / *** 1.154 / 0.2586

G4 DF3/8-1/4 0 2.049 / 0.0503 8.059 / *** 5.204 / ***
G5 DF3/8-1/8 0 6.587 / *** 4.114 / 0.0003
G7 SPF3/8-0 0 3.919 / 0.0005

G9 SPF3/8-1/4 0

To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05
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Table 4.21:  Decision for difference between group means (5% offset yield) 

 

When comparing 3/8 in. lag screw connection groups, within species, there was extensive 

evidence of significant statistical difference between all group means.  For 5% offset 

yield load, only the group combinations of 2 vs. 5 and 4 vs. 5 displayed no intraspecies 

significant difference.  This indicates that groups within species are categorized as being 

sensitive to pilot hole diameter.  Also, it is noted that all 3/8 in. lag screw connection 

tests, showed the lag screws to develop one or two locations of dowel bending.  Again, 

this is due to the relatively flexible behavior of smaller dowels when subjected to loading 

by a relatively thick side plate, which has been referred to in literature as “thick plate” 

behavior.  (Lag screw root diameter is less than side plate thickness.)  The thick plate 

does not allow the lag screw head much movement during testing.  As a result single or 

double curvature occurs. 

 

Connections using 3/8 in. lag screws showed much different behavior than that observed 

for the 1/4 in. lag screw tests.  As noted earlier, one-on-one interspecies’ contrasts, 

between groups using 3/8 in. lag screws, for the most part, displayed statistically 

significant difference.  The only contrast, which did not show statistically significant 

difference, was Group 2 versus Group 9.  Group 2 is DF with no pilot hole, while Group 

9 is SPF with the NDS® pilot hole.  The reason for the lack of statistical significance 

appears to be related to combinations of factors.  As shown in the studies, for 3/8 in. lag 

screw connections, lag screws in DF have a higher capacity than lag screws of the same 

diameter and length in SPF, primarily due to anatomy of the two species; however, 

because Group 9 uses the NDS® pilot hole, and Group 2 has no pilot hole, this initial 

Group G2 G4 G5 G7 G9
G2 DF3/8-0 0 Reject Ho F.R. Ho Reject Ho F.R. Ho

G4 DF3/8-1/4 0 F.R. Ho Reject Ho Reject Ho

G5 DF3/8-1/8 0 Reject Ho Reject Ho

G7 SPF3/8-0 0 Reject Ho

G9 SPF3/8-1/4 0

Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05



Chapter 4:  Experimental Results and Discussion 162

advantage is counteracted, and the net result is two groups, which are statistically 

insignificantly different with respect to capacity and 5% offset yield load. 

 

Load-slip curves for all 3/8 in. lag screw connection groups displayed unique behavior 

for the second largest of the lag screw diameters used.  An insight into the behavior of 

connections, which use larger than 1/4 in. diameter lag screws, is shown in Figures 4.14 

to 4.18.  Nomenclature for group identification is, for example, DF3/8-1/8, which 

indicates each specimen of the group is comprised of DF wood with a single 3/8 in. 

diameter lag screw and 1/8 in. pilot hole.  Each connection specimen’s load-slip curve is 

shown in Appendix A. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.14:  Typical Group 2 (DF3/8-0) load vs. slip plot (specimen 12-2) 

 
 
 
 
 
 
 

 
 
 
 

 
 
 
 

Figure 4.15:  Typical Group 4 (DF3/8-1/4) load vs. slip plot (specimen 12-4) 
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Figure 4.16:  Typical Group 5 (DF3/8-1/8) load vs. slip plot (specimen 12-5) 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.17:  Typical Group 7 (SPF3/8-0) load vs. slip plot (specimen 4-7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18:  Typical Group 9 (SPF3/8-1/4) load vs. slip plot (specimen 12-9) 
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For 3/8 in. lag screw connection tests, load-slip curves are much different than those 

obtained for 1/4 in. lag screw connection tests.  The 3/8 in. lag screw connection tests do 

not typically have an apparent double plateau, which was evidenced for 1/4 in. 

connection test load-slip curves.  With the lone exception of Group 9, curves tend to be 

rather rounded after the point where the steel side plate slipped, and the connection 

stiffened again.  From this point, the load-slip curve remained linear due to the increased 

embedment resistance brought about by increased lateral resistance at the lag screw to 

side plate interface.  As slip increased, a plastic hinge developed in the lag screw just 

prior to reaching capacity of the connection.  This is Yield Mode IIIs.  Just prior to and 

after attaining capacity, splitting occurred, which in turn reduced the effective 

embedment resistance of the connection.  Advanced cracking at the early stages, after 

achieving capacity, resulted in maintaining Yield Mode IIIs up to failure.  However, in 

many instances delayed cracking forced more tension in the bolt, increased withdrawal 

resistance, and a Mode IV behavior as the failure load was reached.  Group 9 (SPF and 

NDS® pilot hole) was different, in that the load-slip curve remained horizontal with no 

load increase or decrease with continued joint slip.  This was due to the continued bearing 

into the wood with minimal splitting.  Mode IIIs evolved into Mode IV due to the lack of 

cracking and continued contribution to resistance from tension in the lag screw as well as 

withdrawal resistance provided at the threads. 

 

Upon completion of tests, comparisons for capacities and 5% offset yield loads were 

conducted between test results and the Yield Model (YM) as per TR-12 recommendations.  

These results are presented in Tables 4.22 to 4.26.  Recall that predicted lateral 

resistances were based on dowel and embedment strengths at 5% offset yield load.  

Nomenclature for group identification is, for example, DF3/8-1/8, which indicates each 

specimen of the group is comprised of DF wood with a single 3/8 in. diameter lag screw 

and 1/8 in. pilot hole. 

 

As demonstrated previously by the results from 1/4 in. lag screw connection tests, 3/8 in. 

lag screw connection test results also showed that YM did not predict connection capacity 

and 5% offset yield load accurately.  Typically, predicted values were significantly less 
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than values achieved from connection tests, as the ratio of actual to predicted values for 

capacity and 5% offset yield load ranged from 1.78 to 2.40 and 1.70 to 2.01, respectively.  

Again, this is attributed, at least in part, to the nature of lag screw connections, as threads 

are embedded almost the full length of the lag screw’s shaft (except at the shank portion).  

Upon the event of achieving tension in the lag screw, more and more withdrawal 

resistance was created, and, as resistance was overcome, physical withdrawal of the lag 

screw began. 

 

It is also curious to note that there is a trend for actual to computed values to increase as 

the pilot hole becomes larger.  This trend was not exhibited by connections using 1/4 in. 

lag screws, as the relatively smaller diameter lag screw connections tended to show more 

a lag screw bending than bearing behavior, which is associated with a larger diameter lag 

screw with an associated smaller l/d ratio. 

 

Table 4.22:  Group 2 Experimental vs. Yield Model results (DF3/8-0) 

 

Predict Actual Predict Actual
Mean 1296 2668 1094 2039

Variance 35402 212101 36818 119087
COV 0.145 0.173 0.175 0.169

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 123752 77952
t Critical two-tail 2.052 2.052

Paired Mean Differences 1372 946
Standard Deviation Paired Differences 427 387

T Stat Paired Differences 16.988 12.927
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.06 1.86

Conclusion S S

Group 2
Mode II

Capacity 5% Offset Yield
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Table 4.23:  Group 4 Experimental vs. Yield Model results (DF3/8-1/4) 

 

 

Table 4.24:  Group 5 Experimental vs. Yield Model results (DF3/8-1/8) 

 

 

 

Predict Actual Predict Actual
Mean 1370 3286 1227 2288

Variance 37931 172404 40571 56452
COV 0.142 0.126 0.164 0.104

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 105168 48512
t Critical two-tail 2.052 2.052

Paired Mean Differences 1916 1061
Standard Deviation Paired Differences 329 192

T Stat Paired Differences 30.834 29.292
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.40 1.87

Conclusion S S

Mode II
Capacity 5% Offset Yield

Group 4

Predict Actual Predict Actual
Mean 1377 2923 1218 2181

Variance 37038 112642 25432 63203
COV 0.140 0.115 0.131 0.115

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 74840 44317
t Critical two-tail 2.052 2.052

Paired Mean Differences 1546 963
Standard Deviation Paired Differences 356 298

T Stat Paired Differences 23.006 17.075
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.12 1.79

Conclusion S S

Mode II
Capacity 5% Offset Yield

Group 5
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Table 4.25:  Group 7 Experimental vs. Yield Model results (SPF3/8-0) 

 

 

 

Table 4.26:  Group 9 Experimental vs. Yield Model results (SPF3/8-1/4) 

 

 

Predict Actual Predict Actual
Mean 1197 2132 949 1616

Variance 34086 117110 18576 176014
COV 0.154 0.161 0.144 0.260

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 75598 97295
t Critical two-tail 2.052 2.052

Paired Mean Differences 935 667
Standard Deviation Paired Differences 353 392

T Stat Paired Differences 14.017 8.992
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 1.78 1.70

Conclusion S S

Mode II
Capacity 5% Offset Yield

Group 7

Predict Actual Predict Actual
Mean 1168 2559 964 1942

Variance 43690 127890 22372 58301
COV 0.179 0.140 0.155 0.124

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 85790 40337
t Critical two-tail 2.052 2.052

Paired Mean Differences 1391 978
Standard Deviation Paired Differences 333 264

T Stat Paired Differences 22.132 19.634
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.19 2.01

Conclusion S S

Mode II
Capacity 5% Offset Yield

Group 9
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By careful post-test inspection, it appeared most 3/8 in. lag screw connection tests 

resulted in Yield Mode IV behavior (combination of wood crushing and dowel yielding 

with double curvature of dowel in main member and at interface of main member and 

side member).  Each connection test yield mode, as determined by the bending of its 

respective lag screw, is summarized in Appendix N tables.  As described earlier, the 

development of Yield Mode IV was due to the lag screw head fixity at the steel side 

plate.  Likewise, the YM predicted Yield Mode IV for capacity and 5% offset yield load.  

In addition to Yield Mode IV, Yield Mode IIIs (wood crushing with single curvature of 

dowel in main member) also occurred for the SPF species connections, Groups 7 and 9.  

Yield Mode IV, which is a more ductile yield mechanism, is more prone to occur in a 

denser wood, such as DF, while, on the other hand, SPF, a less dense species, is more 

likely to experience a lower level of plastic hinging, thereby increasing the likelihood of a 

lower yield mode, which is also less ductile than Yield Mode IV. 

 

Post-connection test crack lengths observed for 3/8 in. lag screw connection tests are 

much longer than those noted from 1/4 in. lag screw connection tests.  The cracking was 

greater due to the greater amount of wood displaced/crushed during insertion of the lag 

screw as well as a larger wedge force during connection load application (refer to Table 

4.27). 

 

Table 4.27:  Statistics for crack lengths from connection tests 

 
The order of average crack lengths observed, from shortest to longest, is presented as 

follows in the form of group number:  Group 9 (5.3 in.), Group 4 (8.7 in.), Group 7 (10.6 

in.), Group 5 (11.0 in.), Group 2 (12.1 in.).  The two groups, which yielded the shortest 

cracks, both used NDS® pilot holes (Groups 4 and 9).  SPF Group 9 had the shortest 

Group Pilot Avg. Crack Std. Dev. COV
& Hole Dia Length

Species (in.) (in.) (in.)
2-DF 0 12.1 2.5 0.21
4-DF 1/4 8.7 3.6 0.42
5-DF 1/8 11.0 2.6 0.24

7-SPF 0 10.6 2.2 0.21
9-SPF 1/4 5.3 3.9 0.73



Chapter 4:  Experimental Results and Discussion 169

average crack length, while a DF group (Group 4) had the second shortest average crack 

length.  Groups 7 and 5 were both similar in crack length, though Group 7 had a slightly 

shorter crack.  Again, as shown previously, though SPF is a relatively ductile wood when 

compared to DF, SPF Group 9 (no pilot hole) tended to crack nearly as much as the DF 

group, which used an 1/8 in. pilot hole.  The species and pilot hole combinations forced 

the similarity in crack length.  Lastly, Group 2 had the greatest average crack length.  

This phenomenon is attributed to two factors:  DF is a naturally more crack-prone wood, 

and a wood specimen using no pilot hole is the worst condition of all three pilot hole 

options. 

 

4.3.4 1/2-inch Lag Screw Connections 

 

The longest crack lengths occurred for the connection tests that used 1/2 in. diameter lag 

screws.  For 1/2 in. lag screw connection tests, average moisture contents and average 

specific gravity values are in Table 4.28.  A summary of each moisture content and 

specific gravity value is shown in Appendix G tables. 

 

Table 4.28:  Group moisture content and specific gravity statistics (1/2 in. lag screws) 

 

Note that average moisture contents are fairly consistent, ranging from 12.7% to 14.6%, 

while average specific gravity values range from 0.432 to 0.436 for DF and from 0.454 to 

0.467 for SPF.  These differences are not significantly large and are deemed acceptable 

so that both parameters need not be considered as “within species” variables in the 

analysis of data.  An interesting observation is that the average specific gravity values for 

SPF are greater than those for DF, though one would expect DF to have greater specific 

Group & Pilot
Species Hole Dia Mean Std Dev COV Mean Std Dev COV

(in.) % %
11-DF 0 14.6 1.3 0.088 0.436 0.039 0.089
12-DF 11/32 14.3 1.2 0.081 0.432 0.028 0.066
13-DF 1/8 14.0 1.0 0.069 0.436 0.032 0.073

14-SPF 0 12.7 0.9 0.072 0.454 0.039 0.087
15-SPF 11/32 12.9 0.9 0.070 0.467 0.044 0.095
16-SPF 1/8 13.3 1.0 0.079 0.460 0.047 0.101

Moisture Content Specific Gravity
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gravity values than SPF.  Because the wood specimens for 1/2 in. lag screw connection 

tests used different sticks than for 1/4 in. and 3/8 in. lag screw connection groups, it was 

anticipated that the 1/2 in. lag screw connection specimen specific gravity ratios between 

DF and SPF would also not be consistent with ratios obtained for 1/4 in. and 3/8 in. lag 

screw connection specimens. 

 

Single lag screw connections were tested to failure, or, if failure was not achieved, tests 

were continued until a maximum slip of one-inch minimum was observed.  Results of 1/2 

in. lag screw connection and corresponding embedment tests are shown in Tables 4.29 

and 4.30, respectively. 

 

Although results were not significantly different between species, when compared to 

SPF, embedment tests showed DF to have generally lower initial stiffnesses and strengths 

for capacity and 5% offset yield.  This was expected due to DF’s lower specific gravity.  

The coefficients of variation are similar to those found in tests by others.  Embedment 

tests for each connection specimen are summarized in Appendix C. 

 

Before a proper analysis of data can be performed the mechanical properties of the lag 

screw with respect to bending must be understood.  Cantilever bending tests on 1/2 in. 

diameter lag screws showed the mean 5% offset yield and capacity strengths to be 64,900 

and 81,900 psi, respectively, for the shank portion and 91,100 and 105,100 psi, 

respectively, for the threaded portion.  Results for each lag screw bending test are 

summarized in Appendix D tables. 

 

Unlike elastic stiffness values for 1/4 in. and 3/8 in. lag screw connections, a clear trend 

for elastic stiffness values was established for 1/2 in. lag screw connections.  In this case, 

both SPF and DF connections, which used NDS® pilot holes (Groups 11 and 14), had the 

greatest stiffness values.  Like the other tests, elastic stiffness values for 1/2 in. lag screw 

connections were also greater for DF than SPF.  Additionally, COV values were 

inversely related to pilot hole size.  The larger the pilot hole, the lower the COV.  This 

relationship is plausible due to the greater variation expected for cases where splitting is a 
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greater issue.  Due to the more brittle response of 1/2 in. lag screw connections, COV 

values were larger than those for 1/4 in. and 3/8 in. lag screw connections.  The lone 

exception was Group 15, which was less than Group 9 by only a couple thousandths, 

which is considered insignificant.  Upon inspection of hypothesis test results, various 

statistical relationships are more clarified (see Tables 4.31 to 4.34).   

 

 

Table 4.29:  Overall statistical test data for 1/2 in. lag screw connection test 

 
Group Stat Cap Failure 0.4 5% Off Yield Equiv Elastic Ductility Cap Failure 0.4 5% Off Yield 

    Load Load Cap Yield Load Energy Stiff   Displ Load Cap Yield Load 

                     Displ Displ Displ Displ 

    (lbs) (lbs) (lbs) (lbs) (lbs) (in-lbs) (lbs/in)   (in) (in) (in) (in) (in) 

  Mean 2036 1630 778 1196 1836 1291 12532 7.19 0.482 0.795 0.052 0.114 0.152 

11 Std Dev 423 336 166 419 399 360 8164 6.07 0.163 0.195 0.033 0.050 0.066 

  COV 0.208 0.206 0.214 0.351 0.217 0.279 0.651 0.85 0.338 0.246 0.636 0.443 0.436 

  Mean 3675 2932 1396 2908 3375 2033 19620 3.88 0.342 0.697 0.081 0.183 0.186 

12 Std Dev 390 309 163 408 406 444 4313 0.90 0.081 0.133 0.031 0.047 0.044 

  COV 0.106 0.105 0.117 0.140 0.120 0.218 0.220 0.23 0.238 0.191 0.381 0.256 0.237 

  Mean 2578 2054 952 1957 2433 1262 14686 4.13 0.321 0.608 0.057 0.158 0.165 

13 Std Dev 447 349 173 630 451 375 5025 1.82 0.085 0.152 0.025 0.063 0.051 

  COV 0.173 0.170 0.182 0.322 0.186 0.297 0.342 0.44 0.265 0.250 0.432 0.400 0.308 

  Mean 1778 1461 681 1120 1605 1211 8830 5.30 0.517 0.845 0.061 0.138 0.174 

14 Std Dev 447 340 180 408 404 514 3012 2.50 0.215 0.249 0.025 0.057 0.055 

  COV 0.251 0.232 0.264 0.365 0.252 0.425 0.341 0.47 0.416 0.294 0.419 0.414 0.319 

  Mean 3323 2645 1254 2710 3046 1883 16676 3.57 0.396 0.720 0.093 0.205 0.204 

15 Std Dev 374 298 157 438 351 497 3112 0.72 0.073 0.153 0.028 0.030 0.034 

  COV 0.112 0.113 0.126 0.162 0.115 0.264 0.187 0.20 0.183 0.213 0.300 0.147 0.167 

  Mean 2352 1880 870 1780 2194 1289 11155 3.55 0.365 0.679 0.071 0.180 0.196 

16 Std Dev 357 288 128 270 290 421 2871 0.92 0.102 0.172 0.027 0.042 0.047 

  COV 0.152 0.153 0.147 0.152 0.132 0.327 0.257 0.26 0.279 0.253 0.380 0.233 0.242 

 

 

 



Chapter 4:  Experimental Results and Discussion 172

Table 4.30:  Statistical test data for 1/2 in. lag screw embedment test 

 

Table 4.31:  Paired t-statistic for difference between group means (capacity) 

 

Table 4.32:  Decision for difference between group means (capacity) 

Group G11 G12 G13 G14 G15 G16
G11 DF1/2-0 0 15.562 / *** 4.730 / *** 2.451 / 0.0210 12.183 / *** 3.054 / 0.0050

G12 DF1/2-11/32 0 12.701 / *** 15.468 / *** 4.874 / *** 14.716 / ***
G13 DF1/2-1/8 0 6.758 / *** 7.073 / *** 2.394 / 0.0239
G14 SPF1/2-0 0 14.545 / *** 5.988 / ***

G15 SPF1/2-11/32 0 12.865 / ***
G16 SPF1/2-1/8 0

To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05

Group G11 G12 G13 G14 G15 G16
G11 DF1/2-0 0 Reject Ho Reject Ho Reject Ho Reject Ho Reject Ho

G12 DF1/2-11/32 0 Reject Ho Reject Ho Reject Ho Reject Ho

G13 DF1/2-1/8 0 Reject Ho Reject Ho Reject Ho

G14 SPF1/2-0 0 Reject Ho Reject Ho

G15 SPF1/2-11/32 0 Reject Ho

G16 SPF1/2-1/8 0

Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05

Group Pilot Capacity 5% Offset Elastic
& Hole Dia Statistic Stress Yield Stiffness

Species Stress
 (in.) (psi) (psi) (lbs/in)

Mean 4451 4333 70065
11-DF 0 Std Dev 626 580 17993

COV 0.14 0.13 0.26
Mean 4299 4207 66303

12-DF 11/32 Std Dev 731 734 20345
COV 0.17 0.17 0.31
Mean 4615 4532 76688

13-DF 1/8 Std Dev 663 702 20657
COV 0.14 0.15 0.27
Mean 4809 4650 74302

14-SPF 0 Std Dev 569 598 11901
COV 0.12 0.13 0.16
Mean 4654 4531 76526

15-SPF 11/32 Std Dev 596 572 16420
COV 0.13 0.13 0.21
Mean 4785 4677 75605

16-SPF 1/8 Std Dev 593 605 17837
COV 0.12 0.13 0.24
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Table 4.33:  Paired t-statistic for difference between group means (5% offset yield) 

 

Table 4.34:  Decision for difference between group means (5% offset yield) 

 

Intraspecies’ contrasts for 1/2 in. diameter lag screw groups showed statistical significant 

difference for capacity and 5% offset yield load between all groups. This indicates that 

groups within species are categorized as being sensitive to pilot hole diameter.   

Contrary to the level of intraspecies group correlation, interspecies statistically 

insignificant difference for means (5% offset yield load) was noted between group 

combinations 11 vs. 14, 12 vs. 15 and 13 vs. 16.  Note that each combination has the 

same diameter pilot hole, and the only difference is the species – one DF, the other SPF.  

Based on these observations, it appears that connections using larger lag screw diameters, 

and wood species of similar specific gravity, such as DF and SPF used in this study, will 

experience similar load resistance, based on 5% offset yield load.  This trend is somewhat 

supported by p-values obtained for the capacities, in which the p-values are very close to 

α/2 = 0.025.  For 3/8 in. and 1/4 in. lag screw connections, this inclination is not evident.  

It appears these two smaller lag screw diameters were somewhat dependent upon the 

Group G11 G12 G13 G14 G15 G16
G11 DF1/2-0 0 16.121  *** 5.062 / *** 0.694 / 0.4934 11.618 / *** 7.269 / ***

G12 DF1/2-11/32 0 7.311 / *** 17.029 / *** 2.260 / 0.0321 13.783 / ***
G13 DF1/2-1/8 0 6.698 / *** 5.023 / *** 1.426 / 0.1653
G14 SPF1/2-0 0 13.500 / *** 8.143 / ***

G15 SPF1/2-11/32 0 9.638 / ***
G16 SPF1/2-1/8 0

To not reject, Pr > tstatistic must be greater than α/2 = 0.025.
Results in table are presented as follows:  tstatistic / Pr > tstatistic.
α = 0.05

Group G11 G12 G13 G14 G15 G16
G11 DF1/2-0 0 Reject Ho Reject Ho F.R. Ho Reject Ho Reject Ho

G12 DF1/2-11/32 0 Reject Ho Reject Ho F.R. Ho Reject Ho

G13 DF1/2-1/8 0 Reject Ho Reject Ho F.R. Ho

G14 SPF1/2-0 0 Reject Ho Reject Ho

G15 SPF1/2-11/32 0 Reject Ho

G16 SPF1/2-1/8 0

Ho indictes the null hypothesis that means between groups are equal.
F.R. Ho indicates failure to reject null hypothesis that means between groups are equal.
α = 0.05
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differing cell structure and anatomy between DF and SPF.  As the lag screw increases in 

size, the differences in anatomy become mute, as a determining consideration for load.  

In other words, as the lag screw increases in diameter, anatomy of wood species becomes 

a worse indicator, while specific gravity becomes a better indicator of load carrying 

capability. 

 

Load-slip curves for all 1/2 in. lag screw connection groups displayed unique behavior.  

An insight into the behavior of connections is shown in Figures 4.19 to 4.24.  

Nomenclature for group identification is, for example, DF1/2-11/32, which indicates each 

specimen of the group is comprised of DF wood with a single 1/2 in. diameter lag screw 

and 11/32 in. pilot hole. Each connection specimen’s load-slip curve is shown in 

Appendix A. 

 

The load-slip curves for 1/2 in. lag screw connections were of similar shape to those 

observed for 3/8 in. lag screw connections.  However, the tails did not drop in load nearly 

as quickly.  Instead, upon achieving capacity, the curves tended to show load dropping at 

a constant rate relative to connection slip.  This is attributable to lag screw resistance in 

bearing against the already heavily cracked wood.  The effective dowel embedment 

resistance was less than the initial dowel embedment resistance due to the increased 

cracking.  In this condition, lag screws tended to remain in Yield Mode II and did not 

change to Yield Mode IIIs.  It is noted, for the most part, mixed-mode yielding was 

evident between the two yield modes.  When cracks were initially minimized and did not 

crack until the later stages of loading, near failure load, the yield mode changed to Yield 

Mode IIIs.  It is likely that the yield mode near capacity was Yield Mode II.  All groups 

were similar in this behavior, except for Group 14 (no pilot hole) for SPF, which had an 

extended load-slip curve to connection capacity.  This observation was due to the more 

ductile behavior of SPF when contrasted to DF, as well as the less cracked condition of 

the SPF wood from the fabrication process, prior to any application of external load.  

Such a condition forced the flatter and extended curve, as the lag screw deformed in 

Yield Mode II, and contributed significantly to the connection strain energy and to the 
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latter evaluation to additional cracking and bending of the lag screw into the possible 

Yield Mode IIIs, near failure load. 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 4.19:  Typical Group 11 (DF1/2-0) load vs. slip plot (specimen 12-11) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.20:  Typical Group 12 (DF1/2-11/32) load vs. slip plot (specimen 12-12) 
 
 
 
 
 
 
 
 

Load-Slip Curve

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 0.2 0.4 0.6 0.8 1

Slip (in)

Lo
ad

 (l
bs

)

Load-Slip Curve

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 0.2 0.4 0.6 0.8 1

Slip (in)

Lo
ad

 (l
bs

)



Chapter 4:  Experimental Results and Discussion 176

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.21:  Typical Group 13 (DF1/2-1/8) load vs. slip plot (specimen 12-13) 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 4.22:  Typical Group 14 (SPF1/2-0) load vs. slip plot (specimen 12-14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.23:  Typical Group 15 (SPF1/2-11/32) load vs. slip plot (specimen 12-15) 
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Figure 4.24:  Typical Group 16 (SPF1/2-1/8) load vs. slip plot (specimen 12-16) 
 

Upon completion of tests, comparisons for capacities and 5% offset yield loads were 

conducted between test results and the Yield Model (YM) as per TR-12 recommendations.  

These results are presented in Tables 4.35 to 4.40.  Recall that predicted lateral 

resistances were based on dowel and embedment strengths at 5% offset yield load.  

Nomenclature for group identification is, for example, DF1/2-11/32, which indicates each 

specimen of the group is comprised of DF wood with a single 1/2 in. diameter lag screw 

and 11/32 in. pilot hole. 

 

Table 4.35:  Group 11 Experimental vs. Yield Model results (DF1/2-0) 
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Predict Actual Predict Actual
Mean 1855 2036 1694 1196

Variance 44462 179328 37463 175890
COV 0.114 0.208 0.114 0.351

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 111895 106676
t Critical two-tail 2.052 -2.052

Paired Mean Differences 181 -498
Standard Deviation Paired Differences 403 422

T Stat Paired Differences 2.373 -6.243
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) 0.0128 < 0.0001

Actual/Computed 1.10 0.71

Conclusion S S

Group 11
Mode II

Capacity 5% Offset Yield
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Table 4.36:  Group 12 Experimental vs. Yield Model results (DF1/2-11/32) 

 

 

 

Table 4.37:  Group 13 Experimental vs. Yield Model results (DF1/2-1/8) 

 

 

 

Predict Actual Predict Actual
Mean 1804 3675 1652 2908

Variance 60754 152133 60116 166098
COV 0.137 0.106 0.148 0.140

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 106444 113107
t Critical two-tail 2.052 2.052

Paired Mean Differences 1871 1257
Standard Deviation Paired Differences 361 413

T Stat Paired Differences 27.417 16.090
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 2.04 1.76

Conclusion S S

Group 12
Mode II

Capacity 5% Offset Yield

Predict Actual Predict Actual
Mean 1911 2578 1760 1957

Variance 49638 199417 54823 396730
COV 0.117 0.173 0.133 0.322

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 124527 225776
t Critical two-tail 2.052 2.052

Paired Mean Differences 668 197
Standard Deviation Paired Differences 366 566

T Stat Paired Differences 9.646 1.842
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 0.0385

Actual/Computed 1.35 1.11

Conclusion S NS

Group 13
Mode II

Capacity 5% Offset Yield
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Table 4.38:  Group 14 Experimental vs. Yield Model results (SPF1/2-0) 

 

 

 

Table 4.39:  Group 15 Experimental vs. Yield Model results (SPF1/2-11/32) 

 

 

 

Predict Actual Predict Actual
Mean 1976 1778 1800 1120

Variance 36665 199571 39811 166823
COV 0.097 0.251 0.111 0.365

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 118118 103317
t Critical two-tail -2.052 -2.052

Paired Mean Differences -197 -679
Standard Deviation Paired Differences 505 516

T Stat Paired Differences -2.068 -6.974
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) 0.0491 < 0.0001

Actual/Computed 0.90 0.62

Conclusion S S

Group 14
Mode II

Capacity 5% Offset Yield

Predict Actual Predict Actual
Mean 1924 3323 1760 2710

Variance 40250 139684 36424 191690
COV 0.104 0.112 0.108 0.162

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 89967 114057
t Critical two-tail 2.052 2.052

Paired Mean Differences 1399 950
Standard Deviation Paired Differences 396 439

T Stat Paired Differences 18.701 11.460
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 < 0.0001

Actual/Computed 1.73 1.54

Conclusion S S

Group 15
Mode II

Capacity 5% Offset Yield
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Table 4.40:  Group 16 Experimental vs. Yield Model results (SPF1/2-1/8) 

 

Upon inspection of the summary tables for 1/2 in. lag screw connections, it becomes 

evident that experimental to computed ratios are less than those from 1/4 in. and 3/8 in. 

lag screw connection tests (refer to Table 4.41).  Predicted values were either less than or 

greater than values achieved from connection tests, as the ratio of actual to predicted 

values for capacity and 5% offset yield load ranged from 0.90 to 2.04 and 0.62 to 1.76, 

respectively.  The ratio increases with the pilot hole size.  Additionally, there is a trend, 

whereupon larger lag screws tend, on average, to approach values of the YM.  This, 

however, does not indicate that experimental test values are very close to YM values, but 

a trend is established by observation of test results. Group identifications for the 

following table are such that, for example, G13 DF1/2-1/8 indicates Group 13 specimens 

use DF with 1/2 in. diameter lag screws and 1/8 in. diameter pilot holes.  Each connection 

test yield mode, as determined by the bending of its respective lag screw, is summarized 

in Appendix N tables. 

 

Predict Actual Predict Actual
Mean 1967 2352 1809 1780

Variance 39713 127193 40606 72859
COV 0.101 0.152 0.111 0.152

n Actual Observations 28 28 28 28
df (n-1) 27 27

Pooled Variance 83453 56733
t Critical two-tail 2.052 -2.052

Paired Mean Differences 385 -29
Standard Deviation Paired Differences 347 299

T Stat Paired Differences 5.868 -0.510
P(ABS(T )<=  ABS(t) ) 2-tail (Paired) < 0.0001 0.6147

Actual/Computed 1.20 0.98

Conclusion S NS

Group 16
Mode II

Capacity 5% Offset Yield
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Table 4.41:  Experimental to predicted load ratios 

 

By inspection of lag screws used in connection tests, it was determined that both Yield 

Modes II and IIIs were dominant yield modes for 1/2 in. diameter lag screw connections.  

These yield modes demonstrate effectively the effect lag screw diameter has on the mode 

of yield.  As a lag screw increases in diameter, the dominant yield mode shifts to a lower 

mode.  This behavior is due to the development of a more “thin” plate behavior, as the 

lag screw diameter to plate thickness ratio increases.  Additionally, with an oversized 

hole in the plate, the lag screw is allowed to shift during lateral load application, thereby 

precluding the development of Yield Mode I. 

 

The primary reason for the amount of splitting for 1/2 in. lag screw connections is related 

to diameter of the lag screw and the related large wedge force with little, if any, bending.  

The amount of cracking directly related to pilot hole and lag screw diameter and species 

is presented in Table 4.42. 

 

 

 

 

Identification
Capacity 5% Offset Yield Load

G1 DF1/4-0 2.65 1.94
G2 DF3/8-0 2.06 1.86

G11 DF1/2-0 1.10 0.71
G3 DF1/4-11/64 2.59 1.74
G4 DF3/8-1/4 2.40 1.87

G12 DF1/2-11/32 2.04 1.76
G5 DF3/8-1/8 2.12 1.79
G13 DF1/2-1/8 1.35 1.11
G6 SPF1/4-0 2.24 1.79
G7 SPF3/8-0 1.78 1.70

G14 SPF1/2-0 0.90 0.62
G8 SPF1/4-11/64 2.11 1.83
G9 SPF3/8-1/4 2.19 2.01

G15 SPF1/2-11/32 1.73 1.54
G10 SPF1/4-1/8 2.34 1.80
G16 SPF1/2-1/8 1.20 0.98

Experimental to Predicted Ratio
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Table 4.42:  Statistics for crack lengths from connection tests 

 

Average crack lengths are as follows, ordered from shortest crack to longest crack:  

Group 15 (11.7 in.), Group 12 (13.1 in.), Group 16 (13.5 in.), Group 14 (13.9 in.), and 

Groups 11 and 13 (14.0 in.).  (Recall that specimen length was limited to 14 in.)  Group 

15 had the shortest average crack length due to SPF being a more crack resistant wood 

than DF, as well as using NDS® pilot holes.  This is the best possible scenario to inhibit 

crack formation.  The group with the second shortest average crack length, Group 12, 

was comprised of DF along with the NDS® pilot hole.  Group 16 is the next most 

favorable SPF group in resisting crack formation.  This is due to Group 16 using the 1/8 

in. pilot hole.  Group 14, which has no pilot hole, has the worst condition for the three 

groups using SPF wood, so the presence of the longest cracks for the SPF groups was not 

surprising.  The two groups with the longest cracks were DF Groups 11 and 13.  

Although these two groups had identical average crack lengths, it should be noted that the 

reason for this phenomenon is the length of specimen used.  Judging from tests with 

similar pilot holes and lag screw diameters as used for Groups 11 and 13, it is likely that 

a longer specimen (greater than 14 in. long specimens used for the subject connection 

tests) would have demonstrated the worst-case condition (longest crack) to be Group 11, 

which used no pilot hole. 

 

4.3.5  Other Results 

 

Beyond stiffness, capacity and 5% offset yield load, other results were achieved from 

connection tests:   equivalent energy and connection ductility. 

 

Group Pilot Avg. Crack Std. Dev. COV
& Hole Dia Length

Species (in.) (in.) (in.)
11-DF 0 14.0 0.0 0.00
12-DF 11/32 13.1 0.7 0.05
13-DF 1/8 14.0 0.2 0.01

14-SPF 0 13.9 0.3 0.02
15-SPF 11/32 11.7 1.6 0.13
16-SPF 1/8 13.5 1.4 0.10
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4.3.5.1  Equivalent Energy 

 

Equivalent Energy appears to mirror capacity and 5% offset yield load results.  These 

results are presented in Table 4.43.  Group identifications for the following table are such 

that, for example, G13 DF1/2-1/8 indicates Group 13 specimens use DF with 1/2 in. 

diameter lag screws and 1/8 in. diameter pilot holes.  For 1/4 in. connections, there is no 

sensitivity to the variable pilot hole size.  Additionally, due to the more ductile behavior 

of SPF connections with small lag screws (1/4 in.), one-inch slip was achieved prior to 

failure load, and, as a result, the test was halted.  Therefore, for these occasions, 

equivalent energy values are not maximum but, instead, are limited.  Group 9 (SPF with 

3/8 in. lag screws and NDS® pilot holes) also showed limiting energy values due to the 

attainment of the one-inch slip threshold.  However, for 3/8 in. and 1/2 in. connections, it 

follows that larger pilot holes also yield greater equivalent energy values, with the one 

minor exception of Group 13 (1/2 in. lag screws with 1/8 in. pilot holes).  This group has 

a slightly lower value than that for Group 11, which used 1/2 in. lag screws with no pilot 

holes.  Most of these findings are of no surprise, as energy, in part, is highly correlated to 

load.  When considering pilot hole diameter, groups that used 1/2 in. lag screws had 

lower equivalent energy values than groups which used 3/8 in. lag screws.  This was due 

to the inadequate length of the 1/2 in. lag screw connection specimens, as the precracks 

were the longest for all lag screw specimens, and most tested specimens cracked 

completely lengthwise.  It is expected, that longer wood specimens would allow for the 

fuller development of the lateral resistance and corresponding equivalent energy (area 

under L-D curve).  
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Table 4.43:  Equivalent energy summary 

 

4.3.5.2  Connection Ductility 

 

As noted previously, ductility is failure displacement divided by yield displacement.  The 

ability of the connection to behave in a nonlinear manner is quantified through the use of 

ductility.  Because slip at failure displacement was limited to about one-inch, actual 

ductility for the connection groups, which achieved this threshold, was not ideally 

attained.  To determine groups affected by this limit, refer to the “Equivalent Energy” 

subsection.  Connection test results, specifically for ductility, are presented in Table 4.44.  

In general, DF has less ductility than SPF, given the same pilot hole and lag screw 

diameter.  Group 11 is the exception, and this is due to rather high ductility values for 

two specimens, which had unusually high values for elastic stiffness.  Without these two 

associated ductility values, average ductility for Group 11 decreases to 5.80.  If the other 

four ductility values of approximately 10 were omitted, the average would drop further to 

4.81.  For connections using 1/4 in. and 3/8 in. lag screws, the larger the pilot hole, the 

greater the ductility.  However, for the case of 1/2 in. lag screw connections, this 

observation does not hold.  Due to the ratio of lag screw diameter to end distance, much 

less ductility for the NDS® pilot hole groups was observed.  In the interests of retaining 

Equivalent
Identification Energy COV

(in-lbs)
G1 DF1/4-0 1258 0.26
G2 DF3/8-0 1500 0.39

G11 DF1/2-0 1291 0.28
G3 DF1/4-11/64 1405 0.17
G4 DF3/8-1/4 2571 0.22

G12 DF1/2-11/32 2033 0.22
G5 DF3/8-1/8 1754 0.38
G13 DF1/2-1/8 1262 0.30
G6 SPF1/4-0 1391 0.22
G7 SPF3/8-0 1335 0.53

G14 SPF1/2-0 1211 0.43
G8 SPF1/4-11/64 1362 0.11
G9 SPF3/8-1/4 2260 0.23

G15 SPF1/2-11/32 1883 0.26
G10 SPF1/4-1/8 1408 0.13
G16 SPF1/2-1/8 1289 0.33
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greater connection ductility, it is critical to comply to proper end distance requirements 

for larger lag screw diameters, even when using NDS® pilot holes.  COVs range from 

0.20 to 0.85, which are rather high.  If the COV for Group 11 is not considered, the range 

changes to 0.20 to 0.47.  If ductility is a criterion for design, an adequate safety factor 

must be used to ensure a satisfactory design. 

 

Table 4.44:  Ductility summary 

 

4.4 Fracture Tests 

 

Fracture tests were conducted on 56 specimens – half DF and half SPF.  As displayed in 

Table 4.45, average moisture contents were 13.2% for DF and 12.1% for SPF, while 

average specific gravity values were 0.449 and 0.402 for DF and SPF, respectively.  A 

summary of each moisture content and specific gravity value is shown in Appendix G 

tables. 

 

By listening closely during tests, it became evident that incipient cracking occurred 

approximately at the 5% offset yield load.  The crack forming rate continued to increase 

until capacity was achieved, whereupon the cracking became relatively constant until an 

Identification Ductility COV

G1 DF1/4-0 3.66 0.23
G2 DF3/8-0 3.16 0.28

G11 DF1/2-0 7.19 0.85
G3 DF1/4-11/64 4.71 0.23
G4 DF3/8-1/4 4.08 0.24

G12 DF1/2-11/32 3.88 0.23
G5 DF3/8-1/8 3.76 0.29
G13 DF1/2-1/8 4.13 0.44
G6 SPF1/4-0 4.49 0.32
G7 SPF3/8-0 4.17 0.37

G14 SPF1/2-0 5.30 0.47
G8 SPF1/4-11/64 6.11 0.23
G9 SPF3/8-1/4 4.37 0.21

G15 SPF1/2-11/32 3.57 0.20
G10 SPF1/4-1/8 5.98 0.20
G16 SPF1/2-1/8 3.55 0.26
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inflection point in the load-deflection curve was reached.  This inflection point occurred 

when the load resistance began to decrease at a decreasing rate.  Cracking continued at a 

correspondingly decreasing rate, until final fracture was achieved. 

 

Table 4.45:  Moisture content and specific gravity statistics for fracture tests 

 

Results showed, as expected, the more ductile SPF to have a higher specific fracture 

energy, GIc, as well as critical stress intensity factor (i.e., fracture toughness), KIc, than the 

more brittle DF.  SPF had the following average values for GIc and KIc (TL fracture), 

respectively:  1.41 lbf-in./in2 and 332-372 lbf/in3/2.  Also, DF had the following average 

values for GIc and KIc (TL fracture), respectively:  1.27 lbf-in./in2 and 323-370 lbf/in3/2.  

KIc was based on equations purported by Schniewind and Pozniak (1971), Valentin and 

Morlier (1982), Triboulot et al. (1984), Williams (1988), Kretschmann et al. (1990), and 

Smith and Chui (1991).  Equations established by Barrett (1976) and ASTM E 399-90 

(ASTM, 1999b) were not used, due to the dependence upon homogeneity and isotropy.  

An equation established by Samarasinghe and Kulasiri (1999) was also not used, due to 

its apparent application to certain species, as this equation will give typically much higher 

KIc values than obtained from research by others.  For a summary of results for all 

authors, see Table 4.46. 

 

GIc values appear to have a more significant difference between DF and SPF as opposed 

to fracture toughness, in which the values are much closer.  This is due to the relative 

similarity of the two species with respect to geometric and material properties.  Materials 

properties being mainly focused on the moduli of elasticity, EL and ET, shear modulus, 

GLT, and Poisson’s ratio, νTL.  Values used for the material properties are presented in 

Table 4.47. 

Species Statistic MC SG
Mean 13.2 0.449

DF Std Dev 1.3 0.053
COV 0.095 0.117
Mean 12.1 0.402

SPF Std Dev 1.7 0.030
COV 0.138 0.074
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Table 4.46:  Fracture toughness statistical values 

 

 

 

 

 

 

 

 

Table 4.47:  Material properties used for fracture test results 

 

As can be seen, Douglas-fir has greater elastic properties than spruce-pine-fir.  The 

elastic modulus along the longitudinal axis is approximately 20 times that along the 

tangential axis.  This ratio has been much used in literature.  Additionally, νTL is 

approximately 70% greater for Douglas-fir than spruce-pine-fir.  These material 

properties were primarily incorporated in the work of Schniewind and Pozniak (1971), 

Triboulot et al. (1984), Kretschmann et al. (1990) and Smith and Chui (1991).  These 

researchers used the material property dependent formula as noted in the Literature 

Review chapter: 

 

KIc = 
2/1

' 







E
GIc                                                             (4.10) 

 

where, 

GIc = specific fracture energy  (note:  GIc = GIF/4  (Smith and Chui, 1991)) 

Material Douglas-fir Spruce-pine-fir
Property
EL (ksi) 1830 1480
ET (ksi) 91.5 75.59
GLT (ksi) 142.74 105.38

νTL 0.029 0.017

Statistic
DF SPF DF SPF DF SPF DF SPF DF SPF DF SPF

Mean 165 170 170 174 370 354 359 372 421 420 323 332
Std Dev 24 27 25 27 50 49 53 59 10 11 48 52

COV 0.15 0.16 0.15 0.16 0.13 0.14 0.15 0.16 0.02 0.03 0.15 0.16

K(6)  Valentin and Morlier (1982)

K(4)  Williams (1988)
K(5)  Samarasinghe and Kulasiri (1999)

K(1)  ASTM E 399 (ASTM, 1999b)
K(2)  Barrett (1976) and Wright and Fonselius (1987)
K(3)  Schniewind and Pozniak (1971), Triboulot, Jodin and Pluvinage (1984), Kretschmann, Green and Nelson (1990) and Smith and Chui (1991)

K(5) K(6)
(lbf/in3/2) (lbf/in3/2) (lbf/in3/2) (lbf/in3/2) (lbf/in3/2) (lbf/in3/2)

K(1) K(2) K(3) K(4)
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where, 

a11 = 1/EL                                                                                                        (4.12) 

a22 = 1/ET                                                                                                        (4.13) 

a12 = νLT/ET                                                                                                     (4.14) 

a66 = 1/GLT                                                                                                      (4.15) 

 

Using this equation, values for fracture toughness obtained using material properties are 

presented in Table 4.48. 

 

Table 4.48:  Fracture toughness  for K(3) 

 

 

 

 

 

As expected, because DF had the higher elastic values of the two tested species, DF also 

had the largest theoretical fracture toughness.  However, one property that is not 

considered in the aforementioned equation is the species effect.  SPF is not as brittle a 

wood material as DF.  Hence, DF has a lower effective value for fracture toughness than 

SPF.  This phenomenon is observed in Table 4.49.  The results for each fracture specimen 

are summarized in Appendix E.  With lower specific fracture energy values, it is clearly 

shown that DF is the more brittle material of the two types of wood under study. 

 

Coefficients of Variation for specific fracture energy were on the high side as follows:  

DF (0.27) and SPF (0.28).  This was due to the high tendency of brittle elements to crack 

at much different capacities as well as the many different shapes the load-displacement 

curve can take in providing information in which to evaluate energy-based 

Statistic
DF SPF

Mean 370 354
Std Dev 50 49

COV 0.13 0.14

Fracture Toughness (lbf/in3/2)
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Table 4.49:  Fracture test results and specific fracture energy 

 

 

 

 

 

 

 

 

criteria.  For the different methodologies considered in fracture toughness analysis, COVs 

for fracture toughness ranged from 0.13 to 0.15 and 0.14 to 0.16 for DF and SPF, 

respectively.  These values are much less than that achieved for specific fracture energy 

because, fracture toughness COVs are dependent only on a much less variable quantity 

based on maximum load and elastic properties. 

 

With these values, more information has been added to the increasing collection of 

information regarding fracture toughness and specific fracture energy values.  It is noted 

that the values for GIc indicate DF specimens would likely crack prior to a SPF 

specimens, because it takes less energy to propagate an existing crack in DF, while it 

takes about 11% more energy to propagate a preexisting crack in SPF.  This concept is 

supported by others, as DF is a much more brittle wood than SPF.  Based on fracture 

toughness, it is difficult to say which wood type is the more brittle, however with the 

aforementioned specific fracture energy and the “Tension Perpendicular-to-Grain Test” 

section, it becomes evident that DF is more brittle than SPF. 

 

4.5   Tension Perpendicular-to-Grain Tests 

 

Tensile perpendicular-to-grain studies revealed DF to have a lower capacity than SPF by 

9.5%.  As determined by this study’s tests, tensile strength perpendicular-to-grain for DF 

and SPF, respectively, were 258 and 285 psi with specific gravity values of 0.439 and 

Species Statistic Capacity PQ  Adjusted Energy @ Energy @ Fracture Specific Capacity/PQ

Specimen Capacity PQ Energy Fracture
Stiffness Energy

(lbs) (lbs) (lbs/in) (lb-in) (lb-in) (lb-in) (lb-in/in2)
Mean 69.0 63.9 5538 1.13 0.58 4.97 1.41 1.08

SPF Std Dev 11.2 10.0 3320 0.48 0.20 1.39 0.40 0.05
COV 0.16 0.16 0.60 0.43 0.34 0.28 0.28 0.05
Mean 66.4 62.5 4499 1.00 0.62 4.50 1.27 1.06

DF Std Dev 9.9 9.4 1577 0.39 0.24 1.23 0.34 0.04
COV 0.15 0.15 0.35 0.39 0.38 0.27 0.27 0.04
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0.421.  The lower tensile strength perpendicular-to-grain indicated that DF is a more 

brittle wood than SPF.  Test results are summarized in Table 4.50.  A summary of each 

moisture content and specific gravity value is shown in Appendix G tables, and a 

summary for each fracture test is shown in Appendix F. 

 

Table 4.50:  Tensile strength perpendicular-to-grain statistical summary 

 

The NDS® equation for tensile strength perpendicular-to-grain is 

 
11.1870GFT =⊥                    (4.16) 

 

Strength values obtained using the above specific gravity values are 349 and 333 psi for 

DF and SPF, respectively, for a moisture content of 12%.  Though the actual moisture 

contents for both DF and SPF were 11.5%, the expression using 12% MC for tension 

perpendicular-to-grain may be used, because the two MC values are very close.   From 

work done by Markwardt and Youngquist (1956), Douglas-fir tension perpendicular-to-

grain values were found to be 398 psi for tangential surface (TL fracture) failures and 312 

psi for radial surface (RL fracture) failures.  The work by Markwardt and Youngquist did 

not consider any wood species that are part of the SPF family, except Sitka spruce.  He 

found Sitka spruce to have the following values for tangential and radial surface failures, 

respectively:  462 and 338 psi. 

 

On the other hand, work by Markwardt and Wilson (1935) achieved completely opposite 

relations for DF, with a tangential surface failure at 255 psi and a radial surface failure of 

307 psi.  Markwardt and Wilson did not specifically consider SPF.  However one of the 

woods, which comprise SPF, Sitka Spruce, was used in their investigations.  Sitka Spruce 

values were 466 psi for tangential surface failure and 357 psi for radial surface failure. 

Mean (psi) 258
DF Std Dev (psi) 56

COV 0.217
Mean (psi) 285

SPF Std Dev (psi) 69
COV 0.242
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The work of Markwardt and Youngquest and studies by Markwardt and Wilson were in 

good agreement with respect to values for Sitka Spruce.  However, values for Douglas-fir 

were in great disagreement.  Observed DF values for the subject study are in agreement 

more with the Markwardt and Wilson work than the work by Mardwardt and Youngquist.  

When compared to this investigator’s tension perpendicular-to-grain tangential surface 

failure values, the value from Markwardt and Wilson is approximately equal for DF (only 

3 psi less).  However, when comparing the work by Markwardt and Wilson as well as 

Markwardt and Youngquist to this investigator’s work, true comparisons cannot be 

realistically made, because SPF cannot be directly compared to values for Sitka spruce.  

It is also noted, upon performing tension perpendicular-to-grain tests for SPF for this 

work, it appeared that lodgepole pine contributed quite significantly to the number of 

specimens.  lodgepole pine is easily identified, due to the presence of exposed dimples on 

the specimens’ surfaces. As per Table 4-3b of the NDS®, the corresponding value for 

lodgepole pine is 290 psi, which corresponds well with the achieved value of 285 psi.  

This appears to be the reason for the differences between the work of all investigators. 

 

Table 4-3b of the NDS® indicates that DF ranges from 330 to 390 psi, but this range is 

based on both tangential and radial surface failures.  However, these values are more in-

line with values obtained by Markwardt and Youngquist than those by Markwardt and 

Wilson as well as this investigator’s.  For SPF, based on the same table, tension 

perpendicular-to-grain values range from 180 psi (balsam fir) to 460 psi (red pine), while 

the average value appears to be approximately 350 psi.  Sitka spruce’s tension 

perpendicular-to-grain value is 370 psi, which is within the ranges established by 

Markwardt and Wilson in addition to Markwardt and Youngquist.  As noted above, the 

value for lodgepole pine, one of the dominant species comprising the SPF test group for 

this investigation, is 290 psi.  From this data, it appears that the results achieved for 

values of tension perpendicular-to-grain for the subject tests correlates well with 

published data. 
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4.6  Crack Profile Ink Tests 

 

Ninety crack profile ink tests were conducted to determine the crack profile of similarly 

sized wood specimens used in the 448 connection tests.  Crack profile ink specimens had 

average moisture content of 11.1% and 10.5% and average specific gravity of 0.467 and 

0.466 for DF and SPF, respectively.  Crack profile ink test results are shown in Table 

4.51 and are completely summarized for each specimen tested in Appendix L tables.  Ink 

specimen photos are also shown in Appendix M. 

 

Table 4.51:  Summary of post-installation crack profile ink tests (half crack profiles)  

 

This table, as well as the tables in Appendix L and photos in Appendix M for each 

specimen, effectively demonstrates that crack areas are directly related to diameter of lag 

screw and brittleness of wood species, while pilot hole diameter is inversely related to 

crack profile area.  Additionally, a more brittle species, such as DF, creates a greater 

crack area.  Two additional photos (Figures 4.25 and 4.26), which are also located in 

Appendix L, depict the above tabular information in a more visual manner.  As can be 

seen, these two figures show that DF tends to have the maximum crack length at the top 

of the specimen, while SPF, a more ductile wood, tends to crack with the maximum crack 

length embedded a distance into the specimen, approximately half-an-inch to one-inch 

(nearly 20% to 35% of the lag screw length) below the top of the specimen.  This 

condition clearly depicts the problem of attempting to determine crack length by simple 

observation of the top of the specimen.  Wood anatomy also influences connection 

Lag Pilot
screw hole Mean Std. Dev. COV Mean Std. Dev. COV

diameter diameter (in2) (in2) (in2) (in2)
 0 3.10 0.55 0.18 3.28 0.41 0.13

1/4 in. 1/8 in. 3.10 0.68 0.22 2.10 0.62 0.30
 11/64 in. 2.22 1.79 0.81 1.38 0.16 0.12

0 7.74 3.65 0.47 5.18 0.64 0.12
3/8 in. 1/8 in. 7.52 3.92 0.52 6.74 1.43 0.21

1/4 in. 2.40 0.68 0.28 1.46 0.15 0.10
0 18.69 6.17 0.33 14.75 1.73 0.12

1/2 in. 1/8 in. 16.96 4.34 0.26 14.64 2.55 0.17
11/32 in. 3.83 0.82 0.21 2.34 0.62 0.27

Douglas-fir Spruce-pine-fir
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strength.  The 1/2 in. diameter lag screw SPF specimens having a higher specific gravity 

still cracked to less of an extent as the DF specimens that had lower specific gravity. 

 

 

 
Figure 4.25:  Half crack profile vs. distance from lag screw tip (DF) 

Douglas-Fir Half Crack Profiles
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Figure 4.26:  Half crack profile vs. distance from lag screw tip (SPF) 
 

4.7  Scanning Electron Microscope Studies 
 

Four small specimens, two of SPF and two of DF, were taken from larger fracture test 

specimens.  After mounting and digitally photographing specimens, photos were closely 

scrutinized to qualitatively determine reasons for fracture and differences between SPF 

and DF SEM specimens.  Digital photographs taken for SPF and DF species are presented 

in Figures 4.27 to 4.30.  Descriptive captions are provided with figure number.  Both 

species showed breakage at tracheids and rays as well as cell wall breakage, microfibril 

and spiral thickening exposure/pull-out, uniseriate ray parenchyma cell simple pits (occur 

at rays along their radial direction) at ray tracheids, crossfield pits (occur where ray wall 

connects to tracheid wall), bordered pits (occur between tracheids), and aspirated pits 

(occur at outer surface of tracheids).  Aspirated pits, which occur more frequently in the 

earlywood, are bordered pits, in which the membrane has shifted.  This shift causes 

aperture blockage with subsequent drying and impregnability of treatments. 

 

Spruce-Pine-Fir Half Crack Profiles
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Fracture surface characteristics noted in all specimens were a combination of two forms.  

Fracture surfaces were generally intercellular (i.e., between cells) with associated smaller 

surface area and slow crack growth.  However, intracellular (i.e., within cells) fracture 

was also present due to the relatively thin cell walls and ray crossings, with associated 

rapid failure.  Because the TL plane is composed of tracheids, which are not as well 

aligned as those in the RL plane, to generate minimum energy, fracture at the thin cell 

walls occurred at ray crossings.  For TL fracture, when ray crossings are not present, 

fracture will generally occur in an intercellular manner, in an effort to seek minimum 

energy.  Additionally, defects in the vicinity of parallel rays promote fracture. 

 

The greater magnitude of fracture toughness for SPF, as compared to DF, is due to the 

inelastic energy dissipating mechanisms, such as fiber bridging and presence of knots.  

This phenomena was evidenced in connection tests, where load-slip curves for SPF were 

clearly more ductile than curves for DF.  Additionally, the presence of radial uniseriate 

ray parenchyma cells was more numerous in DF than SPF. 

 
 

 
Figure 4.27:  DF specimen with spiral thickening, aspirated and bordered pits, and 

fractured tracheid walls adjacent to uniseriate parenchyma rays 
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Figure 4.28:  DF specimen with breakage of tracheid and uniseriate ray cells 

        walls,bordered and aspirated pits, and parenchyma cell crossfield pits 
 
 

 
Figure 4.29:  SPF specimen with fractured tracheid cell with bordered and asperated pits 

and uniseriate tracheid and parenchyma ray cell walls with bordered pits 
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Figure 4.30:  SPF specimen with uniseriate ray parenchyma cell and crossfield pits 

fracture of fibrils subsequent to bridging, spiral thickening and bordered 
pits inside fractured tracheid cell 


