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THE EFFECT OF SPECIMEN SIZE ON WETTING-INDUCED STRESS IN
SELF-TAPPING SCREWS IN STEEL-TO-WOOD CONNECTIONS

Jintao Zhang', Lina Zhou?, Chun Ni?

ABSTRACT: When a steel-to-wood connection fabricated with self-tapping screws (STSs) is subjected to wetting
exposure, due to the hygroscopic characteristics of wood, tensile stress develops in the STSs. Meanwhile, compressive
stress arises in the wood. The wetting-induced stress may lead to the failure of the STS, typically characterized by the
fracture of the STS. This type of failure has been attributed to the excessively long STS penetration and/or extensive
increases of moisture content in wood. Analytical equations have been derived to predict the STS stress in previous study
by the authors. However, in this analytical model of a steel-to-wood connection with single STS, the size of the wood
specimen was assumed to be related to the penetration length of STSs or the size of the steel plate, which may play a
critical role in the prediction of the wetting-induced stress in both STS and wood. In this study, sensitivity analysis was
performed via numerical modelling on 8 mm and 13 mm diameter STS connections with different wood specimen size.
Results show that wetting-induced stress in STS increases with the increase of wood specimen size but eventually

approaches a constant value when the edge length of wood is larger than the penetration length of STSs.
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1 - INTRODUCTION

Steel-to-wood connections with self-tapping screws (STSs)
are commonly used in modern mass timber construction
due to their high load-carrying capacity and ease of
installation. However, due to the hygroscopic
characteristics of wood, exposure to wetting conditions
may cause significant stress in this type of connections and
lead to STS breakage. So far, research on moisture content
effect on mass timber connections with STSs has been
mainly focused on the STS withdrawal behaviour [1-4].
Research on extra stress developed on STSs caused by
wetting is limited.

With reported STS brakeage in several mass timber
projects during construction under wetting, research on
wetting-induced stress in STSs in mass timber connections
has attracted increasing attention to quantitatively
determine the wetting effect on this type of connection
[5,6]. Gerstorfer et al. [5] investigated wetting-induced
stress in STSs inserted in laminated veneer lumber (LVL)
through both tests and numerical analysis. STSs of 6 mm
and 8 mm diameters were adopted and inserted at
penetration depths of 158 mm (26d) and 238 mm (30d),
respectively. In the numerical analysis, 2D models were
created and the interaction between STS threads and wood
was modeled with ‘hard’ contact. With a moisture content
increase of 15%, STS yielding was not observed from the

numerical modelling. This may due to the specific setting
that the screw head was not in direct contact with LVL
surface and there was no steel plate between them, so the
expansion of LVL under wetting on the screw head side
was not constrained and the effective penetration length is
equivalent to half of the cases when the LVL surface was
blocked by a steel plate on the screw head side. Similarly,
Khan et al. [6] developed a 2D axisymmetric model to
investigate wetting-induced stress in STSs in both cross
laminated timber (CLT) and glulam connections. The
interaction between STS and timber element was modelled
with cohesive surface, and the mechanical properties of the
cohesive surface at different moisture content levels were
obtained by fitting to the STS withdrawal test results
carried out by Khan et al. [7]. The developed model was
able to predict the wetting-induced stress in STS inserted in
a cylindrical-shaped wood specimen

In the above-mentioned studies, the variables in the
numerical models were STS diameters and penetration
lengths, and none of them conducted a parametric analysis
on wood specimen size. However, the cross-sectional
dimension of the wood specimen may be a crucial factor,
as it controls the overall compressive stiffness and thus
affects the magnitude of the wetting-induced stress in STSs.

Analytical equations have been derived by the authors in
previous study for prediction of STS stress induced by
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wetting in a steel-to-wood connection. In this analytical
model, the size of the wood specimen was assumed to be
related to the penetration length of STSs or the size of the
steel plate. There is a need to get a better understanding on
the sensitivity of this assumption. In this study, the size
effect of wood specimen on wetting-induced stress in STSs
was investigated with a 3D numerical model of typical
steel-to-wood connection developed and verified in
previous study by the authors via ABAQUS.

2 -NUMERICAL MODELLING ANALYSIS

2.1 NUMERICAL MODELLING METHOD

The numerical modelling method adopted in this study is
shown in Fig. 1. STS was modelled with a smooth shank
with diameter the same as STS core diameter. Ideal elastic-
plastic material properties were assumed for STSs.
Detailed STS geometries and material properties are
summarized in Tabel 1. Orthogonal wood material was
assumed for glulam, with wood radial direction aligned
with the STS length direction. To consider the moisture
content (MC) effect on wood mechanical properties, test
results from Gerhards [5] were adopted, i.e., the modulus
of elasticity parallel-to-grain and perpendicular-to-grain,
and the shear modulus decrease by 1.625%, 2.875% and
2.500%, respectively per 1% MC increase. The Glulam
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(a) Overview of the connection.

(c) Directions of cohesive surface.

Figure 1: Numerical modelling description.

Table 1: STS geometries and material properties [7).

mechanical properties at 12% MC are listed in Table 2.
Based on the measured swelling coefficient of glulam in
Khan et al. [7], an average value of the swelling
coefficients (0.23%) along wood tangential and radial
directions was adopted to account for the random pith
location of each laminate. With the assumed orthogonal
directions (see Fig. 1(a)), wood swelling along tangential
and longitudinal directions would have negligible
influence on STS deformation, so swelling coefficient was
only assigned to wood radial direction. The interaction
between STS and glulam wood was modelled with
cohesive surface (a built-in surface-based interaction in
ABAQUS). The traction-separation law and coordinates
of cohesive surface are shown in Fig. 1. There are three
main directions in cohesive surface, two tangential
directions (¢ and s) and one normal direction (7). The
mechanical properties of the cohesive surface, including
stiffness (I), strength (#°) and critical failure energy (G)),
need to be defined (see Section 2.2). The moisture
transport process was not the primary focus in this study.
Therefore, it was assumed that MC changes uniformly
throughout the wood during wetting process, requiring
only the definition of the initial MC and target MC for the
model. Besides, temperature field was utilized to model
moisture field in ABAQUS. C3DS§ element was adopted
for modelling STSs, glulam and steel plates. During the
wetting process, the top surface of the steel plate was fixed.
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(d) Traction-separation law of cohesive surface.

STS type Supplier Thread/root Tip length Young’s modulus Yielding strength Failure strain (%)
diameter (mm) (mm) (GPa) (MPa) [8]
ASSY 8 MTC solutions | 8/5.2 8 208.2 1192.7 143
VGS 13 Rothoblaas 13/8 10 226.6 1093.2
https://doi.org/10.52202/080513-0471 3858



Table 2: Glulam mechanical properties (12% MC) [7,9].

E, (MPa) Eg (MPa) Er (MPa) G (MPa) G, (MPa) Grr(MPa) Vir vir Ver
12400 843.2 620 793.6 967.2 86.8 0.390 | 0.292 0.449
wood under push-pull withdrawal loading condition. In the
2.2 DETERMINATION OF STS-WOOD

INTERACTION PROPERTIES

STS withdrawal test results carried out by Khan et al. [7]
were utilized to determine the mechanical properties of
cohesive surface at a given MC. In their tests [7], before
inserting 8 mm and 13 mm diameter STSs into CLT and
glulam, mass timber products were conditioned in the
environment chamber to reach equilibrium moisture
content (EMC), and four EMCs were considered in the test,
ie., 12%, 16%, 21% and fiber saturation point (assumed
as 30% in this study). STSs were then inserted into mass
timber products to a penetration depth of 10d, followed by
STS withdrawal tests. The MC of the test specimens was
kept constant throughout the entire test procedure,
ensuring no relative movement between the STS and the
wood caused by changes of MC. With the obtained
withdrawal load-displacement curves, the mechanical
parameters can be determined based on the theoretical
equations derived by Jensen et al. [10].

tanh @

Koyc=m-d-1-Tyc-

(M

where K,,uc is the specimen withdrawal stiffness at a
given MC, which can be obtained from withdrawal tests;
d is STS root diameter; / is STS penetration length; Iyc is
the cohesive surface stiffness at a given MC;

@=\1-d Ty 12, where f= V(A E)F1/(AwEupc);

Ay is the cross-sectional area of STS core; E; is STS
modulus of elasticity; Ey uc is wood radial modulus of
clasticity at a given MC; 4,, is the compressive area of

tests by Khan [7], a steel plate covering the entire cross-
sectional area of the wood specimen was used to prevent
the movement of the specimen under withdrawal loading.
A,, in this study was assumed as the cross-sectional area of
wood element excluding the cross-sectional area of STS.
The wood specimen sizes for 8§ mm and 13 mm diameter
STSs are 80 x 160 x 114 mm and 130 x 260 x 152 mm (b
x h x [ mm in Fig. 1 a)), respectively.

The cohesive surface strength, ¢, , ata given MC can be

determined by the following equation,

R max «
: 2

7-d-l tanh®

o —
tye =

where Pqx is the peak withdrawal load.

The critical failure energy (Gy) can be determined by the
area enclosed by the load-displacement curve and the
horizontal axis divided by the lateral surface area of STS,
wd-l.

Based on the test data by Khan et al. [7] and the
aforementioned parameter determination procedure, the
mechanical properties of the cohesive surface between
STS and glulam for 8 mm and 13 mm diameter STS
connections are listed in Table 3. It is worth noting that
large stiffness and strength values were assigned to the n
direction of cohesive surface to ensure ‘hard contact’, and
s direction was assigned with the same parameters as ¢
direction. Since the wood deformation along STS length
direction was the main concern of this research, these
assumptions had little impact on the simulation results.

Table 3: Mechanical properties for cohesive surface at given moisture contents.

STS MC (%) | Tuurie N/mm?) [yic (N/mm®) [aec (N/mm?) to e MPa) | ¢2,, . (MPa) | ¢, (MPa) Gyprc (N/mm)
ASSY 8 12 500.0 19.3 19.3 100.0 16.7 16.7 91.0

16 500.0 20.5 20.5 100.0 16.6 16.6 82.5

21 500.0 17.3 17.3 100.0 13.8 13.8 79.4

FSPp! 500.0 15.3 15.3 100.0 10.2 10.2 50.4
VGS 13 12 500.0 9.9 9.9 100.0 16.4 16.4 128.1

16 500.0 8.4 8.4 100.0 13.1 13.1 105.0

21 500.0 7.6 7.6 100.0 10.3 10.3 82.0

FSP! 500.0 7.9 7.9 100.0 10.2 10.2 83.9

Notes: ! fiber saturation point, assumed as 30% in this study.
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2.3 MODEL VERIFICATION

Apart from the specimens subjected to a constant MC
before and after STS insertion, withdrawal tests were also
conducted on specimens subjected to varying MC (12% -
21%, 12% - 30% and 21% - 12%) in Khan et al. [7]. In
these specimens, MC of wood specimens were changed
after STS installation but before STS withdrawal tests,
resulting in moisture-induced stress and STS-wood
relative deformation in the specimens. Based on these
specimens subjected to varying MC, the numerical
modelling method described in Section 2.1 was verified
through comparison of the withdrawal curves from
numerical modelling analysis and experimental tests by
Khan et al. [7]. Fig. 2 shows examples of the comparison
for 8 mm STS connections subjected to constant (model
input property determination) and varying MC (model
verification).

As can be seen in Fig. 2, good agreement was achieved
between the FE and test withdrawal curves in terms of
withdrawal stiffness, peak load and post-elastic behaviour.
This indicates that the determination of STS-wood
interaction properties in Section 2.2 is appropriate, and the
adopted numerical modelling method in Section 2.1 is
verified and can be used to predict the wetting-induced
stress in STSs.
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Figure 2: Comparison of withdrawal load-displacement curves of 8 mm
diameter STS connections between finite element results and test
results: (a) ~ (d) correspond to the specimens subjected constant MC;
(e) ~ (g) correspond to the specimens subjected to varying MC.

2.3 MODELLING MATRIX

To investigate the specimen size effect on wetting-induced
stress in STSs, three STS penetration lengths were
considered in the numerical analysis: 10d, 20d and 30d.
Note that due to the negligible contribution of STS tip to
STS withdrawal behaviour, STS tip lengths (see Table 1)
were excluded from the STS penetration lengths
considered. The specimen was assumed to has a square
cross-section (b =/ in Fig. 1(a)). For each STS penetration
length, the edge length (b and %) of the specimen ranged
from 25 mm up to 500 mm. Moreover, by assuming the
MC of the wood in normal environmental condition (20 °C
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15 and 65% relative humidity) is 12%, three wetting ranges
were considered: 12 — 16%, 12 — 21% and 12 — 30%. A
detailed modelling matrix can be found in Table 4.
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Table 4: Modelling matrix.

=

(d) 30% MC.

3 10
Displacement (mm)
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STS name STS penetration length Edge length of the specimen’' (mm) Wetting range (%)
ASSY 8 10d 25,50, 75, 100, 125, 150, 175, 200 12-16,12-21,12-30
20d 25,50, 75, 100, 150, 200, 250, 300
30d 25,50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500
VGS 13 10d 25,50, 75, 100, 150, 200, 250, 300
20d 25,50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500
30d 25,50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500

Notes: ' b=/ in Fig. 1(a).
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3 -RESULTS

3.1 STRESS DISTRIBUTION IN WOOD

Due to wetting-induced wood expansion, tensile stress was
developed in STSs (see Fig. 3), and wood is subjected to
compressive stress along the radial direction as shown in
Fig. 1(b). However, the stress distribution in wood is
influenced by the specimen size. To investigate the
specimen size effect on wood stress distribution along the
radial direction, specimens with edge lengths of 25 mm
and 100 mm were selected for comparison in Fig. 4. Both
specimens were made with 8 mm diameter STSs with a
penetration length of 10d and subjected to a MC increase
from 12% to 16%.

STS

S, Mises
(Avg: 75%) Steel
+4.92e+02 -—
+4.51e+02 plate
i
Bam o
+§'3%§+3% entrant
+ + .
1650402 side
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STS—wood
relative
STS—wood
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displacement
at STS tip

Figure 3: Wetting-induced stress in STS and STS—wood relative
deformation.

STS

Steel plate

S, 822
(Avg: 75%)

-

(a) Edge length = 25 mm.

(b) Edge length = 100 mm.

Figure 4: Wood stress distribution along radial direction for connections with 8 mm diameter STSs at 10d penetration length subjected to MC increase

from 12% to 16% (cross-sectional view and units: MPa).

From Fig. 4, it is found that, for the specimen with an edge
length of 25 mm, a nearly constant compressive stress
(along Z direction in Fig. 4) was developed across the
entire wood cross-section at the same STS penetration
depth close to the screw entrant side. However, with the
increase of STS penetration depth, the compressive stress
in wood decreases. Smaller compressive stress was
developed in wood area far away from the STS shank
compared with the area near the shank of STS. For the
specimen with an edge length of 100 mm, the maximum
compressive stress in wood was concentrated in the area
surrounding the STS shank and the compressive stress on
wood at the same penetration depth varied across all cross-
sections. At the cross-section close to the screw entrant
side, the compressive stress decreased from 2.4 MPa near
the center of the specimen to 1.2 MPa at the far end of the
specimen. It is interesting to find that, in larger specimen,
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the maximum compressive stress occurred over a longer
length of wood surrounding STS shank, with the stress
rapidly decreasing near the tip of the STS. Moreover,
smaller maximum compressive stress was developed in
wood in larger specimen compared to smaller wood
specimen.

3.2 WETTING-INDUCED STRESS IN STS

Since wetting-induced stress in STS decreases with the
increase of penetration depth from STS entrant side to STS
tip (see Fig. 3), in this research, only the maximum STS
stress (x = 0 in Fig. 3), which occurs at STS entrant side,
was extracted for comparison. Results for specimens with
8 mm and 13 mm diameter STSs are summarized in Fig.
5. Note that when STS breakage occurs, the maximum
STS stress is represented by yielding strength.

https://doi.org/10.52202/080513-0471
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Figure 5. Wetting-induced maximum stress in STS with different specimen sizes.

It is found in Fig. 5 that, with the increase of wetting
range, the maximum STS stress increases accordingly
until reaching STS yielding or breakage. However, the
only exception is the specimen with 8 mm diameter STS
at 20d penetration length (see Fig. 5(b)), where STS
stress at an MC increase from 12% to 30% were lower
than those at an MC increase from 12% to 21% for
specimens with edge length beyond 50 mm. This is
caused by the extensive failure on cohesive surface
induced by wood expansion when the relative STS-wood
deformation exceeded its elastic limit, 52, as shown in
Fig. 1(d). Therefore, relative lower shear stress was

https://doi.org/10.52202/080513-0471

3862

STS yielding strength:

1
I
1093.2 MP:

= 1200+ ! 4
R T S S————
< 1000 I —=— 2% —16%
1] STS penetration ! —e— 12% - 21%
g length: 120 ! A
2800 CER SN ‘ 12% - 30%,

1
= |
£ 6004 P A A A
= -
< I
£ 4004 . - o
([i) I
» 200+ ./_/.__ :

2550 75100 150 200 250 300
Edge length (mm)

(d) 13 mm diameter STS at 10d penetration length.

1400 7
STS yielding strength: |
| 1093.2 MPa |
E 1200 ‘
S L
e 10004 : STS penetration
8 ;_length: 250 mm
£ 800+ v
|
£ |
g 600+
-2 |
< I
g 4004 | .
([e I —=—12% - 16%
@ 200+ | ——12%-21%
| —&— 12% —30%
|

0-——— T T t T T T T T
255075100 150 200 250 300 350 400 450 500
Edge length (mm)

(e) 13 mm diameter STS at 20d penetration length.

1

1
STS yielding strength: 1093.2 MPa |
1

/.

600+ STS penetration length:
380 mm
400

/

STS maximum stress (MP.

[543

=3

=
L

2I55I07I51(I)0 130 2(I]0 230 3(I)O 350 4(I)0 450 5(I)0
Edge length (mm)
(f) 13 mm diameter STS at 30d penetration length.

cumulated along the cohesive surface which leads to
lower maximum STS stress developed for this specific
case.

Generally, for all the investigated specimens, wetting-
induced stress increases with the increase of specimen
size when the specimen size is below 100 mm on edge
length. When the specimen size is beyond 150 mm,
regardless of the wetting range and STS penetration
length, the maximum STS stress approaches to a constant
value especially once the edge length of the specimen
exceeds STS penetration length (shown as the vertical



dashed lines in Fig. 5). This indicates that, for specimens
with large sizes, wetting-induced stress in wood mainly
concentrates on an area with an edge length equal to STS
penetration length. The contribution of wood beyond this
area to the wetting-induced stress in STS is negligible. It
is worth noting that the edge length of wood specimen for
a single screw connection below 100 mm is not very
practical. Therefore, in a real single STS steel-to-wood
connection, the effect of wood specimen size on the stress
development in STSs can be ignored.

More specifically, for specimens with 10d STS
penetration length, STS yielding did not occur regardless
of the specimen size; for specimens with 20d STS
penetration length, 13 mm diameter STS started yielding
at an MC increase from 12% to 21%, and a significant
STS stress increase can be seen when the edge length
increases from 25 mm to 150 mm; for specimens with
30d STS penetration length, STS yielding occurred for
both STS diameters at an MC increase from 12% to 21%
even with a specimen edge length of 75 mm. Moreover,
with an MC increase from 12% to 16%, high STS stress
values close to 1000 MPa were observed in specimens
with an edge length over 200 mm.

33 WETTING-INDUCED STS—-WOOD

RELATIVE DISPLACEMENT

In the steel-to-wood connections, STS-wood relative
deformation would occur as a result of wetting-induced
wood swelling, as shown in Fig. 2. For connections
subjected to large wetting range, localized withdrawal
failure might occur. Since the maximum STS-wood
relative deformation happens at the tip of STS, the
localized withdrawal failure initiates at STS tip and
propagates to STS entrant side. Therefore, by
investigating the wetting-induced STS-wood relative
deformation, the localised withdrawal failure
propagation inside the connections was revealed. Take
specimens with 8 mm diameter STSs at 10d penetration
length for example, STS-wood relative deformation in
different wetting conditions is summarized in Fig. 6,
where the elastic limits of the STS-wood relative
deformation at given MC, &7, are represented by the
dashed horizontal lines.

It is found that STS-wood relative deformation increases
along the shank of STS from the entrant side to screw tips
for all the investigated connections. With MC increase
from 12% to 16%, the STS-wood relative deformations
of all the investigated connections are lower than the
elastic limit, indicating that no damage occurred on STS-
wood interaction surface. However, damage started
occurring when MC increased from 12% to 21% and 30%,
and with larger specimen size, damage occurred at a
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longer STS-wood interaction length. Moreover, it is
observed that within a specific wetting range, increasing
the specimen size from 25 mm to 50 mm results in a
significant increase in STS-wood relative deformation.
However, once the specimen dimension exceeds 50 mm,
the increase in STS-wood relative deformation becomes
negligible. Therefore, once the specimen dimension
exceeds STS penetration length (72 mm in this case),
which reflects the specimen size in a real single STS
steel-to-wood connection, the wetting-induced STS-
wood deformation remains unchanged.
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Figure 6: Wetting-induced STS—wood relative deformation for
specimens with 8 mm diameter STSs at 10d penetration length with
different specimen sizes.
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4 — CONCLUSIONS

In this study, the effect of specimen sizes on wetting-
induced failure of steel-to-wood STS connections was
investigated through numerical modelling analysis via
ABAQUS. By incorporating STSs of different diameters
(8 mm and 13 mm) and different STS penetration lengths
(10d, 20d and 30d), the main study findings are
summarized as follows:

e The specimen size does have a significant
impact on the wetting-induced STS stress and
STS-wood relative displacement when the
specimen size is below 100 mm on edge length.
In this case, with the increase of specimen size,
both wetting-induced STS stress and STS-wood
relative displacement increase at a given wetting

range.

e The effect of specimen size remains unchanged
when the specimen size exceeds STS
penetration length, resulting in negligible

increase in wetting-induced STS stress and
STS-wood relative displacement. The wood
specimen size in a real single STS steel-to-wood
connection is usually larger than 100 mm and
belongs to this category. Therefore, the effect of
wood specimen size to the stress development in
STSs can be ignored in a real single STS
connection.

5 — Future study

This research investigated the effect of specimen size on
performance of single-STS connections. Further study
considering a group of screws connections with different
screw spacing will be conducted in the next phase
research.
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