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Effect of Physical Properties of Softwoods on
Embedment Strength Performance of Self-tapping
Screws
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The embedment strength performance of the self-tapping screw (STS)
connector, used as a cross-laminated timber fastener, was evaluated
considering tree species’ density and load direction as parameters. The
STS had a diameter of 8, 10, and 12 mm. Considering the characteristics
of the STS, the embedment strength of the threaded area and the shank
area were compared. A larger diameter of the STS resulted in a higher
yield load in all directions of the respective wood. The effective
embedment area can estimate a more accurate value for the embedment
strength. The embedment strength of the longitudinal cross section as the
embedment area was higher than that of the radial and tangential sections.
For the loading direction, the ratio of the embedment strength parallel and
perpendicular to the grain of the specimens was 0.40 to 0.58 by wood
species. The embedment strength predicted based on the specific gravity
and diameter of the fastener differed considerably by 38% to 56% from the
actual embedment strength of STS using the effective embedment area.
This paper provides data for setting the adjustment factors predicting the
embedment strength of STS connection.
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INTRODUCTION

With the development of engineering timber, such as glulam and cross-laminated
timber (CLT), timber construction is being built in large dimensions and heights (Nguyen
et al. 2018; van de Lindt et al. 2019; Aloisio et al. 2020). The height limit for wooden
structures varies by country, but in Korea, the market for wooden structures, including CLT,
is expected to expand due to the elimination of the size limit for wooden structures in 2020.
Alternatively, wood products used for domestic timber construction are more dependent
on imported goods than domestic goods. In 2020, the proportion of domestic wood use in
Korea was 18.6%, which is insufficient compared to 74.8% constituted by imported wood
and wood products. In particular, when used as a construction material, the proportion of
domestic wood used is 11.3%, which is largely dependent on imports (Market Survey of
Timber Products 2020). Therefore, research is needed to increase the demand for domestic
timber.

Identifying the exact basic mechanical properties of tree species is one of the ways
to increase the use of domestic timber. Korean softwood is classified into four groups
according to its specific gravity, and the representative softwoods in each group are
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Japanese larch, red pine, Korean pine, and Japanese cedar (Korea Forest Service 3020
2018). Looking at the purchase of softwood by Korean sawmill manufacturers, the most
representative species are, in this order: Japanese larch 56.7%, red pine 33.2%, Korean
pine 2.8%, cypress 1.6%, and Japanese cedar 1.5%. The joints of the wooden structures are
one of the most vulnerable places where the load stress is concentrated under loading.
Therefore, the design of joints is as important in structural design as the design of structural
members. The joint is designed based on the bending strength of the fastener and the
embedment strength of the structural member to predict the strength of the joint. The
equation for predicting the joint strength is calculated using the European yield model
(EYM) proposed by Johansen (1949). Various fasteners, such as drift pins, bolts, and nails,
are used for timber construction, and the embedment strength of the fasteners is proposed
as an experimental formula using the density of wood and diameter of fastener in each
country (Diets et al. 2015; Brandner et al. 2019). Therefore, the use of native species is
expected to increase when the load-embedment strength for representative tree species is
verified in the native tree species. The load-embedment strength of pine, a representative
tree species for softwoods, was examined in the previous study, and the need for more
research in Korea was indicated (Lee et al. 2022). The pull-out resistance strength of timber
is also important, and further research needs to be conducted.

Self-tapping screws (STSs) are widely used as fasteners for CLT connections
because of their good performance and workability without any preparatory work (Jockwer
et al. 2014; Dietsch and Brandner 2015; Brandner 2019; Khan et al. 2021; Mirdad et al.
2022). The mechanical performance and behavior of STS joints are being studied in several
countries (Mohammad et al. 2018; Hossain et al. 2019; Brown et al. 2021; Fitzgerald et al.
2021; Lietal. 2021; Xu et al. 2021). It has been reported that the mechanical performance
of the STS joint is correlated with the density of the structural timber.

This study investigated the embedment capacity of STS joints on structural timber
(CLT) for different tree species. Considering the connection method, the embedment
strength was compared as a function of the embedment section according to the load
direction, and the effect of STS shape on the embedment strength was investigated.

EXPERIMENTAL

Materials

For the test materials, Japanese larch (Larix kaempferi (Lamb.) Carriere) with
specific gravity of 0.51, Korean pine (Pinus koraiensis) with specific gravity of 0.45, and
Japanese cedar (Cryptomeria japonica) with specific gravity of 0.36 were used as the tree
groups for softwood structural materials in Korea (Korea Forest Service 3020 2018). The
test specimens were cut into 50 x 50 mm? sections.

Table 1. STS Codes and Dimensions

CODE d: dz L A B ds dc ty to
HBS8120 8 5.4 120 60 60 5.8 6.8 1.25 4
HBS10120 10 6.4 120 60 60 7 8.4 1.4 4.1
HBS12120 12 6.8 120 40 80 8 9 2.2 3.8
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Fig. 1. Images of wood species (a- Japanese larch, b- Korean pine, and c- Japanese cedar)
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Fig. 2. Image of the STS

The fastener used galvanized carbon steel STS from Rothoblaas Corporation
(Bozano, Italy). The 120 mm long STSs were divided into three groups by the diameters 8,
10, and 12 mm. The shank diameter (ds) was 5.8, 7, and 8 mm, and the shank cutter
diameter (dc) was 6.8, 8.4, and 9 mm. The thread has an inner diameter d2 and an outer
diameter di.

Methods
Preparation of half-hole embedment strength specimens

The embedment strength specimens were cut to 50 x 50 mm? according to KS F
2156 (2022), and the three sections according to embedment loading directions, i.e., the
longitudinal section (L), the radial section (R), and the tangential section (T), were clearly
distinguished (Fig. 4). The specimens were pressed with a clamp so that they faced two
identical longitudinal sections, and a pre-hole with a diameter ds (6, 7, and 8 mm) was
provided at the center of the opposite longitudinal section (Fig. 3-a).

The grooved specimens were threaded into each piece by inserting and removing
STSs (10, 11, and 12 mm) appropriate for the diameter (Fig. 3-b). Figure 3-c shows a
threaded shape with a semicircular groove on the wood to be tested for embedment strength.
The embedment strength test piece is divided into a T-series embedded with the thread of
the STS and an S-series embedded with the shank. However, when the STS is inserted, a
thread length is processed in the shank part; thus, both series process the thread path (Fig.
4). The specimen was named according to the tree species, each section, and the diameter
of the STS (d1), 8, 10, and 12 mm, and the location of the STS (thread and shank), as shown
in Table 2. The STS with a diameter of 12 mm was not tested because the length of the
shank was 40 mm, which was shorter than the length of the specimen. A total of 450
specimens were prepared, with 10 specimens for each type.
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Fig. 4. Embedment section of the specimens on grain direction (A- before drilling the half-hole, B-
after drilling the half-hole)

Table 2. Types of Specimens and Nomenclature

Thread and Tip Shank and Shank

Species Gain Directions Cutter
8 mm 10 mm 12 mm 8 mm 10 mm
Larix Longitudinal section LC8T LC10T LC12T LC8S LC10S
kaempferi Radial section LR8T | LR10T | LR12T | LR8S | LR10S
(Lamb.)
Carriere Tangential section LT8T LT10T LT12T LT8S LT10S
Longitudinal section KC8T KC10T KC12T KC8S KC10S
Pinus Radial section KRST | KR10T | KR12T | KR8S | KR10S
koraiensis
Tangential section KT8T KT10T KT12T KT8S KT10S
Longitudinal section ccsT CCi0T | cciz2t CC8s CC10s
Cryptomeria Radial section CR8T | CR10T | CR12T | CR8S | CR10S
japonica
Tangential section CT8T CT10T CT1z2T CT8S CT10S
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Test methods

For Japanese larch, Korean pine, and Japanese cedar specimens, specific gravity
and annual ring width were measured after maintaining the equilibrium moisture content
at constant temperature and humidity (25 °C and 65% humidity) for approximately one
week. The T-series was tested by inserting only the threaded part into the groove, except
for the tip part. The S-series was tested after the STS was inserted into the groove, including
the shank and shank cutter. A compressive load was applied to the specimens at a rate of
0.5 mm/min using the load cell of Instron 5585 (debris-shield for floor-mounted testing
machines, Norwood, USA) (Fig. 5). The load and cross-head movement were measured.
The test was performed in accordance with the KS F 2156 (2022).

Unit: mm

Fig. 5. Configuration of the embedment strength test specimen (a- S-series, b- T-series)

The maximum load of the wood longitudinal-section specimens is easy to measure
because of the clear load drop, but the maximum load of the radial- and tangential-section
specimens is difficult to measure because the load drop is not clear. Therefore, the
embedment strength was calculated jointly as the yield strength, and the results were
compared and analyzed.

The yield strength was calculated considering a 5% offset of the thread diameter of
the STS fastener, according to KS F 2156 (2022). First, the initial straight line of the load—
deformation curve obtained in the experiment was shifted in a parallel manner by 5% of
the STS diameter, as shown in Fig. 6. Then, the yield load way was calculated at the
intersection of the moved straight line and the load—deformation curve.
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Fig. 6. Load—deformation curve at 5% offset yield load

The embedment strength was calculated by dividing the yield load by the projection
area of the part of STS embedment to the timber specimens. The embedment strength was
calculated in two types by varying the effective embedment area. Type 1 embedment
strength was calculated by applying the embedment area based on the nominal diameter of
the STS.

Type 1 embedment strength (Br1, Bs1) was calculated according to Egs. 1 to 4,

Br1 = Py/AT1, (1)
Bs1 = Py/Asz, (2)
Ar1= Lexds, 3
Asi= (ast+ac)xds, 4)

where Bz is the type 1 STS thread part embedment strength (MPa), Bs: is the type 1 STS
shank and shank cutter part embedment strength (MPa), Py is the 5% offset embedment
load (N), Ar1 is the type 1 thread part embedment strength area (mm?), As: is the type 1
shank and shank cutter part embedment strength area (mm?), Lt is the thread length (mm),
d1 is the outside diameter of the thread (mm), as is the STS shank length (mm), ac is the
STS shank cutter length (mm), and ds is the STS shank diameter (mm).

For Type 2, based on the exact measurement of the STS, the embedment strength
of the effective embedment area was applied as the actual area as follows. For the S-series,
the effective embedment area was determined by applying different diameters of the shank
and shank cutter, and for T-series, the effective embedment area was applied by calculating
the area of the thread. The height of a thread was calculated by dividing the difference
between outer and inner diameters by two ((d1—d2)/2).

Type 2 embedment strength (Br2) was calculated according to Egs. 5 to 8,

B2 = Py/AT12, Bs2 = Py/Asy, (5)
Atz = [ta{(d1-d2)/2 + d2} + (t2d2)]/(t2+12) X Ly, (6)
As2=as x ds + ac % dc, (7)

where B2 is the type 2 STS Thread part embedment strength (MPa), Atz is the type 2 thread
embedment strength area (mm?), As: is the type 2 shank and shank cutter part embedment
strength area (mm?), Bsz is the type 2 STS shank and shank cutter part embedment strength
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(MPa), dc is the STS shank cutter diameter (mm), t2 is the d2 length (mm), da is the outer
diameter of the thread, d2 is the inner diameter of the thread (mm), and Lt is the embedment
length of T-series (mm).

RESULTS AND DISCUSSION

Five Percent Offset Yield Load by Grain Direction of Softwood Species

The difference between the bearing stress in different orthogonal directions, wood
species, and screw diameter was determined. The difference between the bearing stress for
thread and shank screw diameter was also determined. Table 3 shows the average yield
load of softwood with STS. The average yield load by tree species was calculated as 6.01
kN for Japanese larch, 5.47 kN for Korean pine, and 4.15 kN for cedar, with the yield load
decreasing in the order of Japanese larch, Korean pine, and cedar. A higher specific gravity
of the species resulted in a higher yield load.

Table 3. Five % Offset Yield Load for Grain Direction of Softwood Depending on
the Type of STS

Species Japanese Larch Korean Pine Japanese Cedar
Grain Direction L R T L R T L R T (I\KIAePaS
mean 826 | 469 | 478 | 765 | 417 | 3.63 | 583 | 257 | 2.77 | 4.93
o cVv 0.1 0.11 | 0.07 | 0.11 | 0.15 | 0.13 | 0.14 | 0.22 | 0.12 | 0.13
mean | 7.63 | 482 | 409 | 741 | 361 | 343 | 59 | 295 | 250 | 4.70
oS Ccv 0.11 | 0.17 | 0.08 | 0.12 | 0.12 | 0.14 | 0.07 | 0.14 | 0.12 | 0.12
mean | 899 | 463 | 448 | 859 | 475 | 39 | 7.15 | 298 | 2.78 | 5.36
T Ccv 0.66 | 0.1 0.1 0.2 | 019 | 0.04 | 0.23 | 0.17 | 0.12 | 0.19
mean | 7.31 | 472 | 3.67 | 7.74 | 429 | 402 | 6.95 | 3.18 | 3.09 | 5.00
108 Ccv 0.11 | 0.21 | 0.13 | 0.11 | 0.17 | 0.12 | 0.17 | 0.12 | 0.12 | 0.14
mean | 11.88 | 539 | 480 | 10.2 | 419 | 444 | 742 | 3.27 | 294 | 6.06
et cVv 0.07 | 0.212 | 0.12 | 0.11 | 0.28 | 0.12 | 0.11 | 0.12 | 0.17 | 0.15
Mean (MPa) 881 | 485 | 436 | 832 | 420 | 3.88 | 6.65 | 299 | 2.82
Ccv 0.10 | 0.11 | 0.07 | 0.11 | 0.5 | 0.13 | 0.14 | 0.22 | 0.12

* CV (coefficient of variation): standard deviation/mean

The average yield load of the longitudinal section was the highest in all directions
at 7.93 kN, the radial section was 3.69 kN, and the tangential section had the lowest yield
load at 4.01 kN. The average coefficient of variation was 0.18, 0.14, and 0.18, respectively,
and the reliability of the value was high.
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The loading and grain directions are parallel for the longitudinal section. Therefore,
the resistance to the embedment load can be assumed to be large. This trend is similar to
that reported in structural glulam (Kim and Hong 2008).

According to STS type, the average yield load tended to increase with increasing
diameter, and the T-series had a higher average yield load than the S-series. The average
yield load of the 8T specimens was 4.97 kN, the average yield load of the 8S specimens
was 4.66 kN, the average yield load of the 10T specimens was 5.36 kN, the average yield
load of the 10S specimens was 4.99 kN, and the average yield load of the 12T specimens
was the highest at 6.06 kN.

Most of the failure modes of the specimens for embedment strength showed that
the specimens were slightly embedded, and some of the specimens for embedment on the
shank part were concentrated under the influence of the shank cutter, resulting in short
cleavage. This is the same result as the failure mode for each direction of the pine wood in
a previous study (Lee et al. 2022).

Calculation of embedment strength using the effective area of STS

Table 4 shows the results of embedment strength type 1. Table 5 shows the results
of embedment strength type 2. The T-series showed increased embedment strength of type
2 by 40% to 54% compared to type 1, and the S-series showed the embedment strength of
type 2 to be 3% to 4% lower than that of type 1. This seems to be due to the different
embedment effective areas. For the T-series, the area between the thread and d: is
subtracted, and the effective area of the embedment is reduced, improving the embedment
strength. For the S-series, the area of the shank cutter, which is slightly thicker than the
shank, was applied. The difference is large between the embedment strength calculated
using only the outer diameter and the embedment strength considering the effective area
of the embedment in more detail. Therefore, the embedment strength of type 2 was used as
the basis for the comparative embedment strength verification.

Table 4. Average Embedment strength Type 1 of Softwood Measured with STS

Species Japanese larch Korean pine Japanese cedar

P (MPa) (MPa) (MPa) Mean
Grain (MPa) cv
e L R T L R T L R T

Direction

8T 206 | 120 | 11.7 | 191 | 9.1 | 104 | 146 | 6.9 6.4 125 | 0.37
8S 263 | 141|166 | 255 | 11.8 | 124 | 20.3 | 8.6 | 10.2 | 16.4 | 0.36

10T 18.0 | 9.0 93 | 172 | 7.8 95 | 143 | 56 6.0 10.9 | 0.39
10S 209 | 105 | 135 | 221 | 115 | 123 | 199 | 8.8 9.1 142 | 0.34
12T 141 | 5.7 64 | 122 | 53 5.0 8.8 3.5 3.9 7.4 0.45
Mean (MPa) 20.0 | 10.3 | 115 | 19.2 | 9.1 99 | 156 | 6.7 7.1

Ccv 0.20 | 0.28 | 0.30 | 0.24 | 0.27 | 0.27 | 0.27 | 0.30 | 0.32
* CV (coefficient of variation): standard deviation/mean
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Table 5 lists the results of the calculation of the embedment strength according to
the above equations (Eg. 5). The average embedment strength according to the wood
species is as follows. Japanese larch and Korean pine were measured as 19.77 MPa and
18.47 MPa, respectively, and cedar had the lowest average embedment strength with an
average of 15.57 MPa.

The embedment strength along the grain direction was as follows. The embedment
strength of the longitudinal section of Japanese larch was the highest at 26.3 MPa, and that
of the radial section of cedar was the lowest at 9.2 MPa. All species had the highest
embedment strength in the longitudinal section, and the embedment strengths in the radial
and tangential sections were similar.

Figure 7 shows the results of the regression analysis of the specific gravity and
embedment strength of Japanese larch, Korean pine, and Japanese cedar. The embedment
strengths of the longitudinal, radial, and tangential sections showed significant trends with
R? values of 0.31, 0.51, and 0.53, respectively. The embedment strength of the
representative species of softwood structural materials in Korea increased in proportion to
the specific gravity. The specific gravity according to species and the embedment strength
according to grain direction are considered the main factors in the equation for predicting
embedment strength.

The embedment strength as a function of the STS shape was as follows. The
threaded T-series showed higher embedment strength than the threaded S-series. This was
the result of performing the embedment strength test on the preprocessed threaded
specimens, and the embedment area of the T-series and STS is considered wider than that
of the S-series.

Table 5. Average Embedment strength of Softwood Measured with STS

Species Japanese Larch Korean Pine Japanese Cedar
P (MPa) (MPa) (MPa) Mean
Grain (MPa) cv
S L R T L R T L R T

Direction

8T 2893 | 168 | 164 | 268 | 12.7 | 146 | 21.3 | 10.1 | 94 186 | 0.11
8S 2544 | 136 | 16.1 | 247 | 11.4 | 12.0 | 19.7 | 8.3 9.8 16.8 | 0.12
10T 2623|131 | 135 | 250 | 11.4 | 138 | 242 | 94 | 101 | 17.1 | 0.12
10S 2008 | 101 | 13.0 | 21.3 | 11.0 | 11.8 | 19.1 | 8.5 8.7 145 | 0.13
12T 3066 124 | 139 | 263 | 11.5 | 10.8 | 241 | 9.6 | 10.7 | 16.8 | 0.14
Mean (MPa) 26.3 | 13.2 | 146 | 248 | 11.6 | 12.6 | 21.7 | 9.2 9.7

Ccv 0.17 | 0.14 | 0.17 | 0.14 | 0.14 | 0.20 | 0.13 | 0.15 | 0.17
* CV (coefficient of variation): standard deviation/mean
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Fig. 7. Results of the regression analyses of the embedment strength and the specific gravity by
grain direction of the timber

Table 6 lists the results of the calculation of the embedment strength ratio parallel
and perpendicular to the grain. For the embedment strength ratio by wood species, the
Japanese larch was the highest, within the range 0.43 to 0.58. Higher specific gravity is
considered to have resulted in lower embedment strengths perpendicular to the grain than
the embedment strength parallel to the grain. Depending on the STS type, a smaller
diameter resulted in increased embedment strength perpendicular to the grain. For the NDS
standard, the load-embedment strength is calculated by multiplying the adjustment factor
when the direction of the embedment load is at an angle to the grain direction of the
members. Therefore, the embedment strength ratio for grain direction on the tree species
obtained through the embedment test can be an adjustment factor for the predicted
embedment strength required to predict the strength according to the grain direction of the
STS connection.

Table 6. Embedment Strength of Experimental Values According to Tree
Species and Grain Direction

Species Japanese Larch Korean Pine Japanese Cedar
Grain FIl | FL | FLFI| FI FL | FLFI | FI FL | FL/F
Direction
8T 28.9 | 16.6 0.57 26.8 13.7 0.51 20.4 9.4 0.46
8S 25.4 | 14.9 0.58 24.7 11.7 0.47 19.7 9.1 0.46

10T 26.2 | 13.3 0.51 25 12.6 0.50 20.9 8.4 0.40
10S 20.1 | 115 0.57 21.3 11.4 0.54 19.1 8.6 0.45
12T 21.9 9.4 0.43 18.8 8 0.42 13.6 5.7 0.42
Mean 245 | 13.1 0.53 23.3 115 0.49 18.7 8.2 0.44

CV (%) 129 | 191 11.1 12.3 | 16.8 7.90 14.0 | 15.8 5.3
* CV (coefficient of variation): standard deviation/mean

The experimentally calculated embedment strength parallel and perpendicular to
the grain was compared and analyzed with the predicted embedment strength for lag screws
calculated by NDS in North America, Eurocode 5 in Europe, and CSA in Canada (Fig. 8).
To convert the unit of embedment strength proposed by NDS to MPa, the formula proposed
by KDS was used. The prediction formula for the embedment strength of structural timber
using fasteners applies to the equation, but the STS applied the average diameter because
the threads have different spacings between pitches and pitch. The average diameter of the
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STS was calculated using the value obtained by dividing the projection area d: by the STS
embedment length (50 mm). For 8T, 8S, 10T, 10S, and 12T, 5.7, 6, 6.9, 7.3, and 7.8 mm
were used, respectively.

The embedment strength prediction was according to Egs. 8 through 10,

KDS: Fi= 79G, F.= (216G**)/d, (8)
Eurocode 5: Fy= 0.082(1-0.01d)G, F.= {0.082(1-0.01d)G}/(1.35+0.015d), (9)
CSA: F = 28d75G%%, F, = 96d05GL 05, (10)

where F is the horizontal embedment strength (MPa), F . is the vertical embedment
strength (MPa), G is the specific gravity (-), and d is the fastener diameter (mm).

Japanese larch
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Fig. 8. Comparison of the results between the measured embedment strength and the predicted
embedment strength using STS

The actual measured embedment strength using STS was mostly lower than the
general fastener prediction equation (KDS, EN, and CSA) calculated using the diameter of
the fastener and the specific gravity of wood. The strength ratio of the test specimens to
which the load was applied in the vertical direction of the fiber was measured as 0.44, 0.48,
and 0.48, in the order of KDS, EN, and CSA, respectively, and each material to which the
load was applied in the parallel direction of the fiber was measured as 0.66, 0.68, and 0.68.
The strength ratio of each species was 0.52 for Japanese larch, 0.57 for Korean pine, and
0.62 for Japanese cedar. The lower the proportion of Japanese cedar, the more similar the
predicted embedment strength and the measured embedment strength were. Thus, the
general equation for predicting fasteners shows a large deviation between 38% and 56%
from the embedment strength of STS. When the embedment effective area was set in type
1, the difference was larger than the result of applying the embedment effective area to
type 2.
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Therefore, when using the method to predict the embedment strength of STS

connections, the effective embedment area should be set according to the information
concerning STS shape, and a suitable experimental equation is developed based on the
density of members, the STS diameter and the loading direction.
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CONCLUSIONS

1.

In this study, the embedment strength for each direction of Korean species was
calculated using self-tapping screws (STS). The yield load of the 5% offset calculated
by the embedment of the threaded part was higher than the yield load of the specimen
embedment of the shank part.

The embedment strength was highest in a longitudinal section where the fiber direction
and the loading direction were parallel, and the radial and tangential sections
perpendicular to the fiber direction and the loading direction showed relatively low
embedment strength performance.

The embedment strength (NDS, EN, and CSA) calculated by the fastener formula for
calculating the effective area of embedment was not suitable, as it showed a difference
of 38% to 56% in the embedment strength results using STS.

In future works, the prediction formula for embedment strength will be developed
considering the adjustment factor based on the shape information of STS and proposed
for the design lateral strength for cross-laminated timber (CLT) connections using STS
fasteners.
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