
5.0  ANALYTICAL RESULTS AND DISCUSSION 
 
 

 
 
5.1  General 

 

The objectives of this chapter were threefold.  The first objective was to develop a semi-

mechanical and semi-empirical method that predicts connection resistance.  The second 

objective was to obtain a solution to predict the remaining capacity of lag screw 

connections subsequent to pilot hole and lag screw insertion.  The last objective was to 

determine the effective stresses and loads, which caused crack profiles and the displaced 

state of the two faces of the cracked specimen. 

 

The first objective considered the desire to modify Yield Theory for lateral loading of 

cracked wood members.  Experimental results/interpretations for smaller specimens are 

necessary prior to undertaking efforts to address the larger scale engineering systems.  

The objective of the analysis portion of the project was to develop a mathematical model, 

based on Yield Theory and a mechanical model, to predict the load-slip behavior of lag 

screw connections.  The objective is to develop a derivative of the NDS  and TR-12 

Yield Theory model that accounts for the initial condition of lag screw connections prior 

to load application.  This will aid in the clarification of the behavior of single lag screw 

connections and provide valuable data toward the development of a more accurate design 

method, which yields safe and reliable, yet more efficient connections.  In essence, the 

study yields a “modification factor” to the widely accepted Yield Theory by modifying 

the bearing stress/strength for which Yield Theory is partially based.  (The allowable 

bearing stress and plastic hinging of the dowel could occur simultaneously, which is 

another limit state.)  Simple regression analysis will also be used to determine whether 

simple empirical relationships can be found to supplement the usefulness of the revised 

Yield Model.  To accomplish this goal, the following steps were followed: 

 

1. Determine the population statistics for each sample of the joint tests, which 

are furnished in Chapter 4.  This includes the determination of capacity load, 
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5% yield offset load, failure load, and the deflections at 5% offset yield, 

ultimate capacity and failure loads. 

2. Use existing Yield Theory equations to predict the capacity of test specimens. 

3. Perform a combination engineering mechanics, Yield Theory and regression 

analysis to derive an initial lateral load prediction equation.  An engineering 

mechanics model will then be implemented to determine the lateral 

component due withdrawal resistance. 

4. Perform a regression analysis to determine the effects of the significant 

parameters (lag screw and pilot hole diameters) for 5% offset yield load and 

capacity for both Douglas-fir and spruce-pine-fir species groups. 

5. Compare predicted 5% offset yield load and capacity values, derived from 

Yield Theory, engineering mechanics and regression, to values obtained from 

test results. 

6. Modify and refine the mathematical Yield Model, and repeat comparisons 

with experimental results attempting to improve the model’s prediction 

capabilities. 

 

The methodology used to obtain a prediction formula for load resistance, when given a 

crack length on the wood member’s thickness face, was to consider the results attained 

from inked lag screw specimen connections.  With these results, regression was 

performed to develop valid load resistance prediction equations. 

 

Fracture mechanics methods, experimental work and an engineering mechanics approach 

will also be implemented to determine the load condition after crack initiation and at 

crack propagation phases.  The objective is to develop a mechanics-based model that 

predicts remaining capacity and 5% offset yield loads after lag screw installation, which 

depends on pilot hole diameter.  This helped in describing the condition of a lag screw 

connection prior to load application.  The Yield Model does not address this occurrence, 

which is typical for most lag screw connections, particularly those constructed under field 

conditions.  If stable cracking is assumed, the conditions after lag screw installation and 

initial cracking will equal the conditions necessary to cause further crack propagation.  
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Therefore, no additional work is necessary once the analysis for the lag screw post-

installation phase is complete.  Wedging effect is critical to the study.  The wedge forces 

can be modeled with both engineering mechanics and fracture mechanics as two equal 

loads applied in opposite outward (directed away from the crack faces) directions at the 

crack surfaces perpendicular to the crack propagation.  Wedging is addressed by the 

consideration of the experimental work completed on fracture tests. 

 

5.2  Predicted Lag Screw Connection Load Resistance Based on Lag Screw and Pilot 

Hole Diameters 

 

5.2.1  General 

 

Incumbent on this research is to arrive at formulas that can be used to reasonably predict 

lag screw connection loads at capacity and 5% offset yield.  To facilitate this task, it was 

first required that the causal parameters that are mainly responsible for predicting the 

results are implemented.  Though the original intent in selecting Douglas-fir and spruce-

pine-fir was to use two different wood species with two different specific gravity values, 

it became evident through testing that the values were not that much different.  DF 

specific gravity values were lower than anticipated, and SPF values were much higher 

than expected.  As a result, for connection test Groups 1 to 10, DF had a slightly greater 

mean specific gravity, while for Groups 11 to 16, SPF had a slightly greater mean 

specific gravity.  In essence, the differences of mean specific gravity between the two 

species were not significant, and, therefore, specific gravity could not realistically be 

used as a variable or parameter in the study. 

 

The only other possible parameters that could be implemented in the study were pilot 

hole and lag screw diameters.  Additionally, a combination of the two parameters could 

be used in the analysis.  These two other possibilities are the ratio between pilot hole 

diameter and lag screw diameter and the difference between lag screw diameter and pilot 

hole diameter.  It was anticipated that both would likely yield similar results.  Because 

the ratio between pilot hole and lag screw diameters yielded a simple constant, this 
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parameter combination was implemented in the derivation of first-cut lag screw 

connection prediction formulas. 

 

5.2.2  Load Resistance Curves 

 

Methodology in the derivation of the prediction formulas was to first develop curves that 

are based on connection loads versus pilot hole to lag screw diameter ratios.  Secondly, 

these curves were normalized with respect to the loads, which used NDS  (AF&PA, 

1997) required pilot hole diameters, to develop another set of curves.  Thirdly, from these 

normalized curves, a regression was performed to determine the reduction factor for 

connections that did not use the NDS  pilot holes.  Next, considering only the 

connections, which used NDS  pilot holes, an analysis to consider lag screw withdrawal 

effects was undertaken.  For each such connection, the X-component parallel to the 

withdrawal load application direction was added to the lateral load predicted by Yield 

Theory.  The tested load results were then compared to the predicted results, which were 

the sum of the Yield Theory and X-component due to lag screw withdrawal resistance.  

The differences between the two quantities represented an offset, which was not 

quantifiable given the limitations of this study.  Lastly, with the above known quantities, 

formulas, which were partly empirical and analytical, were developed and implemented 

in the prediction of lag screw connection lateral loads. 

 

Before an aforementioned analysis is conducted to determine the prediction equations, it 

is first necessary to show the test results comparisons.  This is achieved by developing 

load to pilot hole / lag screw diameter ratio curves.  These results are shown in Figures 

5.1 to 5.4.  Though these figures might have been in Chapter 4, it was determined that the 

best place to locate them was in the “Analytical Results and Discussion” chapter.  It was 

reasoned that these curves are further developed into normalized curves, which are then 

implemented to develop prediction equations. 

 

As can be seen in all four figures, definite trends exist.  Curves for 1/4 in. lag screws 

connections are rather flat with very little variation, and the load value corresponding to 
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the connections that used the NDS  (AF&PA, 1997) pilot holes, were not typically the 

connections, which had the greatest loads for 1/4 in. lag screw connections.  On the other 

hand, curves for both 3/8 and 1/2 in. lag screw connections showed that load resistance 

was greatest for connections that used NDS  pilot holes.  The increased curve slopes for 

3/8 in. and 1/2 in. lag screw connections, are typical of increased fracture effects, as 

cracks along the connection specimens’ longitudinal axis increased in kind with increased 

pilot hole to lag screw diameter ratios.  The curves for 3/8 in. lag screw connections had 

slopes not as steep as those for the 1/2 in. lag screw connections.  This is attributed to the 

1/2 in. lag screw connections having a lower wood main member specimen dimension 

(thickness) to lag screw diameter ratio than that for 3/8 in. lag screw connections. 
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Figure 5.1:  Pilot hole/lag screw diameter vs. capacity (SPF) 
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Pilot Hole/Lag Diameter vs. 5% Offset Yield Load (SPF)
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Figure 5.2:  Pilot hole/lag screw diameter vs. 5% offset yield load (SPF) 
 
 

Pilot Hole/Lag Diameter vs. Capacity (DF)
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 Figure 5.3:  Pilot hole/lag screw diameter vs. capacity (DF) 



Chapter 5:  Analytical Results and Discussion 204

Pilot Hole/Lag Diameter vs. 5% Offset Yield Load (DF)
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 Figure 5.4:  Pilot hole/lag screw diameter vs. 5% offset yield load (DF) 
 

Additionally, in all four figures, the increased slope for the 1/2 in. lag screw connections 

resulted in the connections with no pilot holes resisting loads (capacity and 5% offset 

yield) in the same range as those for 1/4 in. lag screw connections with any size pilot 

hole.  This effectively demonstrates the negative impact of small pilot holes on 

connections with borderline wood main member thickness to lag screw diameter ratios. 

 

To compare these curves in a more meaningful manner, all curves were normalized with 

respect to loads associated with connections using NDS  (AF&PA, 1997) pilot holes.  In 

other words, for each species and load (capacity or 5% offset yield) figure, each data 

point in the three curves (1/4 in., 3/8 in. and 1/2 in. lag screws) had its respective load 

resistance value divided by the load resistance value achieved for the same connection 

using the NDS  pilot hole.  Results for the normalization of curves are shown in Figures 

5.5 to 5.8. 

 

By inspection of all four normalized figures, it is apparent that all curves, except a couple 

of curves for SPF 1/4 in. lag screw connection curves for capacity and 5% offset yield 
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load resistances, approximate straight lines.  Because there is very little variation for 1/4 

in. lag screw connection curves (low slope) and load resistance values change without 

any apparent relation to the pilot hole to lag screw diameter ratio, it was decided to 

idealize the 1/4 in. lag screw connection curves as having zero slopes with load resistance 

values at values achieved for connections with NDS  (AF&PA, 1997) pilot holes.  The 

other curves for 3/8 in. and 1/2 in. connections were analyzed as shown in the figures.  

Again, it is observed that the load resistances associated with 1/2 in. lag screw 

connections quickly drops off, as pilot hole diameter decreases to small values. 

 

5.2.3  Development of Reduction Factor Equations 

 

At this point, the reduction factor for each curve was determined through the 

implementation of regression.  Because at this stage all curves were essentially linear, the 

following simple regression equation was used (see Table 5.1): 

 

RF =  aRF + bRF(d/D)                                                          (5.1) 

 

where, 

RF = connection strength reduction factor 

D = lag screw diameter (in.) 

d = pilot hole diameter (in.) 

 

The small reduction in error as shown in Table 5.1 by the rather high coefficient of 

determination, r2, demonstrates that the linear relationship of P = aRF + bRF(d/D) can be 

effectively used to predict load resistance.  Formally, the coefficient of determination was 

derived by the formula 

 

                                                     
T

RT

SS
SSSS −

=2r                                                          (5.2) 
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Figure 5.5:  Experimental load / Experimental load with NDS  pilot hole vs. pilot hole / 
lag screw diameter (SPF & capacity) 
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Figure 5.6:  Experimental load / Experimental load with NDS  pilot hole vs. pilot hole / 
lag screw diameter (SPF & 5% offset yield load) 
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Figure 5.7:  Experimental load / Experimental load with NDS  pilot hole vs. pilot hole 
lag screw diameter (DF & capacity) 
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Figure 5.8:  Experimental load / Experimental load with NDS  pilot hole vs. pilot hole / 
lag screw diameter (DF & 5% offset yield load) 



Chapter 5:  Analytical Results and Discussion 208

Table 5.1:  Simple regression for curves of Figures 5.5 to 5.8 

Species Groups Nominal
Lag dia.

(in.) a b r2 a b r2

1, 3 1/4 1 0 1.000 1 0 1.000
DF 2, 4, 5 3/8 0.806 0.272 0.977 0.893 0.158 0.990

11, 12, 13 1/2 0.547 0.632 0.997 0.43 0.818 0.984
6, 8, 10 1/4 1 0 1.000 1 0 1.000

SPF 7, 9 3/8 0.833 0.242 1.000 0.832 0.244 1.000
14, 15, 16 1/2 0.536 0.655 1.000 0.425 0.82 0.994

Note:  For Groups 7 and 9, r2 = 1.000, since a line was drawn between the only two data points.
           Parameters apply to the simple regression equation of RF = a + b(d/D).

Parameters
Capacity 5% Offset Yield Load

 
where, 

SST = ( 2yyii − )

)

Σ  = sum of squared prediction errors                                        (5.3) 

SSR = ( 2
iii yy )−Σ  = sum of squared residuals                                                  (5.4) 

 

and 

 

SST = SSR - SSReg                                                          (5.5) 

 

where, 

SSReg = ( 2yyii − )Σ )                                                                                              (5.6) 

 

where, 

iy = experimental y-value with respect to data point i 

y = mean value for all yi 

iy) = predicted y-value with respect to data point i 

 

The r2 value simply states that the independent variable explains a proportion (r2) of the 

total squared error of the dependent variable.  Put another way, a high r2 value indicates 

that the independent variable is a good predictor of the dependent variable.  Generally 

speaking, if r2 is less than 0.40, there is relatively little correlation between independent 

and dependent variables (i.e., very little cause and effect relationship). 
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As Figures 5.5 to 5.8 show, there is a very strong causal relationship between the pilot 

hole to lag screw diameter ratio and load resistance.  The r2 values operate within a very 

tight range between 0.977 and 1.000.  This is an excellent correlation, and the rather 

simple linear equation can be confidently used as a good predictor of load resistance. 

 

For each figure, simple regression for each curve yielded single values for both aRF and 

bRF.  To further develop the reduction factor formulas, additional regression analysis is 

required.  This is done by regressing all three aRF  values and bRF values from each figure, 

thereby obtaining single values for aRF, bRF and r2 for each figure.  For this regression, the 

independent variable x indicated lag screw diameter, D.  After attempting to use the linear 

equation to predict single a and b constant values, it was determined that the linear 

equation did not provide a good fit for 5% offset yield load reduction values.  However, 

the linear equation did predict capacity reduction values well.  It was subsequently 

determined that both aRF and bRF equal a + bD3, and this predicted 5% offset yield load 

reduction very well.  The results are shown in Table 5.2.  Therefore, for capacity 

reduction, aRF, bRF = a + bD was used, and, for 5% offset yield load reduction, aRF, bRF = 

a + bD3 was used to determine single constants for aRF, bRF and r2 values for each of the 

Figures 5.5 to 5.8. 

 

Table 5.2:  Summary of constants used for Figures 5.5 to 5.8 

Species Parameter
 

for a's for b's for a's for b's for a's for b's
a 1.451 -0.629 1.613 -0.887 1.116 -0.165

DF b -1.849 2.579 -2.325 3.336 -5.926 8.496
r2 0.986 0.986 0.767 0.774 0.948 0.952
a 1.472 -0.665 1.598 -0.852 1.09 -0.127

SPF b -1.893 2.673 -2.346 3.345 -5.852 8.337
r2 0.948 0.954 0.889 0.894 0.995 0.996

y = a + bx3y = a + bx3
Capacity 5% Offset Yield Load
y = a + bx

 

The r2 values for capacity (aRF, bRF = a + bD) range from 0.948 to 0.986 and range for 

5% offset yield load (aRF, bRF = a + bD3) from 0.948 to 0.996.  Such correlations make 

for a good prediction of the dependent variable, reduction factor, when using the 

  



Chapter 5:  Analytical Results and Discussion 210

predictor (independent variable) of pilot hole to lag screw diameter ratio.  On the other 

hand, if the linear equation for 5% offset yield load reduction factor was used, the 

prediction would not be as good as if the curvilinear equation was implemented.  This can 

be readily observed by considering the r2 values for the linear equation, which range from 

0.767 to 0.894.  It is obvious that the better choice is the curvilinear equation of aRF, bRF 

= a + bD3. 

 

To demonstrate the steps of the regression, the following explanation is offered.  It was 

determined that capacity and 5% offset yield load values are related to pilot hole to lag 

screw diameter ratios in a very linear manner.  This is shown by the equation, 

 

( )D
dbaRF RFRF +=                                                                (5.7) 

 

For 5% offset yield load reduction, aRF = a1 + b1D3 and bRF = a2 + b2D3.  For capacity 

reduction, aRF = a3 + b3D and bRF = a4 + b4D.  When combined into the equation y = aRF 

+ bRF(d/D), the resulting formula for capacity reduction is 

 

( ) ( )( )D
dDbaDbaRFCap 4433 +++=                                                (5.8) 

 

and the resulting formula for 5% offset yield load reduction is 

 

( ) ( )( )D
dDbaDbaRF Off

3
22

3
11%5 +++=                                              (5.9) 

 

where,  

a1, a2, a3, a4, b1, b2, b3, b4 = constants 

 

Results of the regression are shown in Table 5.3. 
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Table 5.3:  Regression formulas for connection load reduction factors 

Species Load of Interest

(1.09 - 5.85D3) + (- 0.127 + 8.34D3)(d/D)

Capacity

5% Offset Yield

Capacity

5% Offset Yield

DF

SPF

Expression for Load Reduction Factor

(1.45 - 1.85D) + (- 0.629 + 2.58D)(d/D)

(1.12 - 5.93D3) + (- 0.165 + 8.50D3)(d/D)

(1.47 - 1.89D) + (- 0.665 + 2.67D)(d/D)

 

To gain an appreciation for the accuracy of these reduction factor expressions, once 

multiplied by the capacity or 5% offset yield load for connections with NDS  (AF&PA, 

1997) required pilot holes, in predicting the mean tested values for capacity and 5% 

offset yield load with pilot holes used in the tests, Table 5.4 follows.  Note that relevant 

description for each group is summarized in Table 5.5. 

 

As observed, the absolute error for capacity and 5% offset yield load predictions range 

from 0.06% to 9.01% and 0.06% to 9.86%, respectively.  These are rather large ranges, 

however, the 9.01% and 9.86% errors are outliers, not typical error values, and the mean 

error for capacity and 5% offset yield load are 1.14% and 0.29%, respectively.  The 

regression has done an adequate job in quantifying magnitudes for capacity and 5% offset 

yield load, providing the actual lag screw shank diameter and pilot hole diameter are 

known values.  Of course, it goes without saying that the reduction factor equations only 

apply to DF and SPF woods.  If another species is used a calibration, depending on 

specific gravity, is reasonable.  Additionally, it is possible that the reduction factors may 

apply to larger diameter lag screws than 1/2 in. diameter nominal.  Also, these results are 

applicable to lag screw connections, in which lag screws are inserted into the narrow face 

(thickness) of wood main members.  Lastly, a calibration of the reduction factor is also 

likely necessary in the event of wood members with different moisture contents. Other 

adjustment factors will be required, as per the NDS  (AF&PA, 1997), to account for 

actual field conditions. 
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Table 5.4:  Comparison of experimental and predicted loads using reduction factor 

Group Actual Pilot Hole Ratio of Load of Experimental Reduction Predicted Error
Shank dia dia Pilot Hole to Interest Load Factor Load

Shank dia
(in.) (in.) (lbs) (lbs) (%)

Capacity 2189 1.010 2124 2.95
5% Offset Yield 1170 1.040 1105 5.59

Capacity 2668 0.782 2570 3.67
5% Offset Yield 2039 0.841 1924 5.63

Capacity 2104 0.999 2102 0.11
5% Offset Yield 1062 1.004 1066 -0.37

Capacity 3286 0.992 3258 0.84
5% Offset Yield 2288 1.004 2296 -0.37

Capacity 2923 0.887 2914 0.30
5% Offset Yield 2181 0.922 2110 3.24

Capacity 1678 1.020 1630 2.85
5% Offset Yield 964 1.011 978 -1.43

Capacity 2132 0.788 2016 5.45
5% Offset Yield 1616 0.815 1582 2.09

Capacity 1598 0.998 1594 0.22
5% Offset Yield 967 1.001 968 -0.06

Capacity 2559 0.994 2543 0.64
5% Offset Yield 1942 0.999 1939 0.14

Capacity 1763 1.004 1604 9.01
5% Offset Yield 990 1.003 970 1.98

Capacity 2036 0.556 2045 -0.44
5% Offset Yield 1196 0.452 1314 -9.86

Capacity 3675 0.996 3659 0.43
5% Offset Yield 2908 1.016 2955 -1.60

Capacity 2578 0.716 2632 -2.09
5% Offset Yield 1957 0.657 1911 2.38

Capacity 1778 0.557 1851 -4.13
5% Offset Yield 1120 0.431 1168 -4.25

Capacity 3323 1.001 3325 -0.06
5% Offset Yield 2710 1.009 2735 -0.93

Capacity 2352 0.718 2387 -1.50
5% Offset Yield 1780 0.641 1738 2.38

Mean error for capacity (%) 1.14
Mean error for 5% offset yield load (%) 0.29

Note:  Minus (-) error indicates predicted value is greater than experimental value.
           Otherwise, error is positive, which indicates predicted value is less than experimental value.
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Table 5.5:  Connection group descriptions 

Group Species Nominal Pilot Hole
Lag Screw Dia. (in.)
Dia. (in.)

1 DF 1/4 0
2 DF 3/8 0
3 DF 1/4 11/64 (NDS)
4 DF 3/8 1/4 (NDS)
5 DF 3/8 1/8
6 SPF 1/4 0
7 SPF 3/8 0
8 SPF 1/4 11/64 (NDS)
9 SPF 3/8 1/4 (NDS)

10 SPF 1/4 1/8
11 DF 1/2 0
12 DF 1/2 11/32 (NDS)
13 DF 1/2 1/8
14 SPF 1/2 0
15 SPF 1/2 11/32 (NDS)
16 SPF 1/2 1/8

 

5.2.4  Withdrawal Resistance Lateral Component 

 

After attaining a rational expression to obtain satisfactory reduction factor for 

connections loaded laterally with various pilot hole diameters, it is necessary to attempt 

to quantify the component of lag screw withdrawal resistance, which provides connection 

resistance in the direction of the externally applied lateral load.  In the development of the 

quantification of the lateral resistance component due to withdrawal, it was first required 

to identify locations of bending for each tested connection group’s lag screws. 

 

For Mode IV, the distances from the bend, closer to the lag screw tip, to the end of the 

threaded portion, nearer the lag screw shank, were measured.  These lengths were 

considered effective in withdrawal resistance and are denoted by the term L1.  Moreover, 

a 1.25 factor was multiplied by these lengths to account for additional lateral resistance 

due to withdrawal just below the centroid of the hinges.  This factor was implemented 

due to the supposition that increased lateral resistance effects occur in the vicinity of lag 

screw bends.  Further research is needed in this area to confirm this theory. 
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Mode IV manifested itself for every connection specimen in Groups 1, 2, 3, 4, 5, 6, 8, and 

10.  On average, Groups 7 and 9 experienced Mode IIIs five times each and Mode IV 23 

times each.  Due to the dominance of Mode IV behavior for these two groups, Mode IV 

was also chosen to represent the two Groups 7 and 9.  Hence, Mode IV represented all 

Groups 1 to 10, which were comprised of all 1/4 in. and 3/8 in. lag screw connections.  

Groups 11 to 16, which were comprised of all 1/2 in. lag screw connections, 

demonstrated both Mode II and Mode IIIs behavior.  For Mode IIIs, which, unlike Mode 

IV, has a single bend, the bend formed at the shank-threaded portion interface.  Mode II, 

as discussed before, is a mode of yield, in which the dowel does not bend, but, instead, 

rotates in the plane of the applied lateral load.  Because Mode IIIs bending was only 

slight, it was decided to consider Mode II as the dominant yield mode.  For Mode II, the 

entire length of the threaded portion of the lag screw, except the lag screw tip, was 

considered as effective in resisting withdrawal forces.  This is, again, the L1 length for 

Yield Mode II. 

 

Next the distances from the bends in the 1/4 in. and 3/8 in. lag screws to the interface of 

the shank and head, minus 1/8 in. for half the steel side plate thickness, were measured.    

Half the side plate thickness was used, because this is the centroidal axis of the plate 

along which the external lateral loads are applied.  These lengths are denoted by the term 

L2.  For Mode II, this length is measured as the total length of the lag screw, minus tip 

and half the side plate thickness.  Again, this is the L2 length.  L2 values are the Y-

component of the withdrawal resistance. 

 

During the connection tests, slips for capacity and 5% offset yield were recorded.  These 

values are the X-component of the withdrawal resistance (along the longitudinal axis of 

the member).  By knowing the X-component (slip) and the Y-component (L2), which is in 

the perpendicular-to-grain direction, the acute angles of the right triangle can be 

determined by taking the arctangent of the quantity slip/L2.  The angle, which is measured 

between the Y-component and the hypotenuse (direct withdrawal resistance), is denoted 

θ.  It is of importance to note that the values for L1, L2 and slip were only used for 

connection test groups, in which NDS  (AF&PA, 1997) specified pilot holes were used.  
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These connection groups include Groups 3, 4, 8, 9, 12, and 15.  Later in this work, the 

previously determined reduction factor formulas are multiplied by the sum of the lateral 

component due to withdrawal and the lateral load due to Yield Theory and then 

multiplied by an offset factor.  The offset factor includes all contributions to lateral load 

by variables that could not be readily quantified.  The variables of L1, L2 and θ are 

depicted in Figure 5.9. 

 

θ L1 
L2 

Externally applied 
lateral load 

Location of bend in lag screw for Mode IV 
 

Location of interface between lag screw           
tip and threaded portion of main body for Mode II 

Slip 

Lag screw 

Steel side plate 

End of 
Threaded 
Portion 

Y 

X 

 

Figure 5.9:  Definition of L1, L2, θ and slip 

 

The X-component is calculated by multiplying the direct withdrawal resistance 

(hypotenuse) by the sinθ.  Sinθ is the quantity of slip/ 22
2 slipL + .  The direct 

withdrawal resistance is determined by multiplying the withdrawal resistance per inch by 

the length of the hypotenuse, 22
2 slipL + .   Values for the L1, L2, slip (capacity and 5% 

offset yield load), and θ are shown in Table 5.6. 

 

The withdrawal resistance per inch was calculated by implementing the withdrawal 

equations by both Newlin and Gahagan (1938) and McLain (1997).  In their study, 
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Newlin and Gahagan (1938) performed 254 withdrawal tests, which used lag screw 

diameters ranging from 0.313 in. to 1.0 in., wood density ranging from 0.35 to 0.68, and 

wood species, including northern white pin, redwood, Douglas-fir, southern pine, and 

white oak.  They derived the equation, which is presently used in the NDS  (AF&PA, 

1997), to develop the currently used design withdrawal loads per inch of threaded portion 

penetration into the main member.   

 
4/32/37500 DGPw =                                                         (5.10) 

 

where,  

G = specific gravity of the main member (ovendry weight and volume basis) 

D = nominal shank diameter (in.) 

 

Table 5.6:  Variables for withdrawal resistance determination 

Group Identification L1 L2
Capacity 5% OYL Capacity 5% OYL

3 (NDS ph) 1/4" lag DF 0.49 1.02 0.565 0.133 0.508 0.13
4 (NDS ph) 3/8" lag DF 1.22 1.37 0.593 0.210 0.41 0.153

12 (NDS ph) 1/2" lag DF 2.07 2.47 0.342 0.183 0.138 0.074
8 (NDS ph) 1/4" lag SPF 0.58 1.11 0.496 0.137 0.422 0.123
9 (NDS ph) 3/8" lag SPF 1.21 1.36 0.744 0.224 0.502 0.164

15 (NDS ph) 1/2" lag SPF 2.07 2.47 0.396 0.205 0.159 0.083

Slip (in.) θ (rad.)

 

McLain (1997) performed a regression on available research published by Newlin and 

Gahagan (1938) and McLain and Carroll (1990).  Many species of wood and lag screw 

sizes were used in these studies; however, as McLain (1997) pointed out, lag screws were 

limited to diameters of 1.0 in., and little information was available for specific gravity 

values greater than 0.70.  The regression purposefully took on the same form of the 

withdrawal equation developed by Newlin and Gahagan (1938), except the constants 

were fit with more precision. 

 
61.035.16759 DGPw =                                                         (5.11) 
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McLain (1997) concluded that the withdrawal equation currently used to develop design 

withdrawal resistance values in the NDS  (1997) is overly conservative, and, because of 

this, equations may be revised to account for the inherent conservatism. 

 

McLain’s withdrawal resistance formulas was implemented in this analysis to determine 

the lateral component of the direct withdrawal resistance, which would be used in 

addition to the lateral load predicted by the Yield Model, to arrive at a total theoretical or 

predicted lateral load.  However, due to the tolerances in shank diameter permitted in the 

manufacture of lag screws, instead of using the nominal shank diameters for lag screws, 

the actual shank diameters were implemented into the withdrawal resistance equations. 

 

Knowing the direct withdrawal resistance per inch, the total direct withdrawal resistance 

can be calculated by multiplying by the hypotenuse’ length.  After this, the withdrawal 

resistance component parallel to the externally applied lateral load can be determined, as 

previously described.  By adding the withdrawal component parallel to the externally 

applied lateral load to the Yield Model prediction, the total predicted lateral load is 

achieved.  Results for the predicted direct withdrawal resistance contributions to lateral 

load, predicted lateral loads due to Yield Model based on TR-12 (AF&PA, 1999), totals 

of the two quantities, and experimental loads for Groups 3, 4, 8, 9, 12, and 15 are 

presented in Table 5.7.  Note that this table uses the withdrawal component for lateral 

load as predicted by the McLain withdrawal resistance equation, and OYL indicates 

“offset yield load”. 

 

Table 5.7:  Predicted lateral loads for connections utilizing full NDS  pilot holes 

Group Identification
Capacity 5% OYL Capacity 5% OYL Capacity 5% OYL Capacity 5% OYL

3 (NDS ph) 1/4" lag DF 813 611 289 77 1102 688 2104 1062
4 (NDS ph) 3/8" lag DF 1370 1227 762 291 2132 1518 3286 2288
12 (NDS ph) 1/2" lag DF 1804 1652 401 216 2205 1868 3675 2908
8 (NDS ph) 1/4" lag SPF 757 529 272 82 1029 611 1598 967
9 (NDS ph) 3/8" lag SPF 1168 964 871 295 2039 1259 2559 1942
15 (NDS ph) 1/2" lag SPF 1924 1760 499 261 2423 2021 3323 2710

Total
Predicted Lateral Loads (lbs) Experimental

Lateral Loads (lbs)Yield Model Withdrawal Component
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The difference between this quantity and the experimental resistance yields the amount of 

resistance that cannot be adequately quantified due to experimental limitations.  These 

limitations will be discussed in the “Conclusions and Limitations” section of this chapter.  

The difference is referred to as the offset factor.  Considering both withdrawal resistance 

equations (Newlin and Gahagan (1938) and McLain (1997)), which contributed to the 

total predicted lateral load, a mean offset factor was calculated for each of the four 

combination groups of DF capacity, DF 5% offset yield load, SPF capacity, and SPF 5% 

offset yield load.  Offset factors were obtained by dividing the experimental lateral loads 

by the total predicted lateral loads.  In the end, McLain’s offset values were used due to 

the most confidence being placed in his research.  This was due to the fact that McLain 

included not only the research done by McLain and Carroll (1990) with its 160 specimens 

but also the research accomplished by Newlin and Gahagan (1938) with its 234 

specimens.  As a last step and for simplicity, the four offset factors were rounded down 

(conservative) to the next 0.05, unless the mean value was within 0.01 of the next higher 

0.05, in which case, the next higher was selected.  Results for offset factors are 

summarized in Table 5.8. 

 

Table 5.8:  Offset factors for total predicted lateral load 

Species
Cap 5% Off

DF 1.70 1.50
SPF 1.40 1.50

Offset Factors

 

It is of particular interest to note that the offset factors approximate the applicable load 

duration factor for the testing.  This load duration factor for this series of connection 

tests, which took on the average from three to five minutes to complete, is approximately 

1.6.  This factor is indeed very close to the offset factors and will be accounted for in the 

design stage of this work, which is in the “Determination of Design Loads” section of this 

chapter. 

 

To determine the final lateral resistance prediction formula for lag screw connections that 

use non-NDS  (AF&PA, 1997) complying pilot holes, the total predicted lateral 
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resistances (includes both predictions by the Yield Model and withdrawal resistance 

component in the direction of the applied load) for connections using NDS  complying 

pilot holes are multiplied by the reduction factor and the offset factor in addition to any 

adjustment factors required for in-service conditions. 

 

If the reduction factor is denoted RF, the offset factor is denoted OF, and the total 

predicted lateral load based on the use of NDS  (AF&PA, 1997) complying pilot holes is 

denoted PLL(NDS), then the predicted lateral load (PLL) may be estimated for any pilot 

hole used with lag screw connections: 

 

)(*)(*))(( OFRFNDSPLLPLL =                                              (5.12) 

 

where, 

PLL(NDS) = PLLYM + PLLW                                                                            (5.13) 

 

where, 

PLLYM = predicted lateral load due to predicted Yield Model (lbf) 

PLLW = predicted lateral load due to lateral component of predicted withdrawal 

Resistance (lbf) 

 

PLLW is further defined by the formula 

 

θsin6759 1
61.035.1 LDGPLLW =                                                (5.14) 

 

where, 

sinθ = slip/ 22
2 slipL +                                                                                    (5.15) 

 

where, 

θ = tan-1(slip/L2)                                                                                               (5.16) 
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By multiplying the reduction and offset factors by the predicted lateral load, which is 

based on TR-12 (AF&PA, 1999) equations and the withdrawal component parallel to the 

applied lateral load, the total predicted lateral load was determined.  Results are presented 

in Table 5.9. 

 

5.2.5 Comparisons Between Predicted and Experimental Loads 

 

Upon achieving mean values for the total predicted lateral loads, it is now necessary to 

compare these values to those obtained from the lag screw connection tests (see Table 

5.9).  As shown in Table 5.10, the ratios for predicted to experimental loads range from 

0.82 to 1.11 and 0.92 to 1.17 for capacity and 5% offset yield load, respectively.  The 

lower capacity ratios for 1/4 in. lag screw connections forced a decision regarding how to 

address the relative closeness in capacity ratios.  Because of the relatively small change 

in load resistance between 1/4 in. connection groups using different pilot hole diameters, 

along with no apparent order in their magnitudes with respect to load resistance, the 

curve was idealized in the regression model as being linear with no slope, where the y-

intercept was the load resistance value for the Groups 3 and 8 that used the NDS  

required pilot holes.  Additionally, another reason for this discrepancy is the offset factors 

for 1/4 in lag screw connection groups were higher than the factors selected for DF and 

SPF capacity. 

 

Table 5.9:  Total predicted lateral load 

Group Identification
Capacity 5% OYL Capacity 5% OYL Capacity 5% OYL Capacity 5% OYL

1 (no ph) 1/4" lag DF 1102 688 1.01 1.04 1.7 1.5 1891 1073
2 (no ph) 3/8" lag DF 2132 1518 0.782 0.841 1.7 1.5 2835 1915

3 (NDS ph) 1/4" lag DF 1102 688 0.999 1.004 1.7 1.5 1871 1036
4 (NDS ph) 3/8" lag DF 2132 1518 0.992 1.004 1.7 1.5 3596 2286
5 (1/8" ph) 3/8" lag DF 2132 1518 0.887 0.922 1.7 1.5 3215 2099
6 (no ph) 1/4" lag SPF 1029 611 1.02 1.011 1.4 1.5 1469 926
7 (no ph) 3/8" lag SPF 2039 1259 0.788 0.815 1.4 1.5 2249 1539

8 (NDS ph) 1/4" lag SPF 1029 611 0.998 1.001 1.4 1.5 1438 917
9 (NDS ph) 3/8" lag SPF 2039 1259 0.994 0.999 1.4 1.5 2837 1887
10 (1/8" ph) 1/4" lag SPF 1029 611 1.004 1.003 1.4 1.5 1446 919
11 (no ph) 1/2" lag DF 2205 1868 0.556 0.452 1.7 1.5 2084 1267

12 (NDS ph) 1/2" lag DF 2205 1868 0.996 1.016 1.7 1.5 3733 2847
13 (1/8" ph) 1/2" lag DF 2205 1868 0.716 0.657 1.7 1.5 2684 1841
14 (no ph) 1/2" lag SPF 2423 2021 0.557 0.431 1.4 1.5 1889 1306

15 (NDS ph) 1/2" lag SPF 2423 2021 1.001 1.009 1.4 1.5 3396 3058
16 (1/8" ph) 1/2" lag SPF 2423 2021 0.718 0.641 1.4 1.5 2436 1943

Predicted Lateral Load (lbs) Reduction Factor Offset Factor Total Predicted Lateral Load (lbs)
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Table 5.10:  Comparison of predicted to experimental Loads 
Group Identification

Capacity 5% OYL Capacity 5% OYL Capacity 5% OYL
1 (no ph) 1/4" lag DF 1891 1073 2189 1170 0.86 0.92
2 (no ph) 3/8" lag DF 2835 1915 2668 2039 1.06 0.94

3 (NDS ph) 1/4" lag DF 1871 1036 2104 1062 0.89 0.98
4 (NDS ph) 3/8" lag DF 3596 2286 3286 2288 1.09 1.00
5 (1/8" ph) 3/8" lag DF 3215 2099 2923 2181 1.10 0.96
6 (no ph) 1/4" lag SPF 1469 926 1678 964 0.88 0.96
7 (no ph) 3/8" lag SPF 2249 1539 2132 1616 1.06 0.95

8 (NDS ph) 1/4" lag SPF 1438 917 1598 967 0.90 0.95
9 (NDS ph) 3/8" lag SPF 2837 1887 2559 1942 1.11 0.97
10 (1/8" ph) 1/4" lag SPF 1446 919 1763 990 0.82 0.93
11 (no ph) 1/2" lag DF 2084 1267 2036 1196 1.02 1.06

12 (NDS ph) 1/2" lag DF 3733 2847 3675 2908 1.02 0.98
13 (1/8" ph) 1/2" lag DF 2684 1841 2578 1957 1.04 0.94
14 (no ph) 1/2" lag SPF 1889 1306 1778 1120 1.06 1.17

15 (NDS ph) 1/2" lag SPF 3396 3058 3323 2710 1.02 1.13
16 (1/8" ph) 1/2" lag SPF 2436 1943 2352 1780 1.04 1.09

    Average Ratio of Predicted to Experimental Load 1.00 1.00

Total Predicted Lateral Load (lbs) Experimental Load (lbs) Ratio of Predicted to Experimental Load

 

For 5% offset yield load, for the most part, the ratios showed more of a consistent trend.  

The only exceptions were Groups 14, 15 and 16 that were all SPF groups that used 1/2 in. 

diameter lag screws.  For these three groups, the offset factor selected for SPF species 

with 5% offset yield loads was 1.5, whereas the average offset factor for Groups 14, 15 

and 16 was found to be 1.342.  Using this value, the ratio for each of these three groups 

would be much closer to 1.0.  By manipulation of the offset factor for all groups, total 

predicted lateral load resistances would better approximate experimental load lateral 

resistances.  By generalizing the offset factor, equations were somewhat more simplified, 

however, results are reasonable. 

 

5.2.7  Conclusions and Limitations 

 

A method to determine the total predicted lateral load has been developed.  The primary 

contribution to the total predicted lateral load is that portion attributed to the general 

Yield Model as given in TR-12 (AF&PA, 1999).  TR-12 appreciably under predicted 

lateral loads for all tested lag screw connections using NDS  (AF&PA, 1997) required 

pilot hole diameters.  The withdrawal resistance component parallel to the externally 

applied lateral load was added to the direct lateral load predicted as by TR-12 in an 

attempt to more fully quantify the lateral resistance effect.  Due to several limitations, a 

more exact analysis was not performed. 
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Limitations are many and varied.  These limitations are listed and discussed below. 

 

1. Fastener edge distance contributed with respect to the amount of wood 

cracking/splitting and resulting load resistance.  Differences in edge and end 

distances will exist for other connections.  Some adverse effects may occur 

due to using smaller edge and/or end distances. 

2. Connection fabrication could not be performed perfectly for all specimens, as 

there were likely small differences.  As a result, connection geometry was 

slightly different from one specimen to another. 

3. Main member specimens were inherently variable, because wood is a highly 

variable material.  As a result, material and geometric properties were 

variable.  Also, the species of wood were limited to Douglas-fir and spruce-

pine-fir. 

4. Tests were performed in an engineering laboratory.  Such conditions may not 

replicate in-service conditions with respect to environmental, construction and 

loading factors. 

5. Only certain diameters of lag screws were used with a single length.  In 

practice, many different and varied lag screw sizes are used. 

6. Material properties used were specific to the lag screws and wood used. 

7. Oversized holes were used in the steel side plates.  Different diameters of 

holes may possibly be used by contractors, which would tend to increase or 

decrease the amount of lag screw head fixity at the steel plate. 

8. Though wood main members were subjected to periods of conditioning and 

relaxation, these conditions will be varied for connection end-use.  

Dimensional changes due to shrinkage and swelling must also be considered, 

particularly because they tend to influence load resistance (embedment 

strength) and lag screw head fixity. 

9. Friction between the side member and main member were not considered in 

the analysis.  Increased lag screw head fixity will increase intermember 

friction.  Friction is difficult to quantify due to the inability to measure the 

induced compression load between the two members.  Upon advanced stages 
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of wood relaxation around the fastener or wood shrinkage, the compression 

resistance between members will likely decrease, thereby making the task of 

quantifying friction much more difficult.  TR-12 (AF&PA, 1999) 

conservatively ignores frictional effects, by equating it to zero. 

10. For main members nominal 2x6x14 in. long were used.  Fasteners were 

screwed into the thickness-length plane (2x14 plane).  As a result, test results 

are limited, in part, to nominal 2x members. 

11. Total test time was between five and seven minutes in duration.  For such a 

duration of load application, the load duration factor is between 1.6 to 1.65, 

but closer to 1.6.  End-use load duration may be anywhere from very little to 

many minutes or years.  Therefore, the load duration factor may range from 

0.9 for permanent loading to 2.0 for impact loading. 

12. Main members were not pressure-treated with water-borne preservatives or 

fire retardant chemicals.  Using such treatments in-service may require a 

reduction in the load duration factor.  Additionally other adjustment factors 

may be required depending on environmental, construction, and loading 

conditions (CM, Ct, Cd, and Ceg). 

13. Pilot holes may be used that are of different diameter than those used in this 

study.  Small adjustments may be necessary as the regression used to obtain 

the reduction factors did not consider these pilot hole diameters. 

14. Penetration of the lag screws into the main member was consistently 2.75 in.  

Because many fastener lengths exist, different penetrations are possible.  

Yield Theory is based on a minimum penetration to shank diameter ratio of 

4.0.  Penetration to shank diameter ratios less than four are prohibited, while 

ratios greater than 4.0, but less than or equal to 8.0, tend to increase the lateral 

resistance capacity of the connection. 
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5.3  Predicted Lag Screw Connection Load Resistance Based on Lag Screw 

Diameter and Surface Crack Length 

 

5.3.1  General 

 

A major objective in this research is to arrive at formulas that can be used to reasonably 

predict lag screw connection loads at capacity and 5% offset yield by using lag screw 

diameter and crack profile area information.  To facilitate this task, it was first required 

that the causal parameters that are mainly responsible for predicting the results are 

implemented. 

 

5.3.2 Load Resistance vs. Crack Profile Curves 

 

Methodology in the derivation of the prediction formulas was to first develop curves that 

are based on connection loads versus crack profile areas (see Figures 5.10 to 5.13).  

Secondly, from these curves, a regression was performed to determine the regression 

constants and coefficients of determination.  Using these constants, regression was 

performed again to determine usable equations, explaining the relationships between 

constants (i.e., a and b).  Lastly, with the newly determined constants, formulas were 

developed and implemented in the prediction of lag screw connection lateral loads, and 

then comparisons were drawn between predicted and experimental load resistance values. 

 

From Figures 5.10 to 5.13, it is observed that the differences in load resistance between 

connections that used 1/8 in. diameter pilot holes and no pilot holes, are rather 

substantial.  On the other hand, the differences with respect to surface crack area are very 

small, particularly those connections that used larger lag screws, such as the 3/8 in. and 

1/2 in. diameter lag screws.  This phenomenon tended to cause the curves of these larger 

diameter lag screw connections to appear more brittle and curvilinear at the tails, where 

pilot holes were small.  Therefore, problems with regression were anticipated. 
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5.3.3  Development of Regression Equations 

 

Relationships between load vs. crack profile surface area curves were determined through 

the implementation of regression.  Because of the small number of data points for the 

mean values, it was decided to use simple linear formula, P =  a + bA, for general 

regression, where A represents the crack profile surface area.  Coefficients of 

determination and constant values for a and b were determined for each inked group as 

noted in Table 5.11.  In the table, note, for instance, that DF-1/4 indicates the species 

Douglas-fir with 1/4 in. lag screws. 
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Figure 5.10 :  Capacity resistance vs. crack surface area (DF) 
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Crack Surface Area vs. 5% Offset Yield Load (DF)
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Figure 5.11:  5% offset yield load resistance vs. crack surface area (DF) 
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Figure 5.12:  Capacity vs. crack surface area (SPF) 
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Crack Surface Area vs. 5% Offset Yield Load (SPF)

0

500

1000

1500

2000

2500

3000

3500

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Surface Crack Area (in^2)

5%
 O

ffs
et

 Y
ie

ld
 L

oa
d 

(lb
s)

1/4 in. lag
3/8 in. lag
1/2 in. lag
Linear (1/2 in. lag)
Linear (3/8 in. lag)
Linear (1/4 in. lag)

Figure 5.13:  5% offset yield load resistance vs. crack surface area (SPF) 
 

Table 5.11:  Simple regression for curves of Figures 5.10 to 5.13 
ked Group Shank dia

(in.)
a b r2 a b r2

DF-1/4 0.238 2104 0 1 1062 0 1
DF-3/8 0.361 3519 -95.2 0.716 2374 -34.8 0.421
DF-1/2 0.483 4083 -100 0.902 3325 -99.1 0.762

SPF-1/4 0.238 1598 0 1 967 0 1
SPF-3/8 0.361 2589 -55.3 0 1981 -48.9 0.287
SPF-1/2 0.483 3565 -102 0.741 2953 -102 0.671

Constants and Coefficients of Determination
Capacity 5% Offset Yield Load

 

As noted prior in the regression of load resistance vs. pilot hole to lag screw diameter, 

constant values for groups with 1/4 in. diameter lag screws, a and b, represent the load 

associated with the 1/4 in. lag screw connection group load resistances for capacity and 

5% offset yield, which used NDS  (AF&PA, 1997) required pilot holes, while b = 0 

represents the enforced the zero slope condition.  The low coefficients of determination 

for 3/8 in. and 1/2 in. groups indicate that the selected formula does not fit the data well.  

However, due to relatively low r2 values and corresponding limited number of available 
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formulas (with respect to 5% offset yield load), it was decided to pursue the equation P = 

a + bA and verify its applicability after the development of further regression. 

 

For each of the curves in Figures 5.10 to 5.13, regression was performed, and single 

values for both a and b were obtained.  To further develop the reduction factor formulas, 

additional regression analysis was required.  This was done by regressing all three a 

values and b values from each figure, thereby obtaining single values for a, b and r2 for 

each figure.  For this regression, the independent variable D indicated lag screw diameter.  

After attempting to use the linear equation to predict single a and b constant values, it 

was determined that the linear equation did not provide a good fit for capacity and 5% 

offset yield load values.   It was subsequently determined that the equation a = a1 + b1D 

predicted a and b constants well,  the equation b = a2 + b2D predicted b constants well.  

The results are shown in Table 5.12. 

 

Species Parameter
 

for a's for b's for a's for b's
a 320 82.3 -1078 101

DF b 8082 -409 9239 -404
r2 0.886 0.576 0.984 0.941
a -311 97.7 -957 99.8

SPF b 8029 -419 8106 -416
r2 1 0.996 1 0.999

Note:  For a and b columns, a = a1 + b1D and b = a2 + b2D

Capacity
y = a + bD

5% Offset Load
y = a + bD

Table 5.12:  Summary of constants used for Figures 5.10 to 5.13 

 

The r2 values for capacity range from 0.576 to 1.00 and range for 5% offset yield load 

from 0.941 to 1.00, whereupon r2 values for b are much lower than those for a.  Such 

correlations, except for 0.576 (b constant for DF capacity), for most lag screw connection 

groups, make for a good prediction of the dependent variable, load resistance, when using 

the predictors (independent variable) of lag screw diameter and crack profile area.  For 

reasons of simplicity and commonality, the aforementioned equations were used in the 

regression.  In some cases, there was little choice in the selection, as no formulas had 

very high r2 values.  When using the same lag screw diameter and species of wood, crack 
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profile areas, for cases using 1/8 in. diameter pilot holes and no pilot holes, were very 

close to each other and almost indistinguishable.  

 

To demonstrate the steps of the regression, the following explanation is offered.  It was 

determined that capacity and 5% offset yield load values are related to crack profile 

surface areas in a very linear manner.  This is shown by the equation, 

 

bAaP +=                                                                ( 5.17) 

 

where, 

A = crack profile surface area (in2) 

a, b = constants 

 

For 5% offset yield load resistance, a and b = a2a + b2axl.  For capacity resistance, a and 

b = a2b + b2bx.  When combined into the equation P = a + bA, the resulting formula for 

capacity and 5% offset yield load resistances is 

 

( ) ( ADbaDbaPCap 2211 +++= ) ,                                               (5.18) 

 

where,  

D = actual lag screw shank diameter (in.) 

a1,a2, a1a, a2a, b1, b2, b1a, b2a = constants 

 

Results of the regression are shown in Table 5.13. 

 

Table 5.13:  Regression formulas for connection load resistances 

Species Load of Interest

5% Offset Yield
SPF

Expression for Load Resistance

DF
Capacity P = 320 + 8082 D + (82 - 409 D) A

5% Offset Yield P = -1078 + 9239 D + (101 - 404 D) A

P = -957 + 8106 D + (100-416 D) A

Capacity P = -311 + 8029 D + (98 - 419 D) A
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Because connections must be inked and split open to have the crack profile surface area 

measured (or inspected by way of nondestructive testing), it would be beneficial to arrive 

at a correction factor, which is multiplied by A (crack profile surface area) to obtain the 

equivalent crack length at the exposed surface, whereupon the fastener began its 

penetration into the wood main member.  If the area is idealized as a triangle, it is well 

known that the area of such is base times height divided by 2, or A = bh/2.  This 

simplification yields a good approximate solution, because most crack profile shapes 

were somewhat triangular.  The base is determined by multiplying the area, A, by the 

quantity of 2/h.  The parameter h is constant, as it is the length of the lag screw in the 

main member, including lag screw tip, minus side plate thickness.  This quantity is 2.75 

in.  Hence, b = 2A/h = 2A/2,75 = 0.727A.  By determining A in terms of b, the solution is 

A = 1.375 Lcrack.  Therefore, to predict the capacity and 5% offset resistances in terms of 

crack length and lag screw diameter, substitute 1.375 Lcrack for A. 

 

5.3.4  Conclusions 

 

To gain an appreciation for the accuracy of these load resistance expressions, predicted 

load resistances are compared to the experimentally obtained load resistances, and these 

results are presented in Table 5.14.  In the table, note, for instance, that DF1/4-0 indicates 

The species Douglas-fir with 1/4 in. lag screws and no pilot hole. 

 

As observed, the absolute error for capacity and 5% offset yield load predictions range 

from 0.01% to 13.97% and 0.44% to 35.8%, respectively.  This is a large range for 5% 

offset yield load.  However, the large error for 5% offset yield is due to outliers, not 

typical error values, and the mean error for capacity and 5% offset yield load are 1.26% 

and 1.80%, respectively.  The extreme outliers are due to the brittleness of the 

connections that arise with a combination of larger lag screw diameters with smaller pilot 

hole diameters.  This relationship is also demonstrated with smaller pilot hole diameter to 

lag screw diameter ratios.  In general, connections with smaller lag screws were less 

variable due to their bending-controlled response.  On the other hand, connections with  
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Table 5.14:  Comparison of experimental and predicted load resistances using crack areas 
Group Identification Lag Dia Crack Area

(in.) (in2) Capacity 5% Offset Capacity 5% Offset Capacity 5% Offset
1 DF1/4-0 0.238 3.1 2196 1136 2189 1170 -0.32 2.91
2 DF3/8-0 0.361 7.74 2729 1910 2668 2039 -2.30 6.32
3 DF1/4-11/64 0.238 2.22 2209 1132 2104 1062 -5.01 -6.56
4 DF3/8-1/4 0.361 2.4 3080 2150 3286 2288 6.27 6.05
5 DF3/8-1/8 0.361 7.52 2744 1920 2923 2181 6.13 11.96
6 SPF1/4-0 0.238 3.28 1594 975 1678 964 4.99 -1.19
7 SPF3/8-0 0.361 5.18 2312 1709 2132 1616 -8.42 -5.78
8 SPF1/4-11/64 0.238 1.38 1598 974 1598 967 0.03 -0.68
9 SPF3/8-1/4 0.361 1.46 2510 1896 2559 1942 1.93 2.37

10 SPF1/4-1/8 0.238 2.1 1596 974 1763 990 9.46 1.58
11 DF1/2-0 0.483 18.7 2063 1624 2036 1196 -1.32 -35.80
12 DF1/2-11/32 0.483 3.84 3780 3023 3675 2908 -2.85 -3.95
13 DF1/2-1/8 0.483 16.96 2264 1788 2578 1957 12.18 8.64
14 SPF1/2-0 0.483 14.76 2026 1469 1778 1120 -13.97 -31.12
15 SPF1/2-11/32 0.483 2.34 3323 2722 3323 2710 0.01 -0.44
16 SPF1/2-1/8 0.483 14.64 2039 1481 2352 1780 13.31 16.82

   Mean error (%) 1.26 -1.80

Experimental Load (lbs)Predicted Load (lbs) % Error

 

larger lag screws performed in a more brittle or quasi-brittle manner.  As expected, the 

more brittle connections (large lag screws) had more variable results than less brittle and 

more ductile connections (small lag screws).  For most cases, the regression has done an 

adequate job in quantifying magnitudes for capacity and 5% offset yield load, providing 

the actual lag screw shank diameter and crack profile surface areas are known values.  As 

observed, the problem groups are 11 and 14.  These are both groups with 1/2 in. lag 

screw diameters.  In both cases, the curves are such that the crack areas are of similar 

surface area, but the load resistances are quite different.  Therefore, the chances of 

obtaining a reliable prediction equation for these groups, so that load resistances for the 

other groups are also well predicted, is difficult, if not impossible.  Hence, it is concluded 

that small differences between the pilot hole to lag screw diameter ratios, for laterally 

loaded connections with the same species and lag screw diameter will likely result in 

poor load resistance predictions. 

 

Again, these equations apply to only DF and SPF woods.  If another species is used a 

calibration, depending on specific gravity, is reasonable.  Additionally, it is possible that 

the calibration may be required when using larger diameter lag screws than 1/2 in. 

diameter nominal.  Lastly, a calibration of the prediction equations is also likely 

necessary in the event of wood members with different moisture contents as was used in 
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these experiments. Other adjustment factors will be required, as per the NDS  (AF&PA, 

1997), to account for actual field conditions. 

 

5.4  Predicted Stress State for Lag Screw Connections Subsequent to Lag Screw 

Installation 

 

5.4.1  General 

 

A third objective in this research is to arrive at formulas that can be used to reasonably 

predict the state of stress in lag screw connections directly after the drilling of pilot holes 

and insertion of lag screws.  To facilitate this task, it was first required that the causal 

parameters, which were mainly responsible for predicting the results, be implemented 

into the derivation of a predictive formula.  This formula will then aid in the 

determination of the stress state subsequent to lag screw installation.  Variables of interest 

include crack profile surface area, pilot hole and lag screw diameters, and wood species’ 

material and geometric properties.  The approach toward the solution involved the use of 

models for isotropic materials.  However, the isotropic approach is only applicable to a 

very small portion of wood related topics.  For the analytical portion of this work, it was 

determined that isotropic methods did not give realistic process zone lengths.  As a result, 

analytical work was hindered when approaching a fracture mechanics solution.  

Additionally, an anisotropic or orthotropic solution was beyond the scope of this project.  

For this reason only simplified analyses for fracture mechanics were implemented.  With 

that in mind, two components to the solution are required to describe the effective loads 

necessary to create both crack profile surface areas and the displaced state of the wood 

subsequent to lag screw installation. 
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5.4.2  Engineering Mechanics Method for Equivalent Strain Energy 

 

5.4.2.1 General 

 

The effective load to displace the wood to its final position after the installation of lag 

screws is determined by an engineering mechanics approach.  In the application of elastic 

theory to relatively simple engineering systems, total deflection is of significant interest.  

Systems subjected to simple bending undergo two forms of displacement:  displacement 

due to bending and displacement due to shear.  The displacement proportions vary 

depending on a few beam related considerations, including span to depth ratio and the 

elastic modulus to shear modulus ratio.  Generally, a very long and shallow beam will 

experience displacement primarily due to bending, while very short and deep beams will 

experience displacement mostly due to shear.  The magnitude of the shear contribution to 

total deflection is constant with respect to beam length.  It is also well known that shear 

deflection is a function of the loading characteristics (Biblis, 1965; Bodig and Jayne, 

1982).  Among Biblis’ studies of simply-supported wood beams of twelve different 

species, subjected to a midspan point load, Douglas-fir performed as follows (E/G = 

29.29): 

 

18.1
1:14

=
E
E                                                               (5.19) 

 

%7.40100 =
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shear  (for L/D = 8:1)                                   (5.20) 

 

%1.7100 =







∆
∆
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shear  (for L/D = 24:1)                                  (5.21) 

 

where, 

E = modulus of elasticity in pure bending (no shear component) (psi) 

E14:1 = modulus of elasticity in bending at L/D of 14:1 (psi) 
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∆shear = Shear deflection (in.) 

∆total = Total deflection (in.) 

D = Beam Depth (in.) 

L = Beam Length (in.) 

 

A basic premise in the determination of deflections due to bending is that the beam’s 

cross-section remains plane prior to and after bending.  As Bodig and Jayne (1982) point 

out, this assumption does not hold in the face of changing moment along the length of the 

beam; additionally, the premise is only true when a beam is subjected to pure bending, 

which, of course, has constant moment.  Under conditions of non-pure bending, shear 

stresses are nonuniformly distributed along the depth of the beam with the maximum 

shear occur at the section’s neutral axis, and previously plane sections change to warped 

sections (Biblis, 1965). 

 

Shear deflection may be omitted in an analysis when certain circumstances exist, 

whereupon shear contribution to deflection is not a major factor.  Hence, shear 

deflections are generally not considered in the case of materials with relatively high 

Poisson’s ratio and a correspondingly low elastic modulus to shear modulus ratio, as a 

very small portion of the total deflection is due to shear effects.  However, for those 

materials with low Poisson’s ratio and high elastic modulus to shear modulus ratio, the 

shear effects can be significant.  When shear displacement is not considered when it 

should in fact be considered in the analysis, an apparent elastic modulus, MOE, should be 

used instead of the true or pure elastic modulus, E (Bodig and Jayne, 1982).  E is 

obtained when shear deflections are considered in combination with deflections due to 

bending. 

 

As noted by Biblis (1965), Grashof (1878), Rankine (1895) and then Timoshenko (1955) 

studied the shear force effect with consideration to the solution of differential equations 

and stresses (elementary direct method).  These methods are not as exacting as methods 

based on elastic strain energy (Newlin and Trayer, 1924; Timoshenko and Goodier, 

1951).  As such, the first method of solution, which follows, is based on shearing stresses 
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and the elementary direct method, while the second method of solution is based on elastic 

strain energy.  The derivations are shown in the work by Biblis (1965) and are 

reproduced in part here.  It is noted that rectangular wood specimens are used in the 

experimental study. 

 

Solutions for load deflection are dependent upon both bending and shear components.  

Because the bending component to load is in the form of a well-known equation, the 

bending component will not be developed in the following.  Suffice it to say that, for the 

study at hand, the bending component is based on a beam with fixed-fixed end conditions 

and an applied point load at the middle of the beam.  On the other hand, the shear 

component is not as well understood.  Hence an extended discussion of this component 

follows. 

 

5.4.2.2  Elementary Direct Method 

 

The elementary direct method is based on shear stresses and solution of differential 

equations.  The work of Biblis (1965) again is referenced as a major contributor for the 

forthcoming derivation.  Prior to bending of beams, minute elements along the neutral 

axis are rectangular, however, as load is imparted and bending initiates with 

accompanying warping of initially plane sections, the elements become more rhomboidal 

in shape, as the vertical edges remain perpendicular to the longitudinal axis.  Hence, the 

elastic curve’s slope at each location along the neutral axis is equal to the shearing strain: 

 

AG
KV

G
xy

dx
dy y == =0)(τ

                                                      (5.22) 

 

where, 

V = magnitude of shear force at the location of interest (lbf) 

A = cross-sectional area of the beam (in2) 

K = numerical factor, which is dependent upon beam’s cross-section, by which 
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the average shearing stress is multiplied to yield the shearing stress at the

 cross-section’s centroidal axis. 

G = shear modulus (psi) 

τ(xy) = shearing stress at any location (psi) 

 

As derived by Timoshenko (1955), shearing stress at any distance, y1, from the neutral 

axis is 
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where, 

b = beam width (in.) 

I = beam moment of inertia about the centroidal axis parallel to beam width (in4) 

h = beam depth (in.) 

 

bdydA =                                                                 (5.24) 

 

Hence, 
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Maximum shear stress occurs along the neutral axis, where y1 = 0, and, therefore 

 

I
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For rectangular sections, 
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12

3bhI =                                                                  (5.27) 

 

Therefore, 

 

A
Vxy

2
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Hence, for rectangular sections, 

 

2
3

=K                                                                   (5.29) 

 

For boundary conditions with no slope or deflection at the ends of a beam, which is 

subjected to a single point load at midspan, 

2
PV ±=                                                                 (5.30) 

 

Because the slope of such a beam is constant, so follows the shearing strain; hence, the 

deflection curve is typified with linear segments joined at midspan, or 
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Integrating with respect to x, the result is 

c
AG
Pxy +=

4
3

1                                                             (5.32) 

 

Recall the boundary condition at x = 0, y1 = 0.  If this is true, then c = 0, and, hence, 
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Because y1 is maximum at beam midspan, 

 

AG
Ply

8
3

max =                                                               (5.34) 

 

This solution for ymax is not exact.  It is about 25% more than the more exacting solution 

yielded by the elastic strain energy method.  This is due to the fact that there is no shear 

force at the exact midspan of the beam; however, on either side of this point on the beam, 

the magnitude of shear force is P/2.  Hence, a theoretical discontinuity exists that is not 

possible in mechanics.  In this case, the stress distribution does not match that assumed 

by the elementary theory of bending.  Instead, there should be a gradual change in 

warping; therefore, an error exists in determination of deflection due to shear when 

implementing the elementary direct method.  A loading case, whereupon the exact 

answer is provided when using this method of solution, is the uniformly distributed load 

case.  The warping is so gradual that there is no such discontinuity as seen in the point 

load at midspan case. 

 

5.4.2.3  Elastic Strain Energy 

 

As a second and more accurate method to calculate shear deflection, elastic strain energy 

determination is prominent.  Again, the work of Biblis (1965) is referenced as a major 

contributor for the forthcoming derivation.  To develop the shear deflection expression 

based on elastic strain energy, consider a square element, as shown in Figure 5.14, fixed 

at its bottom surface and a shear load, P, applied at the top surface.  The shear load 

causes the element to laterally deflect a distance, δ, and the base resists the shear load and 

enforces equilibrium.  As a result, to accommodate equilibrium with respect to moments, 

opposite and equal shears are induced along the vertical surfaces of height, l.  Applying 

Hooke’s Law, the shearing strain is proportional to shearing stress. 

 

The external work done by the applied force is stored as equivalent elastic strain energy, 

U, until the strain energy is dissipated in some manner.  Hence,  
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2
δPU =                                                                 (5.35) 

 

δ  P  

γ  

l 

 

Figure 5.14:  Shear element 

 

Also, because 
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where A = cross-sectional area of the element parallel to the fixed surface (in2) 

 

then 
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2

2λ
=                                                                (5.37) 

 

and also 

λ2

2δAGU =                                                               (5.38) 
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By dividing U by the volume of the element, Al, elastic strain energy is converted into 

shearing strain energy per volume, u: 

 

G
u

2

2τ
=                                                                  (5.39) 

 

and also 

 

2

2Gu γ
=                                                                 (5.40) 

 

where, 

τ = P/A = shearing stress (psi) 

γ = δ/l = shearing strain 

 

Recall the prior expression for τ(xy) derived from the elementary direct method. 

 

Letting V = P/2, Equation 5.31 changes to                                                                   (5.41) 
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Substituting this expression for τ into Equation 5.45 for u above, and then integrating 

with respect to the volume, the following equations for incremental elastic strain energy 

and total elastic strain energy, respectively, are achieved: 
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Equating the work to the total elastic strain energy, 
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yields 
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Because the moment of inertia for a rectangular section is 

 

12

3bhI =                                                                 (5.47) 

 

then 

 

AG
Pλ3.0

1 =δ                                                               (5.48) 

 

This expression for shear deflection is much more accurate than that derived from the 

elementary direct method.  It is 25% smaller than the first method used in this study.  

Because the shear strain energy method does not assume that all cross-sections are free to 

warp, it is more accurate. 

 

It is well-known that the deflection component due to bending for the case of a point load 

applied at midspan, end boundary conditions of y(0, l) = 0 and y’(0, l) = 0 and a 

midspan boundary condition of y’(l/2) = 0 (fixed-fixed condition) is 
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Hence, the total deflection, equal to the sum of the shear and bending deflection 

components, is 
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This equation is used in subsection 5.4.4 to develop the effective load that caused 

spreading of the two cracked faces due to lag screw installation. 

 

5.4.2.4  Conclusions 

 

In the two previous subsections, Biblis (1965) demonstrated that shear deflection may 

contribute significantly towards the total deflection of a beam subjected to transverse 

loading.  Additionally, Biblis’ work clearly showed the effect of the L/D and E/G ratios 

upon shear deflection contribution, where E is the pure elastic modulus.  These effects are 

applicable to all materials.  Lastly, shear deflection is best determined with the 

implementation of the elastic strain energy method.  Because the crack profile surface 

areas are rather short compared to the height (ratio typically less than 4.0), the inclusion 

of the shear component to deflection is necessary.  Therefore, both bending components 

and shear components were included in the determination of the applied effective load, P. 
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5.4.3  Solution to Determine the Effective Load Required to Displace the Cracked 

Wood 

 

To determine the effective load required to displace both faces of wood at the crack, it 

was necessary to determine how much deflection actually occurs.  It is important to 

understand that when the lag screw is inserted into the pilot hole, the wood does not 

simply displace elastically.  Instead, the wood under the lag screw crushes, and the 

quantity of the difference between the lag screw diameter and the pilot hole diameter is 

either crushed or compacted.  In the crushing process, voids in cells lumens are nearly 

completely removed, and all that remains is the compacted cellulose, hemicellulose and 

lignin. 

 

A nonparametric experiment was conducted in this study, whereupon six wood 

specimens (Douglas-fir), the same size as specimens used in the connection tests, had 1/8 

in. pilot holes drilled and 1/2 in. lag screws screwed-in.  Prior to and after installation of 

the lag screws, dimensions of all specimens were measured.  Of course, thickness was of 

primary interest, because this was the direction of displacement of interest.  Through this 

measurement process, upon lag screw insertion, it was determined that approximately 

90% of the difference between the lag screw and pilot hole diameters was accommodated 

through crushing of the wood fibers perpendicular-to-grain.  The remaining 10% was 

accommodated by compaction of the remaining crushed fiber by-product. The amount of 

crushing was due to the fact that wood volume is predominantly composed of openings 

between cell (tracheid and ray) walls.  The cells and cell walls were crushed, thereby 

removing the void space and densifying the wood.  This phenomenon was assumed to 

occur in all lag screw connection tests. 

 

To develop the effective load, which caused spreading of the two cracked faces due to lag 

screw installation, the formula shown in Equation 5.55 is implemented.  The modulus of 

elasticity, EL, and shear modulus, GLT, for both SPF and DF were taken from the Wood 

Handbook (Forest Products Laboratory, 1999).  For SPF, these values are 1480 ksi and 

105 ksi, respectively.  For DF, the values are 1830 ksi and 143 ksi, respectively.  Also, 
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10% of the diameter difference between the lag screw and pilot hole was calculated for 

each of the nine group combinations with variables of wood species, lag screw diameter 

and pilot hole.  It should also be noted that this 10% difference was not noted at the end 

of the lag screw (just above the tip).  This was determined by measurement.  The 

thickness at the same level of the end of the lag screw did not show any perceptible 

change in dimension, subsequent to lag screw insertion.  Also, there was a fairly 

consistent change of specimen thickness from the maximum displacement at the top of 

the specimen to no change at the portion of the specimen adjacent to the end of the lag 

screw.  Intermediate values demonstrated that the relationship in displacement is 

somewhat triangular.  This is due to the boundary conditions, as the crack length lessens 

as the end of the lag screw is approached.  In conclusion, it can be safely stated that that 

the change in deflection is linear, and, therefore, displacement, δeff, changes from the top 

of the specimen to the end of the lag screw. 

 

The area zone, a, was determined to be 0.1875Leff in. (Leff /4*1.5/2) per Leff / 4 in. of lag 

screw length (minus the lag screw tip), and the moment of inertia, I, was calculated to be 

0.00879Leff in4 (Lef /4*0.753/12) per Leff/4 in. of lag screw length (minus the lag screw tip).  

The length of crack at the top of each specimen is Ltop.  Because main member crack 

surface separation and crack lengths changed somewhat linearly with respect to the 

location of interest along the lag screw length, it was decided to integrate four separate 

areas for each group.  Note that several profiles were somewhat parabolic or curvilinear, 

however, because very little cracking occurred near the end of the lag screw, a triangular 

area was approximated for the area enclosed by the slightly parabolic perimeter for each 

specimen.  The four crack lengths, from the top of the specimen to the end of the lag 

screw (minus tip), are 7Ltop/8, 5Ltop/8, 3Ltop/8, and Ltop/8 (see Figure 5.15).  

Corresponding relationships were also used to determine the crack surface displacements, 

which, in the same order as the crack lengths, are 7δeff/8, 5δeff/8, 3δeff/8, and δeff/8. 
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Figure 5.15:  Zones and effective crack lengths 
 

To determine the total effective load required in separating the two cracked surfaces, 

effects of the four crack lengths and effective displacements were added together.  The 

general equation used to determine the total effective load is 
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where, 

Li = 7Ltop/8, 5Ltop/8, 3Ltop/8, and Ltop/8 (in.) 

δi = 7δeff/8, 5δeff/8, 3δeff/8, and δeff/8 (in.) 

E = elastic modulus (psi) 

G = shear modulus (psi) 

I = moment of inertia (in4) 

A = cross-sectional area normal to Figure 5.15 (in2) 

a = area zone(in2) 

a = area of trapezoid (in2) 
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Solutions are summarized in Table 5.15.  Deff is the weighted average lag screw diameter 

based on the full threaded portion (minus tip) and the portion of the shank that is 

embedded into the wood specimen.  As observed, effective loads are quite large as 

compared to the effective load achieved earlier, which is responsible for wood specimen 

crack profiles.  For Table 5.15, effective loads for DF specimens are generally less than 

those for SPF.  This is due to the larger crack lengths experienced by the DF specimens.  

To achieve the same displacement, longer spanning cracks will have a lower effective 

load.  This is not surprising, because SPF is a less brittle wood than DF.  A less brittle 

wood will take more load prior to crack propagation.   

 

Additionally, it is shown that as the lag screw diameter increases, so does the effective 

load.  This is not born-out completely, because the connections with 1/2 in. lag screws 

had lower effective loads than their 3/8 in. lag screw connection counterparts.  This is 

primarily due to the smaller wood specimen thickness to lag screw diameter ratio.  As 

earlier stated, the edge distances as specified in the NDS  (AF&PA, 1997) should be 

reconsidered for cases that do not abide by the NDS  pilot hole requirement.  If a 

sufficient edge distance was provided, it is likely that the effective loads would become 

greater for increased lag screw diameters.  The topic of edge and end distances, as well as 

fastener spacing, is considered in the “Considerations for Lag Screw Edge and End 

Distances and Spacing” section of this chapter. 

 

5.4.4  Energy Solution for Crack Profile Surface Areas 

 

To adequately determine the effective load required to create crack profile surface areas, 

an energy approach was used.  The methodology implemented for the solution was to 

first obtain dowel embedment tests’ displacements at both 5% offset yield load and 

capacity.  Each value was then compared to the quantity, δeff , obtained by subtracting the 

effective diameter of the pilot hole from the effective diameter of the lag screw and then 

dividing by two (duc to symmetry).  If δeff was less than the embedment displacment at 

5% offset yield, then the wood was considered elastic.  If δeff was greater than the 

embedment displacement at capacity, then the wood was considered to reach the failure 
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load, whereupon 10% of δeff was used (advance crushing).  If δeff approximated 

embedment displacement at capacity, then a intermediate value of 50% of δeff was used.  

Any other values of  embedment displacements were linearly interpolated with respect to 

δeff.  The results are summarized in Table 16. 

 

Table 5.15:  Crack separation loads 

DF Group Deff Pilot Hole  δeff 0.10 δeff Crack Area Leff Ltop P
(in) (in) (in) (in) (in2) (in) (in) (lbs)

14-0 0.193 0.000 0.097 0.0097 3.10 2.59 2.39 1686
14-18 0.193 0.125 0.034 0.0034 3.10 2.59 2.39 595

14-1164 0.193 0.172 0.011 0.0011 2.22 2.59 1.71 225
38-0 0.276 0.000 0.138 0.0138 7.74 2.5 6.19 1271
38-18 0.276 0.125 0.075 0.0075 7.52 2.5 6.02 713
38-1/4 0.276 0.250 0.013 0.0013 2.40 2.5 1.92 250
12-0 0.386 0.000 0.193 0.0193 18.69 2.36 15.84 502
12-18 0.386 0.125 0.130 0.0130 16.96 2.36 14.37 395

12-1132 0.386 0.344 0.021 0.0021 3.83 2.36 3.25 296

SPF Group Deff Pilot Hole  δeff 0.10 δeff Crack Area Leff Ltop P
(in) (in) (in) (in) (in2) (in) (in) (lbs)

14-0 0.193 0.000 0.097 0.0097 3.28 2.59 2.53 1633
14-18 0.193 0.125 0.034 0.0034 2.10 2.59 1.62 746

14-1164 0.193 0.172 0.011 0.0011 1.38 2.59 1.07 305
38-0 0.276 0.000 0.138 0.0138 5.18 2.5 4.14 1728
38-18 0.276 0.125 0.075 0.0075 6.74 2.5 5.39 782
38-1/4 0.276 0.250 0.013 0.0013 1.46 2.5 1.17 338
12-0 0.386 0.000 0.193 0.0193 14.75 2.36 12.50 723
12-18 0.386 0.125 0.130 0.0130 14.63 2.36 12.40 495

12-1132 0.386 0.344 0.021 0.0021 2.34 2.36 1.98 387
0.10δeff = (R - ph/2)(0.10)
Ltop = crack length (including lag diameter dimension)
P = effective load resistance

 

Table 5.16:  Values for C δeff 

  

I.D. Deff Pilot  δeff C δ = Cδeff
Hole

(in) (in) (in) (in)
14-0 0.193 0.000 0.097 50% 0.0483

14-18 0.193 0.125 0.034 100% 0.0341
14-1164 0.193 0.172 0.011 100% 0.0107

38-0 0.276 0.000 0.138 10% 0.0138
38-18 0.276 0.125 0.075 10% 0.0075
38-1/4 0.276 0.250 0.013 100% 0.0128
12-0 0.386 0.000 0.193 10% 0.0193

12-18 0.386 0.125 0.130 10% 0.0130
12-1132 0.386 0.344 0.021 100% 0.0208

δ = C δeff, where C = constant
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The work done on each specimen to create the crack surfaces is Pδ / 2, however, because 

there are two sides to consider, the total external work at the inserted lag scarew is Pδ.  

The surface energy, which is the dissipation mechanism of the built-up strain energy is 

calculated by multiplying the crack profile surface area by the specific surface energy, 

GIc, which was determined by fracture testing in the work.  The equality is now set, and 

the externally applied load (traction) can be determined. 

 

δ
IcAGP =                                                             (5.52) 

 

where, 

A = crack profile surface area (in2) 

δ = representative displacement of the wood surfaces with respect to dowel embedment 

strength 

 

This explanation may be discussed in a more eloquent manner.  Surface energy expended 

to create the crack profile surfaces was critical to the solution of this problem.  This was 

accomplished by obtaining the volume of the lag screw that penetrated into the wood 

main member that also included thread volume but not lag screw tip volume.  Knowing 

the pilot hole diameter, the pilot hole volume is calculated and then subtracted from the 

volume of the lag screw.  This is the displaced volume of the connection.  Next, cross-

sectional areas for all lag screw sizes were subtracted from crack profiles, which were 

measured from inked specimen tests.  This resulted in net crack profiles.  This was the 

amount of effective cracking due to insertion of lag screws.  This stress is uniformly 

distributed along the diameter of the lag screw.  In reality, this stress is probably not a 

uniformly distributed stress but more likely distributed according to a cosine relationship.  

The integral of this stress distribution is equal to the externally applied perpendicular-to-

grain lateral load.  This is due to the fact that the lag screw displaces more in the 

tangential direction (i.e., perpendicular-to-grain direction) than in the longitudinal 

direction.  The displacement is due to the insertion of a larger diameter lag screw into the 

smaller diameter pilot hole.  This and the internal stresses on the wood member, which 
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cause surface cracking, are graphically shown in Figure 5.16, where the greatest 

displacement in the tangential direction occurs when X1 = 0.  (Note:  Only one side of the 

two sides for internal tangential stresses is shown.) 

 

X1 (Longitudinal Direction) 

X2 (Tangential Direction) 

Maximum 
Displacement 
in Tangential 

Direction 

Pilot Hole 
Diameter 

Lag Screw 

2R 

σo 

σx 

 

Figure 5.16:  Displaced area of lag screw from pilot hole and internal stresses 
 

To obtain the load resistance per inch length of lag screw penetration, the uniformly 

distributed stress, σx, is multiplied by 2R.  Because it is assumed that the likely stress 

distribution is in the form of a cosine function, the equation for stress distribution was 

taken as 







=

R
xx o 2

cos)( πσσ                                                          (5.53) 

 

where, 

σo = peak stress of the distribution (psi) 

x = distance the origin along the X1-axis (in.) 

R = effective radius (in.) 
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P is the effective load that caused the cracking due the application of stress intensity, 

which exceeded the critical stress intensity.  The externally applied load was determined 

by dividing the surface energy by wood surface displacement at the lag screw location.  

The steps of analysis discussed above are summarized in Table 5.17. 

 

 Table 5.17:  Determination of the effective cracking load summary 

I.D. δ = Cδeff P (DF) P (SPF)
DF SPF

(in) (in2) (in2) (lb-in) (lb-in) (lbs) (lbs)
14-0 0.0483 2.60 2.78 3.30 3.92 68 81

14-18 0.0341 2.60 1.60 3.30 2.26 97 66
14-1164 0.0107 1.72 0.88 2.18 1.24 205 116

38-0 0.0138 7.05 4.49 8.95 6.33 650 459
38-18 0.0075 6.83 6.05 8.68 8.53 1151 1132
38-1/4 0.0128 1.71 0.77 2.17 1.09 169 85
12-0 0.0193 17.79 13.85 22.59 19.53 1172 1013

12-18 0.0130 16.05 13.73 20.38 19.36 1564 1486
12-1132 0.0208 2.93 1.43 3.72 2.02 179 97

Crack Surface Area Surface Energy

                                           GIc (DF) = 1.27 lb-in / in2,  GIc (SPF) = 1.41 lb-in / in2

 

As observed, the model did not closely predict the effective load used to create the crack 

profile areas.  This appears to be due to relatively close differences between pilot hole 

diameter and lag screw diameter.  However, a general trend is that P increases with the 

increase of lag screw diameter.  This was expected, because the effective loads are 

directly related to net crack profiles. 

 

In conclusion, the two effective load components have been derived to explain the 

cracking phenomenon:  one for the creation of crack profiles (surface energy), and the 

other for crack profile separation (remaining strain energy).  By implementation of the 

engineering mechanics analysis and experimental tests (inked tests and fracture tests), 

these theoretical effective loads were developed.  Though this method of solution is 

simplified, it does provide a method to predict the effective loads necessary to create 

crack profiles and displace the two wood faces along the crack location.  Perhaps solving 

this problem by implementing elasticity will yield more accurate solutions.  This, of 

course, is suggested to the relatively small crack length to specimen thickness (1.5 in. / 2 

= 0.75 in.) ratios for some of the groups studied.  Additionally, a different solution can be 
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obtained by considering the wood at the end of the cracked area as being more a half 

space instead of mere supports for reaction points. 

 

5.5   Determination of Design Loads 

 

5.5.1  General 

 

After the determination of equations, which predict 5% offset yield and capacity 

resistances, it was necessary to reduce these values to account for the variability of wood 

and an additional margin of safety to account for other factors, such as construction 

methods and varying wind, seismic, dead and live load levels.  Because this work does 

not address dynamic forces, such as wind and seismic, subsequent design factors only 

consider design for live load and dead load conditions.  Because both capacity and 5% 

offset yield load have been considered in the development of prediction equations, both 

will be addressed in the discussion of the development for prediction of design equations. 

Both reduction and/or adjustment factors will be used to develop design lateral load 

resistances for both the NDS  (AF&PA, 1997) and the LRFD Manual for Engineering 

Wood Construction (AF&PA, 1996). 

 

5.5.2  NDS  and TR-12 Design Criteria 

 

The NDS  is based on determination of 5% offset yield load resistance values with 

applicable adjustment factors and safety factors.  Information from TR-12 (AF&PA, 

1999) calls for the use of reduction terms, depending on the yield mode of the 

connections.  Yield Mode IV was predicted for connection Groups 1, 3, 6, 8, and 10, 

while Yield Mode II was predicted for connection Groups 2, 4, 5, 7, 9, 11, 12, 13, 14, 15, 

and 16.  However, testing found that the correct yield modes were Yield Mode IV for 

Groups 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10, while Mode II was dominant for Group 13, Mode 

IIIs was dominant for Group 15.  Yield Mode II and IIIs were both prominent for Groups 

11, 12, 14, and 16.  For Mode IV lag screw connections, the reduction term is 3Kθ, and, 

for Modes II and IIIs lag screw connections, the reduction term is 2.8Kθ.  Kθ represents 
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the angle to grain coefficient for bolt and lag screw connections.  For this work, because 

the lag screw connection specimens had a low mean value for angle to grain, Kθ = 1.0.  

the coefficients of 2.8 and 3.0 represent adjustments to reduce 5% offset yield dowel 

embedment values to equivalent values used for proportional limit design values 

(AF&PA, 1997).  These coefficients formed a tie between present day NDS  (AF&PA, 

1997) requirements (1991 editions to present) that use the 5% offset yield load, to 1986 

and earlier versions of the NDS  that used proportional limit as the design basis.   

 

Additionally, because the group mean test time varied from about three to five minutes, 

and not 10 years, a duration of load factor, CD, is required to adjust the predicted 

resistance values to the duration basis for experimental results.  The predicted results 

must be multiplied by the duration of load adjustment factor, which is bit over 1.6.  After 

rounding, the value of 1.6 is used to increase the predicted resistances. 

 

The length of lag screws used for connection tests was 3 in., and the portion of the length 

embedded into each wood main member was 2.75 in. to account for the thickness of the 

steel side plate.  If the lag screw does not penetrate into the main member at least 8 shank 

diameters, then the load resistance must be reduced according to the penetration depth 

adjustment factor, Cd. This adjustment is available as long as the penetration is no less 

than four times the shank diameter.  The adjustment factor for penetration depth is 

 

0.1
8

≤=
D
pCd                                                             (5.54) 

 

where, 

p = penetration of the lag screw (minus lag screw tip) into the main member (in.) 

D = diameter of the lag screw shank (in.) 

 

However, as noted in TR-12 (AF&PA, 1999), this reduction is not required if all six yield 

modes are checked with the general dowel equations.  If penetration depth adjustment 
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factors were used, a very conservative design would be the by-product, because TR-12 

addresses dowel penetration in its general dowel equations. 

 

Hence, for predicted equations, the only two adjustments required are the load duration 

adjustment factor and the reduction term for factor of safety.  To obtain the design lateral 

load, PD, the overall reduction for the predicted 5% offset yield load resistance is 

 

θnKCD /                                                               (5.55) 

where, 

CD = load duration adjustment factor 

n = adjustment factor representing the ratio of Yield Model lateral resistance to 

empirically-based resistance (Smart, 2002) 

Kθ = 1 + (θ/90o)/4 = angle to grain coefficient for dowel connections 

 

Given the overall reduction of the test resistances, results are summarized in Table 5.18. 

 

Table 5.18:  Reduction terms applied to experimental results 

Lag Screw CD
Nominal Dia (in.) Modes II & III Mode IV

1/4 1.6 2.8 3.0
3/8 1.6 2.8 3.0
1/2 1.6 2.8 3.0

n

 

Using this table, the experimental load resistance equation for 5% offset yield load is 

reduced to allowable design values by dividing the experimental values by Cd and the 

appropriate value for nKθ..  Recall that the value for Kθ  is 1.0, because mean angle to 

grain for all groups was small.  Hence, the design equation for experimental values is 

 

θnKC
P

P
d

Design
%5exp=                                                           (5.56) 
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Both values from the predicted general dowel equations of the NDS  (AF&PA, 1997) 

and experimental values are implemented to obtain design value comparisons.  For NDS  

design values, the results are presented in Table 5.19. 

 

Table 5.19:  Comparison between experimental and NDS  lateral design values 

Group Identification Experimental Predicted 5% Cd CD n Experimental Predicted Experimental
Lateral Load Offset Lateral  Lateral Design Lateral Design to Predicted

(lbs) Load (lbs) Load (lbs) Load (lbs) Load Ratio
3 DF1/4-11/64 1062 611 1 1.6 3.0 354 326 1.09
4 DF3/8-1/4 2288 1227 0.87 1.6 3.0 877 654 1.34
8 SPF1/4-11/64 967 529 1 1.6 3.0 322 282 1.14
9 SPF3/8-1/4 1942 964 0.87 1.6 3.0 744 514 1.45

12 DF1/2-11/32 2908 1652 0.61 1.6 2.8 1703 944 1.80
15 SPF1/2-11/32 2710 1760 0.61 1.6 2.8 1587 1006 1.58

 

To directly compare predicted to experimental values, the duration of load was 

considered.  Predicted lateral design loads were multiplied by load duration adjustment 

factors.  When compared to the tabulated NDS  design values of Table 9.3B (AF&PA, 

1997), experimental design values are indeed somewhat close to the NDS  design values.  

However, to more fully compare the design values based on adjusted experimental values 

and NDS  general dowel equations, it is first required that both are evaluated on the same 

basis.  In so doing, NDS  general dowel equations must use actual experimental data 

relating to dowel embedment strength and dowel bending strength (both based on 5% 

offset yield).  The results are illustrated in Table 5.19.  Note that the identification for 

each group is such that, for example, DF1/4-11/64 indicates that Group 3 is Douglas-fir 

with 1/4 in. lag screws and 11/64 in. pilot holes.  Note that only connection groups that 

used NDS  specified pilot holes are considered.  This was done so that experimental 

work could be directly compared to NDS  general dowel equations. 

 

All connections noted above had experimental to predicted NDS  design load ratios 

greater than 1.0 and ranged between 1.09 and 1.80.  This ratio increased as the lag screw 

diameter increased, and this was primarily due to the penetration depth adjustment 

factors.  If such a factor was not considered in the analysis, all ratios would instead range 

between 0.96 and 1.26.  The average experimentally based design value to NDS  design 

resistance ratio is 1.40 with a standard deviation of 0.27.  Overall, it appears that on 
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average, predicted NDS  design values (prior to accounting for the resistance factor) are 

conservative. 

 

As another comparison, it was decided to directly compare design values based on 

experimental results to design values tabulated in Table 9.3B of the NDS  (AF&PA, 

1997).  To do so, the tabulated values must be normalized to design values shown in 

Table 5.19.  Tabulated design loads were therefore multiplied by the load duration and 

penetration depth adjustment factors.  Results are shown in Table 5.20. 

 

Table 5.20:  Comparison between experimental and NDS  tabulated design values 

Group Identification Specific Experimental NDSβ Tabulated Experimental
Gravity Lateral Design Lateral Design to Tabulated

Load (lbs) Load (lbs) Load Ratio
3 DF1/4-11/64 0.453 354 464 0.76
4 DF3/8-1/4 0.449 877 656 1.34
8 SPF1/4-11/64 0.432 322 448 0.72
9 SPF3/8-1/4 0.429 744 640 1.16

12 DF1/2-11/32 0.438 1703 712 2.39
15 SPF1/2-11/32 0.467 1587 732 2.17

 

The difference between the experimental to tabulated load ratios (Table 5.20) and the 

experimental to predicted load ratios (Table 5.19) is that Table 5.20 tabulated design 

values for actual dowel embedment and dowel bending strength ratios were not 

considered.  Instead, specified NDS  values were used.  As observed, in general, lag 

screws greater than 3/8 in. diameter will have lower (more conservative) NDS  tabulated 

design values, while connections with 3/8 in. and smaller diameter lag screws will have 

greater (less conservative) tabulated design values.  As such, engineers and designers 

should be aware of these observations. 

 

Work by Smart et al. (2001) showed that the penetration depth factor as presented in the 

NDS  was conservative. It was determined that nail penetration did not consistently 

affect the lateral response.  He also indicated that there was no statistically significant 

difference for connection capacity between 9D and 12D penetrations; however, it was 

also determined that a significant difference for connection capacity did exist for 
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penetrations between 6D and 9D.  Given this information, it may be more practical, for 

comparisons, to exclude the penetration depth adjustment factors for the subject lag 

screw connections.  By so doing, the design ratio average is 1.12 with a standard 

deviation of 0.10.  As observed, the ratio is also greater than 1.0, and, therefore, 

conservative.  By neglecting the penetration depth factors, comparisons indicate that 

predicted and experimental design values are closely related.  Because lag screws, as 

nails, are dowels, there is no reason not to suspect that similar relationships exist.  As 

such, the work done by Smart et al. (2001) is assumed to apply to lag screw connections.  

It is additionally suggested that work similar to Smart’s work be undertaken to confirm 

this assumption. 

 

5.5.3  LRFD Design Criteria 

 

From the designers’ view, Load and Resistance Factor Design (LRFD) (AF&PA, 1996) 

and NDS  (AF&PA, 1997) approaches are somewhat similar.  Both are based on 

predicted minimum 5% offset yield load resistance.  However, a prominent exception 

relates to resistance and load.  For LRFD, the predicted resistance is that of yield strength, 

and load and resistance factors are implemented (AF&PA, 1996).  For LRFD, the use of 

resistance factors is commonplace, whether the engineered design is for wood, steel, 

concrete or masonry, such as concrete block or brick.  The resistance factor used for 

wood connections is φz, and it is equal to 0.65.  Resistance factors are used in LRFD to 

afford consistent reliability and flexibility for product uses (AF&PA, 1996).  This 

resistance factor is used in the basic equation 

 

uz ZZ ≥′λφ                                                               (5.57) 

 

where,  

λ = time effect factor 

Z’ = adjusted lateral resistance (lbf) 

Zu = factored lateral force (lbf) 
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The magnitude of time effect factor is dependent upon the load combination used.  The 

time effect factor is based on reliability studies, which considered strength variability, 

probabilistic load process modeling and cumulative damage effects (AF&PA, 1996).  

Values for λ also depend upon load duration.  The time effect factors are summarized in 

Table 5.21. 

 

Table 5.21:  Time effect factors for connections 

 Time Effect Category λ
Storage 0.7

Occupancy 0.8
Impact Load 1.0

 

Impact load time effect factor is 1.25 for everything except connections, where it is 1.0.  

Additionally, the time effect factor for LRFD (AF&PA, 1996) is relative to a 10-minute 

duration.  Recall, for the NDS  (AF&PA, 1997), the load duration adjustment factor is 

relative to a 10-year duration (basis for occupancy).  Because the duration for tests in this 

study were much closer in time duration to an impact load duration than for an occupancy 

duration, λ = 1.0. 

 

Lastly, the adjustment factor for penetration depth, Cd, must be included into the analysis.  

As before, the penetration depth adjustment factor is 

 

0.1
8

≤=
D
pCd                                                             (5.58) 

 

Values for p and D are shown in Table 5.22.  Recall that all lag screws were 3 in. long.  

Because p/D for 1/4 in. diameter lag screw connections is greater than 8D, no adjustment 

is required in this study for these connections.  However, adjustments for penetrations of 

3/8 in. and 1/2 in. lag screw connections are necessary.  As indicated in the table, the 

penetration depth adjustment factors for 3/8 in. and 1/2 in. lag screw connections used in 

this study are 0.87 and 0.61, respectively. 
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Table 5.22:  Value for p/8D 

Lag Screw Shank Actual Shank Penetration, p p/D p/8D
Nominal Diameter Diameter, D minus tip

(in) (in) (in)
1/4 0.238 2.59 10.88 1.36
3/8 0.361 2.50 6.93 0.87
1/2 0.483 2.36 4.89 0.61

 

Again, as was done to develop NDS  design loads, LRFD also had two comparisons:  

one, experimental, and the other, predicted by the general dowel equations.  Dividing the 

experimental capacity resistance by Cd and then nKθ and then multiplying by λ obtained 

the experimental unfactored lateral design values of Table 5.23.  (Kθ = 1.0, tested 

connections had very low mean slope of grain.) 

 

d

cap

CnK
P

Z
θ

λ
=                                                            (5.59) 

 

λ is the actual time effect factor for experimental conditions; for this study, λ is 1.0.  

These experimental design values were compared to the predicted values obtained from 

the general dowel equations (AF&PA, 1996).  For LRFD, the appropriate equation for 

predicted unfactored lateral design resistance is 

 

θ

λ
nK
P

P Cap
predicted =                                                     (5.60) 

 

Both experimentally-based and code-based lateral design values were calculated for 

LRFD, and results are shown in Table 5.23.  Note that Pcap represents the NDS  nominal 

predicted load for the tested connections, except capacity values, instead of 5% offset 

yield values, for embedment strength and lag screw bending strength were used.  Recall 

that this was the methodology employed in this study to obtain predicted capacity 

resistance for TR-12 (AF&PA, 1999).  These nominal (unfactored) values were then 

compared to experimentally obtained unfactored capacity resistance values. 
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Table 5.23:  Comparison between experimental and LRFD lateral design values 
 Experimental Predicted Experimental LRFD Lateral Experimental

Group Identification Specific Cd λ  n Lateral Lateral Lateral Design Design to LRFD
Gravity Capacity (lbs) Capacity (lbs) Resistance (lbs) Resistance (lbs) Design Ratio

3 (NDS ph) DF1/4-11/64 0.450 1.00 1.0 3.0 2104 813 701 271 2.59
4 (NDS ph) DF3/8-1/4 0.450 0.87 1.0 3.0 3286 1370 1259 457 2.76
8 (NDS ph) SPF1/4-11/64 0.430 1.00 1.0 3.0 1598 757 533 252 2.11
9 (NDS ph) SPF3/8-1/4 0.440 0.87 1.0 3.0 2559 1168 980 389 2.52
12 (NDS ph) DF1/2-11/32 0.430 0.61 1.0 2.8 3675 1804 2152 644 3.34
15 (NDS ph) SPF1/2-11/32 0.465 0.61 1.0 2.8 3323 1924 1946 687 2.83

 

Results were similar to the NDS  (AF&PA, 1997) comparisons; however, experimental 

to LRFD (AF&PA, 1996) ratios are greater than 2.0.  This represents an overstrength.  As 

observed, after accounting for n, time effect factor, penetration depth factors, and 

experimental and LRFD lateral resistances, nominal design resistances based on 

experimental capacity are much greater than nominal design resistances based on the 

general dowel equations of the LRFD.  The average experimental to LRFD nominal 

design resistance ratio is 2.69 with a standard deviation of 0.41.  Overall, it therefore 

appears that tabulated LRFD values are very conservative for lag screw connections.  No 

recommendations are necessary regarding further adjustments to LRFD, unless less 

conservative designs are desired.  If this is so, then either the load factor may be 

decreased, or the resistance factor may be increased.  This will effectively result in lower 

factored applied loads or higher factored resistances. 

 

To provide an equal comparison of the unfactored design values achieved from 

experimental results to the unfactored tabulated LRFD design values, tabulated values 

were divided by φ = 0.65 for wood connections.  Additionally, where appropriate, the 

penetration depth factor was multiplied by the unfactored tabulated resistance values.  

The results of this comparison are shown in Table 5.24. 
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Table 5.24:  Comparison between experimental and LRFD tabulated  

unfactored design values 

Group Identification Specific Unfactored Unfactored Unfactored
Gravity Experimental LRFD Tabulated Experimental

Lateral Design Lateral Design to Tabulated
Load (lbs) Load (lbs) Load Ratio

3 DF1/4-11/64 0.453 701 769 0.91
4 DF3/8-1/4 0.449 1259 1098 1.15
8 SPF1/4-11/64 0.432 533 738 0.72
9 SPF3/8-1/4 0.429 980 1057 0.93
12 DF1/2-11/32 0.438 2152 1182 1.82
15 SPF1/2-11/32 0.467 1946 1211 1.61

 

The difference between the experimental to tabulated load ratios (Table 5.24) and the 

experimental to predicted load ratios (Table 5.23) is that Table 5.24 tabulated design 

values for actual dowel embedment and bending strengths ratios were not considered.  As 

observed, due to the difference in dowel embedment and bending strengths, unfactored 

tabulated values were much less than those from Table 5.23.  Also, LRFD unfactored 

tabulated lateral design values are reasonable in predicting the actual unfactored lateral 

loads, although connections with 1/2in. lag screws had greater ratios.  As noted, a trend 

exists, whereby the larger the lag screw, the greater the experimental to tabulated load 

ratio.  All connections performed acceptably, except Groups 3, 8 and 9.  The ratios of 

0.91 for Group 3 and 0.93 for Group 9, however, are reasonable and only need slight 

modification to achieve ratios of at least 1.0.  Group 8 is even less conservative and 

should receive some level of modification to ensure the expected level of 

conservativeness. 

 

5.5.4 Design Example 

 

This design example is provided to demonstrate the implementation of the modified 

design approach as suggested in this work. 

 

Problem statement:  A 1/4 in. x 3 in. x 24 in. long steel tension strap (A36 steel) (side 

member) is connected with a single 1/2 in. x 3 in. long lag screw at the top face of a 2 x 6 
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Douglas-fir larch (DF-L) floor joist (main member).  The specific gravity (G) of DF-L is 

0.50, and an L denotes the length of the lag screw.  There is no gap between side and 

main member.  The wood is straight-grained, the single-shear tension load is parallel-to-

grain.  End and edge distances comply to NDS  requirements.  The lag screw has a 1/2 

in. long shank portion, a 1/4 in. long tip, and the root diameter is 75% the shank diameter.  

The pilot hole diameter is equal to the lag screw root diameter.  Assume that L1 = 2.5 in., 

L2 = 2.875 in. and the slip at 5% offset yield load is 0.2 in.  Determine the lateral design 

resistance for ASD procedures and the factored lateral design resistance using LRFD 

procedures.  For ASD, use TR-12. 

 

Analysis and Design methodology: 

1. Determine lowest YM direct lateral resistance. 

2. Determine offset factor and divide it by the experiment load duration factor of 

1.6 to adjust for “occupancy” live load. 

3. Determine reduction factor. 

4. Determine lateral resistance component due to withdrawal. 

5. To obtain the total predicted lateral resistance, add YM direct lateral load 

resistance to lateral resistance component due to withdrawal. 

6. To obtain the adjusted predicted lateral resistance, multiply the total predicted 

lateral resistance by the adjusted offset factor and reduction factor. 

7. For LRFD design, the lowest YM direct lateral resistance is multiplied by a 

3.3 factor and then multiplied by the resistance factor (φ) and the time effect 

factor (λ).  Otherwise, the analysis is identical as that shown for steps 1 to 6. 

 

Solution:  ts = 0.25 in., Ds = 0.375 in., and Dm = 0.75D = 0.28 in.  From TR-12 Tables 4 

and 6, Fem = 11,200G = 5600 psi, Fes = 58,000 psi, and Fb = 45,000 psi.  Ms = Fb(Ds
3/6) = 

396 in.-lbf, and Mm = Fb(Dm
3/6) = 165 in.-lbf. 

 

Now, qs = FesDs = 16, 240 psi, qm = FemDm = 2100 psi, ls = 0.25 in., and lm = L – tip - ls 

= 2.50 in. 
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Knowing the values for the variables, the TR-12 formulas are then evaluated.  After 

doing so, it is determined that Yield Mode IIIs is the critical mode of yielding.  The value 

is PLLYM = 1063 lbf. 

 

The offset factor of 1.50 is obtained from Table 5.8.  It is then divided by the duration of 

load factor of 1.6 to obtain a normalized offset value with respect to an “occupancy” load 

duration.  By doing so, the adjusted offset value is 0.9375.  The reduction factor is 1.0 

after appropriate values for pilot hole and lag screw are substituted into the formula for 

DF 5% offset yield shown in Table 5.3.  The reduction factor is determined to be 1.02.  

Since it is greater than 1.0, the reduction factor is reduced to 1.0.  The appropriate 

reduction equation is 

 

( ) ( ) )/(5.8165.093.512.1 33 DdDDRF +−+−=                                  5.61 

 

The withdrawal component is determined by implementing a formula composed of two 

parts:  (1) a mechanical model and (2) withdrawal resistance solution (Equation 5.11) 

obtained by McLain (1997).  It is in the form 

 

θsin6759 1
61.035.1 LDGPLLw =                                               5.62 

 

Recall that sinθ = slip/(L2
2 + slip2)0.5.  This yields a value for PLLw of 253 lbf. 

 

Adding PLLw to PLLYM, the result is the total lateral resistance PLL(NDS) = 1316 lbf.  

This is then multiplied by the adjusted offset factor and the reduction factor to obtain the 

adjusted predicted lateral resistance, PLL.  This quantity is 1234 lbf. 

 

To obtain the adjusted predicted design lateral resistance, the adjusted predicted lateral 

resistance is divided by nKθ, where n = 2.8 due to Yield Mode IIIs, and Kθ = 1.0, because 

the wood grain is parallel to the externally applied load direction.  The adjusted design 

lateral resistance is therefore 441 lbf. 
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To obtain the solution for LRFD, the same values for PLLYM, PLLw, RF, OF and nKθ, are 

used, however, PLL must be multiplied by 3.3 and the adjusted unfactored lateral 

resistance is multiplied by the time effect factor and the resistance factor to yield the 

adjusted factored design lateral resistance.  Hence, the adjusted unfactored design lateral 

resistance is 1454 lbf.  The adjusted factored design lateral resistance is then 

 
'ZPDesign λφ=                                                               5.63 

 

Since LRFD is based on a time effect factor of short-term duration, the proper factor for 

“occupancy” duration of load is 0.8.  For connections, φ is always zero.  Therefore, the 

adjusted factored design lateral resistance is 756 lbf. 

 

5.5.5 Conclusions 

 

The work in this section has determined that NDS  and LRFD nominal design lateral 

resistances under predicted experimental nominal design lateral resistance.  Such a 

relationship is considered conservative.  Assuming no penetration depth effects, 

experimental and NDS  predicted design values were, on average, about 10% different 

than experimental design values. On the other hand, LRFD predicted nominal design 

values were, on average, about 50% the nominal values for experimentally achieved 

resistances.  Recommendations were offered as to these modifications to lag screw 

connections.  Without modifications, LRFD and NDS -based lag screw connection 

designs will continue to be conservative with respect to the intended effect of the general 

dowel equations. 

 

5.6  Considerations for Lag Screw Edge and End Distances and Spacing 

 

Adequate connection edge and end distances and spacing of fasteners is critical to lag 

screw connections, as well as other type fastener connections.  A connection, which 

meets these necessary criteria, will perform in a much more predictable and reliable 

manner than a connection with insufficient fastener edge and end distances and spacing.  
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A ductile connection can tolerate smaller edge and end distances and spacing, while a 

less ductile connection is expected to need as much wood between fasteners and at edge 

and end distances. 

 

The NDS  (AF&PA, 1997) requires that the minimum edge and end distance and spacing 

for lag screw connections comply with the requirements for bolts.  For bolts and lag 

screws, the requirements for minimum end distance, edge distance and spacing of 

fasteners are presented in Table 5.25.  Note that this information is taken from Tables 

8.5.3, 8.5.4 and 8.5.5 of the NDS  (AF&PA, 1997).  The direction of loading for all data 

in Table 5.25 is parallel to grain. 

 

Table 5.25:  Edge and end distance and spacing requirements per NDS  

Identification For Full For Reduced
Design Value Design Value

Edge Distance 1.5D -
End Distance
        Compression 4D 2D
        Tension
               Softwoods 7D 3.5D
               Hardwoods 5D 2.5D
Spacing 4D 3D

 

Because the wood used in this study, Douglas-fir and spruce-pine-fir, are softwood 

species, the end distance for tension is 7D for the full design value and 3.5D for half the 

design value.  D represents the dowel shank diameter.  As shown in the table, if the full 

design value is sought, a minimum fastener spacing of 4D is required; on the other hand, 

if a reduced value can be tolerated, the spacing may be reduced to a minimum of 3D.  For 

spacing values between 4D and 3D, linear interpolation is necessary. On occasions when 

the fastener is being pulled/pushed toward the end of a wood member (tension), for full 

design value, the fastener must have a minimum end distance of 7D (3.5D for half design 

value).  If the fastener is pulled/pushed away from the end of the member, a minimum 

end distance of 4D is required for full design value (2D for half design value).  Again, for 

intermediate end distances, the design value can be obtained between full design value 

and half design value by using linear interpolation. 
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These distances proved to be adequate for lag screw connections that used NDS  

specified pilot hole diameters.  However, for cases when specified pilot holes were not 

used, the splitting issue was generally more critical.  Additionally, because each 

connection used a single lag screw, spacing was not of concern; however, this issue is 

discussed in this section.  Crack lengths after installation of the lag screws and after 

connection testing are summarized in Table 5.26.  Crack length indicated in the table is 

the exposed crack length on the top or the wood main member, or the location where the 

lag screw began to be screwed-in. Also, note that the nomenclature for connection 

identification indicates, for example, that DF1/4-0 is a Douglas-fir connection specimen, 

which used a 1/4 in. lag screw and no pilot hole. 

 

It is first noted that in many cases, for post-installation lag screw connections, the 

connections with 1/8 in. pilot holes had longer cracks than those that used no pilot hole.  

In general, it was observed that there was little difference in crack length between 

connections using 1/8 in. pilot holes and those that did not use pilot holes.  However, 

there was a marked crack length difference for specimens that did and did not use NDS  

(AF&PA, 1997) required pilot holes.  The specimens with the NDS  required pilot holes 

had much smaller cracks as a result of the installation of lag screws.  The same trend was 

observed for tested connection specimens.  Connection tests, which used 1/8 in. and no 

pilot holes, were similar in crack length, while connection tests that used the NDS  

specified pilot holes were significantly less.  It is noted that connection tests were not 

performed for connections DF1/4-1/8 and SPF3/8-1/8.  Results may be interpolated with 

respect to the groups that used 1/8 in. pilot holes. 
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Table 5.26:  Comparison between post-installed and post-connection test crack lengths 

Identification After Installation After Connection
of Lag Screw Test

DF1/4-0 1.6 5.2
DF1/4-1/8 2.4 -

DF1/4-11/64 1.1 2.1
DF3/8-0 3.9 12.1

DF3/8-1/8 3.7 11.0
DF3/8-11/64 0.9 8.3

DF1/2-0 10.4 14.0
DF1/2-1/8 9.6 14.0

DF1/2-11/32 1.7 13.1
SPF1/4-0 0.8 3.2

SPF1/4-1/8 1.1 2.0
SPF1/4-11/64 0.6 2.0

SPF3/8-0 1.4 10.6
SPF3/8-1/8 2.8 -

SPF3/8-11/64 0.4 5.5
SPF1/2-0 7.6 13.9

SPF1/2-1/8 7.8 13.5
SPF1/2-11/32 0.8 11.6

Mean Crack Length (in)

 

From these observations, it is concluded that properly sized pilot holes make a significant 

difference in the crack length and performance of lag screw connections subjected to 

lateral loads.  It is suggested that NDS  (AF&PA, 1997) complying pilot holes be used if 

connection performance must be maximized.  Secondly, it is recommended that NDS  

specified end and edge distances be used as minimums.  It is, however, also suggested 

that the edge distance requirement be reconsidered for larger lag screws that do not use 

the NDS  required pilot holes.  For these lag screw connections, it is suggested the edge 

distance of 2D be considered.  This is due to the increased effective load or stresses 

applied to the wood main member when a larger lag screw is used with a much smaller 

pilot hole.  Hence, This causes excessive build-up of tensile stresses perpendicular-to-

grain, whereupon wood fractures upon attaining the critical perpendicular-to-grain tensile 

strength (or after achieving the fracture toughness of the specimen). 

 

The only way to combat this advanced level of splitting is to increase the end distance to 

regain the lost factor of safety.  From the inspection of Table 5.26, it is suggested the end 

distance requirement for full design values be increased, as an initial value, to a minimum 
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of 10D.  This value was obtained by taking the worst-case scenario of crack length, 

dividing by two times the nominal diameter for a 1/2 in. lag screw (worst case scenario).  

As shown for connection DF1/2-0, upon installation of the lag screw, the total crack 

length was 10.4 in.  When divided by two, for each side of the lag screw, and divided by 

the lag screw nominal diameter of 0.5 in., the result is 10.4.  This quantity is then 

conservatively rounded up to 11.0.  The 11D minimum end distance is suggested for lag 

screw connections (both tension and compression) that do not use NDS  specified pilot 

holes.  If this suggestion is implemented, then the edge distance can remain at 1.5D, 

though an edge distance of 2D may be more suitable, given other circumstances, such as 

construction tolerances.  The fastener spacing issue is inherently related to the end 

distance issue.  It is therefore suggested that the spacing between lag screws also be 

greatly increased for conditions when NDS  specified pilot holes are not implemented.  

To avoid a more brittle failure overlapping cracks caused by adjacent lag screws, it is 

suggested that the spacing requirement be increased from 4D to a minimum of 20D for 

lag screw connections that use nonconforming pilot holes. 

 

As observed, pilot holes have a great impact on the performance of lag screw connections 

subjected to lateral forces.  If pilot holes, which do not conform to the NDS  are used, it 

is suggested that end distances and edge distances be increased to accommodate the 

increased cracking and splitting of the wood main member.  At the same time, a 

decreased allowable design lateral resistance is expected.  This work was performed 

earlier in the chapter.  It is suggested, whenever possible, that specified pilot holes be 

used.  This will reduce cracking, allow for more fasteners in a given length of board, and, 

most importantly, maximize the efficiency of the lag screw connection. 

 

5.7 Fabrication and Assembly of Lag Screw Connections 

 

Though lag screw connections that used pilot holes in accordance with (AF&PA, 1997) 

requirements performed well as compared to connections that did not have this standard’s 

pilot holes, there are some possible improvements that should be considered by the 

American Forest and Paper Association.  The specifications for lag screw connection 
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fabrication and assembly, which are found in Section 9.1.2 of the NDS , are considered 

general requirements and not as simplified as it could be..  The intent of this section is to 

provide a subsection-by-subsection review and discussion of Section 9.1.2 requirements.  

Before undertaking this task, it is first necessary to comment on Section 9.1.1 of the 

NDS . 

 

Section 9.1.1 considers the quality of lag screws required for connections.  Such 

requirements are provided in ANSI/ASME Standard B18.2.1 (ASME, 1996).  One 

shortcoming is the fact that this document does not indicate the minimum mechanical 

properties for lag screws.  Although it is well understood that mechanical properties for 

lag screws are varied, these variances are fairly consistent between manufacturers.  As 

McLain (1992) indicates, typically engineers and designers specify ASTM A307 steel lag 

screws.  A307 steel has a minimum Fy of 36,000 psi, but actual values are typically 

greater.  Lag screws with minimum Fy values will tend to be more ductile in their 

response, while lag screws with greater Fy values will tend to be more brittle.  Such a 

distinction should be made, particularly for the smaller diameter lag screws. 

 

The topic more of interest to this project is the varied dimensional properties of lag 

screws.  Of utmost importance is the apparent lack of availability of lag screws 

dimensions that are identical to the lag screw dimensions shown in Appendix L of the 

NDS .  For all three lag screws investigated in this study, the shanks were much shorter 

than specified in Appendix L.  It should be noted at this stage that dimensions shown in 

Appendix L are minimum with dimensional tolerances also indicated.  Lag screw 

threaded lengths are also minimums.  By decreasing the amount of effective (weighted) 

lag screw diameter that bears against the wood main member or side member, the yield 

based (and proportional limit based) connection designs may be less conservative 

(McLain, 1992).  Additionally, the length of thread on a lag screw dictates the controlling 

lateral resistance yield mode.  The longer the threaded portion, the higher the expected 

yield mode.  Even if the same yield modes occur, it is likely that the lag screw with the 

longer threaded portion will bend to a greater extent, closer to forming a full plastic 

hinge.  This effectively yields different levels of resistance, depending on the lengths of 
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the shank and threaded portion, lag screw and side, main member mechanical properties, 

and pilot hole diameter. 

 

It is suggested that further study be continued on the differences in the lag screws 

material and mechanical properties, and some level of consistency be introduced for these 

properties.  It is perhaps necessary to require fully threaded lag screws.  By doing so, the 

determination of yield modes will be more predictable. 

 

Fabrication and assembly of lag screw connections is contained in Section 9.1.2 of the 

NDS  (AF&PA, 1997).  Some reservations are made concerning all four subsections of 

Section 9.1.2.  Information regarding the proper size of pilot hole to use is contained in 

Subsection 9.1.2.1.  The information contained in part (a) of this subsection is practical 

and clear, as at shank locations the clearance hole should be the same diameter as the lag 

screw shank.  This reduces to a great extent the amount of wood cracking due to lag 

screw insertion. 

 

Pilot hole (lead hole) diameter is specified in part (b) of Subsection 9.1.2.1.  For this part, 

the pilot hole diameter is determined by the specific gravity (G) of the main member.  

The NDS  (AF&PA, 1997) requires the following pilot hole diameters (PH), as a 

percentage of shank diameter, with respect to specific gravity ranges:  (1) for G > 0.6, 

65% ≤  PH  85%, (2) for 0.5 < G  0.6, 60%  PH  75%, and (3) for G 0.5, 40%  

PH  70%.  This allows for greater flexibility in selection of pilot hole diameter.  This 

was done to accommodate for both softer (less apt to crack) and harder woods (more apt 

to crack) As demonstrated in this study, smaller pilot holes have longer cracks and 

associated decrease in lateral resistance.  It is therefore suggested that pilot hole 

diameters be conservatively consistent.  By doing so, woods’ specific gravity is of no 

concern, and a consistent method of determining proper pilot hole size is attained.  Due to 

the variability of specific gravity within species of wood, it is suggested that pilot hole 

sizes be the same diameter as the root of the lag screws.  Since lag screw roots are 

approximately 75% of the shank diameters, it is a simple procedure to determine the pilot 

hole diameters.  For more simplicity, it is also suggested that 75%  the nominal lag screw 

≤ ≤ ≤ ≤ ≤ ≤

≤
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(shank) diameter be used.  In so doing, consistency of lag screw insertion will be 

accomplished and performance will be better predicted by building/design codes. 

 

In Subsection 9.1.2.2 of the NDS  (AF&PA, 1997), an exclusion is provided with respect 

to pilot holes.  It is stated that, if the wood main member has a specific gravity equal to or 

less than 0.5, then lag screw diameters, 3/8 in. and smaller, are exempt from the pilot hole 

requirement – in fact, no predrilled holes are required.  This is a conditional provision.  

The condition is that “edge distances, end distances, and spacing are sufficient to prevent 

unusual splitting” NDS  (AF&PA, 1997).  This is agreed to, but the condition should be 

more specific.  As shown in the subject experiments, for 3/8 in. diameter lag screw 

connections, the resistance levels were decreased for connections that used smaller than 

Subsection 9.1.2.1(b) required pilot hole diameters.  However, resistance values for 1/4 

in. lag screw connections were not sensitive to pilot hole diameters.  Therefore, it is 

suggested that the NDS   be modified to require the use of pilot holes for connections 

with lag screws greater than 1/4 in. 

 

In Subsection 9.1.2.3, the turning of a wrench as opposed to the use of a hammer is 

required for lag screw insertion.  Though one may question the need to have this 

“common sense” subsection in a design manual, it is thought to be necessary by this 

researcher.  In construction of a building or structural/nonstructural component, lag 

screws are often times hammer driven into the final inch due to the difficulty in turning a 

wrench as wood fibers are compacted.  This may make it easier to install the lag screw, 

but lateral capacity is significantly impacted and the withdrawal resistance strength is 

nearly depleted.  It is incumbent upon the construction industry to police this practice, 

and it is also necessary to engineers and designers observe lag screw installation at 

critical stages of the construction project. 

 

In Subsection 9.1.2.4, Soap or lubricant is required to be applied to lag screws prior to 

installation.  This provision is needed particularly for conditions when pilot holes are 

small.  As suggested previously, with the use of pilot hole diameters 75% that of the 

nominal lag screw shank diameters, it is suggested that such a practice is not necessary.  
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However, if smaller pilot holes (less than 75% of the lag screw diameter) are used, it is 

recommended that soap or lubrication be required, though this practice will have very 

little effect on 1/4 in. lag screw diameter connections. 

 

5.8  Conclusions 

 

The analytical portion of this work derived prediction equations and showed relationships 

between effective loads, crack face displacement and crack creation.  Equations to predict 

load resistance for lag screw connections were developed by using analytical models, 

experimental results and regression.  Effective loads, which are required in order to create 

crack surface area and displace both sides of the cracked wood member, were determined 

and may provide additional insight into the forces involved in the general wood cracking 

process.  Suggestions for increased end distance and fastener spacing were also put forth.  

It is now possible to construct safer lag screw connections and predict the resulting lateral 

resistances for lag screw connections with varying pilot hole diameters. 

 

Additionally, recommendations for design lateral resistance were made for both NDS  

and LRFD design methodologies.  The NDS  methodology slightly under predicted the 

experimental design lateral resistance by about 10%, while the LRFD approach greatly 

under predicted the experimental nominal design lateral resistance by approximately 

50%.  Differences between experimental nominal design resistance values and tabulated 

(NDS  and LRFD) unfactored design resistance values were less variable, and, therefore, 

tabulated values were less conservative than those predicted using Yield Model formulas. 

which used experimental embedment and lag screw bending strengths (5% offset yield 

and capacity). 

 

It was also suggested that dimensional and mechanical properties for lag screws be better 

determined, pilot hole diameters of 75% of the lag screw shank nominal diameters be 

implemented instead of the more flexible currently used requirements, pilot holes be 

required for connections using greater than 1/4 in. diameter pilot holes, better control at 

the job site be required during construction of critical elements that require the use of lag 
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screws connections, and soap or lubricant should not be required for lag screw 

connections that use pilot hole diameters as specified above. 
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