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INFLUENCE OF DENSITY AND PREDRILL IN THE EMBEDMENT
STRENGTH OF TWO HARDWOOD SPECIES

Gonzalo Cabrera', Gonzalo Moltini?, Vanesa Baio*?

ABSTRACT: The embedment strength is a key parameter in the design of timber connections with metal fasteners. It
can be determined by the equations given by Eurocode 5 from the density value. Since those equations were mainly
developed for softwood species, the objective of this work is to evaluate the influence of the density in the embedment
strength of two high- and low-density hardwood species (beech — Fagus sylvatica- and poplar — Populus x euroamericana-
, respectively) in the parallel- and perpendicular-to-grain direction. Four different experimental test configurations were
carried out according to EN 383 for each species using a 5-mm nominal diameter and considering the influence of
predrilling in the wood specimens. Results showed a good correlation between density and embedment strength for all
the test types. In addition, predrilling showed no significant influence on the value of embedment strength, contrary to
what is considered in the equations provided by the current version of the structural design codes. Both, current and new
equations proposed by the new draft of Eurocode underestimate the values of embedment strength in both species, thus
being on the safe side for the structural design of connections.
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1 INTRODUCTION

Timber has been consolidated as a common material in
short and large-span ceilings and roofs, and the current
tendency is leaning toward mid- and high-rise buildings,
where cross-laminated timber panels (CLT) become a key
product in the design. In a bibliometric analysis of the
research trends related to CLT between 2006 and 2018,
the seismic performance of the structures and behaviour
of connections resulted in the most relevant topics [1]. In
structural design, the good execution and design of
connections are vital for adequate behavior and stability
of the structure.

Design codes of timber connections are based on the
“European Yield Model” proposed by Johansen, whose
equations for defining the strength capacity and stiffness
of connections depend on the embedment strength of the
wood and the yield moment of the fastener. Eurocode 5
[2], currently under review, regulates timber structural
design in Europe; however, the Spanish Building
Technical Code -CTE- [3] is mandatory in Spain for
building design. The CTE got the connections design
equations from ECS5, but without taking into consideration
the rope effect (Fu.ri). In both cases, the equations to
determine embedment strength are based on experimental
results and fit mostly for softwood species [4,5].

Several authors have studied the embedment strength in
solid timber and Engineered Wood Products (EWPs) of
softwood and/or hardwood species in different directions
with respect to the grain and with different types and

geometries of connectors, although most of the studies
involve nails, bolts, or dowels, and not screws. For
designing connections with smooth shank screws with a
diameter greater than 6 mm, EC5 and CTE refer to bolts’
equations. Otherwise, the requirements for nails apply. In
the latest consolidated draft of Eurocode 5 (prECS) [6]
new equations are included for the specific case of screws
in solid structural timber and to cover connections in other
EWPs.

The current equations provided by the design codes to
determine timber embedment strength are derived from
two studies, Whale and Smith [7] and Ehlbeck and
Werner [8], which included tests in both softwood and
hardwood species. Nonetheless, the number of tests
performed in softwood species was considerably higher
than in hardwood ones. More studies were performed in
the coming years, and some of them such as Sawata and
Yasamura [9], Sandhaas et al. [10], and Yurrita et al.
[5]found results not aligned with the equations proposed
by previous works. In addition, Hubner [11], Sosa Zitto et
al. [12], and Franke and Magniere [4], reached the
conclusion that the current equations should be reviewed
when considering hardwood species, and some of them
proposed modifications to the equations based on their
results. Since timber’s physical and mechanical properties
depend not only on species but also on origin, it becomes
necessary to know these parameters for the hardwood
species from Spain.
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The experimental methods that are more extensively used
to determine the embedment strength are the ones from
the European standard EN 383:2007[13], the American
standard ASTM D 5764-97a [14], and the International
Standard ISO 10984-2:2009 [15]. These methods have
differences from each other, regarding test method, test
setup, sample sizes, loading procedures, and evaluation
methods. The most important difference is the
determination of the maximum load, F,..., which leads to
different results depending on the method and, therefore,
to the difficulty of comparison.

Hardwood species currently visually- [16,17] or machine-
graded [18] in Spain for structural use are southern blue
gum (Eucalyptus globulus), shining gum (Eucalyptus
nitens), and sweet chestnut (Castanea sativa). Since there
are not yet harmonized European standards for the
manufacturing of EWPs from hardwood species, some
Spanish timber industries have obtained the European
Technical Assessment (ETA) to commercialize specific
certified products, such as glulam beams from oak by
Grupo Gamiz and sweet chestnut by Sierolam, or Parallel
Strand Lumber (PSL) from poplar by Tabsal.

The increasing demand for wood is leading the industry
to look for alternative species for structural uses, both
fast-growing with lower mechanical properties, such as
poplar, and slow-growing with higher mechanical
properties, such as beech. The rotation of poplar varies
between 9 years in the south of Spain and up to 18 years
in the north, depending not only on the origin but also on
the subspecies and hybrid, and in 2016 the cuts
represented 1.6% of the total cuts and 3.1% of hardwoods
in Spain [19]. Characteristic values of the structural
properties of the 18-year-old Populus x euroamericana,
hybrid I-214, from the North of Spain were f,,, , = 36.5
N/mm?, E ,,, = 7746 N/mm?, and p, = 338 kg/m’ [20],
which fit with the strength class C14 of EN 338:2016 [21].
The values of modulus of elasticity increased to 8800
N/mm? for the same hybrid from Central Spain
(Guadalajara) [19] and to 9907 N/mm? for Portuguese
poplar (Populus alba and Populus nigra) [22], showing in
all the cases structural properties like softwood species.
Until 2003, poplar was included in the Spanish timber
grading standard [16], but it was removed due to the lack
of updated data on new species and hybrids. The rotation
of beech varies between 90 and 100 years old
approximately [23], and occupies 2% of the total forest
extension in Spain [24]. Sawmills classify solid wood in
two qualities based on the wood color, first quality with
white color destined for aesthetic, and second quality with
red color and not industrial uses. In other countries of
Europe, it is of interest for structural use due to its high
mechanical properties [25-27], which reach the strength
class D40 (f;, = 40 N/mm?, E; ,, = 13 kN/mm?, p;, =
550 kg/m?) in Germany, Switzerland, and Austria [28,29]
and D50 (f;,x = 50 N/'mm?, E; ,, = 14 kN/mm?, p;, =
620 kg/m®) in France [27].

Previous experimental studies in these species [30], using
9 mm diameter screws and 12 mm diameter bolts (Fig. 1),
showed that current equations of EC5 overestimated
perpendicular to grain embedment strength. However, the
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equation proposed in prEC5 for screws fitted best
perpendicular-to-grain ~ embedment  strength  and
underestimated the parallel-to-grain one.

This work aims to study the influence of the density in the
embedment strength of poplar and beech from Spain in
the parallel- and perpendicular-to-grain direction using a
5 mm diameter screw and considering the influence of
predrilling.

2 EXPERIMENTAL CAMPAIGN

An experimental campaign was carried out to determine
the embedment strength of two different low- and high-
density hardwood species from Spain, poplar, and beech,
in two different directions with respect to grain, parallel
and perpendicular, using the following screw provided by
Rothoblaas®: 5 mm diameter and 50 mm long screw
(LBS550), Fig. 1. Specimens of poplar were between 12
and 15 years old, graded as ME-1 according to UNE
56.544:2003, and beech was around 90 years old
classified as first quality according to the aesthetic criteria
of the sawmill. Specimens were obtained from different
boards and then conditioned until constant mass under
conditions of relative humidity (65+5)% and
temperature (20 +2)°C, in a humidity chamber
Memmert HCP240, before and after placing the fasteners

(Fig. 2).

¥

Figure 1: 5 mm o screw, 9 mm o screw, and 12 mm o bolt
provided by Rothoblaas®

Figure 2: Conditioning of the test specimens

Four different test types were carried out for each species,
following the specifications of EN 383:2007 [13], as
summarized in Table 1, depending on the grain direction,
and the predrilling of the wood. Since both CTE and EC5
propose a different formulation of the timber embedment
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strength for each case (Eq. 1 and 2), specimens with and
without a predrilled hole were tested.

Without predrilled hole:
frux = 0.082 p, d — 0.3 (N/mm?) €))
With predrilled hole:
fri = 0.082 (1 —0.01d) p; (N/mm?) 2)

where, f,, is the characteristic timber embedment
strength, p, is the characteristic timber density (kg/m?),
and d is the nail (or screw) diameter (mm).

Table 1: Test types per species

Mean Cross- .
Test N MC ¢ Pre- ection  Urain
(%) (mm)  drill (mm?) direct.
Tl 9 12.0 5 No 17 x50 II
(5%)
T2 10 12.0 5 No 17x50 1
2 (5%)
£ T3 10 11.8 5 3mm 17 x50 Il
(5%)
T4 10 11.6 5 3mm 17 x50 1
(5%)
T1 7 12.5 5 No 17 X 50 I
(5%)
T2 10 12.1 5 No 17 X 50 1
E (7%)
@ T3 9 12.1 5 3mm 17 x50 I
(5%)
T4 9 12.2 5 3mm 17x50 1
(5%)

* Note: MC is the moisture content and the coefficient of
variation, CoV, is presented between ( ), and ¢ is the diameter
of the screw.

2.1 METHODOLOGY

The specimens were tested in compression through a
loading steel device, as shown in Figure 3. Figures 4 and
5 show the experimental tests in parallel- and
perpendicular-to-grain compression in poplar and beech,
respectively. The loading procedure was defined in terms
of the maximum estimated load Fy,4y s for each test. It
consisted of two cycles: a preload cycle up to 0,4F, 45 est>
and a final loading until failure. The loading procedure is
presented in Figure 6. After testing, a slice of the
specimen was extracted to determine its density and
moisture content according to EN 13183-1:2002 [31].
Density was later adjusted to a reference moisture content
of 12 %.
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Figure 3: Parallel- (left) and perpendicular-to-grain (right)
tests

in poplar.

Figure 5: Experimental tests T3 (left) and T4 (right) performed
in beech.

0 : 5 ‘ *
0 100 200 300 400 500 600 700
Time (s)

Figure 6: Loading procedure provided by EN 383 (left) and
experimental loading procedure (right)




3 RESULTS AND DISCUSSION
3.1 LOAD-DISPLACEMENT CURVES

Load-displacement curves of both species tested in the
parallel- and perpendicular-to-grain direction, with and
without predrilling, are shown in Figures 7-10.

5 Load-Displacement - T1 - Poplar 3 Load-Displacement - T2 - Poplar

Relative displacemenet (mm)

Relative displacemenet (mm)

Figure 7: Load-displacement
predrilling

curves of poplar without

3 Load-Displacement - T4 - Poplar

5 Load-Displacement - T3 - Poplar

Load (kN)

Relative displacemenet (mm)

Relative displacemenet (mm)

Figure 8: Load—displacement curves of poplar with predrilling

4 Load-Displacement - T1 - Beech 4 Load-Displacement - T2 - Beech

2 3 4
Relative displacemenet (mm)

5 2 3 4

Relative displacemenet (mm)

5

Figure 9: Load-displacement curves of beech without
predrilling

4 Load-Displacement - T3 - Beech P Load-Di: - T4 - Beech

Load (kN)

2 3 4
Relative displacemenet (mm)

5

Relative displacemenet (mm)

Figure 10: Load—displacement curves of poplar with predrilling

As expected, and observed previously by Cabrera et al.
[30], beech presents higher values of embedment strength
than poplar, and a difference in behavior is observed when
comparing parallel- with perpendicular-to-grain tests. A
plateau in the diagram is observed after the yield point in
the parallel-to-grain tests, while the load increases with
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relative displacement in the perpendicular-to-grain tests,
showing a hardening behavior of wood, but lower than
that observed for greater fastener diameters.

Figures 11 and 12 show the comparison of the load—
displacement diagrams of tests with and without
predrilled holes within the same species. Load—
displacement diagram of a particular test specimen
representative of the mean behavior of the sample was
selected in each case. Through this comparison, it can be
directly observed that there are no important differences
in behavior due to the execution of the predrilled hole. The
shape of the curves in general terms are similar within the
same test type for each species.

Load-Displacement - T1 & T3 - Poplar

[——Without predrill hole
2.5 [[——With predrill huL’_H_/

5 Load-Displacement - T2 & T4 - Poplar

— Without predrill hole
|—— With predrill hole //

3 4 5

2
Relative displacement (mm)

Relative displacement (mm)

Figure 11: Load-displacement diagram of poplar with and
without predrilling in parallel and perpendicular to the grain
tests

Load-Displacement - T1 & T3 - Beech

" Load-Displacement - T2 & T4 - Beech
—Without predrill hole ——Without predrill hole

.~ With predrill hole —With predril\jile//
3 —

2 3 4 5
Relative displacement (mm)

2 3 4
Relative displacement (mm)

5

Figure 12: Load-displacement diagram of beech with and
without predrilling in parallel and perpendicular to the grain
tests.

3.2 EMBEDMENT STRENGTH

The embedment strength f;, was determined according to
Equation (3), and characteristic values were obtained
according to EN 14358:2016 [32] assuming a lognormal
distribution.

Fmax
fo==g; Q)

where F,,, is the maximum load; d is the effective
diameter of the screw, taken as 1.1 times the thread root
diameter, which resulted in 3.3 mm for LBS550 screws;
and t is the thickness of the test specimen.

Results from Cabrera et al. [30] showed that the method
provided by EN 383 for the determination of embedment
strength could overestimate that value for the
perpendicular-to-grain direction. So, the embedment
strength obtained from EN 383 was compared with that
obtained from ASTM D 5764-97a and EN 408:2010 [33]
according to the following criteria:
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(i) Fpqx corresponding to a relative displacement of the
fastener of 5 mm, or the maximum force in case it was
reached at a lower deformation, as specified in EN 383.
(i1) F;pqy as the yield point defined in the load-deformation
diagram by a straight line parallel to the elastic slope
offset by deformation of 5% of the fastener diameter, as it
is defined in ASTM D 5764-97a.

(iii) Fpq, determined according to the method defined in
the EN 408 for the perpendicular-to-grain compression
strength, like that described in (ii) but with a straight line
offset by 0.01 %, where 4, is the loaded length, i.e., the
distance below the fastener.

Results of mean and characteristic values of embedment
strength -obtained from EN 383- and density, with their
coefficient of variation, are presented in Table 2 for both
species.

Table 2: Results of the experimental tests according to EN 383

Poplar Beech

5 B JE B F < 8 B %

g < g E £ g < g= £

= & sf d2 2 & «f 2 &
383 414 57.8 670

TU Qg 306 gy 253 vy 469 (1o 3
37.6 419 54.6 645

T2 s 29 Gqowy 22 vy MO (my
37.1 424 52.1 692

T3 (8%) 31.6 21%) 241 (12%) 39.8 (12%) 519
35.1 420 51.8 685

T4 oo B0 a1 B0 (e 406 (o %2

Note: The value between brackets shows the coefficient of
variation (%); p« is the density adjusted to 12% of moisture
content according to EN 384

Figures 13 and 14 show the characteristic values of the
embedment strength depending on the standard method
for both species and the four test types.

In poplar, experimental values obtained through the three
different methods are more even between each other for
the two parallel-to-grain tests performed than for the
perpendicular-to-grain ones (Fig. 13). Values of
perpendicular-to-grain embedment strength evaluated
according to EN 383 standard were higher compared with
those of the other two methods, especially in tests without
predrilling (T2). In addition, perpendicular-to-grain
embedment strength is rather lower than parallel-to-grain
one, contrary to what the standard states according to its
equations.

https://doi.org/10.52202/069179-0183
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Embedment strength per test type for poplar
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Figure 13: Experimental characteristic values of embedment
strength depending on the standard and test type in poplar.

In beech (Fig. 14), higher values of embedment strength
are obtained according to the EN 383 method for both
with and without predrilling and parallel- and
perpendicular-to-grain tests, with significant differences
with respect to the other methods according to an
ANOVA analysis. The small diameter of the screw and
the cross-section of the wood specimen could lead to
evaluate the embedment strength before the yield point of
the load-displacement diagram for the ASTM and EN 408
methods, which could result in an underestimation of the
embedment strength parallel to the grain.

Embedment strength per test type for beech

=)
=]

HHEN 383
BASTM D 5764-97a
£ 469 s IEN 408
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=z 40.6
E a0k 39.8
= ' 34.0
& 228 882 30.5 29.4 30.1
£30F .
®
k=
g
E20f
@
£
w10
0
T2 T3 T4
Test type

Figure 14: Experimental characteristic values of embedment
strength depending on the standard and test type in beech.

3.3 FAILURE MODE

Most of the specimens from T1 to T4 tests showed a
failure mode that combines the timber embedment with
plastic deformation of the screw (Fig. 15), which differs
from the failure mode of the fasteners with greater
diameter, in which the plastic deformation of the fastener
did not occur [30]. As in the case of the greater diameter
of fasteners, a combination of embedment and splitting
was observed in the perpendicular-to-grain tests
especially performed in poplar.



Poplar

TL(H)

T2 (1)

T3 ()

T4(1)

Figure 15: Failure modes

3.4 COMPARISON WITH THE THEORETICAL
VALUES OF THE DESIGN CODES

For comparing experimental values with theoretical ones,
the experimental values obtained according to the method
of the EN 383 standard will be considered because of the
two main reasons that follow. The first is that
experimental values of embedment strength obtained
according to the methods of ASTM D 5764-97a and EN
408 tend to underestimate embedment strength since as it
was mentioned before, the small diameter of the fastener
and geometry of test specimens lead to obtaining a failure
point located before the yielding phase of the load-
displacement diagram, which does not make any sense.
The second reason is that the correlation obtained between
density and embedment strength according to the methods
of ASTM D 5764-97a and EN 408 was much lower than
the one obtained with the results of the EN 383 standard.

Thus, the experimental values of the embedment strength
obtained from EN 383 were compared with those obtained
from the equations provided by the EC5 and prECS. The
equations that are applicable for each studied case depend
on the existence or not of a predrilled hole as a
determining factor in the embedment strength according
to ECS5, but not according to prECS, which proposes only
one equation for both cases, but considers the influence of
the angle between the fastener axis and the grain direction,
as shown in Table 3. Neither EC5 nor prEC5 considers
load-to-grain angle as a determining factor for obtaining
embedment strength.

Results are shown in Figures 16 and 17 and the ratios
between theoretical values obtained from ECS5 and prECS5
and the experimental values are presented in Table 4. It is
not clear that a predrilled hole in the wood improves the
embedment strength, as ECS considers, resulting in an
underestimation of embedment strength for the studied
cases T1 and T2.
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Table 3: Equations provided by ECS5 and prECS to determine
the embedment strength of small-diameter screws.

Test Eq of EC5 Eq of prECS
Nails without

predrilling (EC5) 11 D p = 0.082p, 470

Screws (prEC5) T2 (1) ' 0.019p32*d =03

Nails without T3 31) Fk
predrilling (EC5) [y = 0.082(1 — 0.01d)p,
Screws (prECS) T4 (L)

¢ is the angle between the fastener axis and the grain direction. € = 90° for all tests.

2.5co0s? ¢ + sin%e

Embedment strength per test type for poplar

w
o

316 MEN 383
30l EECS
"E 26.9 [“SprEC 5
225 23.0
=
220 19.1 18.9
4
=
245 5 14.4
g 12.7 126 1.9 118
g 10
=2
€
W
0
T2 T3 T4
Test type

Figure 16: Experimental vs. theoretical characteristic

embedment strength in poplar

60 Embedment strength per test type for beech

IMEN 383
ENEC 5
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H 398411 40.6
=40
<
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849 28.829.7
B
=
g
£20-
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2
w10
0
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Figure 17: Experimental vs. theoretical characteristic

embedment strength in beech

Table 4: Ratios between theoretical and experimental values of
embedment strength

Poplar Beech

fh,k,ECS fh,k,prECS fh,k,ECS fh,k,prECS
Test fh,k,exp fh,k,exp fh,k,exp fh,k,exp

(N/mm?) (N/mm?) (N/mm?)  (N/mm?)
T1 0.47 0.41 0.61 0.63
T2 0.54 0.47 0.70 0.74
T3 0.60 0.38 1.03 0.78
T4 0.83 0.51 1.06 0.80

Results show that the execution of a predrill in the wood
does not have a significant influence on the embedment
strength for screws of 5 mm of diameter for both species
according to an ANOVA analysis with a confidence level
of 95%, which was also stated by Sosa Zitto et al. [12]and
differs from the current EC5 approach. In addition, the
equations provided by the ECS5 underestimate the
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experimental values for both parallel- and perpendicular-
to-grain embedment strength of poplar. When it comes to
beech, it is observed that ECS5 equations predict
appropriately the embedment strength in wood specimens
with predrilling and underestimate embedment strength
for the cases without predrilling. In terms of structural
design, equations could lead to oversizing, but in any case
are on the safe side.

New equations proposed by prECS showed similar values
to those obtained from EC5 without predrilling, which
implies that they also underestimate the embedment
strength for both species with small-diameter screws.

In addition, no significant influence of the load-to-grain
direction was observed for all the studied cases according
to an ANOVA analysis with a confidence level of 95%,
which goes along with the fact that the formulations
proposed are independent of the load-to-grain angle.

3.5 CORRELATION BETWEEN DENSITY AND
EMBEDMENT STRENGTH

The correlation between experimental embedment
strength and density adjusted to 12% of MC was studied
for both species and the different tests performed. Results
are presented in Figures 17 and 18.

Density vs Embedment strength - T1
+ Poplar R?=0.70 *
* Beech /
R?=0.74+

., Density vs Embedment strength - T2
+ Poplar RP=0.58
« Besch /
3
R’-068 =+ °°

/

-

70

2

Embedment strength (N/mm2)

@
=}

mi
@
=]

S e ow & oo

S & 5 S
- N ow & oo
o 8 &8 8 3

Embedment strength (N/mm?)

o o

0 . .
200 300 400 500 600 700 800 900
Density (kg/m3)

200 300 400 500 €00 700 800 900
Density (kg/m?)

Figure 17: Correlation between density (p,,) and embedment
strength (fy exp) for wood specimens without predrilling.

o Density vs Embedment strength - T3 Density vs Embedment strength - T4

~T ~70

3 + Poplar’ E + Poplar 2

EB0" « Beech R%=0.81 s E£60 « Beech R 0.6? o

Z > : = .

oo . 50 RP=0.80 L

g'mr R*=0.62, gtm- ot

] 230

= £

@© @

E 20 £20-

B =1

10 210

E £

[CI . . [T

200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

Density (kg/m?) Density (kg/m?)

Figure 18: Correlation between density (p,,) and embedment
strength (fy exp) for wood specimens with predrilling.

The correlation coefficient between density and
embedment strength was higher than 0.62 for all the cases,
except for beech without predrilling compression
perpendicular to the grain (R?=0.58) which indicates that
density is a good predictor of embedment strength for
these species.

4 CONCLUSIONS

Beech showed higher values of embedment strength than
poplar for all the cases studied. Embedment failure was
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observed in parallel-to-grain tests, while a combined
failure of embedment and splitting took place in some of
the perpendicular-to-grain tests, especially in poplar.
When testing nails or screws with small diameters, the
method provided by ASTM D 5764-97a or the one
proposed based on EN 408, could lead to underestimation
of embedment strength, thus being not appropriate.
Results showed that there is no significant influence of the
predrilled hole in the embedment strength of the species
studied with the small-diameter screw tested, contrary to
what ECS5 considers, thus penalizing embedment strength
for the case without predrilled holes. New equations
provided by prEC5 showed similar values to those
obtained from ECS5 without predrilling, therefore, a better
prediction of embedment strength is obtained in the cases
studied if the equation for nails with predrilled holes of
ECS5 is used in every case.

In addition, results also showed that there is no significant
influence of the load-to-grain direction in the embedment
strength for the studied cases, a fact that is aligned with
the current proposal of ECS5.

Density becomes a good predictor of embedment strength
for these species and screws studied.
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