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Chapter 3 – Materials and Methods 
 

3.1 – General 

A total of six-hundred-eighty-one single-shear laterally-loaded connections were 

tested in the experimental phase of this research.  All specimens were fabricated and 

tested at the Brooks Forest Products Center of Virginia Polytechnic Institute and State 

University.  Connections were tested monotonically under displacement-controlled 

tension.  The testing matrix encompassed connection configurations which are common 

in modern light-frame residential and commercial construction.  For each connection 

test, two embedment tests were conducted; one corresponding to the respective 

connection’s main member, and one corresponding to the side member.  The proposed 

test program specified fifteen replications per connection configuration.  Extra 

specimens were fabricated for each configuration in order to ensure that the error-free 

data from at least fifteen connection specimens, along with that from their respective 

main and side member embedment specimens was recorded.  In this thesis, a group of 

connections with a particular configuration is hereafter referred to either as a “set” or a 

“series.”  Geometries, material types, expected yield mode, and number of replications 

conducted in each connection set are presented in Tables 3.1 and 3.2. 

The phrase “error-free data” used previously refers to data files recorded from 

tests that were conducted in a manner that did not deviate from standard testing 

procedures as outlined in this chapter.  Data files were deemed invalid and thrown out 

only if significant human error was known to have been introduced.  One typical 

example of this was if a specimen was not properly secured in the test fixture, thereby 

resulting in slip between the specimen and actuator grip. 

Additional tests conducted include fastener bending, moisture content, and 

specific gravity tests.  Fastener bending tests were conducted in order to determine the 

average fully-plastic bending yield moment of each fastener type.  Moisture contents of 

the main and side member of each connection were determined using the gravimetric 

method.  Specific gravity measurements, also conducted for the main and side member 

of each connection, were taken using a wax emersion technique, as is described in 

Section 3.6.4. 
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13/8" Drywall 
Nail        

(φ = 0.099")

11/2" Roof 
Nail        

(φ = 0.120")

6d Box Nail  
(L = 2.00"    
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E 16 16 32
F 17 16 33
G 16 15 31
A 16
B 17
C 15
D 16
H 15
I 15
J 17
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1/2" Gypsum 
Wallboard

1/2" Structural 
Fiberboard

3/8" 
Hardboard 

Siding

Side Member 
Material

Letter 
Designaiton 

of Mill

Nail Type

Table 3.1:  Connection configurations and replications for specimens having 
gypsum wallboard, fiberboard, and hardboard side members. 
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3/8"
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5/8"

7/16" OSB SPF 2x4 17 17 34
23/32" OSB SPF 2x4 17 15 32

3/8" Plywood SPF 2x4 16 17 33
3/4" Plywood SPF 2x4 17 16 33

SPF 2x4 SPF 2x4 14 16 15 17 62
SPF 2x4 SPF 4x4 16 17 17 50
SYP 2x4 SYP 2x4 16 17 16 17 66
SYP 2x4 SYP 4x4 17 17 17 51

33 68 61 66 65 68

132

229

361
162 199

Totals

Side Member 
Material

Main 
Member 
Material

Nail Type Bolt Diameter

Totals

Table 3.2:  Configurations and replications for bolted connections, as well as nailed connections 
having OSB and plywood side members. 

 

3.1.1 – Specimen Identification Systems 

Due to differences in material types and minor variations in experimental 

design, two specimen identification systems were developed.  The following is a 

description of these two systems. 
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Connections having gypsum wallboard, fiberboard, and hardboard side members 

were numbered according to the specimen identification system illustrated as follows: 

 

G E R 01 

 

        

 

 

 
Mill Letter 
Designation 

Side Member 
Material 

Fastener 
Type 

Specimen Number
Within Batch 

 

In this alpha-numeric system, the first letter identifies the side member material.  

The letters “G”, “F”, and “H” identify gypsum wallboard, fiberboard, and hardboard, 

respectively.  The second character is the letter designation for the mill or plant in 

which the side member material was manufactured.  The third character, either a letter 

or number, identifies the fastener type used.  For this, “5”, “6”, “8”, and “R” signify 

13/8” drywall nails (used in lieu of 5d cooler nails which were originally prescribed), 6d 

box nails, 8d common nails, and 11/2” roofing nails, respectively.  The last two digits 

enumerate the specimen within its set. 

All other connections, including those having oriented strand board (OSB), 

plywood, and solid wood side members were numbered according to the specimen 

identification system illustrated as follows: 
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Fastener Type 
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Side Member 
Material 
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In this purely numerical system, the first number identifies the fastener type (in the case 

of bolted connections, it identifies only the bolt diameter).  The numbers “03”, “04”, 

“05” identify 3/8”, 1/2”, and 5/8” bolts, respectively, while “08”, “10”, and “16” identify 

8d, 10d, and 16d common nails.  The next two digits identify the main and side member 

material types, respectively.  The following is the key for these digits: 

1   Spruce-Pine-Fir (SPF) 2x4 Nominal Dimension Lumber 

2   Southern Yellow Pine (SYP) 2x4 Nominal Dimension Lumber 

3   7/16” Oriented Strand Board (OSB) 

4   23/32” Oriented Strand Board (OSB) 

5   3/8” Plywood 

6   ¾” Plywood 

7  Spruce-Pine-Fir (SPF) 4x4 Nominal Dimension Lumber 

8  Southern Yellow Pine (SYP) 4x4 Nominal Dimension Lumber 

As with the previously described identification system, the last two digits enumerate the 

specimen within its set. 

 

3.1.2 – Sample Size Determination 

The minimum number of specimens tested per set, also known as the sample 

size, was chosen such that the sample average would be within plus or minus eight 

percent of the population mean at a ninety percent confidence level.  This was 

determined using the equation (Ott and Longnecker, 2001): 

2

22
2/

E
)z(n σα=                                                      (3.1) 

Where: 

δµσ =                                                               (3.2) 

n = required sample size, 

zα/2 = the quantile associated with a p-value of 1 – α/2 under a normal curve, 

δ = expected coefficient of variation, %, 

µ = population mean, and 
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E = half of the width of a 100(1 – α)% confidence interval, CI, such that: 

ECI )%1( ±=− µα                                                (3.3) 

The value assumed for the expected coefficient of variation (COV) represents a worst 

case scenario (i.e., the highest observed COV in previous connection studies) and is 

based upon data from Gutshall and Dolan (1994).  In this study, the maximum reported 

COV was 18.4%.  This value was reported for the capacity of monotonically tested 

single-shear connections having southern pine 2x4 lumber for both main and side 

members and a ¾ inch bolt.  Note that since: 

µeE =                                                           (3.4) 

where e is the coefficient of allowable error (in this case, 8% or 0.08), Equation 3.1 

becomes: 

2

22
2/

e
)z(n δα=                                                    (3.5) 

Thus, the population mean, µ, is not necessary for calculation.  Using Equation 3.5 for 

the worst case scenario described above and where zα/2 = 1.645, the calculated value for 

n is 14.3.  This was rounded up to a minimum sample size of 15. 

 

3.2 – Materials 

As was previously mentioned, specimen materials were chosen such that the 

connections would represent those typically found in wood construction.  Some specimens 

were made to represent connections found between framing and sheathing while others 

represented connections between two framing members.  Hence, all main members 

consisted of dimension lumber while side members included both dimension lumber and 

panel materials. 

 

3.2.1 – Panel-Type Connections 

Connections between lumber and panel materials had main members consisting of 

non-treated six-inch lengths of either KD-19 Southern Pine or S-Dry Spruce-Pine-Fir (SPF) 

2x4 nominal dimension lumber.  Actual dimensions of these members were approximately 

1.5 in x 3.5 in x 6.0 in.  Members were cut out of No. 2 2x4 studs such that strength-
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reducing characteristics were not present in regions adjacent to the fastener.  Side member 

materials of these connections were much more varied and consisted of either ½” gypsum 

wallboard, ½” structural grade fiberboard, 3/8” hardboard siding, 7/16” OSB, 23/32” OSB, 3/8” 

plywood, or ¾” plywood (Figure 3.1).  Thus, side members were of various thicknesses, 

however, all were cut to a uniform width of 3.5 in and a length of 16 in.  

Figure 3.1:  Side member materials.  

 

In order to ensure a representative, broad-based sample of typical building products, 

each of the cellulosic and gypsum-based panel materials were obtained from at least three 

different manufacturers.  Each manufacturer was assigned its own mill letter designation 

from A to J.  In the case of fiberboard connection specimens, side members were obtained 

from four different manufacturers.  Gypsum wallboard and hardboard were obtained from 

three sources each.  All panel materials used in this research were manufactured such that 

they met the applicable standards.  These standards include the American Hardboard 

Association Standard for Hardboard Siding (ANSI / AHA A135.6-1998), the American 

National Standard for Basic Hardboard (ANSI / AHA A135.4-1995) and ASTM C 209-98 

Standard Test Methods for Cellulosic Fiber Insulating Board. 

Fiberboard and hardboard panels were received directly from the mills in 

dimensions of 2 ft x 4 ft, while the gypsum wallboard, OSB, and plywood were all 

purchased at a local hardware store in 4 ft x 8 ft sheets.  Side members were cut from the 

panels using the cutting schedule shown in Figure 3.2. 
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All fasteners used for fabrication of panel-type connections were nails meeting 

ASTM F1667-97 Standard Specification for Driven Fasteners: Nails, Spikes, and Staples.  

These included 13/8” drywall nails, 11/2” roofing nails, 6d box nails, and 8d, 10d, and 16d 

common nails.  All of the nails of a given type were produced by the same manufacturer.  

The length and diameter of each nail was measured with calipers prior to specimen 

fabrication.  Only nails having dimensions within 2.0% of the specified length and 

diameter for their respective type were used in connection specimens.  Nails having defects 

such as a split head or deformed point were also discarded.  Nail dimensions, as well as 

their respective ASTM classifications are given in Table 3.3. 

±

Figure 3.2:  Cutting schedule for panel-type connection side members 
(dimensions in inches). 

Nail Type Length (in) Shank 
Diameter (in) ASTM Classification

Drywall 13/8. 0.099 F1667 NLGWB-03
Roofing 11/2. 0.120 F1667 NLRFA-10
6d Box 2 0.099 F1667 NLBXA-05B

8d Common 21/2. 0.131 F1667 NLCMS-07B
10d Common 3 0.148 F1667 NLCMS-09B
16d Common 31/2. 0.162 F1667 NLCMS-11B

Table 3.3:  Dimensions and classifications of nails used. 
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3.2.2 – Connections Between Solid Wood Members 

Both the main and side member of connections between solid wood members 

were  dimension lumber comprised of the same commercial species group.  Eight sets 

of these connections were No. 2 S-Dry SPF while the other eight were No.2 KD-19 

Mixed Southern Pine.  As was shown in Table 3.2, main members for these connections 

consisted of either 2x4 or 4x4 dimension lumber, or glue-laminated 4x4 simulations 

(actual dimensions were approximately 1.5” x 3.5”, 3.5” x 3.5”, and 3.0” x 3.5”, 

respectively).  These members were cut to a length of 7.5”.  Side members for these 

connections consisted of 2x4 dimension lumber and were cut to 16.5”.  All members 

were cut out of lumber so that strength-reducing defects were not present in regions 

adjacent to the fastener. 

Due to the fact that 4x4 SPF material was not readily available at the time of 

specimen fabrication, glue-laminated 4x4 simulations had to be constructed.  This was 

done by taking sections of defect-free SPF 2x4 dimension lumber cut to 2.0’ lengths, 

cutting them in half, and gluing the two 1.0’ pieces back-to-back so that their grain 

matched.  A poly-vinyl acetate wood glue was applied so that the entire area of the 

interface between the two pieces was covered.  The pieces were then tightly clamped 

together using four self-tapping 0.25” diameter wood screws, one placed at each corner 

on one side of the specimen.  These clamping screws were driven in at the corners of 

the 1’ x 3.5” face so that they did not interfere with the fastener used in the connection 

itself, or the embedment properties of the member.  Both the main member and its 

corresponding embedment specimen were taken from the resulting 1.0’ long glue-

laminated 4x4 simulation. 

Fasteners used in connections between solid wood members consisted of both 

nails and bolts.  The only nail type used for these connections was the 16 penny-weight 

common described in Table 3.3.  All bolts and nuts used in this study were ANSI A307 

mild carbon steel conforming to ANSI/ASME Standard B18.2.1-1996 (a revision of 

ANSI/ASME Standard B18.2.1-1981) as per the NDS.  Three nominal diameters of 

bolts were chosen ranging from 3/8” to 5/8” in increments of 1/8”.  Bolt lengths were 

chosen such that the length of threaded shank within the main member would be kept to 

a practical minimum.  This, in turn was affected by variables such as main and side 
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member thicknesses and the thickness of both washers combined.  Bolted connections 

had standard cut washers between the bolt head and side member and between the nut 

and the main member as specified by the NDS. 

 

3.3 – Specimen Fabrication and Conditioning 

Each connection specimen was made up of one main member, one side member, 

and one fastener.  The fastener, either a nail or a bolt, was inserted so that its major axis 

formed a 900 angle with the plane of the interface between the main and side members.  

The majority of the 2x4 sections were flat-sawn, however, some quarter-sawn pieces 

were used.  While this had an effect on the ratio of earlywood-to-latewood at the 

fastener bearing interface, bearing strength (embedment strength) variations were 

accounted for in each member’s respective embedment test.  Two embedment test 

specimens were prepared for each connection specimen, one corresponding to the main 

member and one corresponding to the side member.  Each embedment specimen was 

cut from the same piece of material as the member it represented and was cut 

immediately adjacent to the connection component.  This was done to minimize the 

effects of varying thickness, material properties, and growth ring orientation.  Despite 

the fact that two testing procedures were followed, all embedment specimens were 

fabricated according to procedures outlined in ASTM D 5764– 97a  Standard Test 

Method for Evaluating Dowel Bearing Strength of Wood and Wood-Based Products.   

After being fabricated, all connection and embedment specimens were placed in a 

environmental chamber and allowed to condition for a minimum of 2 weeks (14 days).  

In nailed connections, this provided sufficient time for the relaxation of wood fibers 

surrounding the nail.  Conditions in the chamber were maintained at 65% 1% relative 

humidity (RH) and 20

±
0C 1± 0C  (680F  1.8± 0F).  Thus, the materials were allowed to 

reach an equilibrium moisture content (EMC), thereby reducing moisture content (MC) 

variability. 

 

3.3.1 – Nailed Connections 

In fabricating the nailed connections, a nail was driven with a handheld hammer 

into the exterior face of the side member.  Main members were oriented with their grain 
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direction parallel to the direction of loading, as were side members consisting of solid 

wood.  For all nailed connections, the 1.5” dimension of the 2x4 cross section was in 

contact with the interior face of the side member.  Specimens were fabricated in this 

manner to more closely simulate the type of connection that would occur between a 

panel product and a wall stud in light-frame construction.  A typical nailed connection 

specimen is illustrated in Figure 3.3.  A template was used for holding main and side 

members steady during nailing and to ensure consistent nail placement.  Nails were 

driven through the side member and into the main member up to the point where the 

underside of their heads were flush with the exterior face of the side member, with 

special attention given to preventing countersinking of the nail. 

Figure 3.3:  Nailed connection specimen 
with 3/8” plywood side member. 

 

3.3.2 – Bolted Connections 

For the fabrication of bolted connections, bolt holes having a diameter equal to D + 
1/16”, as per the NDS, were drilled centered at the appropriate point on each member.  The 

variable D in this expression represents the nominal bolt diameter.  Split point S/D drill bits 

having an angle of pitch of 135 degrees were used.  The press used for drilling was 
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operated at a rotational speed of 1300 rpm.  Both main and side members were oriented 

with their grain direction parallel to the direction of loading.  For all bolted connections, the 

3.5” dimension of the 2x4s was in contact with the interior face of the opposite member.  

This differs from the manner in which nailed connection members were oriented with 

respect to each other, and was done to 1) simulate typical bolted connections and 2) meet 

edge distance requirements.  A typical bolted connection specimen is illustrated in Figure 

3.4.  Due to the fact that holes were drilled with a drill press, where exact hole placement 

was repeatable, a template was not needed for the fabrication of bolted connections. 

 

3.3.3 – Embedment Spec

Two types of em
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All embedment 
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Figure 3.4:  Typical bolted connection
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bedment tests were conducted.  As a result, the specimens and 

eir fabrication differed.  These procedures corresponded to either 

edment tests.  After fabrication, all embedment specimens were 

hamber and allowed to equilibrate to the same moisture contents 

 side connection member. 

specimens corresponding to members consisting of either 

, or solid wood were fabricated according to the half hole testing 
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procedure outlined in ASTM D 5764– 97a.  In this type of test, a nail simulator is forced 

into an exposed bearing surface on the specimen.  Although less desirable than full-hole 

embedment testing due to the possibility of premature cracking, half-hole tests were often 

necessary to prevent bending in the fastener simulator.  Differences in the half-hole 

specimen fabrication procedures were also present depending upon the fastener type of the 

corresponding connection (i.e., nail or bolt). 

In the first step of fabrication for those embedment specimens corresponding to 

nailed connection members, pieces designated for use as embedment specimens were cut in 

two, thereby exposing the intended bearing face.  The face closest to the wood into which 

the nail was driven was given this designation.  Second, the two pieces were put in a vice 

and clamped back together with matched grain (i.e., having their same original orientations 

with respect to each other).  Third, a nail of the same type as that which was used in the 

corresponding connection was driven in along the interface of the two cut pieces.  In order 

to more closely simulate the bearing interface in the connection, the nail was driven in on 

the same face and in the same direction as that of the original connection.  Both pieces were 

then taken out of the vice and the piece with the intended bearing face was kept while the 

other was discarded.  A typical half-hole nailed embedment specimen for solid wood 

members is shown in Figure 3.5. 

 

Figure 3.5:  Half-hole embedment specimen 
corresponding to a solid wood member. 
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factor only in some of the bolted connections.  Because of this, nailed connections had 

slightly different geometries from bolted connections. 

 

3.4.1 – Nailed Connections 

For all nailed connections, the NDS simply states that end distances shall be large 

enough so as to prevent splitting in the wood.  In the case of nailed connections tested in 

this study, minimum end distances of 3.00” were found to be sufficient to accomplish 

this.  Due to an offset of approximately 0.25” between the bases of the main and side 

members, end distances were slightly less at around 2.75” for the side members.  This 

reduced distance did not prove to be problematic, since none of the panel materials used 

as side members had a tendency to split or crack during testing.  A diagram of a typical 

nailed connection specimen is shown in Figure 3.10. 

Figure 3.10:  Detail of nailed connection specimen (dimensions in inches). 

 

3.4.2 – Bolted Connections 

For bolted connections loaded parallel to the grain in softwood, the NDS 

recommends a minimum end distance of 7D for the end upon which the bolt is bearing 

and 4D for the opposite end.  All bolted connection side members were fabricated with an 
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end distance of 4.00”.  This distance exceeds the minimum recommended end distance in 

all cases except for those connections having 5/8” bolts.  Restraints on the length of the 

side member due to size compatibility requirements for the test fixture made it 

impractical to attain the recommended end distance of 7D for connections with 5/8” bolts.  

Therefore, for this single case, an exception was made and an end distance of 4.00” = 

6.4D was used.  This was justified by the results of several studies which have shown that 

end distances of as little as 5D are sufficient to develop full resistances in a laboratory 

setting (Patton-Mallory 1988; Snodgrass and Gleaves 1960).  Test results from the 

present research additionally supported this, as is evident in the data presented in Chapter 

4.  Due to the manner in which the main members were tightly clamped between two flat 

surfaces in the test fixture, and the fact that no splitting was initiated prior to testing (as 

would be the case for nails or spikes), their ends acted as if they were fixed, thereby 

increasing their effective end distances.  Thus, main member end distances of 4.00” and 

3.50” were used and proved to be sufficient to prevent premature cracking for bolted 

connections.  A diagram of a typical bolted connection specimen is shown in Figure 3.11.  

 

Figure 3.11:  Detail of bolted connection specimen (dimensions in inches). 
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3.5 – Testing Equipment 

Due to the varied nature of the different types of tests conducted, testing 

equipment used in the experimental portion of this study included a wide array of 

testing machines, test fixtures, attachments, and measuring instruments.  All 

connection, embedment, and fastener bending tests were conducted on one of two 

testing machines located in the Wood Engineering Laboratory at the Brooks Forest 

Products Center of Virginia Polytechnic Institute and State University. 

-
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Figure 3.12:  MTS 810 Material Test System servo
hydraulic testing machine used for connection and
embedment tests. 
n tests, embedment tests, and bolt bending tests were conducted on an 

ial Test System servo-hydraulic testing machine (Figure 3.12).  

ens were placed in a steel fixture mounted on the table surface of the 

re was modeled after the testing apparatus which was designed and 

 use in connection tests by Liu and Soltis (1984).  Said apparatus 

e over the testing apparatus depicted for use in the ASTM D 1761 test 

ly eliminates the effect of eccentricities of the load path.  It served the 

g the main member of the connection stationary while built-in rollers 

y lateral movement of the side member.  A grip was screwed into the 

 cell using a 3.0” long, 1.0” diameter threaded dowel.  This assembly, 
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referred to as the actuator, had four fine-threaded ¾” diameter bolts for grip tightening.  

When tightened, these bolts closed the grip on the top of the connection specimen’s side 

member, thereby securely clenching it.  For testing bolted connections, grooves running 

perpendicular to the loading direction were milled on the inside surface of the grip to 

prevent slippage.  These grooves had a depth and width of approximately 1/16”.  The 

connection test fixture and actuator grip are illustrated in Figure 3.13.  Connection slip, or 

vertical displacement of the side member relative to the stationary main member, was 

measured in terms of voltage either by a linear variable differential transducer (LVDT) 

built-in to the testing machine, or rotary potentiometers known as “string pots.” 

Figure 3.13:  Side view of connection test fixture and actuator grip (drawing 
courtesy of Will Jacobs). 

 

In the case of nailed connections, the built-in LVDT was used for displacement 

measurements.  This LVDT measured movement in the hydraulic actuator, having a 

precision of 0.001”.  Measured values were assumed to be equal to the actual slip of 

the connection.  In checking this assumption, side member elongation, the main source of 

error, was calculated to make up less than 1.5% of the total measured displacement while 

the connection exhibited a linear elastic response.  This error would theoretically be even 

lower at capacity, since displacement-to-resistance ratios at capacity are much greater. 

±
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Displacement measurements for bolted connections were taken using two string pot 

potentiometers with a usable displacement range of 2.5”.  These were used in lieu of the 

built-in LVDT for bolted connections in order to eliminate any error that might have been 

introduced due to elastic extension of the side member or tie-down bolts on the connection 

fixture (it was found during testing, however, that LVDT errors due to side member and 

fixture deformation were not significant, as is discussed in Chapter 4).  Both potentiometers 

were attached to the underside of the crosshead of the MTS approximately 36” above the 

table surface.  24 gage galvanized steel wire was used to extend the vertical reach of the 

potentiometer strings.  These wires were tied to steel hooks which, in turn, were attached to 

the main and side members of the connection specimen as shown in Figure 3.14.  Connection 

slip could then be taken as the difference between the readings from the two potentiometers.  

Because of the fact that measurements were taken with reference to points on a single side of 

each member,  there was a possibility of error if a relative rotation of the two members about 

the bolt axis had occurred.  In practice, however, no rotation was possible in either member, 

as both were securely clamped either to the connection fixture or to the actuator grip.  This 

was also confirmed on an individual basis for each bolted connection by comparison of the 

data recorded by the potentiometers to that recorded by the LVDT. 

±

 

 
Figure 3.14:  Bolted connection specimen
string pot hooks attached. 



Chapter 3  Methods and Materials 51

The amount of resistance afforded by the connection, embedment, or fastener 

bending specimen was measured using either a 5,000 pound load cell (as for all nailed 

connections and their corresponding embedment specimens), or a 20,000 pound load 

cell (as for all bolted connections, their corresponding embedment specimens and bolt 

bending specimens).  Range settings used for resistance measurement were adjusted 

such that the expected ultimate capacity of the connection or embedment set being 

tested at the time was no greater than 75% of the total load range.  For example, if a 

connection expected to afford a resistance of approximately 750 pounds were tested 

using the 5000 pound load cell, the load range would be set at 20%.  The load cell was 

attached in series between the hydraulic ram and the attachment used for applying 

displacement control. 

Nail bending tests, comprising sixty tests in all, were conducted on the MTS 

G/L testing machine shown in Figure 3.15.  This machine, like the MTS 810, was also 

equipped with a built-in LVDT for displacement measurements, and a 5000 pound load 

cell for resistance measurements. 

Figure 3.15:  MTS 10/GL testing machine used for nail 
bending tests. 

3.6 – Testing Procedures 

The four types of tests conducted in this study were: 1) connection tests, 2) 

embedment tests, 3) fastener bending tests, and 4) moisture content / specific gravity 
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tests.  Standard testing procedures were followed for each of these and is discussed in 

the present section. 

 

3.6.1 – Connection Tests 

Connection specimens fabricated as described in Sections 3.3 and 3.4 were 

tested monotonically in tension at a displacement-controlled loading rate of 0.10 

inches per minute such that a displacement of 1.00” would be reached after 10 

minutes of testing.  The MTS 810 servo-hydraulic testing machine and connection 

fixture described in Section 3.5 were used for all such tests.  An automated data 

acquisition system automatically recorded resistance and displacement measurements 

from the load cell and LVDT (or potentiometers, as the case was for bolted 

connections), respectively at specified time intervals.  For bolted connections, the 

specified rate of data acquisition was 3 Hz  In other words, three displacement and 

corresponding resistance values were recorded per second.  For connections having 

side members of gypsum wallboard, fiberboard, or hardboard, the rate of acquisition 

was 1 Hz.  For all other connection tests, including those having side members of 

OSB and plywood, a rate of 4 Hz was specified.  These data acquisition rates were 

modified such that reduced data could be effectively derived from the raw data.  Raw 

data files were recorded and saved in “XYZ.dat” (ASCII) format to facilitate the 

computer analysis process which was to follow.  During each test, notes were taken of 

the connection’s yield mode as well as of any anomalies observed. 

 

3.6.2 – Embedment Tests 

Embedment specimens fabricated as described in Section 3.3.3 were tested in 

accordance with the procedures set forth in ASTM D 5764 – 97a.  As specified in this 

procedure, displacement-controlled loading rates were chosen such that failure in the 

specimen would occur within 1 to 10 minutes.  The loading rate used for testing the 

embedment strength of all solid wood, OSB, and plywood members was 0.10 inches 

per minute.  This rate was chosen to closely simulate the rate of loading used for the 

connections themselves, as the load-displacement response of wood is known to be 

somewhat dependant upon the rate of loading.  This rate was found to sufficiently 
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adhere to the specification, as specimens rarely failed outside the range of 1 to 10 

minutes.  Those side member embedment specimens consisting of gypsum wallboard 

and fiberboard were loaded at a rate of 0.20 inches per minute.  This was justified due 

to the fact that these particular specimens rarely reached failure, as defined in section 

3.7, during testing. 

As was mentioned in Section 3.3.3, embedment specimens consisting of 

gypsum wallboard and fiberboard were tested using the full-hole procedure, while all 

others were tested using the half-hole procedure.  For embedment tests of specimens 

corresponding to 1/2” and 5/8” bolted connections, the threadless portion of a bolt 

shank was forced into the specimen as shown in Figure 3.16.  For all other half-hole 

tests, a nail or bolt simulator was forced into the specimen as shown in Figures 3.17 

and 3.18.  These fastener simulators were fabricated by welding an actual fastener to 

the edge of a plate having a thickness of less than the fastener diameter.  This 

assembly, in turn, was centered and welded to a threaded dowel which could then be 

screwed into the load cell.  Thus, since the plate thickness was less than the fastener 

diameter, friction due to contact between the plate and the wood at embedments of 

greater than D were minimized.  Specimens for full-hole tests were clamped in a vice 

on the surface of the MTS table.  This was necessary to stabilize the specimens during 

testing.  A steel attachment was fabricated to serve the purpose of applying loads to 

the nail in equal amounts on either side of the specimen.  This attachment screwed 

into the load cell at the lower end of the actuator.  Figure 3.19 depicts a full-hole side 

member embedment test in progress. 
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Figure 3.16:  Half-hole embedment test in 
progress (using bolt shank). 

Figure 3.17:  Half-hole embedment test in 
progress (using 3/8” diameter bolt simulator).

Figure 3.19:  Full-hole embedment 
test in progress. 

Figure 3.18:  Half-hole embedment test in 
progress (using 16d nail simulator). 
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3.6.3 – Fastener Bending Tests 

Fastener bending test procedures followed the procedures outlined in ASTM F 

1575-95 Standard Test Method for Determining Bending Yield Moment of Nails.  

Specimens were simply supported on two supports having circular cross-sections 

0.375 inches in diameter.  For nails, the distance between the centerlines of these 

supports was 1.50 inches, except in cases where the shank length of the nail being 

tested was shorter (i.e., 1 3/8” drywall nails and roofing nails).  Thus, the test span for 

6d box nails and 8d common nails was 1.50 inches while that for 13/8” drywall nails 

and 11/2” roofing nails was 1.00 inch.  For all bolts, the span was 3.81”, which is 

slightly over the specified length of 3.75”.  A single point load was applied at center 

span through a cylindrical load point having a cross-sectional diameter of 0.375 

inches.  Specimens were loaded at a constant rate of 0.25 inches per minute while 

load and deflection readings were recorded.  A diagram of the nail bending test setup 

is shown in Figure 3.20.  Additionally, a bolt bending test in progress is shown in 

Figure 3.21. 

 

Load 

1.50” 

0.375” 

0.375” 

Figure 3.20:  Setup for nail bending tests. 

Figure 3.21:  Bolt bending test in progress.
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3.6.4 – Moisture Content / Specific Gravity Tests 

Moisture contents were measured for the main and side members of each 

connection using the gravimetric method.  In this procedure, a piece of each member’s 

corresponding embedment specimen (having a volume of between 1.5 and 6.0 cubic 

inches) was numbered and cut out in the vicinity of the fastener after testing.  The 

pieces were then weighed and placed in an oven to dry.  Given the surface area-to-

volume ratio of the specimens and the constant temperature of 220 degrees Fahrenheit 

at which the oven was kept, a drying time of 24 hours was found to be sufficient for 

complete drying.  Specimens were then weighed again to obtain their dry weight.  Their 

moisture contents, expressed as a percentage, were calculable as the difference between 

the wet (original) weight and the dry weight divided by the dry weight. 

Specific gravity tests were conducted in accordance with “Method B” of ASTM 

D 2395 Specific Gravity of Wood and Wood-Base Materials.  In this Procedure, the 

same pieces that were used as moisture content specimens were put on the end of a thin 

metal spike, dipped in molten wax and allowed to cool.  The specimens were then one-

by-one submerged in a container of water which was placed on the same electric scale 

used for weighing the moisture content specimens.  The specimen’s volumes were then 

obtainable as the difference between the scale readings before and during the 

submersion.  Specific gravity is then simply calculated as each specimen’s dry weight 

divided by its volume. 

 

3.7 – Property Definitions 

Calculated values derived from connection tests include the load, displacement, 

and energy up to 5% offset yield, first local maximum, ultimate load (capacity), and 

failure.  Energy values were calculated using a Simpson’s rule algorithm.  Additionally, 

the load and displacement at equivalent energy yield, elastic stiffness, and ductility 

ratio were determined.  While most of these properties are required only in the analysis 

of the connections themselves, the data analysis program was setup so that it calculated 

all of these values for embedment and fastener bending tests as well.  A load-deflection 

curve showing the elastic stiffness secant, 5% offset yield, equivalent energy yield, first 



Chapter 3  Methods and Materials 57

local maximum (applicable to nailed connections in gypsum wallboard, fiberboard, and 

sometimes hardboard), capacity, and failure point is illustrated in Figure 3.22. 
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Figure 3.22:  Typical load-deflection curve and response parameters for 
nailed connections (esp. connections in gypsum wallboard and fiberboard). 

Five percent offset yield is defined as the point where a line parallel to the linear 

elastic region with a positive offset of 5% of the dowel diameter intersects the load-

deflection curve.  This may be interpreted as the point where plastic deformation is 

equal to 5% of the nail diameter.  It is defined as the yield point of the connection, 

because the true yield of a wood connection is not always obvious through examination 

of the load deflection curve.  Load (F5%), displacement (∆5%), and total energy input up 

to this point (E5%) were calculated and recorded for each specimen. 

For gypsum wallboard and fiberboard connections, the first local maximum is 

the first point along the load-deflection curve at which a local maximum load occurs.  

This point is important for connection and embedment tests involving gypsum 

wallboard or fiberboard because it often represents what the specimen’s capacity would 

be if bearing length and material density had not increased due to compaction under the 

nail.  For bolted connections, the value given by program output as first local maximum 

is defined the resistance afforded by the connection at a slip of 0.25”.  This value was 

taken in an effort to observe connection resistance well after yield, but prior to the 
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significant increase in friction between main and side members that occurs at large 

deflections.  Values obtained at the first local maximum were used only in the 

calculation of elastic stiffness, as is explained later in this section.  This bearing 

compaction / bearing length expansion phenomenon only occurs in fiberboard, gypsum 

wallboard, and sometimes hardboard specimens and thus the values do not apply to 

other nailed connections.  In cases where the phenomenon did not occur, analysis 

program output gives default values equal to those obtained at capacity.  Values 

measured and recorded at the first local maximum were load (Ffmax), displacement 

(∆fmax), and total amount of energy input up to said point (Efmax). 

Capacity is the maximum resistance load recorded for the specimen.  In addition 

to the resistance load at the point where ultimate capacity is reached (Fmax), the 

corresponding deflection (∆max) and energy input (Emax) were recorded for each 

specimen.  On some of the side member embedment tests involving fiberboard or 

gypsum wallboard, resistance loads increased dramatically as compacted material under 

the nail was pressed against the test fixture (i.e., vice).  This phenomenon was normally 

only observed at large deflections, long after the capacity of the specimen had been 

reached.  In cases such as this, the last few data points were not analyzed, and thus, the 

questionable data was censured. 

Failure is defined either as the point where the first significant decrease in 

resistance load is encountered, or the point where resistance is reduced to 80% of the 

specimen’s capacity (0.8Fmax), which ever occurs first.  Because of the bearing 

compaction / bearing length expansion phenomenon previously described, side member 

embedment specimens and connections having gypsum wallboard or fiberboard side 

members rarely reached failure.  Additionally, resistance of bolted connections often 

continually increased without failure due to friction between the two members and axial 

tension in the bolt.  Resistance loads of these connections either remained unchanged or 

increased indefinitely with respect to deflection after yielding.  Thus, for these 

specimens, the failure load was assumed to be the resistance provided at a given 

deflection.  This deflection was sometimes limited by the free range of motion afforded 

by the testing equipment. Values measured and recorded at failure were load (Ffail), 

displacement (∆fail), and total amount of energy input up to failure (Efail).  Additionally, 
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the term failure rate is used to express the percentage of connections within a set for 

which failure was observed during testing.  Thus, failure rate, denoted by ρ in the 

following equation, is defined as: 

%100×=
n

n failρ                                                 (3.6) 

Where n is the number of specimens in a set and nfail is the number of specimens within 

the set that reached failure during testing. 

Elastic stiffness, ke, is a measure of the slope of the linear elastic secant, and is 

therefore expressed in units of pounds per inch.  The elastic secant is determined by 

passing a line through the point where the least-squares regression line of the linear 

region intersects the X-axis, also called the slack point (Sx , 0), and the point 

representing 40% of the load at first local maximum (∆0.4Ffmax , 0.4Ffmax).  Elastic 

stiffness may be defined mathematically as: 

xmaxF4.0

max
e S

F4.0k
−

=
∆

                                            (3.7) 

Stiffness values give a good indication of how a connection will behave under loads in 

the linear elastic region, and therefore aid in computer modeling for more complex 

systems involving these connections. 

 Equivalent yield represents what the yield would be in an equivalent energy 

system exhibiting an ideal elastic-perfectly plastic response.  The point of equivalent 

yield (∆yield , Fyield) is thus located at the intersection of the line forming the elastic 

secant and the line of equivalent perfectly plastic deformation.  Where Fyield is greater 

than 0.8Fmax, it is mathematically defined as: 
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Where the above equation results in a value less than 0.8Fmax, Fyield is taken to be equal 

to 0.8Fmax.  Thus, equivalent yield is useful for expressing the simplified elastic-plastic 
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load-deflection plot.  In addition, its corresponding deflection, ∆yield, is used in 

calculating the ductility ratio. 

The ductility ratio, Ω, is defined as the quotient of the deflection corresponding 

to failure and the deflection corresponding to equivalent yield: 

yield

fail

∆
∆

=Ω                                                    (3.9) 

The ductility ratio of a specimen is intended mainly for use as a comparative value.  As 

such, it is a good indication of a connection’s ductility only when compared to those of 

other connections. 

 Other properties calculated for embedment and fastener bending specimens 

include main and side member embedment strengths, Fem and Fes, and fastener bending 

yield, Fyb, as discussed in Chapter 2.  These are defined as follows: 
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Where Pem and Pes are the test load observed at either 5% offset yield or capacity in the 

main and side member embedment specimens, respectively.  The terms lem and les are 

the bearing lengths of the main and side member embedment specimens, respectively.  

P is the test load at either 5% offset yield or capacity in the fastener bending specimen, 

l is the span length of the bending specimen, and D is the fastener diameter. 
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