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a b s t r a c t

Screwed-in threaded rods with wood screw threads feature high axial capacity and stiffness and can be
used as fasteners in highly resistant and stiff timber connections. The purpose of the present paper is to
review the existing literature and design rules in the present version of Eurocode 5 (EN 1995-1-1) and
European Technical Assessments, to identify gaps of knowledge and to provide some proposals for the
strength and stiffness of threaded rods. A collection of experimental results is used to derive simple
expressions for the withdrawal capacity and stiffness. Finally, theoretical expressions for the stiffness
and the capacity of laterally-loaded threaded rods are provided.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Screwed-in threaded rods (i.e. rods with wood screw threads
and greater diameters than self-tapping screws) feature high axial
capacity and stiffness and they may be a promising alternative to
dowel-type fasteners or axially-loaded glued-in rods for highly
resistant and stiff connections in timber structures. Experimental
tests of connections with threaded rods have shown their poten-
tial, see e.g. [1–5]. For self-tapping screws with outer-thread diam-
eters up to 12–14 mm, plenty of research results are available with
respect to their capacity [6–13], the spacing [14,15] and failure
modes of groups of screws [16–18], to name just a few. Design
rules for self-tapping screws can be found in many European Tech-
nical Approvals/Assessments (abr. ETAs), see for example [19–22].
However, the available design rules and research results for
threaded rods are relatively sparse [23–30].

The present version of Eurocode 5 (EN1995-1-1 [31]) provides
design rules for screws in Section 8.7. These rules cover the with-
drawal capacity, the pull-through capacity (for screws featuring a
head) and the minimum requirements for spacings and end/edge
distances. On the contrary, design rules are not provided for buck-
ling and block shear despite the fact that these failure modes are
mentioned by EN1995-1-1 [31]. A method for the determination
of the buckling resistance can be found in ETAs, e.g. [19–21], how-
ever it is only verified for self-tapping screws and not for threaded
rods. To the knowledge of the authors, no ETA provides rules for
the block shear capacity of threaded rods.

In EN1995-1-1 [31], the withdrawal capacity is determined as
function of the diameter, the penetration length, the angle to grain
and the withdrawal strength parameter perpendicular to grain,
which is only provided for screws with diameter up to 12 mm.
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For threaded fasteners with greater diameters, the withdrawal
strength parameter is not provided and a value obtained by test-
ing according to EN14592 [32] shall be used. EN 1995-1-1 [31]
does not provide rules for the withdrawal stiffness of screws
and threaded rods. The withdrawal stiffness is an important
parameter, since screws and threaded rods can be used as fasten-
ers in connections and the stiffness of connections influences the
overall stiffness of timber structures. Some expressions which
provide the withdrawal stiffness of self-tapping screws can be
found in their ETAs, but they cannot be extrapolated for threaded
rods [33]. Threaded rods are optimized for axial loading, but they
may also be subjected to combined axial and lateral loading.
Laterally-loaded threaded fasteners are treated as bolts by EN
1995-1-1 [31]. However, this assumption has not been verified
for threaded rods. In conclusion, there is a lack of design rules
for threaded rods in timber structures and this is a barrier to their
use.

In the present paper, the existing literature and the design rules
given by EN 1995-1-1 [31] and some ETAs for screws and threaded
rods are reviewed. Areas where further research is needed are
identified. A collection of experimental results for threaded rods
is used to derive simplified expressions for the withdrawal capac-
ity and stiffness. Moreover, the stiffness and capacity of laterally
loaded threaded rods are studied by use of analytical models.
The scope of this paper is limited to threaded rods embedded in
softwood unidirectional timber elements (e.g. solid timber or
glued-laminated timber) and only short-term loading is consid-
ered. Therefore, issues such as duration of load or fatigue perfor-
mance are not addressed here. Glued-in rods are also outside the
scope of this paper and the reader is referred to relevant publica-
tions, e.g. [34,35].
2. Geometric features of threaded rods

A threaded rod embedded in wood is shown in Fig. 1. Due to the
interlocking between the thread and the surrounding wood,
Fig. 1. Geometric features of threaded rods.
threaded rods are optimized to be axially-loaded, i.e. to carry forces
parallel to their axis (FaxÞ: However, they may also carry lateral
forces (FvÞ: In contrast to screws, most threaded rods have contin-
uous threads and they do not feature a head or a sharp tip.

The following quantities are of interest:

� The outer-thread diameter d (or diameter for short) and the
core diameter d1. Most threaded rods feature diameters
d ¼16–20 mm, but greater diameters are also possible [27–
29]. According to EN14592 [32], the core diameter should not
be less than 60% and not more than 90% of the outer-thread
diameter, i.e. 0:6 � d1=d � 0:9. For most commercially available
threaded rods, the core diameter is 75% of the outer-thread
diameter, i.e. d1=d ¼ 0:75: A pre-drilled hole is required to insert
a threaded rod in a timber element. The pre-drilling diameter is
typically equal to the core diameter.

� The penetration length l, i.e. the threaded length of the rod
which is embedded in the wood (denoted lef in EN 1995-1-1
[31]) The minimum penetration length is 6 � d [31].

� The non-embedded length l0:
� The rod-to-grain angle a, which also the angle between the axial
force (FaxÞ and the grain direction. The angle between the lateral
force (FvÞ and the grain direction is b ¼ 90

� � a.

3. Axially-loaded threaded rods

3.1. Failure modes

The following failure modes may occur in configurations with
axially-loaded threaded fasteners [31]:

� withdrawal failure;
� steel failure, including tear-off failure of the head;
� buckling failure (for fasteners subjected to compression);
� pull-through failure of the head (for fasteners subjected to
compression);

� plug shear or block shear in configurations with multiple
fasteners;

� splitting failures;

Threaded rods typically feature no head and therefore pull-
through and head tear-off failure modes are not relevant and will
not be assessed in the present paper. At present, EN 1995-1-1
[31] states that plug shear or block shear shall be taken into
account, but no calculation models are provided. Block shear
capacity depends on the spacings and therefore capacity predic-
tions should be provided separately for the given configuration
with multiple rods. Splitting failures are implicitly addressed by
EN 1995-1-1 [31], by use of minimum end/edge distances and
spacings and minimum angle to grain, a �30�. Considering the fail-
ure modes of headless rods not dependent on configuration, the
design check for axially-loaded threaded rods is given by Eqs. (1)
and (2).

Fax;Ed

Fax;Rd
� 1:0 ð1Þ

Fax;Ed is the acting design axial force and Fax;Rd is the design axial
resistance, given by:

Fax;Rd ¼ min Fax;a;Rd; Ft;Rd
� � ð2Þ

This format is similar to the proposal for the design of screws
and threaded rods as reinforcements [36]. Fax;a;Rd is the design
withdrawal capacity and Ft;Rdis the design tensile capacity. In addi-
tion, for threaded rods subjected to compression, the buckling
resistance should also be verified.
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Following the EN 1995-1-1 [31] format, the design value for the
withdrawal capacity can be written as function of the characteris-
tic value as:

Fax;a;Rd ¼ kmod

cM
� Fax;a;Rk ð3Þ

where kmod is the modification factor and cM is the partial safety fac-
tor for connections. The partial safety factor cM is a nationally deter-
mined parameter; the recommended value is cM ¼ 1:3 [31].

The design tensile capacity Ft;Rdis given by:

Ft;Rd ¼ nef � Ftens;Rd ð4Þ
The term nef is the effective number of rods acting together in a

connection, further discussed in Section 3.5. Ftens;Rd is the design
tensile capacity of each rod and according to ETAs (e.g. [20,22])
is obtained by dividing the characteristic tensile capacity
Ftens;Rkwith the partial safety factor cM2:

Ftens;Rd ¼ Ftens;Rk

cM2
ð5Þ

The partial safety factor cM2 is a nationally determined param-
eter and the recommended value according to EN 1993-1-1 [37]
is cM2 ¼ 1:25. The design buckling resistance (per rod) Fki;Rdis given
by Eq. (6) [38] (also given in some ETAs, e.g. [20]):

Fki;Rd ¼ Fki;Rk

cM1
ð6Þ

Fki;Rk is the characteristic buckling resistance, further discussed in
Section 3.4. The safety factor cM1 is a nationally determined param-
eter (the recommended value by EN 1993-1-1 [37] is cM1 ¼ 1:0).
Table 1
Collection of experimental results from withdrawal tests of single threaded rods.

Set name Ref. ntests d (mm) a (deg) l (mm) qm (kg/m3) qk
a

S16-45-200 [23] 10 16 45 200 430 359
S16-45-400 10 16 45 400 433 361
S20-45-200 10 20 45 200 431 359
S20-45-400 10 20 45 400 433 361
S16-90-200 10 16 90 200 422 352
S16-90-400 10 16 90 400 441 368
S20-90-200 10 20 90 200 425 354
S20-90-400 10 20 90 400 441 368
S20-90-100 [24–26] 10 20 90 100 472 394
S20-90-250 5 20 90 250 472 394
S20-90-300 5 20 90 300 487 406
S20-90-450 5 20 90 450 486 405
S20-60-100 6 20 60 100 476 396
S20-60-300 5 20 60 300 488 407
S20-60-450 5 20 60 450 476 397
S20-30-100 10 20 30 100 478 399
S20-30-300 5 20 30 300 477 397
S20-30-450 5 20 30 450 475 396
S20-20-100 10 20 20 100 477 398
S20-20-300 5 20 20 300 478 398
S20-20-450 5 20 20 450 473 394
S20-10-100 10 20 10 100 468 390
S20-10-300 5 20 10 300 479 399
S20-10-450 5 20 10 450 446 372
S20-0-100 10 20 0 100 456 380
S20-0-300 5 20 0 300 474 395
S20-0-450 5 20 0 450 458 382
S20-0-600 5 20 0 600 443 369
S20-10-600d 5 20 10 600 462 385
S20-20-600d 5 20 20 600 481 401
S20-30-600d 5 20 30 600 486 405

a the characteristic density was determined by qk ¼ qm=1:2 [41].
b the characteristic withdrawal capacity was determined according to EN14358 [42].
c in these sets, mean stiffness values were calculated based on five tests (no stiffness da
d in these sets, steel failure was observed so withdrawal capacity was undetermined.
3.2. Withdrawal properties

Table 1 presents a collection of experimental results which is
used to evaluate the withdrawal properties of single threaded rods.
It consists of results by Blaß and Krüger [23] (for rods with thread
as specified by DIN7998 [39]) and Stamatopoulos and Malo [24–
26] (for rods according to [40] with thread also as specified by
DIN7998 [39]).

The results cover both the withdrawal capacity and the with-
drawal stiffness at reference climatic conditions (MC �12%). The
collection consists of 221 test results in total, arranged in 31
sets according to the varied parameters: the diameter, the angle
to grain and the penetration length. Based on these parameters,
each set is denoted as Sd�a�l. The number of test results per set
(ntestsÞ is at least five. The mean withdrawal capacity and stiff-
ness, the corresponding coefficients of variation (abbr. CoV)
and the characteristic 5%-fractile withdrawal capacity according
to EN14358 [42] are also provided in Table 1 for each set. The
fitting of equation predictions (f ) to the experimental results
(y;with a mean value y) was evaluated by the Pearson correla-
tion coefficient (abbr. PCC) and the coefficient of determination

defined as R2 ¼ 1�P yi � f ið Þ2=P yi � yð Þ2.

3.2.1. Withdrawal capacity
3.2.1.1. Current European regulations and comparison to experimental
results. According to the present version of EN 1995-1-1 [31], the
characteristic withdrawal capacity for threaded fasteners embed-
ded in softwood with d > 12 mm is given by:

Fax;a;Rk ¼
nef � f ax;k � d � l

1:2 � cos2aþ sin2a
� qk

qa

� �0:8

ð7Þ
(kg/m3) Fax:a;Rm(kN) CoVF (%) Fax:a;Rk
b(kN) Kser;ax (kN/mm) CoVK (%)

45.6 10.9 36.3 32.4 21.5
92.4 6.5 80.8 44.3 8.5
56.6 10.9 44.9 37.7 16.3
117.3 7.1 101.0 57.7 11.7
37.4 8.5 31.1 18.2 11.6
94.1 6.1 83.0 29.7 11.7
47.9 7.5 40.9 22.6 11.6
115.1 3.9 103.6 37.8 5.6
28.0 11.7 21.7 29.0c 31.1
73.2 2.8 64.7 - -
96.5 7.2 80.8 61.4 11.2
139.2 5.3 121.9 66.6 16.4
28.7 17.3 18.3 36.6c 33.2
93.6 12.3 66.9 73.5 17.3
141.7 3.1 125.3 90.1 9.4
27.9 13.0 20.9 42.6c 27.5
99.9 10.7 77.4 111.2 11.2
144.6 9.2 115.5 100.3 10.5
30.2 18.9 19.5 53.8c 23.1
98.7 10.8 74.3 116.1 11.4
145.8 6.3 124.7 121.7 16.0
25.8 17.7 17.9 56.0c 27.4
99.8 9.8 76.9 126.9 9.8
127.5 13.8 88.7 132.8 21.9
26.2 13.9 19.6 54.6c 15.9
89.7 11.7 66.8 121.0 30.1
130.2 23.9 66.7 121.8 13.0
161.6 5.2 141.8 128.6 17.4
– – – 131.1 5.3
– – – 128.0 14.3
– – – 114.8 11.2

ta for the rest of the tests in the set).



Fig. 3. Correlation between experimental characteristic withdrawal capacity and
Eq. (11).
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As suggested by Eq. (7), the termf ax;k is the characteristic with-
drawal strength parameter for fasteners inserted perpendicular to
grain. In contrast to screws with d � 12 mm, EN 1995-1-1 [31]
does not provide a generic expression for the withdrawal strength
parameter, which should instead be determined by testing for an

associated characteristic density qa. The term qk=qað Þ0:8 is used
to adjust the withdrawal strength to the characteristic density
qk. According to ETA-12/0114 [19], Eq. (7) applies for threaded rods
with d ¼16 mm by use off ax;k = 10.0 N/mm2 forqa = 350 kg/m3. For
these values of and for a single fastener (nef ¼ 1:0), Eq. (7) reduces
to:

Fax;a;Rk ¼ 10 � d � l
1:2 � cos2aþ sin2a

� qk

350

� �0:8
ð8Þ

According to some ETAs, e.g. [20,21] the characteristic with-
drawal capacity of a single threaded rod embedded in solid timber
and laminated timber products is given by:

Fax;a;Rk ¼ nef � kax � f ax;k � d � l � qk

qa

� �0:8

ð9Þ

kax ¼ 1:0;45
� � a � 90

�

0:30þ 0:70 � a=45�
;0

� � a < 45
�

(
ð10Þ

Here, the effect of the angle to grain on the withdrawal capacity is
taken into account by use of a bi-linear expression (Eq.(10)), simi-
larly to proposals found in the literature [8,10,13]. According to
experimental results for threaded rods [26] also used in this study,
the ratio between the characteristic withdrawal strength perpen-
dicular to grain and parallel to grain (i.e. f ax;k;a¼90

� =f ax;k;a¼0
� ) was

1.17 which is in very good agreement with Eq. (8). Eq. (10) overes-
timates severely this value. Therefore, only Eq. (8) was chosen for
comparison to experimental results.

Fig. 2 shows the correlation between the prediction by Eq. (8)
and the experimental characteristic capacities in Table 1. Individ-
ual test results have also been added to this plot; the predictions
for individual tests have been calculated by use of Eq. (8) and the
characteristic density of the set they belong to. Eq. (8) generally
provides safe-side predictions, however it overestimates the char-
acteristic capacity for some sets with small penetration length and
for the set S20-0-450 which has a low characteristic capacity.

It is evident that Eq. (8) becomes quite conservative for increas-
ing values of the characteristic withdrawal capacity. This trend in
Fig. 2. Correlation between experimental characteristic withdrawal capacity and
Eq. (8).
Fig. 2 is observed because the withdrawal strength parameter
(i.e. f ax;a ¼ Fax;a;R=d � l) increases for increasing penetration length.
This observation is, at first, non-intuitive. One would expect that
f ax;a should decrease for increasing length because of non-
uniform withdrawal stress distribution. At best, f ax;a could be con-
stant for uniform withdrawal stress distribution. Analytical models
based on Volkersen theory [43] suggest that the withdrawal stress
distribution in screwed-in threaded rods is highly non-uniform for
small loads [24], but nearly uniform at failure [25]. But why is f ax;a
not constant, but increasing for increasing length? This observation
may be explained by the fact that the withdrawal stress is zero at
the entrance point and therefore some length is required to build-
up. This assumption is further supported by experimental results
on partially threaded self-tapping screws [6,8] where a higher
capacity was obtained if the thread was embedded by up to 2 � d,
compared to the capacity of screws with non-embedded thread.

3.2.1.2. Regression analysis of the experimental results. The collection
of experimental results was used to derive an expression for the
characteristic withdrawal capacity by use of non-linear regression
analysis. Therefore, the derived expression applies within the
range of parameters given in Table 1. The basic format of Eq. (8)
was maintained and an attempt was made to fit well the experi-
mental capacities, but also to keep the prediction on the safe side
as much as possible. The aforementioned effect of the penetration
length on the withdrawal strength was taken into account by use
of a length-reduction factor klength;F . The analysis resulted in Eqs.
(11)–(13) (units: Fax;a;Rk in N, d and l in mm, f ax;k in N/mm2, qk in
kg/m3). The correlation between the prediction by Eq. (11) and
the experimental results is shown in Fig. 3.

Fax;a;Rk ¼
f ax;k � d � l

1:2 � cos2:3aþ sin2:3a
ð11Þ

f ax;k ¼ 12:2 � d
20

� ��0:1

� qk

400

� �0:9
� klength;F ð12Þ

klength;F ¼ min 0:6þ 0:4 � l
250

;1:0
� 	

ð13Þ

Compared to Eq. (8), Eq. (11) provides a better fit to the exper-
imental results and a safe-side prediction for small penetration
lengths, but it overestimates the characteristic capacity for sets



Fig. 5. Correlation between mean experimental withdrawal capacity and prediction
by Eq. (15).

Fig. 6. Moment-resisting connection with threaded rods (dashed-lines) [2].
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S20-60-300 and S20-0-450. Eq. (14) is a very conservative expres-
sion obtained by multiplying Eq. (8) with the length-reduction fac-
tor by Eq. (13). Fig. 4 shows the correlation between the
predictions by Eq. (14) and the experimental results. The only
overestimated value in Fig. 4 belongs to set S20-0-450, i.e. for a
set with a ¼ 0

�
which is not allowed by EN 1995-1-1 [31].

Fax;a;Rk ¼ 10 � d � l
1:2 � cos2aþ sin2a

� klength;F � qk

350

� �0:8
ð14Þ

Regression analysis was also used to derive a simplified expres-
sion for the mean withdrawal capacity Fax;a;Rm (units: Fax;a;Rm in N, d
and l in mm, q in kg/m3):

Fax;a;Rm ¼ 15:0 � d � l � qm

470

� �
ð15Þ

The experimental results did not show a very clear effect of the
angle a on the mean values of the withdrawal capacity; hence
angle was excluded as a parameter in Eq. (15). The angle to grain
has mostly an effect on the variability of the withdrawal capacity
and therefore it appears as a parameter in the determination of
characteristic values. The correlation between the predictions by
Eq. (15) and test results is shown in Fig. 5. Values for individual
experimental results, calculated by use of the individual density
instead of qm in Eq. (15), have also been added in Fig. 5.

3.2.1.3. Considerations about the angle to grain direction. EN 1995-1-
1 [31] does not allow axially-loaded screws installed at an angle to
grain smaller than 30�, i.e. a � 30

�
. Axially-loaded fasteners

inserted at small angles to grain induce tensile stresses perpendic-
ular to grain in the surrounding timber. Moreover, connections
with fasteners oriented parallel to grain might be vulnerable to
cracks along the grain, since a single crack along the grain might
lead to a considerable loss of strength if the crack and the fastener
coincide. Such cracks can occur, for instance, due to moisture-
induces stresses. Therefore, threaded rods parallel to the grain
direction (a ¼ 0

�
) should be avoided.

On the contrary, threaded rods installed at an inclination to the
grain can bridge cracks along the grain, transfer forces and prevent
crack propagation. An example is shown in the moment-resisting
connection in Fig. 6 which failed due to shear failure in the column.
The threaded rod at the bottom edge of the beam (inserted at an
angle of 10�) bridged the crack along the grain, maintaining the
structural integrity of the beam. The longer the rods, the smaller
Fig. 4. Correlation between experimental characteristic withdrawal capacity and
Eq. (14).
the inclination might be allowed, since longer rods can bridge
more fibers. It is therefore the opinion of the authors that the min-
imum allowed inclination of axially-loaded threaded rods should
be a function of the penetration length and vice-versa. This is
reflected in existing recommendations in some ETAs, e.g. [20,21]
where the minimum penetration length is given as function of
angle a:

l � min 4 � d=sina;20 � dð Þ ð16Þ
Furthermore, there is experimental indication that threaded

rods inserted at small angles to the grain in timber beams sub-
jected to bending (e.g. like the beam in Fig. 6), show lower with-
drawal strength compared to the reference pure withdrawal
conditions, see [3,44]. To take this into account, a reduced with-
drawal strength may be considered for threaded rods with small
inclination to grain in elements subjected to bending. Due to lack
of more data, a conservative assumption would be to use half of
the withdrawal strength, i.e. f ax;k=2. Finally, experimental tests
have shown that axially-loaded screws inserted parallel to grain
have poor long-term properties [45]. However, the validity of this
observation needs to be checked for threaded rods and for other
(small) angles to the grain.
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3.2.1.4. Effect of moisture content. To the knowledge of the authors,
there is no systematic study of the effect of varying moisture con-
tent (MC–12%) on the withdrawal properties of threaded rods.
Based on experiments with self-tapping screws at different mois-
ture contents, Ringhofer et al. [46] provided the following simpli-
fied estimation for the effect of moisture content on withdrawal
strength (MC in %):

kMC ¼ f ax;a;R;MC

f ax;a;R;12%
¼ 1:0 8% � MC � 12%

1:0� 0:034 � ðMC � 12Þ 12% < MC � 20%



ð17Þ

The factor 0.034 in Eq. (17) represents the strength reduction
for 1% increase of moisture content above 12%. In [46], this factor
was 0.036 and 0.031 for screws inserted parallel and perpendicular
to grain, respectively. The value 0.034 is a simplification, so that Eq.
(17) applies for both angles. Applying Eq. (17) for MC � 20% (i.e.
Service Class 3), results in kMC ¼ 0:73, i.e. the strength is 73% of
the reference strength. In EN 1995-1-1 [31], the strength reduction
due to increasing moisture content is included in the modification
factor kmod. Assuming short-term loading for glulam and solid tim-
ber, we get kmod ¼ 0:9for Service Classes 1 and 2 and kmod ¼ 0:7 for
Service Class 3. Therefore, in Service Class 3, the strength will be
0:7=0:9 ¼ 0:78 times the strength in Service Classes 1, 2. This ratio
varies between 0.78 and 0.83 for the various load-duration classes.
Compared to Eq. (17), EN 1995-1-1 [31] is always non-
conservative, especially for screws inserted parallel to grain.
3.2.2. Withdrawal stiffness
Axially-loaded threaded rods are stiff fasteners and due to lack

of clearance they allow immediate load take-up, i.e. no initial slip
occurs for small loads [24]. These properties make them ideal fas-
teners for stiff connections in timber structures. At present, EN
1995-1-1 [31] provides no rules for the withdrawal stiffness
(Kser;ax) of screws or threaded rods and this is a limitation for their
use as fasteners. Some expressions can be found in ETAs. For
example:

� ETA-11/0024 [21] (the first equation is based on [11]) (Kser;ax in
N/mm, l and d in mm):
Kser;ax ¼ 780 � l0:4 � d0:2
; Self � tapping screws;d � 12 mm

250 � l; Threaded Rods

(
ð18Þ

� ETA-11/0030 [20] for self-tapping screws or threaded rods
(Kser;ax in N/mm, l and d in mm):
Fig. 7. Correlation between experimental mean withdrawal stiffness and prediction
by Eq. (20).
Kser;ax ¼ 25 � l � d ð19Þ
Analytical models, finite element analysis and experimental

results [24] have shown that the withdrawal stiffness is a highly
non-linear function of the penetration length l; it is approximately
linearly dependent on the penetration length for small values of l,
whereas for long rods (approx. l � 15 � d), it converges to an upper
limit value [24], i.e. the withdrawal stiffness of a semi-infinite rod.
The withdrawal stiffness depends also on the angle to grain and the
diameter (as indicated by the stiffness values in Table 1), as well as
the material properties of wood. Eqs. (18) and (19) do not take
some of these parameters and dependencies into account and their
predictions can deviate significantly from the experimental results
[33]. The dependence of withdrawal stiffness on material proper-
ties may be considered in a simplified way by use of density as
parameter. Analytical models and Finite Element analysis [24,47]
show that the withdrawal stiffness is also dependent on the load-
ing conditions (e.g. pull-pull, pull-push, pull-shear).

Equation (20) was derived by non-linear regression analysis on
the experimental results in Table 1 (units: Kser;ax in N/mm, d and l in
mm, qm in kg/m3). However, the available experimental results in
Table 1 come from different test set-ups. In these set-ups, there are
differences in the measurement of the relative timber-to-rod
deformation and therefore there is no consensus on the experi-
mental determination of the withdrawal stiffness values. Having
these uncertainties in mind, Eq. (20) is much more accurate than
Eqs. (18) and (19), but it still has an approximate nature and should
be used within the range of parameters (e.g. density, diameter) for
which it has been derived, see Table 1. The correlation between Eq.
(20) and mean and individual experimental results is shown in
Fig. 7.

Kser;ax �
50000 � d

20

� �2 � qm
470

� �2 � klength;K
0:40 � cos2:3aþ sin2:3a

ð20Þ

klength;K ¼ min
l

300

� �0:75

;1:0

" #
ð21Þ

The total axial stiffness at the loading point A (see Fig. 1), con-
sidering the free length of the rod is given by Eq. (22), where

Kax;l0 ¼ As � Es=l0, As � p � d1
2
=4 and Es ¼ 210;000MPa for steel.

Kser;ax;tot ¼ Kser;ax � Kax;l0

Kser;ax þ Kax;l0
ð22Þ
3.3. Tensile capacity

The characteristic tensile capacity Ftens;Rk is typically provided by
the ETAs. Screws and threaded rods are hardened during rolling of
their thread, resulting in higher capacity and lower ductility. In
[25,44,48], for a sample of 28 steel failures of threaded rods with
d ¼ 20 mm from the same manufacturer [40] (different deliveries),
the mean tensile capacity of the rods was 173 kN and the coeffi-
cient of variation was less than 5.0%. The characteristic tensile
capacity according to the manufacturer [40] was 145 kN, i.e.
Ftens;Rd ¼ 116.0 kN for cM2 ¼ 1:25 by use of Eq. (5). These results
suggest that Eq. (5) may be conservative and the use of a smaller
safety factor might be considered.



Table 2
Minimum end/edge distances and spacings for screws or threaded rods.

Spacing/
Distance

ΕΝ 1995-1-1
[31]

ETA-12/0114
[19]

ETA-11/0030 [20]

a1 7 � d 5 � d 5 � d
a1:CG 10 � d 5 � d 10 � d
a2 5 � d 2.5�d

ifa1 � a2 � 25 � d2
5 � d(or 2.5�d if

a1 � a2 � 25 � d2)
a2:CG 4 � d 4 � d 4 � d
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3.4. Buckling resistance

In the present version of EN 1995-1-1 [31], there are no design
rules for the buckling resistance of screws and threaded rods. Such
rules can be found for self-tapping screws in ETAs, e.g. [19–21],
based on the work of Blaß and Bejtka [38]. The buckling resistance
of a screw subjected to compression is obtained as a fraction of the
axial capacity of the screw:

Fki;Rk ¼ jc � Npl:k ð23Þ
The yielding strength of the f y;k is used here to determine the

axial capacity:

Npl:k ¼ f y;k � p � d1
2
=4 ð24Þ

The factor jc is calculated as function of the relative slenderness
kk as follows:

jc ¼
1 kk � 0:2

1= kþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � kk

2
q� �

kk > 0:2

8<
: ð25Þ

k ¼ 0:5 � 1þ 0:49 � kk � 0:2
� �þ kk

2
h i

ð26Þ

kk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Npl:k=Nki:k

q
ð27Þ

The ideal elastic buckling load Nki:k is given as function of the
characteristic value of the foundation modulus kv and the bending
stiffness Es � Is:

Nki:k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kv;a;k � Es � Is

q
ð28Þ

where Is � p � d1
4
=64 is the second moment of area of the screw and

kv;a;kis the characteristic value of the foundation modulus as func-
tion of the angle a (units: kv;a;k in N/mm2,d in mm,qk in kg/m3):

kv;a;k ¼ 0:19þ 0:012 � dð Þ � qk � a=180
� þ 0:50

� �
ð29Þ

An expression for the foundation modulus of self-tapping
screws with d �12 mm can also be found in [49] as function of
angle b (units: kv ;b in N/mm2,d in mm,q in kg/m3):

kv;b ¼ 0:22þ 0:014 � dð Þ � q
1:17 � sin2bþ cos2b

ð30Þ

To the knowledge of the authors, these equations have not been
experimentally verified for threaded rods. It is evident that other
factors can influence the buckling resistance, e.g. the free length
of the rod l0or whether the rotation of the rod is restrained or
not at the entrance point. Moreover, the value of the foundation
modulus kv remains unknown for threaded rods and Eqs. (29)
and (30) have not been experimentally verified for d �12 mm.

3.5. Configurations with multiple axially-loaded threaded rods

3.5.1. Effect of end/edge distances and spacings and number of
fasteners

The effectiveness of connections with multiple axially-loaded
fasteners may be influenced by insufficient edge and end distances
or spacings, since failure modes other than withdrawal or steel fail-
ure may be triggered and the full axial capacity may not be
reached. To take this into account, restrictions apply with respect
to minimum edge and end distances and fastener spacings. The
minimum edge and end distances and spacings for screws accord-
ing to EN 1995-1-1 [31] are provided in Table 2 and the associated
definitions are specified in Fig. 8. The minimum requirements
given by ETAs are typically less strict, see e.g. the values provided
by [19,20] in Table 2. As shown in Fig. 8, fasteners may be inserted
in rows parallel to the same plane of the grain (e.g. fasteners 1-3-5
and 2-4-6) or in different grain planes (e.g. fasteners 1–2, 3–4 and
5–6).

According to EN 1995-1-1 [31], the effective number nef of
axially-loaded fasteners acting together in a connection is given
as function of the total number of fasteners n; as follows:

nef ¼ n0:9 ð31Þ
In some ETAs, e.g. [19,20], a modified effective number is used

(based on [50]):

nef ¼ maxðn0:9;0:9 � nÞ ð32Þ
In the case of multiple axially-loaded threaded rods, available

experimental results are very sparse. Fig. 9 summarizes the exper-
imentally recorded effectiveness per fastener (i.e. nef =n) for
threaded rods [29,30] and also for self-tapping screws [17,18,50].

Mori et al [29] presented an experimental study of configura-
tions with 1, 2 and 4 threaded rods (d ¼ 25 mm, l ¼ 200 mm)
inserted parallel and perpendicular to the grain with varying spac-
ings in glulam elements made of pine. For rods inserted parallel to
grain, the effective number of fasteners nef (based on mean values)
was higher than the predicted by Eqs.(31)-(32), with the exception
of specimens with 2 rods at spacing 2d (underlier1 in Fig. 9). Similar
tests for screws and glued-in rods inserted parallel to grain in soft-
wood, have shown that a minimum spacing of 5d is required to
achieve full capacity [14,51]. In tests with rods inserted perpendic-
ular to grain by Mori et al [29], the effective number of rods (nef )
inserted in the same plane of grain was lower than the prediction
by Eqs.(31)-(32) for both tested spacings a1 ¼ 2d and a1 ¼ 4d (un-
derliers2 in Fig. 9). On the contrary, specimens with rods inserted in
different grain planes showed greater nef values than the predicted
by Eqs.(31)-(32), even for the smallest used spacing, which was
a2 ¼ 2d. A similar observation has been made in tests by Stam-
atopoulos and Malo [30] for threaded rods (d ¼20 mm, l ¼450 mm)
with spacing a2 ¼ 2d inserted at an angle of 60� and 90� to the grain
direction. However, for smaller angles to grain ð15;30� Þ and spacing
a2 ¼ 2d the values of nef were smaller than the prediction by Eqs.
(31)–(32) (underliers3 in Fig. 9). In the same study [30], specimens
with small edge distances (a2:CG ¼ 1:5 � d) showed similar capacity
for rod-to-grain angles 60� and 90� and higher capacity for rod-to-
grain angles 15� and 30�, compared to the results for small spacing
a2 ¼ 2d. With respect to withdrawal stiffness in [30], all configura-
tions with a pair of rods inserted in different grain planes showed
no significant group effect, i.e. the effective number of rods (nef ;serÞ
under service load was found to be approximately equal to the num-
ber of rods, i.e. nef ;ser � n � 2.

Fig. 9 also presents the effectiveness per fastener of configura-
tions with multiple self-tapping screws embedded in spruce ele-
ments. These results are obtained from tests performed by Krenn
and Schickhofer [50] (d ¼ 8mm;a ¼ 30=45

�
; n ¼ 1� 8) and Mahl-

knecht et al [17,18] (d ¼ 6;8mm;a ¼ 90
�
;n ¼ 1;4� 16). In the for-

mer study [50], the distances and spacings complied with the
minimum requirements in their ETA and nef =n was determined



Fig. 8. Definitions of edge and end distances and spacings according to EN 1995-1-1 [31].

Fig. 9. Effectiveness per fastener in connections with multiple axially-loaded
screws or rods.
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by use of 5%-fractile values. In the latter study [17,18], the spacings
were varied and nef =n was determined by use of mean values. Both
experimental studies concluded that Eqs. (31) and (32) provide a
generally safe-side prediction, see also Fig. 9. This observation
was made for different failure modes (withdrawal, tensile failure,
head tear-off). Tests results show that nef =n tends to be close to
1.0 as n increases, i.e. a homogenization effect takes place (increas-
ing number of fasteners result in lower variability). With respect to
stiffness, a group effect was identified by Krenn and Schickhofer
[50] and an effective number of screws under service load
nef ;ser ¼ n0:8 was found based on their experimental results. Block
shear failures were observed in the experiments by Mahlknecht
et al [17,18] at spacings allowed by EN 1995-1-1 [31] and ETAs.
Since the fulfilment of spacing requirements does not exclude
block shear, it should be considered separately as a potential fail-
ure mode.

In conclusion, experimental results show that rods inserted in
different grain planes are more effective than rods inserted in the
same plane of grain. This finding can be explained by greater stress
interactions occurring for fasteners that share the same grain
plane, which is reflected in the higher requirements for spacing
a1 compared to a2. Moreover, configurations with small distance
a1 can potentially result in plug-shear failure [16]. On the contrary,
the minimum requirements by EN 1995-1-1 [31] for a2 and a2:CG
seem to be conservative. Finally, the available experimental results
suggest that Eqs. (31) and (32) would probably provide a safe-side
prediction for configurations with axially-loaded threaded rods
which comply with the minimum requirements in Table 2.
3.5.2. Block shear
At present, EN 1995-1-1 [31] provides a method for the deter-

mination of the block shear capacity in connections with dowel
type fasteners in Annex A. On the other hand, no design rules are
provided for the block shear of groups of axially-loaded screws
or threaded rods despite the fact that it is a failure mode men-
tioned by EN 1995-1-1[31]. As mentioned in Section 3.5.1, Mahl-
knecht et al [17,18] showed that configurations with axially
loaded self-tapping screws (d ¼ 6, 8 mm) inserted perpendicular
to grain can fail due to block shear even if the minimum spacing
requirements are fulfilled. The observed failure mode was charac-
terized by severe cracking due to rolling shear and tension perpen-
dicular to grain. In the same work, they proposed an analytical
model for the block shear capacity based on the stresses-state of
the free-body block defined by the perimeter and the penetration
length of the fasteners, see in detail [17]. To the knowledge of
the authors, there are no existing experimental results for the
block shear of configurations with axially-loaded threaded rods.
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For a comprehensive overview of block/plug shear models, the
reader is kindly referred to [52].
4. Laterally loaded threaded rods

4.1. Lateral load-carrying capacity

A laterally-loaded threaded rod is shown schematically in
Fig. 10a. Laterally-loaded screws with an effective diameter def �
6 mm are treated as bolts by the present version of EN 1995-1-1
[31]. For screws not featuring a smooth shank, def is taken as 1.1
times the core diameter and it is used for the determination of
the embedment strength and yielding moment (but: the outer-
thread diameter is used for the determination of minimum spac-
ings, end and edge distances). By use of def , the expressions by
EN 1995-1-1 [31] for the characteristic embedment strength f h;k
and the yielding moment My;Rk are respectively (qk in kg/m3, def

in mm, f h;k and f u;k in N/mm2 and My;Rk in N�mm):

f h;k ¼
0:082 � qk � 1� 0:01 � def

� �
k90 � sin2bþ cos2b

ð33Þ
My;Rk ¼ 0:3 � f u;k � def
2:6 ð34Þ

For softwood, the factor k90 is given by:

k90 ¼ 1:35þ 0:015 � def ð35Þ
In some ETAs e.g. [20,21], the embedment strength for screws

and threaded rods embedded in pre-drilled holes in softwood is
given by Eq. (36) as function of the outer-thread diameter:

f h;k ¼
0:082 � qk � 1� 0:01 � dð Þ

2:5 � cos2aþ sin2a
ð36Þ

To the knowledge of the authors, there are no experimental
results available to verify the validity of Eqs. (33)–(36) for threaded
rods subjected to pure lateral loading. Therefore, the necessity for
experimental testing of laterally-loaded threaded rods is highlighted.
Fig. 10. Laterally-loaded threaded rod (a), ductile failure mechanism (b), modelling o
embedded part (d).
For long threaded rods, the ductile failure shown in Fig. 10b will
occur prior to embedment failure. By assuming perfect plastic
behaviour (the same principle as in Johansen’s equations [53]),
the characteristic lateral load-carrying capacity Fv;Rk can be
expressed as:

Fv;Rk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � f h;k � def �My;Rk � 1� nM0;y

� �q
þFax;Rk=4
�  ð37Þ

The term Fax;Rk=4 is the contribution from the rope effect, which
cannot be greater than the Johansen’s part [31]. The term nM0;y is
the moment at the entrance pointM0 normalized by the character-
istic yielding moment (�1 � nM0;y <1 for perfect plastic
behaviour):

nM0;y ¼ M0=My;Rk ð38Þ
If the load is applied without eccentricity, i.e. for l0 ¼ 0, the lat-

eral load-carrying capacity depends on whether the rotation is
restrained or not, at the entrance point O:

� No eccentricity (l0 ¼ 0), free rotation at O (nM0;y ¼ 0)

Fv;Rk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � f h;k � def �My;Rk

q
þFax;Rk=4
�  ð39Þ

� No eccentricity (l0 ¼ 0), fixed rotation at O (nM0;y ¼ �1)

Fv;Rk ¼ 2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f h;k � def �My;Rk

q
þFax;Rk=4
�  ð40Þ

Equations (39) and (40) correspond to the equations by EN
1995-1-1 [31] for steel-to-timber connections with thin and thick
steel plates respectively without the adjustments for safety factors;
i.e. the factor 1.15 is not included in Eq. (39) and the factor 2 is
used in Eq. (40) instead of 2.3. Setting M0 ¼ Fv ;Rk � e0 and solving
Eq. (37) for Fv;Rk results in Eq. (41) [54].

Fv;Rk ¼ f h;k � def �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �My;Rk

f h;k � def
þ e02

s
� e0

 !
þFax;Rk=4
�  ð41Þ
f embedded part as a beam on elastic foundation (c), and modelling of the non-



Table 3
Embedment test results for dowels embedded in softwoods (MC � 10�12%).

Source b = 0� b = 90�
kv ;0(N/mm2) kv ;90(N/mm2)

Gattesco 1998 [57]a

East. alps spruce, qm � 470 kg/
m3,
d ¼16 mm, l ¼ 30 mm

1209 (CoV ¼12.3%) 763 (CoV ¼
22.2%)

Santos et al. 2010 [58]
Pine (Pinus pinaster),
qm � 550� 570kg/m3

d ¼ 14 mm, l ¼ 30 mm

1586 (CoV ¼
20.7%)

521 (CoV ¼23.7%)

Karagiannis et al. 2016 [56]
Norway Spruce (Picea abies),
qm � 430 kg/m3

d ¼12/16 mm, l ¼ 40 mm

d ¼12: 376 (CoV ¼
15.4%)
d ¼16: 1034
(CoV ¼17.3%)

d ¼12: 137
(CoV ¼30.7%)
d ¼16: 241
(CoV ¼7.1%)

Application of Eq. (30) for threaded
rods
q ¼ 430 kg/m3, d ¼20 mm

215 184

a Mean result from configurations with and without lateral confinement.
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The value of e0 depends on whether the rotation at the loading
point A is restrained or not:

� Load applied with eccentricity (l0 > 0), free rotation at A
(�1 � nM0;y <1):

e0 ¼ l0 ð42Þ

� Load applied with eccentricity (l0 > 0), fixed rotation at A
(�1 � nM0;y <1):

e0 � l0 � lcð Þ=2 ð43Þ
The term lc is a characteristic length (see also Appendix A):

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � Es � Is=kv4

q
ð44Þ

The foundation modulus kv is further discussed in Section 4.2.
Eq.(43) is approximate because the moments at points O and A
are calculated assuming elastic behaviour, i.e. the softening of
the wood is not considered. For further details, see Appendix A.

4.2. Lateral stiffness

According to EN 1995-1-1 [31], the stiffness under service load
of laterally-loaded bolts is given per shear plane and fastener by
Eq. (45) (units: Kser;v in N/mm, d in mm, qm in kg/m3):

Kser;v ¼ qm
1:5 � d
23

ð45Þ

Laterally-loaded bolts typically show an initial soft behaviour
because they are inserted in oversized holes and EN 1995-1-1
[31] requires that the clearance should be added to the deforma-
tion calculated by the stiffness value given by Eq. (45). For laterally
loaded threaded rods, the initial soft behaviour will presumably
not be as severe as in bolts, due to continuous interlocking
between the thread and the surrounding wood. Eq. (45) provides
the combined lateral stiffness of two connected timber members
in a timber-to-timber connection. Assuming symmetry (i.e. that
the stiffness values the two connected members are equal), the
stiffness per connected member is twice the value obtained by
Eq. (45). EN 1995-1-1 [31] does not specify which value of the
diameter should be used in Eq. (45). By use of the effective diam-
eter def , the lateral stiffness per connected member becomes:

Kser;v ¼ 2 � qm
1:5 � def

23
ð46Þ

Eq. (46) does not consider a series of parameters which presum-
ably affect the stiffness, for example the angle b or the penetration
length. Moreover, the loading configuration is not considered, e.g.
whether the rotation of the rod is free or fixed or whether the lat-
eral load is applied with eccentricity resulting in a moment. To
study the influence of these parameters, the embedded part of a
laterally loaded threaded rod may be represented as a beam on
elastic foundation, as shown in Fig. 10c. It is assumed that the
behaviour of the rod and the foundation is always linear-elastic.
Any initial soft behaviour is neglected in this analysis. A more
detailed analysis is given in Appendix A.

Τhe analytical results in Appendix A suggest that the moment
M0 has a significant influence on the lateral stiffness. On the other
hand, the analysis in Appendix A shows that the lateral stiffness
Kser;v ;0 converges to its upper value for penetration lengths
l � 4� 5 � d. Setting nM0 ¼ M0=Fv � lc , the convergent stiffness of a
semi-infinite rod (l ! 1) is given by Eq. (47). Therefore, for the
minimum penetration length of 6 � d according to EN 1995-1-1
[31], the convergent stiffness for semi-infinite rods given by Eq.
(47) can be used without significant loss in accuracy.

Kser;v ;0 jl!1 ¼ kv � lc
2þ 2 � nM0

ð47Þ

The deflection at the loading point A depends on whether the
rotation at the loading point is allowed or fixed, see Fig. 10d.
Depending on this boundary condition, the total vertical stiffness
of a laterally-loaded threaded rod with respect to the deflection
at point A is given as follows:

� Free rotation at point A (re-formulating expression found in
[55]):

Kser;v;tot ¼ 3 � kv � lc
4 � k03 þ 12 � k02 þ 12 � k0 þ 6

ð48Þ

� Fixed rotation at point A:

Kser;v;tot ¼ 3 � kv � lc
k0

3 þ 3 � k02 þ 3 � k0 þ 3
ð49Þ

The term k0 is the length of the non-embedded part l0of the rod
normalized by lc:

k0 ¼ l0=lc ð50Þ
The foundation modulus of laterally-loaded threaded rods

remains unknown and experimental results are required. However,
some conclusions may be drawn by experimental results from
embedment tests of dowels with diameters comparable to the core
diameters of threaded rods. Table 3 provides experimental results
for the foundation modulus of dowels with diameters 12–16 mm
at reference moisture content (MC � 10�12%). The results in
Table 3 come from different test set-ups, diameters and wood spe-
cies and should only be treated as indicative.

The experimental values in Table 3 are much higher than the
values estimated by Eq. (30). The foundation modulus of large-
diameter dowels seems to depend on the diameter to a much
greater degree than Eq. (30) suggests, especially for loading parallel
to grain (b ¼ 0

�
). This is evident in the results by Karagiannis et al.

2016 [56] for dowels tested with the same set-up. Compared to
12 mm-dowels, the foundation modulus of 16 mm-dowels was
2.75 and 1.76 times higher for loading parallel and perpendicular
to grain, respectively. Moreover, the experimental results in Table 3
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show that the foundation modulus is dependent on the angle b, as
higher values are obtained for parallel to grain loading (b ¼ 0

�
)

compared to the corresponding values for perpendicular to grain
loading (b ¼ 90

�
). This difference is greater than the one suggested

by factor 1.17 in Eq. (30).
5. Combined axial and lateral loading

Fig. 11 shows a threaded rod subjected to axial and lateral load-
ing. According to EN 1995-1-1 [31], a quadratic failure criterion
applies for screws subjected to combined axial and lateral loading:

Fax;Ed

Fax;Rd

� �2

þ Fv;Ed
Fv;Rd

� �2

� 1 ð51Þ

As an alternative to Eq. (51), the following expression may be
used [55]:

FEd � Fax;Rd � sinaþ Fv;Rd � cosa ð52Þ
For inclined fasteners subjected to combined loading, stresses

cannot fully develop near the edge (due to very small edge dis-
tance) and therefore they may be neglected for a certain length
of the fastener, see in detail [59]. Based on mean values, both
Eqs. (51) and (52) have shown good agreement with experimental
results [55] for threaded rods (d ¼ 20 mm) inserted in glulam at an
angle 45–90�. On the contrary, Eq. (51) provided conservative pre-
dictions for self-tapping screws inserted perpendicular to grain in
spruce, as shown in the experimental study by Laggner et al.
[60], where the exponent was found equal to 2.4 for mean values
and 3.1 for 5%-fractile values. In connections with fasteners sub-
jected to combined axial and lateral loading, the direction of the
displacement vector does not coincide with the direction of the
applied force, as shown in Fig. 11. Therefore, it is not possible to
fully model a threaded rod solely by use of a single spring element
in the force direction (as also stated in [60]). Instead, assigning a
spring element to each degree of freedom as shown in Fig. 11 is
a more accurate description of the fastener.
6. Concluding remarks

This paper investigates the strength and stiffness properties for
threaded rods with wood screw threads. Design guilelines by Euro-
code 5 (EN 1995-1-1[31]) and European Technical Assessments
and existing literature were reviewed to identify knowledge gaps
and provide some proposals for improvement. The following main
conclusions are drawn:
Fig. 11. Threaded rod subjected to combined axial and lateral lo
� A collection of experimental results was used to evaluate the
existing rules in EN 1995-1-1 [31] and ETAs and derive simple
expressions for the withdrawal capacity and stiffness.

� To the knowledge of the authors, the existing design rules with
respect to buckling of self-tapping screws have not been exper-
imentally verified for threaded rods.

� Test results for self-tapping screws indicate that the effective
number of fasteners given by EN 1995-1-1 [31] (nef ¼ n0:9Þ is
on the safe-side. This is yet to be fully verified for threaded rods.
To the knowledge of the authors, there is no systematic exper-
imental study of the block/plug shear capacity in configurations
with multiple axially-loaded threaded rods.

� Theoretical expressions for laterally loaded threaded rods were
provided. The lack of experimental results for laterally-loaded
threaded rods was highlighted. Testing is required to obtain
the embedment properties of laterally-loaded threaded rods
(e.g. foundation modulus, embedment strength, effective diam-
eter) and also to verify the derived theoretical expressions.

� The effects of moisture and load duration on the properties of
screwed-in threaded rods remains largely unknown.

� The existing expressions for the design steel tensile capacity of
threaded rods are probably very conservative.
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Appendix A. Modelling of a laterally-loaded threaded rod as a
beam on elastic foundation

Fig. 10c shows the representative model of the embedded part
of a laterally-loaded threaded rod as a beam on elastic foundation.
It is assumed that the behaviour of the rod and the foundation is
linear-elastic. The governing differential equation for the trans-
verse displacement v is:

d4v
dx4

þ 4

lc
4 � v ¼ 0 ðA:1Þ

The term lc is a characteristic length:

lc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 � Es � Is=kv4

q
ðA:2Þ

The following definition is made:

k ¼ 2 � l=lc ðA:3Þ
The solution of Eq.(A.1) depends on the loading configuration

and the boundary conditions (e.g. on the applied moment at the
entrance point or whether rotation of the rod is allowed or not in
these points). The full derivation of the expressions is cumbersome
and is omitted herein. By setting nM0 ¼ M0=Fv � lc , the vertical stiff-
ness Kser;v ;0 at x ¼ 0 is given by:

Kser;v;0 ¼ kv � lc
2

� cosh k� 2þ cos k
sinh k� sin kð Þ þ nM0 � cosh k� cos kð Þ ðA:4Þ

The term nM0 ¼ M0=Fv � lctakes into account the effect of the
moment M0.

In the special case where rotation is restrained at x ¼ 0, i.e. for
v 0ð0Þ ¼ 0, the moment reaction is given by Eq. (A.5) and the vertical
stiffness by Eq. (A.6).

v 0
0ð Þ ¼ 0 ! M0;fixed ¼ � Fv � lc

2
� cosh k� cos k
sinh kþ sin k

ðA:5Þ

v 0
0ð Þ ¼ 0 ! Kser;v;0;fixed ¼ kv � lc � sinh kþ sin k

cosh kþ 2þ cos k
ðA:6Þ
Fig. A1. Analytical prediction of Eq. (A.4) for vertical stiffness of a laterally loaded thre
b ¼ 90

�
) and varying loading conditions. Rod with d ¼ 20 mm and d1 ¼ 15 mm andqm ¼
For a semi-infinite threaded rod (l ! 1), the stiffness converges
to:

Kser;v ;0 jk!1 ¼ kv � lc
2þ 2 � nM0

ðA:7Þ

In the special case of fixed end rotation at x ¼ 0 for a semi-
infinite rod, the moment reaction is equal to M0;fixed ¼ �Fv � lc=2,
i.e. nM0 ¼ �1=2.

Fig. A1 shows the predictions of Eq. (A.4) for Kser;v ;0 as function
of the penetration length for a threaded rod with d ¼ 20 mm and
d1 ¼ 15 mm. The predictions are given for fixed rotation at
entrance point (Eq. (A.6)) and for 3 different values of moment
M0: fornM0 = 0 (zero moment), 0.5 and 1.0. Two values for the foun-
dation modulus were used to simulate different angles to grain. For
a lateral loading parallel to grain (b ¼ 0

�
), kv ¼ 1200 N/mm2 is

used, while for lateral loading perpendicular to grain (b ¼ 90
�
),

kv ¼ 500 N/mm2 is used. These are crude approximations based
on the experimental results given in Table 3. Finally, the prediction
by EN1995-1-1 [31], i.e. Eq. (46), is provided assuming qm ¼ 430
kg/m3 and def ¼ 1:1 � d1. As shown in Fig. A1, both the values of
kv and M0 have a significant influence on the vertical stiffness.
For the same foundation modulus, the results differ by a factor
up to approx. 4, depending on the loading conditions (which can
be further increased if higher moment is applied, i.e.nM0 > 1).
EN1995-1-1 [31] do not account for these parameters and provides
a single value. Finally, Fig. A1 shows that stiffness converges to the
value given by Eq. (A.7) for penetration lengths l � 4� 5 � d.

For a laterally-loaded threaded rod subjected to eccentric
loading (l0 > 0) the moment distribution depends on whether
rotation is restrained at the loading point A. Assuming for
simplicity a semi-infinite rod, the following equations are obtained
for the deflections and moments at point O and A for the corre-
sponding boundary conditions (positive signs according to
Fig. 10c and d):

� Free rotation at point A (M0 ¼ Fv � l0, MA ¼ 0, V0 ¼ Fv ,
v 0

0;freelength ¼ v 0
0;embeddedpart)
aded rod in for varying kv (kv ¼ 1200 N/mm2 for b ¼ 0
�
and kv ¼ 500 N/mm2 for

430 kg/m3.
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v0 ¼ 2 � k0 þ 1ð Þ
kv � lc � Fv ðA:8Þ

vA ¼ 4 � k03 þ 12 � k02 þ 12 � k0 þ 6
� �

3 � kv � lc � Fv ðA:9Þ

� Fixed rotation at point A: (V0 ¼ Fv ;v 0
A ¼ 0;v 0

0;freelength ¼
v 0

0;embeddedpart)

M0 ¼ Fv � lc
2

� k0 � 1ð Þ ¼ Fv
2

� l0 � lcð Þ ðA:10Þ

MA ¼ � Fv � lc
2

� k0 þ 1ð Þ ¼ � Fv
2

� l0 þ lcð Þ ðA:11Þ

v0 ¼ k0 þ 1ð Þ
kv � lc � Fv ðA:12Þ

vA ¼ k0
3 þ 3 � k02 þ 3 � k0 þ 3

� �
3 � kv � lc � Fv ðA:13Þ

Note that the deflections given by Eqs. (A.8) and (A.12) can be
obtained by use of Eq. (A.7) by use of nM0 ¼ k0 and
nM0 ¼ k0 � 1ð Þ=2, respectively.
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