
3.0  MATERIALS AND METHODS 
 
 
 
 

3.1  General 

 

This chapter contains materials and test methodology used in the experimental phase of 

the project.  These investigations are linked to secondary tests, which include fracture, 

crack profile inking, dowel embedment and bending strength determination, moisture 

content and specific gravity tests. 

 

The objective of the chapter relative to the lag screw connection study is to develop 

physical data from crack monitoring and the load-slip curve by testing 448 single-shear 

parallel-to-grain tension specimens with the variables of lag screw diameter, lead hole 

(pilot hole) diameter and specific gravity of wood. 

 

To collect data, tests were conducted on two member connections (wood main member 

and steel plate side member) using monotonic loading at a rate to cause failure within two 

to five minutes, though several tests with smaller dowels never achieved failure due to 

abundant ductility.  This procedure served to provide a basis for developing load-slip 

curves for all tested connections.  Monotonic loading allowed determination of 

characteristics that describe the static response of timber connections, such as initial 

stiffness, 5% offset yield load , capacity, failure load (80% of capacity) and equivalent 

energy variables. 

 

3.1.1  Sample Size 

 

Prior to conducting research, a determination of sample size for each block is necessary.  

From Ott and Longnecker (2001), the following equation was implemented: 

 

n = 2

22
2/

E
z σα                                                               (3.1) 
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where, 

σ = δµ = standard deviation 

δ = coefficient of variation (COV) 

µ = population mean of any variable 

E = W/2                                                                                                               (3.2) 

W = tolerable error (width of confidence interval) 

zα/2 = area under normal curve associated with a 100(1-α)% confidence limit 

n = sample size 

 

An estimate of these variables was necessary prior to sample size determination.  Based 

on lag screw connection work by McLain and Carroll (1990), 19.8% was obtained as the 

highest group COV for the 3/8 in. lag screw connection tests, and 1840 lbf was the 

corresponding mean maximum load.  This value was then substituted into the sample size 

equation.  It was determined from the sample size formula that a sample size of 28 

assures with 90% confidence ( the selected criterion) that the estimated mean is within 

%6±  (i.e., 12% is tolerable error) of true mean of the maximum resistance and 5% offset 

yield load parameters. 

 

After completion of all testing, variations of capacity and 5% offset yield loads were not 

greater than the assumed 19.8% COV, except for Groups 7, 11, 13 and 14.  These four 

groups capacity and/or 5% offset yield load values exceeded the estimated COV.  Table 

3.1 shows the COV values for these four nonconforming groups. 

 

Table 3.1: COV and error values for nonconforming connection groups 

 

 

 

 

 

The high COVs for the four groups were due the highly brittle nature of the larger lag 

screw connections in combination with smaller pilot hole diameters.  The more brittle 

Group
COV Error COV Error

7 0.16 5.0 0.26 8.1
11 0.21 6.5 0.35 10.9
13 0.17 5.3 0.32 9.9
14 0.25 7.8 0.36 11.2

Capacity 5% Offset Yield

±
±
±
±

±
±
±
±
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nature of the four groups can be attributed to the use of no pilot holes or smaller diameter 

pilot holes than those required by the NDS®.  This, of course, is combined with the fact 

that all of the more brittle connections used larger diameter lag screws (larger than 1/4 

in).   Because many more connection replications would be necessary to enforce the 12% 

tolerable error range, which is the same as ± 6%, it was decided to continue with 28 

specimens with the stipulation that, for Groups 7, 11, 13 and 14, less confidence existed 

that the true mean was achieved from tests using a 90% confidence limit and the 

respective tolerable error noted in Table 3.1. 

 

3.2  Testing Equipment 

 

All tests, including single shear connection tests, moisture content and specific gravity 

tests, lag screw bending tests, dowel embedment tests, inking tests, tensile strength 

perpendicular-to-grain tests, and fracture tests were conducted in the Wood Engineering 

Laboratory of the Brooks Forest Products Center’s Department of Wood Science and 

Forest Products at Virginia Polytechnic Institute and State University, Blacksburg, 

Virginia. 

 

Monotonic displacement-controlled (0.20 in./min) single shear connection tests were 

conducted by a 55,000 lbf capacity load cell attached to the actuator of a servo-hydraulic 

Material Testing System (MTS) system with a 5000 lbf load range card (refer to Figure 

3.1(a)).  Displacements were measured with the internal displacement transducer of the 

MTS and two linear-displacement potentiometers (wire pots) with a displacement range 

of ±  2.5 in.  One wire pot was attached to the wood member, while the other wire pot 

was attached to the opposite side on the steel side plate, and displacement data from the 

two wire pots were subtracted from each other to eliminate any rotational effects of the 

specimen attempting to rotate about the lag screws’ diameter.  Additionally, due to the 

wire pot set-up, any small slip at the grip or movement of the MTS machine crosshead 

was accounted for. 
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The structure of the test fixture, which held the specimens, also minimized or eliminated 

any such movement in the test specimen (see Figure 3.1(b)).  The test fixture was similar 

to that used by Liu and Soltis (1984) and Gutshall (1994) in lateral testing of two-

member joints.  This type of fixture, which is shown in Figure 3.2, serves to minimize 

any eccentricity.  As the actuator’s heavy grip moves upward and pulls the test specimen 

in tension, a horizontal force couple is introduced into the fixture:  one force at the top of 

one side fixture and the other force at the bottom of the fixture on the other side of the 

specimen.  Because the whole fixture is braced, it is stiff and effectively resists the lateral 

transference of the force couple into the large screws that attach the fixture to the one-

inch thick base plate, which, in turn, is positively attached to the heavy steel reaction 

table.  

 

                        

      (a)  MTS actuator and roller fixture       (b)  Connection specimen and roller fixture 

Figure 3.1:  (a) MTS actuator with (b) connection specimen and roller fixture 
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Figure 3.2:  Connection test fixture (by permission of Will Jacobs, Virginia Tech) 

 

With the aid of thin cold-formed shims (straps), the wood main member is fixed along 

one side fixture, while the fixture on the other side is pushed snugly against the steel plate 

side member and screwed down to prevent movement during tests.  Lastly, prior to actual 

testing, wood shims were placed at the reaction points of the force couple.  This was done 

in an attempt to minimize movement of the specimen during testing. 

 

Data collection was accomplished using commercial data acquisition software on a 

personal computer in the engineering laboratory.  Analog data generated by the 

potentiometers (displacement transducers that are also called “wire pots”.) and MTS load 

cell were converted to digital format by an A/D converter as part of the data acquisition 

system, or DAS.  Acquired data was analyzed using commercial spreadsheet software, 

and statistical testing of the results was performed with a software package. 
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Load versus slip plots were generated for all connection tests.  Information was obtained 

from these plots or directly from the load-slip data produced by the tests.  Examples of 

typical plots and descriptions of the parameters obtained from these plots are presented in 

the “Experimental Results and Discussion” chapter.  Results and load-slip curves for each 

test specimen were achieved in electronic form and paper form (see Appendices A and 

B). 

 

3.3  Scope and Materials 

 

The experiments involved single shear parallel to the grain tension testing of clear 

specimens of two kiln-dried softwood species with a moisture content typically ranging 

from 12 to 15 percent:  Douglas-fir (DF) and spruce-pine-fir (SPF).  Douglas-fir is a 

species used predominantly in the Western United States, while SPF is used widely in the 

Eastern United States.  The grade-stamped wood ranged from No. 2, up to and including 

Select Structural.  2x6 SPF, 14-ft. long boards were purchased from local suppliers in the 

Blacksburg/Christiansburg area of Southwestern Virginia, while 2x10 and 2x12 DF 

boards 16 ft. long were donated by Hanel Lumber Company located in Odell, Oregon.  

Much of the lumber, particularly the smaller SPF lumber, were cut relatively close to the 

pith region; therefore, growth rings had more curvature than would be expected for 

growth rings closer to the bark, and this will effect connection test results, because a 

more juvenile wood will tend to display more of an anisotropic behavior than an 

orthotropic behavior that is associated with more mature wood. 

 

Specimens were cut on a table saw in such a manner to circumvent inclusion of pitch 

pockets, checks, shakes, splits, voids, grain deviations, and large knots greater than ½ in. 

diameter.  Clear wood was used, because clear wood is straight-grained and will split the 

easiest.  In other words, the specimens were cut so as to avoid localized defects in the 

wood as much as possible.  Actual wood specimen dimensions were 1-1/2 in. x 5-1/2 in. 

x 14 in. long.  It was difficult to find lumber that did not have a twisting component to the 

grain (i.e., along a length of lumber, grain angle to board thickness varied).  This 

component ranged from 0o to 40o, but the average specimen had a grain angle of 12.2o for 
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DF and 9.2o for SPF.  Additionally, average growth rings per inch were 21.4 for SPF and 

7.8 for DF. 

 

Test specimens were nominal 2 x 6 x 14 in. long main members (hold point of lag screw), 

with each main member connected to the side member, consisting of 1/4 in. thick, 3-1/2 

in. wide, 2 ft.- 6 in. long ASTM A36 mild carbon steel plate material (minimum yield 

stress of 36 ksi and minimum ultimate stress of 58 ksi) by mild steel lag screws.  

Additionally, for dowel bearing strength, 58 ksi and 87 ksi for 5% offset and ultimate, 

respectively, are used in the TR-12 general dowel equations (AF&PA, 1999). 

 

Lag screws used in the study were purchased at a local home improvement store.  No 

specifications were provided, but this was not critical to the study, because lag screw 

bending tests were conducted to determine flexural properties.  Additionally, a 

conversation with Dr. Thomas McLain of Oregon State University, Corvallis, Oregon, 

was revealing.  The context of the obtained information was that lag screws vary in 

dimensions from manufacturer to manufacturer, it is very difficult to find the lag screws 

depicted in Appendix L of the 1997 edition of the NDS® (AF&PA, 1997), and future lag 

screw values are likely to be based on shankless lag screws.  However, dimensions shown 

in Appendix L are nonmandatory.  Two major chain home improvement stores did not 

have the lag screws as shown in Appendix L of the NDS®, thereby reinforcing the 

information obtained from Dr. McLain.  The following dimensions, which do not 

conform to ANSI/ASME Standard B 18.2.1-1996 (ASME, 1996), were measured with a 

hand-held dial-gauge caliper: 

 

 1/2 in. lag screws: 

  head:  0.745 in., 0.850 in. point to point and 0.305 in. thick 

  shank:  0.483 in. diameter and 0.54 in. long 

  threaded portion:  0.372 in. root diameter and 0.494 in. threaded diameter 

  shank to threaded portion transition:  0.138 in. long 

  thread pitch:  0.163 in. 

  tip:  0.39 in. long  
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3/8 in. lag screws: 

  head:  0.553 in., 0.635 in. point to point and 0.25 in. thick 

  shank:  0.361 in. diameter and 0.27 in. long 

  threaded portion:  0.275 in. root diameter and 0.365 in. threaded diameter 

  shank to threaded portion transition:  0.106 in. long 

thread pitch:  0.15 in. 

  tip:  0.25 in. long 

 

 1/4 in. lag screws: 

 

  head:  0.425 in., 0.487 in. point to point and 0.155 in. thick 

  shank:  0.238 in. diameter and 0.65 in. long 

  threaded portion:  0.185 in. root diameter and 0.245 in. threaded diameter 

  shank to threaded portion transition:  0.063 in. long 

thread pitch:  0.11 in. 

  tip:  0.16 in. long 

 

The parameters of specific gravity (species), pilot hole diameter and lag screw diameter 

were critical to the study.  Parameters of moisture content, interlayer gap, load rate, size 

effect, test method, temperature, edge distance, end distance, fastener penetration (NDS® 

full value), load direction with respect to longitudinal axis of the main member, 

preservative/fire retardant treatment, side member material, main member 

size/orientation, and fastener type were held constant for this study.  Also, due to the 

lower stiffness and yield strength in fasteners of smaller diameter, 1/4 in. is the maximum 

diameter lag screw diameter in which the group action factor is not applicable. 

 

Three lag screw diameters used in this investigation were 1/4 in., 3/8 in. and 1/2 in.  

These three diameters were chosen because smaller diameter screws are thought to have a 

negligible (or relatively small) group action effect due to the lower stiffness and yield 

strength of the smaller diameter fasteners.  It is of interest to note that the three lag screw 
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diameters, especially the two smaller lag screw diameters, are used extensively in wood 

construction and to attach manufactured houses to their chassis.  Typically, pilot holes are 

not used much in wood construction or, for that matter, the attachment of a manufactured 

house to its chassis, where splitting of wood develops at this stage as well as the high 

wind loading stage experienced during transit.  Lag screws are much used in wood 

construction, and have wide application in fastening issues, particularly with the 

attachment of steel plates to a wood structure. 

 

Three different lag screw nominal diameters of pilot holes for each lag screw diameter 

were used to study the effect of predrilling on the splitting of the connections:  for 1/4 in. 

lag screws, pilot holes were 0, 1/8 and 11/64 in.; for 3/8 in. lag screws, pilot holes were 0, 

1/8 and 1/4 in.; and for 1/2 in. lag screws, pilot holes were 0, 1/8 and 11/32 in.  Each 

maximum pilot hole diameter noted previously was based on 70% of the nominal shank 

diameter and rounding down to the next size drill bit available.  As per Table 9A of NDS® 

1997 (AF&PA, 1997), average values for specific gravity were assumed:  Douglas-fir-

larch, 0.49 and spruce-pine-fir (south), 0.36.  Pilot holes, conforming to NDS® -97 

requirements, were used as one extreme for the three differently sized pilot holes for each 

lag screw diameter, while no pilot hole was selected as the other extreme.  A pilot hole of 

1/8 in. was used as an intermediate value between the two extreme cases.  These pilot 

hole diameters were consistently used with all three lag screw diameters.  

 

3.4 Experimental Method 

 

3.4.1  General 

 

In this section, all the tests and studies conducted for this work are discussed:  dowel 

connection tests, moisture content tests, specific gravity tests, dowel embedment tests, 

crack profile ink tests, fracture tests, tension perpendicular-to-grain tests, and studies of 

fracture using the Scanning Electron Microscope (SEM). 
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3.4.2 Lag Screw Connection Tests 

 

The sampling method employed was the randomized block design.  This method allowed 

testing to be conducted while being minimally influenced by variations in moisture 

content and specific gravity that were particular to each wood main member (member 

which holds the lag screw tip).  The process involved numbering 14 in. long specimens, 

which began with Specimen 1 and Group 1 (S1G1), and then increasing the group 

number by one until all groups for Specimen 1 had been numbered, where Group 10 was 

the last group.  (Note that Groups 11 to 16 were cut and tested at a later date.)  S2G1 was 

the next specimen numbered, and numbering scheme continued as explained previously.  

The process continued until all 28 specimens for all 10 groups had been numbered.  Upon 

making the decision to expand the project to include 1/2 in. lag screw connections, the 

same sampling procedure was undertaken for groups 11 to 16.  By following this 

progression, each group was provided with a similar mixture of specimens with respect to 

moisture content and specific gravity, thereby reducing experimental error.  This allowed 

for valid statistical comparisons that were conducted subsequent to connection testing. 

3.3 demonstrates the sequence of sawing the wood specimens. 

 

Prior to connection fabrication, the wood members were conditioned in an environmental 

(conditioning) chamber, set at 65% relative humidity and 20oC, for a minimum of 14 

days (see Figure 3.4), after which holes were predrilled by a drill press into the wood 

main members.   Particularly for DF, the 14-day conditioning period was needed, because 

DF is more resistant to moisture changes than SPF.  Wood main member to steel plate 

connections were then fabricated with individual lag screws screwed into the center of 

the face of each wood member’s thickness (refer to Figure 3.5):  first, a pneumatic 

wrench was used to screw the lag screw head down to within approximately 1/4 in. of the 

steel side plate, and, second, by tightening the connection to a snug fit, whereupon the 

side plate was held in-place with the minimum amount of restraint (see Figures 3.5 and 

3.6).  To allow for relaxation of the wood fibers surrounding the fastener, specimens  
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 (a) Sampling for Groups 1 to 10               (b)  Sampling for Groups 11 to 16 

Figure 3.3:  Sampling technique (S = specimen, G = group (sample)) 

 

were then put back into the environmental chamber for a minimum of another 14 days.  

This procedure provided a more accurate representation of a lag screw connection that 

has been in service for a period of time.  Lag screw connections usually have a higher 

initial stiffness immediately after assembly because the wood fibers in contact with the 

lag screw have not had an opportunity to relax.   

 

Specimens in this study were loaded laterally in single shear, parallel to the grain.  To 

investigate the effects of changes in specific gravity, lag screw diameter and pilot hole 

diameter on the lateral stiffness, strength, and splitting characteristics of the connections, 

16 samples (groups) with 28 replications each were tested.  The use of 28 replications 

indicates that the smallest strength or stiffness value observed after testing provides an 
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estimate of the non-parametric 5th percentile with 75% confidence.  Group 6 only had 22 

acceptable tests due to a computer memory error.  Table 3.2 outlines the connection test 

program. 

 

Figure 3.4:  Lag screw connection test specimens inside environmental chamber 

 

Within five minutes of removal from the conditioning chamber, specimens were tested 

(load vs. slip) at a displacement rate of 0.20 in./min (5 mm/min) in accordance with 

ASTM D 1761-88:  Standard Test Methods for Mechanical Fasteners in Wood (ASTM, 

1999c).  Testing was continued until the slip at failure displacement was achieved at 80 

percent peak load (beyond slip at capacity) or one-inch displacement, whichever occurred 

first.  In some instances, testing was halted at 1.2 in.  This enabled the development of 

more defined load-slip curves.  The one-inch (approximate) limit on connection slip was 

generally imposed due to serviceability criterion.  After connection testing, a software 

program was used to obtain load-slip curves, from which initial stiffness, 5% offset yield, 

capacity, and 80% post-capacity loads, equivalent energy, and slips were determined.  
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Average test time to capacity was approximately 2.5 minutes.  In general, tests with 

Douglas-fir took significantly less time to complete than tests with SPF. 

 

Figure 3.5:  Typical lag screw connection test specimen 

 

Figure 3.6:  Lag screw head at top of 1/4 in. thick steel side plate 

 

To minimize the total number of specimens tested, interpolation between samples was 

used to obtain other data points.  Results from samples conforming to NDS® pilot hole 

requirements (using control pilot hole values of 11/64 in. for 1/4 in. lag screws, 1/4 in. for 
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3/8 in. lag screws and 11/32 in. for 1/2 in. lag screws) will then be compared and 

contrasted to results achieved from tests using non-control pilot hole diameters (0 and 1/8 

in. pilot holes). 

 

Table 3.2:  Lag screw connection test program   

 

 

At completion of each test, number of growth rings per inch, orientation of growth rings 

to specimen thickness dimension, crack length, and yield and failure modes were 

identified and recorded.  Upon completion of testing of each group, specific gravities, 

moisture contents, and dowel embedment strengths were measured. 

 

3.4.3  Moisture Content Tests 

 

Moisture content was measured according to ASTM D 143-94 (ASTM, 1999a).  As 

defined by this standard, moisture content is the amount of water contained in the wood, 

usually expressed as a percentage of the mass of the oven-dry wood.  For this 

Group Reps Species Main Member Lag Screw Lead Hole Diameter
Dimensions Dimensions at Threads and Shank

1 28 DF 1.5"x5.5"x14" 1/4"x3"  w/ 0.65" shank None
2 28 DF 1.5"x5.5"x14" 3/8"x3" w/ 0.27" shank None
3 28 DF 1.5"x5.5"x14" 1/4"x3"  w/ 0.65" shank 11/64" / 1/4"
4 28 DF 1.5"x5.5"x14" 3/8"x3" w/ 0.27" shank 1/4" / 3/8"
5 28 DF 1.5"x5.5"x14" 3/8"x3" w/ 0.27" shank 1/8"
6 22* SPF 1.5"x5.5"x14" 1/4"x3"  w/ 0.65" shank None
7 28 SPF 1.5"x5.5"x14" 3/8"x3" w/ 0.27" shank None
8 28 SPF 1.5"x5.5"x14" 1/4"x3"  w/ 0.65" shank 11/64" / 1/4"
9 28 SPF 1.5"x5.5"x14" 3/8"x3" w/ 0.27" shank 1/4" / 3/8"
10 28 SPF 1.5"x5.5"x14" 1/4"x3"  w/ 0.65" shank 1/8"
11 28 DF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank None
12 28 DF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank 11/32" / 1/2"
13 28 DF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank 1/8"
14 28 SPF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank None
15 28 SPF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank 11/32" / 1/2"
16 28 SPF 1.5"x5.5"x14" 1/2"x3" w/ 0.48" shank 1/8"

Notes:
* Indicates that six specimens were tested but insufficient data was obtained due to 
        improper data acquisition setup or insufficient memory.
Side member is 1/4"x3-1/2"x29-1/2" steel plate.
Lead hole diameter at threads and shank are indicated, for example, as 1/4" / 3/8", respectively.
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investigation, the oven-drying method was used to determine moisture content.  The 

amount of moisture retained at any equilibrium condition is proportional to the dry 

weight of the specimen, and for this reason moisture content is normally expressed as a 

percent of the oven-dry weight of the wood.  Oven-drying occurred over a period of 

approximately 24 hours.   

 

3.4.4  Specific Gravity Tests   

 

Specific gravity for wood is also determined under the guidelines of ASTM Standard D 

143-94:  Standard Methods of Testing Small Clear Specimens of Timber (ASTM, 1999a).  

Specific gravity is defined by this standard as the weight of a given volume of a 

substance divided by the weight of an equal volume of water.  The specific gravity of 

wood is generally based on the weight when oven-dry, but the volume may be that in the 

oven-dry, partially dry, or green condition.  For this investigation, the water immersion 

method and oven-dry weight were used to determine specific gravity. 

 

3.4.5  Lag Screw Embedment Tests 

 

Prior to conducting dowel embedment tests, fabrication of the testing dowel was required.   

Shanks of drill bits, slightly smaller than the root diameter of the lag screws used in the 

test, were sawed and welded onto 1/4 in. thick steel plates, which were in turn welded 

onto threaded rods, and then used in dowel embedment tests to simulate the behavior of 

the wood main member as lag screws embed into the wood specimens (see Figure 3.7).  

The testing dowel was fabricated such that dowel rotation and bending were minimized. 

 

At the completion of each connection test phase, dowel embedment specimens were also 

taken from portions of specimens undamaged (not crushed or cracked) by the connection 

tests and not adversely affected by other more natural defects.  In only a couple instances, 

embedment specimens could not be obtained due to the massive splitting during testing.  

Embedment tests were conducted using a smaller MTS with a 5000 lbf capacity load cell, 

and testing was in accordance with ASTM D 5764-97a:  Standard Test Method for 
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Figure 3.7:  Dowel embedment fixture and specimen with split at test completion 

 

Evaluating Dowel-Bearing Strength of Wood and Wood-Based Products (ASTM, 1999d).  

Specimen dimensions were as follows:  1-1/2 in. width (due to width limitation imposed 

by 2 in. nominal material) and 2 in. thickness (loaded dimension, radial direction) and 

length (longitudinal direction).  The orientation of the specimen during testing is 

adequately depicted in Figure 3.8 as well as Figure 3.7.  The final splitting, in which the 

splitting plane was the plane of motion during testing, is shown in Figure 3.8. 

 

Figure 3.8:  Orientation of typical test specimens (post-test) 
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To assure achievement of ultimate load in one to two minutes, specimens were tested to 

the failure load (80% ultimate load) at a load rate of 0.1 in./min.  Most specimens 

achieved capacity in approximately one minute. The intent of the dowel embedment tests 

was to impose displacement until failure load was achieved, whereupon the load-

displacement curve would be analyzed to obtain connection stiffness, capacity and 5% 

offset yield load with respective displacements.  Wood cracking occurred after achieving 

capacity, but usually prior to achieving failure load defined as 80% capacity. 

 

3.4.6  Lag Screw Bending Tests  

 

Dowel bending tests were conducted to determine the material properties of the lag 

screws.  Because lag screw shanks used were short, bending tests for the shank portions 

were precluded; instead, it was decided, for the sake of uniformity in test method, 

bending tests for both shanks and threaded portions would be performed using a 

cantilever method instead of the much-used three-point bending method for other type 

dowels.  No ASTM standard exists for dowel bending using the cantilever method.  A 

draft form for an international standard exists to test the bending strength of nails using 

the cantilever method established in Europe – International Organization for 

Standardization, Draft International Standard ISO/DIS 10984-1 (ISO, 1998) is 

acceptable for nails or other uniform dowels; however, lag screws have two main 

segments to consider:  shank and threaded portion. 

 

To obtain reliable dowel bending values, cantilevered tests were performed on shank and 

threaded portions of 1/4 in., 3/8 in. and 1/2 in. lag screws (refer to Figure 3.9).  Fifteen 

replications of each group were conducted (90 total dowel bending tests).  A stiff steel 

plate welded fixture was fabricated to conduct the tests.  Additional individual 1/4 in. 

steel plates (spacer plates) were bolted together and used to allow the fixture to be 

extended outward to accommodate the desired location of bending. 
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Figure 3.9:  Lag screw bending test setup 

 

Rate of testing was 1.0 in./min., and ultimate load was achieved in about one minute.  

Input and output was specified and recorded by commercial software.  Because the 

shanks for 3/8 in. lag screws were short (0.27 in.), other 3/8 in. lag screws with longer 

shanks (same manufacturer) were purchased at the same home improvement store, where 

the shorter shank lag screws were purchased, and used for 3/8 in. shank bending tests.  

(These were supplied at a latter date, after connection testing had begun.) 

 

3.4.7  Crack Profile Ink Tests  

 

Inking tests were performed under no guidelines, as, at present, no standard exists.  Other 

options were also explored, such as incorporating x-rays, ultrasonics, CRT scanning or 

digital image correlation methods; however, due to various reasons, such as size of the 

specimen, time and cost, these methods were not undertaken.  The chosen method of 

inking had to accomplish one task:  fully coat cracked surfaces with ink.  In these tests, a 

few generations of inking methods were performed prior to attaining a method that 

appeared to fully coat the interior cracked surfaces of 90 inking specimens.  The 

connection tests to determine strength and stiffness were not inked.  In addition to a 
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general mechanics approach, data from the ink tests enabled the development of an 

empirical approach using regression analysis to predict crack length. 

 

Initially, it was thought the following procedure would be put into action:  (1) condition 

the wood for 14 days, (2) predrill main member, (3) connect the wood main member to 

the steel side plate, (4) ink specimen with a dark colored ink, (5) condition for several 

days, (6) ink again with a somewhat lighter colored ink, (7) test joint, (8) ink specimen 

with a last coat of the lightest colored ink, (9) dry inked specimen, (10) split open 

specimen, and (11) measure profiles.  All the inking was to be done by dipping 

specimens into a vat of differently colored inks.  However, this not only would be an 

extremely messy procedure, there was no guarantee that the ink would wick into the 

cracks of the wood.  A dry run was done to gain information on the applicability of such 

a process.  A quick study demonstrated, even if the steel side plate is not present, and the 

lag screw head is elevated above the main member about 1/4 in., very little ink seeped 

into the cracks caused by the lag screw installation process.  This type of process would 

be a waste of valuable time.  Additionally, it was determined that ink colors would bleed 

into each other, thereby making it difficult to identify when different stages of cracking 

occurred. 

 

Because the main thrust of crack profile identification was to verify cracking prior to 

actual application of external loading, it was instead decided to only perform one inking 

on 90 specimens, not associated with the 444 connection tests.  Five inking replications 

were performed for each of 18 groups with results given in Table 3.3. 

 

No steel side plate was involved in the inking tests.  Wood specimens of size 2x6x14 in. 

long were used in these tests.  The process used for each of the 90 inking specimens is as 

follows:  (1) condition the specimen for 14 days, (2) predrill main member, (3) screw-in 

lag screw (using an pneumatic wrench initially and then a ratchet), (4) allow a relaxation 

period of five days, (5) remove lag screw, (6) by using a small plastic washing bottle with 

a pipette type neck, fill the lag screw hole with ink for each specimen over a period of 24 

hours or until specimen will not accept additional ink (judged by the non-absorption of 
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additional ink for an hour), (7) allow ink to dry over a period of five days, (8) open 

specimen with a 7 in. long pointed steel wedge made of 1/4 in. stock, (9) measure and 

record inked profile at 1/4 in. increments, and (10) determine and record inked surface 

area.  The typical inked wood specimen is shown in Figure 3.10. 

 

Table 3.3:  Ink test program 

 

 

Figure 3.10:  Typical inked crack profile wood specimen (post-installation) 

 

Species Lag diameter Pilot hole diameter

DF 1/4" 0
DF 1/4" 1/8"
DF 1/4" 11/64"
DF 3/8" 0
DF 3/8" 1/8"
DF 3/8" 1/4"
DF 1/2" 0
DF 1/2" 1/8"
DF 1/2" 11/32"

SPF 1/4" 0
SPF 1/4" 1/8"
SPF 1/4" 11/64"
SPF 3/8" 0
SPF 3/8" 1/8"
SPF 3/8" 1/4"
SPF 1/2" 0
SPF 1/2" 1/8"
SPF 1/2" 11/32"
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Though limited to a very small number of specimens, after wedging-open the specimens, 

it was noted that the inked profile nearest the lag screw tip was more widely inked than it 

should have been.  This was due to ink not being fully removed or dried prior to the 

wedging procedure, therefore, the specimens were inverted so that the ink would better 

drip-out and aid in the ink-drying process.  Even after this, the ink was not yet dry.  It was 

determined that the time required to allow for complete drying was in the neighborhood 

of two or three weeks; therefore, once the five day drying period was completed, each 

specimen was split-open and blot dried with a paper towel.  This method was successful 

as apparent complete inking occurred along the entire length of the lag screw; also, it was 

opined that ink saturation of wood was a necessary step to identify the correct crack 

profile.  It was also determined that ink is better than stain for crack profiles, and two 

faces of a crack do not adhere to each other after inking or staining.  Crack profile data 

was recorded by use of a tape measure, with every quarter-inch of penetration into the 

main member measured for crack length.  Due to the likely assumption that smaller 

increments would not yield significantly improved profile measurements, the increment 

of 1/4 in. was deemed to be adequate. Area of the crack profile was determined through 

numerical integration.   

 

Cracking of each specimen is due to the natural anisotropy (ideally orthotropic) of wood.  

As the lag screw is installed into a pilot hole of smaller diameter, the wood displaces 

outward causing initial cracks to develop.  As the lag screw is screwed further into the 

wood member, further crushing of the wood takes place and, along with it, further 

propagation of the crack.  This additional propagation is due to a pair of wedge forces 

perpendicular-to-grain produced after initial cracking.  Cracking is related strongly to 

specific gravity/species, lag screw diameter and pilot hole diameter. 

 

Additional ink tests were also conducted on 20 specimens using 1/4 in. and 3/8 in. lag 

screws.  Half were tested to capacity, while the other half was tested to 5% offset yield 

load.  The number of specimens selected for inking, subsequent to capacity and 5% offset 

yield connection tests, was not chosen so that statistical significance could be determined, 

but, instead, was chosen just to qualitatively verify the presence or absence of a trends for 
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the development of crack profile surface areas.  Tests were conducted to compare with 

ink profiles of the 90 “post-installation” ink tests.  Of course, determination of when to 

halt the tests was needed.  For capacity, tests were ceased when the L-D curves seemed to 

hit a plateau, while, for 5% offset loads, test were halted when the L-D curves deviated 

from the linear portion of the curve about 5% of the lag screw diameter.  After testing, 

the same inking and measurement process was undertaken as that performed for the other 

90 “post-installation” specimens.  See Figures 3.11 and 3.12 for typical 5% offset yield 

load specimens and capacity post-test ink profile specimens. 

 

3.4.8  Mode ITL Fracture Tests 

 

Though fracture mechanics is not used in this work as the analytical model to compare to 

experimental results, it is part of this work to undertake an experimental wood fracture 

program in the endeavor to determine fracture toughness, KIc, values for the species of 

wood used in the connection tests. 

 

Figure 3.11:  Typical inked crack profile wood specimen (5% offset yield load) 
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Figure 3.12:  Typical inked crack profile wood specimen (capacity) 

 

Fracture tests do not conform to any standard, because, at present, no standard exists for 

fracture testing wood; however, the test procedure takes into account testing performed 

by previous wood fracture researchers.  This information, in addition to ASTM E 399-90:  

Standard Test Method for Plane-Strain Fracture Toughness of Metallic Materials 

(ASTM, 1999b) and ASTM D 5045-96:  Standard Test Methods for Plane-Strain 

Fracture Toughness and Strain Energy Release Rate of Plastic Materials (ASTM, 

1999e), provides much of the information used to perform the fracture tests.  As per these 

two standards, several size and other restricting conditions exist (e.g., material property 

ratios).  However, it must be kept in mind that this project concerns wood, which is not 

ideally isotropic and homogeneous, such as steel or plastic, but, instead, a material with 

fibrous anisotropy.  Steel is elastic and ductile, while plastic and wood share a couple 

common properties, as both are essentially polymers with viscoelastic properties. Only 

items that concern fracture testing of wood are presented by the author, and, for those 

interested in the plastics or metals standard regarding fracture, refer to the 

aforementioned ASTM standards. 

 

Prior to testing, it was necessary to understand the factors involved in arriving at an 

acceptable fracture test of wood (ASTM, 1999b, 1999e): 
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1) To obtain the least value for fracture toughness, a very sharp crack tip is 

required.  Blunter tipped cracks will increase the radius of curvature, thereby 

decreasing the stress intensity around the tip. 

2) Specimen thickness must be thick enough to ensure a condition of plane 

strain. 

3) Ligament length (W-a) must be long enough to ensure that the plastic zone is 

concentrated only in a very small area at the crack tip (linearity criterion).  

4) A razor blade cut is provided in a sawing motion so as to better ensure a sharp 

crack; otherwise, a natural crack can be generated (providing it can be 

measured).  Pressing the blade to form the razor tip will effectively cause 

more residual stresses than that obtained using a sawing technique.  Higher 

residual stresses will yield correspondingly higher fracture toughness values.  

The length of razor cut should be a minimum of twice as long as the width of 

the pre-notch (least dimension).  A conversation with Dr. Audrey Zink-Sharp 

indicated that monitoring of the razor blade’s sharpness is necessary to ensure 

a sharp cut. 

5) A minimum of three repetitions is recommended. 

6) Wood is a viscoelastic material, and, therefore, it is necessary for temperature 

and rate of load to be kept constant. 

7) A correction for loading pin embedment is required to obtain a correct load-

displacement curve; additionally, the stiffness of the testing machine must be 

considered in adjusting to the correct L-D curve.  Loading pin correction is 

obtained by performing indentation tests. 

 

A total of 56 fracture tests were performed, comprised of 28 DF and 28 SPF specimens.  

Dimensions of the typical specimen are noted in Figure 3.13  (total length = 5.78 in., a = 

1.75 in. (crack length from dowel holes to end of crack), W = 5.39 in. (length of fracture 

specimen from dowel holes to the unslotted end), B = 0.97 in., H = 1.5 in., separation 

between load pins = 0.63 in., precrack = 0.06 in. wide, razor cut = 0.12 in.)  By using W-a 

= 3.64 in. and B = 0.97 in., size effects were minimized (Stanzl-Tschegg et al., 1995).  

The 0.12 in. long razor blade cut was provided so that the length was twice that of the 
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precrack width (0.06 in.).  A side view of the typical fracture specimen is shown in the 

photo of Figure 3.14. 

 

Figure 3.13:  Fracture specimen dimensions 

 

 

 

Figure 3.14:  Side view of typical fracture specimen 

 

A 10,000 lbf load cell was mounted to the MTS actuator, and an internal transducer 

measured displacements.  Commercial software for input and output was the same as that 

 

0.31” a + 0.16/2 = 1.83” 

L = 5.78”

0.12”

0.63”

h = 1.5” 

B = 0.97” 

0.16” φ 

W – a = 3.64” 
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used for dowel embedment tests.  A fixture, which was previously fabricated by others, 

was used to hold the wood fracture specimen on each side of the prenotch.  Loading pins, 

which were placed through holes in the specimens, were 0.16 in. diameter.  See Figure 

3.15 for a photograph of the test fixture. 

 

 

Figure 3.15:  Fracture test fixture with specimen 

 

To establish the loading rate where fast crack propagation, creep and viscoelastic effects 

were minimized, six practice fracture tests using DF and SPF specimens were first 

performed.  A loading rate of 0.1 in./min was found to have excessive periods of fast 

crack propagation, while loading rates of 0.025 in./min and 0.05 in./min were both found 

to be stable with only very infrequent periods of limited fast crack propagation.  For the 

two slower loading rates, both areas under the load-displacement curve were very similar; 

therefore, it was decided to use the faster of the two loading rates of 0.05 in./min for the 

fracture tests.  Test time to complete surface separation was generally five to six minutes.  

Fracture energy and subsequently fracture toughness could then be obtained from the L-D 

curve.  The test time and loading rate allowed a good determination of the fracture energy 

(area under the curve) and fracture toughness.  A quicker loading rate would allow 

frequent episodes of fast crack propagation to occur, in which the chances of a confident 
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determination of fracture energy and subsequent fracture toughness would be 

considerably low. 

 

During tests, the author listened very closely for any audible evidence of cracking, which 

were promptly recorded.  Load and displacement at which cracking was initially heard, 

peak load and apparent cracking rate were also recorded. 

 

3.4.9 Tension Perpendicular-to-Grain Tests (Tangential) 

 

Fifty-six tension perpendicular-to-grain tests were conducted in accordance with ASTM D 

143-94 (ASTM, 1999a), using the test fixture shown in Figure 3.16.  Half of the tested 

specimens were SPF, while the other half was Douglas-fir.  Though, since 1910, test 

specimen size wa specified by the standard to be 2 in. x 2 in. x 2 in. (Markwardt and 

Youngquist, 1956), to use dimensional lumber for the specimens, specimen size was 

modified to 2 in. x 2 in. x 1-1/2 in., as shown in Figure 3.17.  The modification was 

necessary, because specimens used for connection tests were only 1-1/2 in. thick.  Speed 

of testing was 0.10 in./min., as prescribed by the standard.  Fractured test surfaces were 

all oriented tangentially, which means the fracture surface was essentially parallel to 

growth rings.  Further testing was attempted to force fracture to occur along the radial 

surface, however, specimens (thinner flanges) fractured at the flanges prior to achieving 

fracture near the middle of specimens.  Hence, only tangential surface fracture tests 

provided suitable results.  Additionally, for each specimen, the fracture profile was 

sketched and the load-displacement curve was recorded and analyzed to determine the 

ultimate tension perpendicular-to-grain stress. 

 

3.4.10 Scanning Electron Microscope (SEM) Studies 

 

At the completion of all fracture tests, two small specimens (approximately 1/8 in. x 3/8 

in. x 3/8 in.) each for SPF and DF were sawn with a 0.06 in. band saw.  Specimens were 

taken from portions of fracture specimens that exhibited typical crack surfaces observed 
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during fracture testing.  To determine modes of fracture and cell behavior, these four 

specimens were then studied under a Scanning Electron Microscope (SEM).  Once the 

fracture specimens were sawn to provide SEM specimens, the balance of the SEM 

procedure was as follows: 

 

1) Because the SEM does not function well in high moisture content conditions, 

put the SEM specimens into the oven for a 24-hour period. 

2) Mount SEM specimens on a sample holder (plate) 

3) Using a Denton vacuum sputter coater, coat specimens with conductive gold-

paladium (Au/Pd).  This allows the SEM to “see” the surface topography. 

4) Put the specimens mounted on the sample holder into the specimen chamber 

and pull a vacuum of 10 -6 torr. 

5) Using an Amray 1810 D (diffusion pump system) SEM with a magnification 

range of 5X to 400,000X, begin studying the specimens. 

6) Download digital photographs to the computer. 

 

Figure 3.16:  Setup for perpendicular-to-grain tests 
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Figure 3.17:  Typical tension perpendicular-to-grain specimen 


