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Abstract

To investigate the effects of tightening speed on the torque coefficient in lag screw timber joints with steel side plates, tight-
ening tests were conducted on main timber members made from Cryptomeria japonica, Chamaecyparis obtusa and Pseu-
dotsuga menziesii, under four tightening speed conditions (1, 4, 10, and 20 rpm). Major stick-slip behavior was observed in
C. obtusa based on the relationship of tightening angle with clamp force, tightening torque, and thread torque at tightening
speeds of 1 and 4 rpm. In addition, tightening speed’s effects on the torque coefficient (K) varied depending on the wood
species of the main member. In P. menziesii, K was not affected by the tightening speed: the ratio of torque expended on
tightening was 25% on average, and the ratio of torque expended on bearing surface friction was higher than the ratio of

torque expended on thread friction.
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Introduction

As the designs for timber structures grow larger and larger,
contractors are increasingly using lag screw connectors in
their projects [1]. The benefits of lag screw joints include
less loosening and slippage when a load is first applied than
bolted timber joints; however, they also require more cau-
tion, making construction management an important con-
sideration [2]. For example, screwing in a lag screw without
first drilling a pilot hole can cause the timber member to
crack, or driven in using a hammer. In addition, overtighten-
ing beyond a lag screw’s pullout strength risks damaging the
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joint, weakening it compared with its original performance.
One potential solution to prevent the latter scenario is to
apply a torque control method to provide suitable torque by
means of a torque wrench or other tool. However, no one has
yet developed a torque control method for lag screw timber
joints: contractors today rely on their own experiences and
intuition when tightening lag screw connectors, an arbitrary
judgment. Torque control methods involve different tighten-
ing speeds, because tools such as torque wrenches and nut
runners are turned manually to provide torque. For metallic
bolted joints, differences in tightening speed are known to
result in different coefficients of friction and torque, impor-
tant factors that determine the feasibility of a given torque
control method as well as in variation in axial force (“clamp
force” below) [3]. In a previous study on bolted timber
joints, we discovered that the torque coefficient decreases at
higher tightening speeds and were able to reduce fluctuations
in the clamp force by setting the tightening speed to 20 rpm
[4]. For lag screw timber joints, however, there appears to
be no research that has clarified the effects of tightening
speed on the torque coefficient. This point needs to be clari-
fied, since construction management is more important for
lag screw timber joints than for bolt joints, and because no
torque control method has been established for lag screw
timber joints. In a previous study, we developed a high
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Fig. 1 Tightening test method
for lag screw timber joints
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damping shear wall in which timber members were joined
together, or to steel plates, with lag screws or bolts. Tight-
ening generates a clamp force, which in turn generates a
frictional resistance force between two timber members, or
between one and a steel plate [5]. Our later research inves-
tigated how to apply torque control methods to control this
clamp force, a serious issue that must be addressed to control
the expression of this frictional resistance force [6, 7]. One
of the resulting challenges we faced in developing our high
damping shear wall was how to determine the effects of lag
screw tightening speed on the joint’s torque coefficient.

In the present study, using timber members made from
three kinds of wood species, we subjected lag screw timber
joints with steel side plates to tightening tests, with the aim
of determining the effects of tightening speed and tree spe-
cies on the torque coefficient.

Materials and methods

Figure 1 shows the experimental method. Lag screw
timber joints with steel side plates were subjected to
tightening tests using a bolt force tester (NST-500NM:
Japan Instrumentation System Co., Ltd, Nara, Japan).
Test specimens were composed of three parts: a main
wooden member, a round washer, and a lag screw (Fig. 1).
Main members were created from three conifers: Cryp-
tomeria japonica, Chamaecyparis obtusa, and Pseudot-
suga menziesii. Dimensions of the main member were 60
(Longitudinal direction) X 45 X 60 mm. Specimens were
tested after curing in the laboratory for approximately 2
months at 20+ 2 °C. A pilot hole of ¢7.5 and 55 mm deep
was drilled in the main member. The relative humidity of
the conditioning room ranged from 32 to 53% during the
conditioning period (relative humidity was not strictly
controlled). The density and moisture content of each
specimen are shown in Table 1. The dimensions of the

Table 1 Basic properties of the test materials

Moisture
content (%)

Conifer species Density (kg/m®)

Cryptomeria japonica

Ave. 351 11.5
SD 1.8 0.9
Chamaecyparis obtusa

Ave. 465 11.9
SD 11.3 1.0
Pseudotsuga menziesii

Ave. 466 10.4
SD 5.8 1.2

Ave. average, SD standard deviation

Fig.2 Detailed dimensions of lag screw

round washer were 32 X 3.2 mm: its surface was galva-
nized then chromate treated. M12 lag screws were used,
having a length of 150 mm, pitch of 5.0 mm and thread
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half angle of 30°. (Detailed dimensions : see Fig. 2). Dur-
ing the tests, specimens were first set up in the testing
device. Clamp force and thread torque were measured by
means of a load cell wedged between the steel side plate
and the main member, where load cell which have strain
gages can be measured clamp force and torsional load.
The tightening angle and tightening torque of the screw
head were also measured. The screw was inserted into
the wood perpendicular to the grain (from radial surface).
The main member was held by a rotation-stopping com-
ponent to limit any rotation due to tightening torque. The
lag screw was tightened using a torque wrench until the
screw head pressed against the round washer: i.e., until
the axial force reached 15-40 N. Screws were tightened at
a speed of 1, 4, 10 and 20 rpm until a reduction in clamp
force was observed. Six specimens were tested in each
condition.

Results and discussion

The relationship of the tightening angle
to the clamp force, tightening torque, and thread
torque

Figure 3 shows the typical relationships obtained for tighten-
ing angle versus clamp force, tightening torque, and thread
torque. In C. japonica, tightening torque and thread torque
follow the profile of clamp force: first rising, then falling
after reaching a peak value. The initial, sharp rise in tight-
ening torque and thread torque is likely the initial driving
torque when the lag screw head pressed against the bearing
surface. Similar behavior was observed in P. menziesii at all
tightening speeds and in C. obtusa at tightening speeds of
10 and 20 rpm. In all test specimens of C. obtusa at tight-
ening speeds of 1 and 4 rpm, however, jagged, ‘sawtooth’
patterns are apparent in the relationships between tightening
angle and clamp force, tightening torque, and thread torque.
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Fig. 3 Relationship between clamp force, tightening torque, thread torque, and tightening angle
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During the experiments, the wooden members were heard
to creak, suggesting these fluctuations were due to stick-slip
behavior between the lag screw thread and the main mem-
ber. When major stick-slip occurs, the resultant clamp force
is predicted to be highly variable, even if a torque control
method were applied.

Effect of tightening speed on tightening properties

Tightening speed’s effects on torque coefficient K, the coef-
ficient of friction between threads ;,, the coefficient of fric-
tion between bearing surfaces y,, the ultimate clamp force
F x> and the tightening torque at ultimate clamp force T},
were investigated. K, uy,, and w, were, respectively, calcu-
lated using Egs. (1), (2), and (3) below [8], where Eq. (2) is
derived by neglecting the compressive deformation of the
bearing surfaces:

Tf
K==,
T )
Ty _ P
_ R Q)
M= 05774,
Tb
Mo = 05D F, )

where F; is the clamp force; T} is the tightening torque at
Fy, d is the lag screw diameter (=12 mm); T}, is the thread
torque at Fy; P is the pitch (=5.0 mm); and d, is the effec-
tive thread diameter (= 10.25 mm: calculated as the average
of the major and minor diameter [(12.0 mm + 8.5 mm)/2].
T, is the bearing surface friction torque at Fy, calculated by
Eq. (4) below [8]:

Ty =T; =Ty, (@)
D, is the equivalent frictional diameter on the bearing
surface, as calculated by Eq. (5) below [8]:

Dy+d
b= ®)

D, is the width across flats (=18.8 mm) and d}, is the bolt
hole diameter of the washer (=13.5 mm).

The ratios Ty/Fy, Ty/Fy, and T,/F; in Egs. (1-3) were cal-
culated as follows. First, each specimen’s elastic range was
established visually as the interval in the plot of tighten-
ing angle versus clamp force where the relationship appears
linear. Then, T\/F;,T,/F, and T,/F; were calculated, respec-
tively, for that interval in all specimens using the method of
least squares.

Table 2 shows the tightening characteristic values of lag
screw timber joints determined from the experiments. In C.

Jjaponica, K and p, appear to rise slightly with increasing
tightening speed, while no noticeable differences are appar-
ent for py, F.. or T For C. obtusa, the aforementioned
stick-slip behavior at tightening speeds of 1 and 4 rpm meant

that characteristic values could not be calculated for these

Table 2 Results of the tightening characteristic values

Conifer spe- K ey Uy Fax (KN) T o (Nm)
cies (n=6)
Cryptomeria japonica
1 rpm
Ave. 0.395 0330 0.244 490 24.34
SD 0.078 0.116  0.058 0.21 1.14
4 rpm
Ave. 0.353 0364  0.161 5.02 26.02
SD 0.041 0.095 0.018 0.08 0.48
10 rpm
Ave. 0422 0412 0.227 4.86 25.28
SD 0.050 0.102  0.041 0.29 0.78
20 rpm
Ave. 0456 0480 0.227 483 25.38
SD 0.054  0.105 0.020 0.08 0.66
Chamaecyparis obtusa
1 rpm
Ave. - - - - -
SD - - - - -
4 rpm
Ave. - - - - -
SD - - - - -
10 rpm
Ave. 0264 0.116  0.211 10.22 22.56
SD 0.030 0.046 0.035 0.57 1.64
20 rpm
Ave. 0.281 0226  0.155 9.34 26.61
SD 0.063  0.096  0.029 1.26 3.48
Pseudotsuga menziesii
1 rpm
Ave. 0.275  0.080  0.248 10.23 21.71
SD 0.032  0.033 0.056 0.39 1.21
4 rpm
Ave. 0269  0.082  0.241 11.27 23.06
SD 0.030  0.020 0.052 0.59 1.14
10 rpm
Ave. 0270  0.125  0.211 11.23 25.48
SD 0.047  0.058 0.050 0.5 3.53
20 rpm
Ave. 0.281 0.150  0.211 11.09 27.95
SD 0.016  0.045 0.030 0.58 2.11

K torque coefficient, u,, coefficient of friction between threads, uy
coefficient of friction between bearing surfaces, F,,, ultimate clamp
force, T, tightening torque in ultimate clamp force, Ave. average,

SD standard deviation
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conditions; data were only obtained for tightening speeds of
10 and 20 rpm. Under these conditions, K and y,;, tended to
be lower than in the corresponding condition for C. japon-
ica. In P. menziesii specimens, increasing tightening speed
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caused no major changes to K, u, or F,,,.,
and T, slightly. The u,, at 20 rpm is about 30% that meas-
ured for C. japonica specimens at the same speed. For this
result, it is considered that no noticeable differences are

but elevated g,
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apparent for 7, in P. menziesii and C. japonica. Here, K
can also be expressed by Eq. (6) below [9]:

K= é(% +0.577pydy +0.54,D, ). ©)

The terms inside parentheses in Eq. 6 show the break-
down of torque consumption: the first term is the torque
expended on clamp load of thread pitch’s inclined plane,
the second term is the torque expended on thread friction,
and the third term is the torque expended on bearing sur-
face friction [4]. The ratios of these component torques to
total torque were calculated using the data in Table 2 and,
respectively, labeled a, f, and y. Figure 4 shows the relation-
ships of tightening speed with a, f, and y. Tightening speed
had no major effect on a in C. japonica, C. obtusa, and P.
menziesii specimens (mean: 17, 25, and 25%, respectively).
We have previously reported that bolted timber joints gener-
ally have an a of around 8-10% [4]. However, the value we
measured for lag screw joints in this study is over double
that, seeming to signify that lag screws convert clamp force
into torque more efficiently than do bolts. In C. japonica,
p appear to rise slightly with increasing tightening speed,
while no noticeable differences are apparent for y. In P. men-
ziesii specimens, however, faster tightening speeds caused
p to increase and y to decrease with increasing tightening
speed: at 20 rpm, they were 25 and 50% on average, respec-
tively, with y about twice as large as .

The findings above suggest that in lag screw timber joints
with steel side plates, the tightening speed’s effects on K, a,
p, and y differ depending on the wood species from which the
main timber member is made. While K increases slightly at
faster tightening speeds in C. japonica, it is unaffected in P.
mengziesii. Moreover, a is over twice as high in all three wood
species than in similar bolted timber joints. Finally, £ and y,
respectively, increase and decrease with increasing tighten-
ing speed in P. menziesii, such that y becomes greater than
p. Incidentally, lubricant is often applied to the threads and
bearing surfaces of metallic bolted joints, to eliminate the
effects of tightening speed on K as much as possible, as well
as to improve workability by lowering the frictional coeffi-
cient. We did not use lubricant in our experiments. However,
given that tightening speed had no effect on K in P. menziesii,
and that this species’ u,, was lower than the others, a torque
control method using torque wrench or other tool could likely
be applied under unlubricated conditions. However, as can
be seen from Table 2, variability in K and each of the fric-
tional coefficients is inevitable when applying a torque control
method. Therefore, when deciding on K for a torque control
method, it is important that variability in K is appropriately
evaluated.

Conclusions

Using the main timber members made from Cryptomeria
Jjaponica, Chamaecyparis obtuse and Pseudotsuga menziesii,
we subjected lag screw timber joints with steel side plates to
tightening tests at four different tightening speeds (1, 4, 10,
and 20 rpm), to investigate the effects of tightening speed and
wood species on the torque coefficient K. The major findings
determined within the scope of this study are as follows:

(1) At tightening speeds of 1 and 4 rpm, major stick-slip
behavior was observed in the relationships of tight-
ening angle with clamp force, tightening torque, and
thread torque in C. obtusa.

(2) Torque coefficient (K) rose with increasing tightening
speed in C. japonica; however, it exhibited no effects
due to it in P. menziesii.

(3) The ratio of torque expended on tightening (a) was
unaffected by tightening speed: on average, it was 17%
in C. japonica, 25% in C. obtusa, and 25% in P. men-
ziesii.

(4) In P. menziesii, the ratio of torque expended on thread
friction (f) rose with increasing tightening speed, while
the ratio of torque expended on bearing surface friction
(y) fell: at 20 rpm, § was about half of y.

The findings above show that tightening speed’s effects on
the torque coefficient and tightening properties of lag screw
timber joints with steel side plates differ depending on the
wood species of the timber component. In lag screw joints
of P. menziesii specimens, however, tightening speed had no
effect on torque coefficient K, suggesting the feasibility of a
torque control method using torque wrench or other tool for
this kind of wood.
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