
LOAD-EMBEDMENT RESPONSE OF TIMBER TO 
REVERSED CYCLIC LOAD 

Ying H. Chui 
Associate Professor 

and 

C'hun Ni 
ltescarch Engineer 

Faculty of Forestry and Environmental Management 
University of New Brunswick 

P.O. Box 44555 
Fredericton, 

New Brunswick 
CAN IDA E3B 6C2 

(Received September 1996) 

ABSTRACT 

One of the most important properties governing performancc of timber joints containing dowel- 
type fiisteners is the embedment response ot wood under the action of a loaded fastener. Previous 
investigatioris on load-embedment behavior ol wood focused almost exclusively on monotonic loading 
condit ons. 'This paper describes a program of work to investigate the influence of wood density, 
fastenc r diameter, and loading characteristics on stiffness properties, ultimate strength, and strength 
degraration of load-embedment response of wood-based material when subjected to reversed cyclic 
loads. Mathematical functions were developed to describe both the envelope and hysteresis loops of 
the 1oi.d-embedment response. A comparisor~ of the model parameters reveals that initial stiffness and 
ultimate load increase with loading rate, woad density, and fastener diameter. Strength degradation 
occurs under both monotonic and cyclic loading for solid wood. The degree of strength degradation 
increaies with any increa:;e in loading rate, wood density, and fastener diameter, and presence of 
preloajing history. No strength degradation occurs in plywood under either monotonic or reversed 
cyclic load. 
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INTRODUCTION 

Response of mechanically fastened timber 
joints has been a subject of investigat~on by 
researchers for a long time. This is because 
joint design in timber structures quite often 
has a large impact on size of members in the 
same structure, and the design times required 
to detail tllese joints are disproportionately 
high in co~nparison with those for structural 
members. F'revious studies focused largely on 
response under monotonic loading conditicms. 
These include both theoretical (e.g., Johansen 
1949; Foschi 1'974; Smith 1983; Erki 1990; 
Koponen 1'39 1) and experimental (e.g., Brock 

1957; Mack 1966; McLain 1975; Whale et al. 
1986; Komatsu 1989) studies. 

Prompted by recent building failures cawed 
by natural disasters such as hurricanes and 
earthquakes, the wood products industry, code 
writers, and building officials are increasiqzly 
aware of the need to design timber structures 
to withstand extreme loading conditions with- 
out catastrophic failures. As most of th1:se 
loading conditions are oscillating in nature to 
design for these loading conditions properly 
requires technical information on behavior of 
structural members and joints under throu,;h- 
zero cyclic loads. The behavior of mechini- 
cally fastened joints is of particular importailce 
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since quite often these are the only elements Machlne cross head 

in a timber structure capable of absorbing a 
large amount of loading energy through plastic 
deformation in the metal fasteners. 

Recent research into the behavior of timber 
- Seating brac tet 

structures under earthquake and hurricane C'ampin"tee'p'ate 

loading has focused primarily on behavior of Test speclmen - 

timber joints. Experimental studies have been Nail shank 
conducted on lateral resistance of nailed 
joints (Wilkinson 1976; Kivell et al. 1981; 
Soltis and Mtenga 1985; Dolan and Madsen 
1991; Cruz 1993; Ni and Chui 1994) and 
bolted joints (Wilkinson 1976; Gutshall et al. 
1994; Daneff et al. 1996). To supplement 
these experiments, numerical models have 
been developed. To date numerical joint mod- 
els have been developed by Cruz (1993), Ni FIG. 1 Embedment test apparatus 

et al. (1 993), Prion and Foschi (1 994), and Ni 
and Chui (1996) to predict the response of a 
joint with a single dowel-type fastener under 
reversed cyclic loads. Models by Cruz (1993) 
and Ni et al. (1993) are simplified models 
based on a continuous beam bearing on a 
nonlinear spring foundation. The models by 
Prion and Foschi (1994) and Ni and Chui 
(1996) are more sophisticated finite element 
models that take into account factors such as 
large deformation of the fastener, localized 
variation of material properties, and strength 
degradation of the component material. As in 
the case of earlier models for monotonic 
loading, these researchers modeled a joint as 
a beam (fastener) bearing on a spring foun- 
dation (wood underneath fastener). The 
spring foundation behavior is typically char- 
acterized by the load-embedment relationship 
for the particular fastener size and wood type. 
This load-embedment behavior, therefore, is 
the most significant property influencing the 
behavior of a joint. All these models require 
this behavior as input. 

Despite the significance of the load-embed- 
ment properties, research into this area has 
been very limited. For model verification pur- 
poses, Cruz (1993) performed limited tests to 
obtain the full load-embedment response (hys- 
teresis) under reversed cyclic load. Ni et al. 
(1993); and Prion and Foschi (1994) avoided 

the use of cyclic loading by assuming certain 
simple relationships between the er~velope 
curve, which can be obtained more eas ly, and 
the hysteresis loops. This paper describes a 
study to investigate how cyclic load-1:mbed- 
ment responses are influenced by type of 
wood, fastener size, and loading characteristic. 
Part of the data was used in verifying the mod- 
el by Ni and Chui (1996). 

TEST APPARATUS 

An embedment test apparatus suitable for 
both monotonic and reversed cyclic loading 
tests was developed. The test apparatus was 
based on the design by Cruz (1993) wilh some 
modifications. The major difference was in the 
gripping device. As shown in Fig. 1, tk e spec- 
imen is mechanically gripped by two steel 
plates. Clamping force was applied bq tight- 
ening the steel plates with bolts. Surfaces of 

TABLE 1. Summary statistics for density and moisture 
content of embedment specimens. 

Density (kg/m7) Moi\ture content (%) 

Standard Standard 
Wood type Mean deviation Mean dev~at ion  

Spruce 474 12 11.7 0.5 
Plywood 494 39 9.5 0.5 
M a d e  716 39 12.2 0.3 
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FIG. :!. Load regime 2 

the clampinl: plates were roughened to en- 
hance gripping of the wood specimen. 1,oad- 
ing was applied by a hydraulic universal test 
machine. In order to prevent friction, a clear- 
ance of 1 nun vvas maintained between the 
specimen and si~des of the supporting steel 
blocks. Because of this clearance, the fastener 
underwent shear and bending deformations. 
Thus the apparatus was calibrated such that 
these and otller extraneous deformations were 
subtracted from the measured response, as 

suggested by Whale and Smith (1989). The 
calibration tests were performed at a loading 
rate of 0.25 Hz for twenty cycles on stec:l 
specimens having the same thicknesses as the 
wood embedment specimens. Calibration tesi s 
were conducted for all combinations of nail 
size and member thickness tested in the em- 
bedment test program. 

Loading of specimens was by displaceme~~t 
control of the loading head via a signal gerl- 
erator box. The generator box was prcl- 
grammed to provide the appropriate disp1act:- 
ment sequence which drove the loading head. 
Embedment response was measured by a liii- 
ear variable displacement transformer (LVDT). 
The applied force was measured by the test 
machine load cell. Signals from the test mil- 
chine load cell, LVDT, and the loading head 
movement were recorded electronically using 
a computer-based data acquisition system. 
Data were acquired at a minimum rate of 80 
samples per cycle. This ensured adequate rep- 
resentation of the hysteresis loops. 

Max a 

I 

20 cycles 
I 

One phase 

-- + 
T (sec) 

I 
Phase 1 2 3 4 5 6 7 .......... 

FIG. 3.  Load regime 4. 
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A MATERIALS AND METHODS 

Load P 
In order to provide a range of wootl char- 

acteristics and nail sizes, three types oi wood 
(spruce, maple, and Canadian softwocd ply- 
wood) and two nail sizes (2.86 mm and 3.76 
mm diameter) were tested in this stujy. To 
achieve reasonable statistical reliability in test 
results, ten replicates were used for each com- 
bination of wood type and nail size, and the . - 

groups of replicates for each wood typ: were 
-- - - - - -- + matched based on density. For matching of 

0 
6~ Slip 6 samples, the sampling technique used by 

FIG 4 Parameters of the envelope curve model Smith and Whale (1989) was followed, which 
ensured that each group of ten replicates had 
similar density distribution as that 3f the 
source material. All wood materials were con- 
ditioned to 20°C and 65% relative humidity 
until equilibrium condition was achieved prior 

Slip 6 
1 

FIG. 5 .  Parameters of the hysteresis loop model 
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Test data 
1 

Fitted data 

FIG. 6.  A comparison of test and fitted load-embedment hysteresis data. 

to testing. 'Table 1 summarizes the approxi- 
mate means and standard deviations for den- 
sity and moisture content of each type of wood 
specimen. 

Thickness of specimens for spruce and ma- 
ple was approxiimately twice the diameter of 
the nail (i.e., 5 r m  for 2.86-mm nail and 7.2 
mm for 3.76-mm nail). For plywood, the ac- 
tual thickness (12 mm) was used. The selec- 

tion of these specimen thicknesses fo1low:d 
the recommendations by Whale and Smith 
(1989). The end and edge distances of the em- 
bedment specimens were multiples of the n iil 
diameter (d). The edge distance was 5d, a ld  
the end distances to free and grip ends were 
20d and 40d, respectively. To minimize break- 
out of material and splitting of wood, all spc c- 
imens were predrilled to 80% of nail diame er 
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TABLE 2. Summary of j t ted  parameters for load-embedment response. 

Fastener 
diameter I.oad~ng Ko K I  K2 Kq K4 Ks 

Wood type (mm) reglme (kNlmm2) (kN/mm2) (kN/mm2) (kNlmm2) ( k ~ l m m * )  (kb /mm2) 

Spruce 2.86 1 0.398 
2 0.504 
3 0.534 
4 0.453 

3.76 1 0.582 
2 0.790 
3 0.822 
4 0.62 1 

Plywood 2.86 I 0.285 
2 0.352 
3 0.360 
4 0.292 

3.76 I 0.455 
2 0.506 
3 0.53 1 
4 0.461 

Maple 2.86 I 1.253 
Z' 1.435 
i 1.513 
4 1.374 

3.76 1 2.218 
2 2.330 
1 2.506 
4 2.240 

before nailing. All specimens were loaded par- 
allel to wood grain or face grain in the case 
of plywood. 

To investigate the effects of loading char- 
acteristics on embedment response, four load- 
ing regimes were included. Regime 1 was a 
monotonic loading function with a loading 
rate of 2.54 rnmtminute. Regime 2 was a re- 
versed cyclic loading function with increasing 
peak amplitudes, as illustrated in Fig. 2. The 
sequence of peak amplitudes in the first few 
cycles was 0.25 e,, 0.5 e,, 0.75 e,,, 1.0 e,, 1.25 
e,, 1.5 e,, 2.0 e,, where e, was the displace- 
ment at onset of yielding. Thereafter, ampli- 
tude was increased by one e, until failure or a 
displacement of 10 mm was reached. This 
loading sequence followed the test procedure 
recommended by Reyer and Oji (1991). The 
rate of loading was maintained at 0.25 Hz. The 
value of e, was estimated from monotonic 
loading tests. It was found that for all com- 

binations of wood type and nail size, the yield 
point occurred at approximately 0.1 mrn. This 
value was used in all tests. Load regimc: 3 had 
an identical loading sequence to that of regime 
2, but the loading rate was doubled to 0.5 Hz. 
The 0.5 Hz was found to be the uppc.r limit 
for pseudo-dynamic testing for the ap?aratus 
used in this study, without inducing pr3found 
inertia loading effect caused by the loading 
head movement. Specimens tested by l ~ a d  re- 
gimes 1, 2, and 3 were subjected to peak dis- 
placement that were always higher tha:l those 
previously experienced by the specimzns. In 
practice, cyclic loading from the environment 
such as earthquakes and hurricanes are gen- 
erally pseudo-random in nature, which means 
that joints may be subjected to repeated peak 
amplitudes lower than those previousl!l expe- 
rienced. This preloading history effect may 
have an impact on the load-carrying cal~acities 
of timber joints. Load regime 4, as illustrated 
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2.86mm diameter nail 

0 2 4 6 8 10 

8 (mm> 
3.76mm diameter nail 

- Load regime 1 - Load regime 2 
+ Load regime 3 * Load regime 4 

FIG 7 F~tted envelope curves of spruce speclrnens 

in Fig. 3, was originally proposed by Reyer tion, having twenty cycles of loading in each 
and Oji (1991) to study this preloading history phase. Within each phase there was an initial 
effect. As (:an be noted from Fig. 3, load re- part of 6 cycles which had increasing peak im- 
gime 4 was a pihased sequential loading func- plitudes, followed by 8 cycles of constant an- 
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2.86mm diameter nail 
3 

0 2 4 6 8 10 

6 (mm) 
3.76mm diameter nail 

3 

0 

0 2 4 6 8 10 
6 (mm) 

- Load regime 1 - Load regime 2 
-+ Load regime 3 Load regime 4 

FIG. 8. Fitted envelope curves of plywood specimens 

plitudes, and then finally 6 cycles of decreasing ANALYSIS OF TEST DATA 

peak amplitudes. The sequence of maximum 
amplitude in the loading phases followed the The load-embedment data were fittc:d with 
same pattern as in regimes 2 and 3. The loading appropriate mathematical functions. P, three- 
frequency for regime 4 was 0.25 Hz. parameter exponential function first p~,oposed 
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by Foschi (1974) has been commonly used to 
describe load-slip response of timber joints 
under moncrtonic loading conditions. That 
function was modified by the authors to take 
into account the strength degradation effect. 
The modified form is given in Eq. (I), with 
the parameters defined in Fig. 4. 

I P ~  = (Po + ~ , l i j l )  1 - exp - ( (Y))  
where 

P = load per unit length at em- 

bedment deformation 6 

l',, = intercept of' the first asymp- 

tote (Nlmn-1) 

F;, = initial stiffness (Nlmm:') 

I;, = slope of the first asymptote 

line (N/mm2), Fig. 4 

I<, = slope of the second asymp- 

tote line (N/mm2), Fig. 4 

6, = deformation at ultimate 

strength 

H( 1 6 1 - 1 6,l) = a step function, which takes 

the value of 

1 for 161 - 1Sp1 2 0 
H(IS1 - l ?~ , , l )  := 

0 fo r161- (S , l<O 

The response under load regime 1 and the en- 
velope curvt:s urtder load regimes 2 to 4 were 
fitted with E;q. (11). 

To completely describe the load-embedment 
response under reversed cyclic loads, an ap- 
propriate fullction is required to represent the 
response contained within the envelope curve, 
i.e., hysteresis loops. As in the nailed joint 
model by Dolan and Madsen (1991), four 

equations are used to define the four segments 
of each loop. Figure 5 shows a hysteresis loc'p 
with the four segments defined. Each segme:lt 
is defined by four boundary conditions: the 
slopes at zero displacement K, and I& at ma:;- 
imum displacement (for unloading path), or 
slopes at zero displacement K, and K, at ma:;- 
imum displacement (for loading path), the 
maximum displacement reached in either di- 
rection, S,, or tip2. For those sections of the 
loops that are reasonably linear, they are dl:- 
scribed by straight lines. 

The load-embedment relationship for se::- 
ment 1 of the hysteresis loop, shown in Fig. 
5, is modeled using the equation 

I K)(S - 8,l) + Ppl 
for 6,,, 5 6 5 S,, 

K, - K4 - (K, - K4)6AulaL 
P = 1 (K' + 1 - a , )  (1 - a12) 

where 

S,,, and PA,, are the displacement and lo,id 
where straight and curved segments meet. 

Similar equations can be written for seg- 
ments 2, 3, and 4. These are shown in Eq. (ti), 
(7), and (9), respectively. 

For segment 2 

I K,(S - 6,)) + P,, 
for a,,, r 6 s 6,, 

where 
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K36il I - Pi,, 
a2 = -- 

Pill -- KS6iIl 

For segment 3 

I K,@ - + PI,2 

for Sp2 5 6 5 6Au2 

( for 6i,2 5 6 5 0 (7) 

where 

For segment 4 

K3(6 - 6,,) + P,, 
for SAI2 5 6 5 

( for 0 5 6 5 

(9) 

where 

Parameters in Eqs. (3) to (10) are as defined 
in Fig. 5. 

RESULTS AND DISCUSSION 

The characterization of load-embedment re- 
sponse by mathematical functions is required 
for numerical modeling purposes. Figure 6 
shows a typical comparison of test response 
and the fitted data. As can be noted, the model 
provides a good representative of the test data. 
Visual examinations of the embedment re- 
sponse showed that embedment hysteresis 
loops are similar to those for joints containing 
large diameter bolts (Gutshall et al. 1994; Da- 

neff et al. 1996). As pointed out by Smith and 
Whale (1989), the embedment test can be re- 
garded as a three-member joint with ste:l side 
plates and a thin main wood member. On the 
first loading to a given displacement level, the 
wood fibers around the fastener are com- 
pressed and crushed. Upon displacemtmt re- 
versal (unloading), the fastener is initially still 
in contact with the wood. This accouiits for 
the high value for stiffness &. After a certain 
distance of travel, the fastener leaves th(: com- 
pressed wood behind and moves almost freely 
in the reversed direction until it contacts wood 
again on the opposite side. This behav or ex- 
plains the low unloading stiffness (K,) and 
near-zero load intercept of the loops. It is be- 
lieved that the prime contributor to th~: stiff- 
ness is the frictional contact between side of 
fastener and wood. The loading segment is the 
reverse of this phenomenon. After a sertain 
distance of free travel in the loading direction, 
the fastener bears on the wood again on the 
opposite side, which accounts for the sharp in- 
crease in stiffness values from K, to K,. 

For studying the effects of test parameters 
on load-embedment response, it is of interest 
to note the various stiffness parameters, i.e., 
K, to K,, and the ultimate embedment load. 
the mean values of stiffness paramet:rs for 
both envelope curve and hypteresis loop mod- 
els are summarized in Table 2. Although not 
presented, it was noted that the coefficients of 
variation for these model parameters are 
around 10%. This relatively low variat~ility is 
thought to be related to the close cor trol of 
the density of the wood specimens. ~ l s  was 
discovered by Cruz (1993), the stiffness values 
(&, and K,) of the envelope curve increase 
with wood density for solid wood and with 
fastener diameter, except K, of plywoorl spec- 
imens, which show a reversed trend. Tf e load- 
ing stiffness K, of the hysteresis 1003s also 
increases with both wood density and iastener 
diameter. No clear conclusions can b~: made 
with regard to effects of wood density 2nd fas- 
tener size on K4 and K,. Failure to detect any 
sensitivity for K4 and K, could be due to their 
small values, which make their determined 
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2.86n1m diameter nail 
1.4 

3.76mm diameter nail 

0 2 4 6 8 10 
6 (mm) 

- Load regime 1 - Load regime 3 
-- Load regime 2 
+ Load regime 4 

FIG. 9. Fitted envelope curves of maple specimens. 

values less reliable compared with other stiff- the reduction in strength with increasing em- 
ness parameters bedment displacement after reaching a pt ak 

One of the major concerns in structural de- force, as is illustrated in Fig. 6. In the en.,e- 
sign under extreme loading conditions is the lope curve model, Eq. (I),  this property is rc:p- 
degradation of strength at high load levels. resented by the stiffness parameter K,. The lie- 
This strength degradation is characterized by grading stiffness K, can be easily determined 
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from each envelope curve by fitting a straight 
line through the portion of the envelope curve 
with 181 2 I8,l (see Fig. 4). The effects of test 
parameters on ultimate load and strength deg- 
radation are better demonstrated in Figs. 7, 8, 
and 9 respectively for the three types of wood. 
Each figure shows the four fitted envelope 
curves under the four loading regimes. One 
general conclusion from the figures is that ini- 
tial stiffness and ultimate load of envelope 
curve increase with increased loading rate. 
This agrees with findings from Soltis and 
Mtenga (1985) for nailed joints. It can be also 
noted from Table 2 that for each wood type 
and nail size, the value for K, is highest for 
load regime 3, followed by load regime 2, re- 
gime 4, and then regime I .  The value for I& 
for load regime 4 is always between that of 
load regime 1 and 2, indicating that the pre- 
loading history had a negative impact on ini- 
tial stiffness and offsets some of the increase 
in stiffness due to the faster loading rate. The 
same conclusion can be made with regards to 
ultimate load prior to strength degradation. 

When embedment specimens were subject- 
ed to monotonic loading, they experienced lit- 
tle (spruce) or no strength degradation (ply- 
wood and maple). Strength degradation oc- 
curred under reversed cyclic loading for solid 
wood (Figs. 7 and 9), and not for plywood 
(Fig. 8). The strength degradation effects are 
thought to be related to onset of cracking of 
wood material. The presence of glue planes in 
plywood helps to reduce cracking of wood, 
making it less prone to strength degradation. 
This may explain the excellent performance of 
plywood-sheathed shear wall under earth- 
quake loading. As is evidenced by the K, val- 
ues in Table 2 and Figs. 7 and 9, strength deg- 
radation is more pronolinced in dense wood 
(maple) than in light wood (spruce), and in 
specimens loaded by a large fastener (3.76 
mm) than by a small fastener (2.86 mm). The 
latter supports in part the general belief that, 
for the same overall ultimate capacity, a group 
of slender fasteners performs better than a 
group of larger diameter fasteners under re- 
versed cyclic loading conditions. There is ev- 

idence in Table 2 to suggest also that rate of 
strength degradation (K,) increases with load- 
ing rate and any preloading history. 

The following conclusions on load-einbed- 
ment properties of timber can be drawn from 
this study: 

1. Initial stiffness of envelope curves increas- 
es with loading rate, wood density, ar d fas- 
tener diameter. 

2. For solid wood, embedment specimens ex- 
perience strength degradation in envelope 
curves, under reversed cyclic oads. 
Strength degradation is larger with clenser 
wood and with larger fastener diameter. No 
strength degradation occurs in plj.wood 
embedment specimens under any of the 
four loading regimes. 

3. Preloading history decreases stiffness and 
ultimate strength of load-embedment re- 
sponse. 
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