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Long bolts, also known as bi-directional bolts, have multiple applications in structural engineering, particularly
as an instrumental part of the adaptability and reusability of steel members. Despite that, the long bolt design is
not properly covered by current standards. This paper describes an experimental and analytical study to char-
acterize the long bolts in tension for their inclusion in the component method precluded by Eurocode 3. The
study is part of a wider campaign (including the behaviour in shear, preloading, and relaxation of the bolts)
developed in the framework of the European Research Project CONNECT4C. The study shows that the current

design expressions for bolt resistance and stiffness can be used for long bolts in tension, regardless of bolt ma-
terial or finishing surface. A bolt material model is proposed for possible inclusion in steel design standards.
Finally, it is also recommended to adopt double nuts in long bolts to avoid premature thread stripping.

1. Introduction

In many structural systems, long steel bolts may be advantageous.
They allow the connection of parts that may not be in contact and are
increasingly used in demountable solutions, potentially leading to
improved adaptability and reusability in construction. Several innova-
tive applications have profited from the deformability of long bolts, such
as self-centring structural solutions [1,2]. They provide an excellent
fastening solution whenever the grip length exceeds the available
lengths for standard structural bolts, for instance, the connection across
concrete-filled tubes (Fig. 1(a)), joints connecting very thick plates
(Fig. 1(b)), foundation anchors (Fig. 1(c)).

In the context of this paper, “long bolts” are defined as structural
bolts that are manufactured from circular steel rods instead of a steel coil
and are not subjected to heat treatment, in contrast to standard struc-
tural bolts. This type of threaded rods with metric threads is covered by
EN 15048 [4], where they are referred to as “stud bolts”. They are
needed whenever a bolt head is undesirable or longer lengths are
required because standard structural bolts are usually available with
maximum lengths (e.g. standard structural bolts according to EN
14399-4 [5] are specified in this standard with maximum lengths that
may vary from 95 mm for an M12 diameter bolt up to 200 mm for an
M36 diameter bolt, although it may be possible to order them with
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longer lengths). Hence, the behaviour of long bolts may differ from
standard structural bolts although their design properties must comply
with EN 1993-1-8 [6].

The ongoing RFCS CONNECT4C European Project [7] is focused on
developing demountable and adaptable structural solutions that pro-
mote the reuse of reclaimed steel members. A key aspect of the project
relates to the development of innovative joints that provide very large
tolerances to accommodate reclaimed steel members without the need
to cut or extend them [8]. These joints comprise the extensive use of long
bolts that are dominantly subject to pure tension with or without shear.
However, long bolts are not well covered in the literature and are not
clearly supported by specific product standards.

To fill this knowledge gap, this paper aims to verify and characterize
their behaviour in tension and assess whether the design expressions for
tension resistance and stiffness in EN 1993-1-8 [6], calibrated for
standard structural bolt assemblies, can be applied to long bolts. To this
end, an experimental campaign of long bolts in tension is reported.
Secondly, a material law is proposed for the steel bolt material. Finally,
the applicability of the design expressions in EN 1993-1-8 [6] is per-
formed and a reliability assessment is carried out to validate the choice
of the partial factor }/;[2, in line with the target reliability index of EN
1990, Annex D [9].
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Symbols and acronyms

Acronyms

B Black surface of the long bolt

BF Bolt fracture failure mode

G Galvanized surface of the long bolt

FT Fully threaded bolts

LC Load cell

LVDT Linear velocity displacement transducers

N1 Single nut configuration for long bolt

N2 Double nut configuration for long bolt

PT Partially threaded bolts

TS Thread stripping failure mode

Latin letters

A Gross cross-section area, Percentage of elongation after
fracture

Ag Elongation percentage corresponding to the tensile
strength

Ag Elongation after fracture for full-size fasteners

Ag Tensile area of bolt

d External diameter of the fully threaded bolt

ds Diameter of the unthreaded shank

d; Basic minor diameter of bolt threads

do Basic pitch diameter of the bolt thread

ds Minor diameter of the bolt thread

E Young’s modulus of steel

F Force, load

Fira Design tension resistance of bolt
fyb Bolt yield strength
fub Bolt tensile strength
H Height of the fundamental triangle of the thread
ko Adjustment factor for tension resistance of bolt
Lis Bolt length corresponding to 15 threads
L Total bolt length
Ly, Bolt elongation length
Lg Grip length
Lgn1 Operational grip length for tests with single nuts
Lgna Operational grip length for tests with double nuts
L; Distance between the nut face and the end of the threaded
part (runout)
La Thread engagement length
Thread pitch
Ry Stress at 0.2 % non-proportional elongation
Rn Tensile strength
R¢ Stress at fracture point
T'tnom,i  Design resistance function (nominal properties)
tn Thickness of nut
tw Thickness of washer
u Elongation of the bolt
Greek letters
€h Strain hardening strain
€u Ultimate strain
Ym2 Partial factor

2. Background
2.1. Geometry and normative framework

In Europe, standard structural bolts must comply with product
standards (EN 15048 [4] for non-preloaded structural bolting assemblies
and EN 14399 [10] for high-strength structural bolting assemblies for
preloading) and are supplied as an assembly that comprises the bolt, the
nuts and the washers (the latter part of the assembly in case of EN

A

Fa concrete-filled column
end-plate
beam
e
.
long bolts

(b)

15048). These product standards refer to additional ISO standards that
specify mechanical properties [11], dimensional properties [12-18],
dimensional tolerances [19,20], coating systems and surface properties
[21-23] and inspection procedures [24-26], as summarized in Table 1
[27].

Concerning high-strength structural bolting assemblies for preload-
ing, two different systems are available, HR (EN 14399-3 [28]) and HV
bolts (and EN 14399-4 [5]), which mainly differ in their failure mode
under pure tensile force, particularly in terms of both residual strength

(c)

Fig. 1. Applications of long bolts: (a) Concrete-filled tubes [3]; (b) Joint with large grip length (Centro de Arte y Tecnologia, Segovia, Spain. Picture by the authors);

(c) Foundation anchor (Bodega BRVS, La Rioja, Spain. Picture by the authors).
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Table 1
Summary of standards for structural bolts.
Product Symbology and Mechanical properties Dimensional Dimensional Coating Inspection
standard general requirements (bolts, nuts, washers) properties tolerances systems
. 1SO 261 EN 15048-2
Non-preloaded bolt assemblies ;510 150 225 150 724 1S0 965 1S0 4042
in carbon steel and alloy steel ISO 3269
1SO 888
High-strength boltin, o8 i:g ig(l)i 180 6157 180 14399-2
assegmblies fgor preloadging EN 14399 180 8992 ISO 4017 180 4759-1
1SO 4753 1SO 10683 ISO 3269
and deformation capacity at the point of collapse. The HR type assem- )
blies achieve ductility primarily through the plastic elongation of the A, = i (dz + d3> (1b)
bolt, while the HV type assemblies attain ductility through the plastic 4 2

deformation of the engaged threads [10]. Hence, the first type is char-
acterized by a necking fracture in the threaded part of the bolt, while the
second usually fails by nut stripping, without shank necking [29].

Fig. 2 illustrates the geometry of a typical fully threaded (FT) and
partially threaded (PT) structural bolt assembly. It is composed of a bolt
and a nut, with or without washers depending on the type of bolt (non-
preloaded or preloaded) and the joint material. In Fig. 2(a), the distance
between the inner faces of two washers, denoted as Ly, represents the
grip length, i.e. the thickness of the parts being fastened, whereas the
distance between the nut face and the end of the threaded part (runout)
is denoted by L. L, Ly, and Ly represent the total bolt length, the bolt
elongation length (defined as the grip length + washer thicknesses +
half the combined height of the bolt head and the nut) and thread
engagement length (defined as the axial distance over which the internal
and external threads of a fastener overlap, ensuring the distribution of
load), respectively.

A is the cross-section area of the shank while As denotes the cross-
section area of the threaded length, given by Egs. (1a) and (1b) ac-
cording to ISO 898-1 [11].

A= %df (1a)

L,
ds
‘;ﬂ\\\ / N
~\_ Shank Runout / \ Thread
Head  washer Washer Nut

(2)

e TG MRS

(b)

Fig. 2. Geometry of a standard structural bolt: (a) Lengths definition; (b)
Partially and fully threaded specimens [30].

where d; is the diameter of the shank, ds is the basic pitch diameter of the
bolt thread, and d3 is the minor diameter of the bolt thread. These and
other relevant parameters (d; - the basic minor diameter of bolt threads,
P - thread pitch and H - the height of the fundamental triangle of the
thread) are explained in standards ISO 724 [13], and ISO 68-1 [31].
Fig. 3 illustrates the geometry of a long bolt assembled with single
nuts. Unlike standard hexagonal head structural bolts, it does not exhibit
a bolt head because of the manufacturing process, so nuts are required at
both ends. In this study, long bolts are fully threaded rods, although they
can also be manufactured as partially threaded. The total length of the
bolt, denoted as L, is only limited by the length of the rod. Additionally,
Ly, refers to the bolt elongation length, L, is the grip length, Ly is the
thread engagement length, and d is the external diameter of the bolt.

2.2. Behaviour of bolts in tension

2.2.1. Standard structural bolts

Fig. 4 depicts an example of the force-elongation curve of a bolt
tested in tension. In the initial part, the curve exhibits a linear elastic
behaviour, followed by the development of plastic deformation with a
progressive reduction of stiffness (kp) until the failure of the bolt. It is
noted that the resistance of carbon steel bolts loaded in tension is
dictated by the threaded part since it is the weakest part, with the
minimum cross-section area, approximately given by As/A = 0.78 [32].

The behaviour of standard structural bolts in tension has been
studied by many authors for many years. Recently, Stranghoner et al.
[32] reassessed the resistance of carbon steel bolts subject to tension,
shear, and combined forces. Besides carrying out a large test campaign,
the authors collected the available experimental results in the literature
and concluded that the design expressions in EN 1993-1-8 [6] could be
improved while still satisfying the target probability of failure of the EN
1990, Annex D [9].

It is well known (Kulak et al. [33]) that the bolt tensile resistance
depends on the way the tension is applied. Tightening the nut introduces
torsional stresses and more complex combined tension-torsional stress
condition in the bolt. Torquing a bolt until failure results in a reduction
of both the ultimate load and the ultimate deformation as compared
with the corresponding values determined from a direct tension test.
Additionally, in the case of subsequently loading the bolt in direct ten-
sion after it has already been loaded by tightening the nut, there is not a
significant drop in ultimate strength. This is relevant for the re-
quirements for preloaded and non-preloaded bolts and justifies the need
for two distinct product standards [4,10].

Two distinct failure modes are observed in bolts subjected to tension:
(i) bolt fracture, and (ii) thread stripping (nut or bolt). Grimsmo et al.
[30] studied the influence of the length L; (see Fig. 2), on the bolt failure
mode. They concluded that the probability of the thread failure can be
reduced by increasing this length. In addition, the authors simulated the
influence of high nuts, designed according to ISO 4033: Hexagon high
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(b)

Fig. 3. Geometry of a structural long bolt: (a) Geometrical definition; (b) Example of M20 1000 mm long bolt.

Ultimate strength

s

Sl

Fracture

Yield strength

Tension load

Elastic region

o)

Elongation

Fig. 4. Points of interest on the force-elongation curve of a standard bolt
subjected to tensile force.

nut [34]. The nut height had a major impact on the results since the bolt
showed a more ductile behaviour than with a regular nut, switching the
failure mode from thread stripping to bolt fracture. Similarly, Alexander
[35] claims that as the number of threads is reduced, the failure mode
changes from bolt fracture to stripping. Consequently, by increasing the
nut height, the probability of thread stripping decreases, and the prob-
ability of bolt fracture increases. Tartaglia et al. [36] confirmed that nut
stripping failure is more characteristic of HV bolts, while HR bolts
usually fail by bolt fracture, according to their design (EN 14399-1
[10]). Despite experiencing different failure modes, both bolt types
showed similar evaluation of forces in the performed tests. The influence
of the use of double nuts was experimentally studied by Grimsmo et al.
[371, showing that it prevented thread stripping.

Concerning the influence of fully threaded vs partially threaded
bolts, Yang et al. [38] numerically studied the fracture behaviour of the
PT and FT bolts under tensile loading. PT bolts show higher yield and
ultimate strengths, but smaller deformation capacity compared to FT
bolts, confirming earlier results by Grimsmo et al. [30].

Hu et al. [39] studied the influence of surface finishing on failure by
thread stripping. They concluded that the nuts with zinc plating surface
led to the thread stripping failure due to the threads of the nuts being
over-tapped (by 0.4 mm) for the coating process. They propose the use of
nuts one material property class higher than the bolts to decrease the
probability of failure by nut stripping.

2.2.2. Long bolts
Unlike conventional bolts, long bolts are not very well covered in the

literature. Most references deal with long bolts as a part of a bolted end-
plate beam to concrete-filled hollow section column connections
[3,40,41]. In this case, long bolts are subject mainly to shear and are not
relevant for this paper.

Fransplass et al. [42-44] studied long bolts manufactured from
threaded rods subject to tension and combined tension and shear at low
and elevated strain rates. The tests were carried out using a purpose-
made fixture and by fixing this element in different positions various
grip lengths were studied, in the range of 0.41 mm to 9.8 mm. It was
concluded that the number of threads in the grip length influenced the
failure of the bolt. In most cases, the failure mode was by bolt fracture,
but bolts with shorter grip lengths showed significantly lower ductility
compared to the ones with longer grip lengths. Additionally, based on
the analytical models developed by Alexander [35], they propose
modified equations for the prediction of the thread stripping resistance
[42]. However, since they tested small grip lengths and small diameter
rods in mild steel, M5 class 4.6, the validity of their conclusions for the
present study may be limited.

Finally, Loureiro et al. [45] carried out an initial study aiming at
assessing the influence of using long threaded structural bolts in
unequal-depth internal node steel joints instead of standard structural
bolts. Threaded bars were used in the tensile and compression parts of
the connection. They concluded that the threaded bolt joints led to an
increase in resistance and rigidity of 59 % and 24.5 %, respectively.

2.3. Manufacturing of long bolts

The production of standard structural bolts follows four steps: i) se-
lection of the steel coil based on chemical composition, ii) stamping
process (usually cold forging), to shape the head geometry and pro-
duction of the thread by means of threading dies; iii) heat treatment
(annealing + tempering), by furnace or induction, to obtain the desired
mechanical properties; iv) durability coating. The production of long
bolts presents some differences when compared to standard structural
bolts, namely: i) they are not manufactured from steel coil but from a
long calibrated rod (usually 6 m long); ii) they are not subjected to head-
shaping cold forging, only to threading; iii) they are not subjected to
heat treatment process; iv) after production, the bar is cut to the desired
measure (usually 1 m pieces) and the cut ends are chamfered. If sub-
jected to heat treatment, the long bolt recovers the initial curvature of
the rod, thus requiring a subsequent straightening process which is
complex and uneconomical.
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2.4. Design expressions

Stranghoner et al. [32] provide a review of the design expressions for
the resistance of carbon steel bolts in EN 1993-1-8, AISC 360-22 [46]
and AS4100 [47] codes. Table 2 summarizes the design expressions for
resistance and stiffness of bolts in tension in EN 1993-1-8 [6]. Ly, is the
bolt elongation length, measured from nut centre to head centre or
midpoints between two nuts (in case double nuts are used), see Fig. 2
and Fig. 3. Eq. (3) is applied for a single bolt and hence, considers half
the stiffness value of the component “Bolt in Tension” given in EN
1993-1-8 [6] (which is defined for a single bolt-row comprising two
bolts).

3. Experimental programme
3.1. Definition of the test program

The main objective of the first experimental campaign within the
CONNECTA4C research project [7] is to characterize the behaviour of
long bolts in tension, by extracting F-u curves (where F is the applied
tensile force and u is the elongation of the bolt, see Fig. 5), and
comparing the obtained results of tensile resistance and initial stiffness
with Egs. (2) and (3).

A total of 66 tensile tests were performed, covering the following
parameters:

e Bolt diameter (M20, M24, M27 and M30),

e Bolt class (8.8 and 10.9),

e Surface finishing (B — black and G - galvanized),

e Number of nuts provided on each bolt end (N1 - single and N2 —
double nut).

Each test was labelled concatenating the letter ‘T’ (for tension) with
the specifications for its defining parameters. As an example, ‘T25-
M24-10.9-B-N1’ corresponds to a tension test (T), order of test in the
series total (25th), long bolt diameter M24 class 10.9, with black (B)
surface finishing, and a single nut (N1) on each bolt end. This labelling
system is used hereinafter. A summary of all tests is given in Table 3.
Three repetitions were performed for each set of parameters to capture
variability.

Double-nut tests (N2) were initially planned only for bolts M20 and
M27. After initial testing, it was observed that most bolts with a single
nut (N1) experienced nut stripping failure. Since this is an undesirable
failure mode [30], additional double-nut tests were performed for M24
and M30 bolts, except for M24 8.8 bolts, where failure by bolt fracture
was observed in all single-nut tests (N1). These additional tests are
indicated with parenthesis in Table 3.

Table 2
Design specifications for bolts in tension in EC3-1-8:2005 and EC3-1-8:2024.
Tension resistance (2)
Fully and partially threaded bolts Fopd = kafunAs
' M2
Initial stiffness 3
Non-preloaded bolts ky = 0.8EAs
L
Preloaded bolts © i

ko: reduction factor with k, = 0.9 (exception: for countersunk bolts ko = 0.63); in
EN 1993-1-8:2024, the value of 0.9 (or 0.63) are given directly | f,p: nominal
tensile strength of the bolt | Ag: tensile stress area of the bolt | yyo: partial factor
(ym2 = 1.25) | E: Young’s Modulus of the bolt material | Ly: the bolt elongation
length.

Journal of Constructional Steel Research 229 (2025) 109492

1 E
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Fig. 5. Tensile force application.
Table 3
Summary of the performed tests.
Bolt Class Surface  No.of nutson  Repetitions No. of
diameter each side tests
M20 8.8 and 10.9 Band G N1, N2 3 24
M24 8.8 Band G N1 3 6
M24 10.9 Band G N1 (+N2) 3 6 (+6)
M27 10.9 Band G N1, N2 3 12
M30 10.9 Band G N1 (+N2) 3 6 (+6)
Total 66

3.2. Experimental setup

The experimental setup is depicted in Fig. 6, with the relevant parts
numbered in Fig. 6(b) and some additional pictures shown in Fig. 7. The
test setup comprises a reaction frame (6) formed by vertical columns and
a horizontal strong beam supporting a 6 MN jack. The jack piston was
screwed to a pinned part (10) transferring load and displacement to a
plate (9) bolted to the top beam (2), which was supported by a guiding
system (4), sliding on the reaction frame columns (6) with the interpo-
sition of Teflon pads to minimize friction. A bolted connection tool (3)
joined the top beam (2) to the long bolt specimen. The tool had a 36 mm
diameter hole, and therefore an adjustment washer (5) was needed ac-
cording to the long bolt diameter to provide conventional hole toler-
ance. The same connecting tool (3, 5) placed upside-down was used to
fix the specimen to the bottom beam (1), whose vertical motion was
prevented by two brackets (7) attached to the reaction frame columns
(6), with load cells (8) interposed to measure the vertical reactions. The
bottom beam (1) was supported by the same system as the top one (4, 6).
When the jack piston moved upward, the top beam (2) moved with it,
stretching the bolt which was fixed at the bottom beam (1).

The total bolt length L (see Fig. 3) was constant for all tests, 1000
mm. Table 4 lists the geometry and resistance of all bolts, as well as the
operational grip lengths Lg n; (single nut N1) or Lg N2 (double nut N2),
calculated according to the details of the bolt assembly, including
washers, nuts, and the protruding threaded portion of the bolt beyond
the nuts (approximately 5 threads, as shown in Fig. 7(c)).

3.3. Test procedure and instrumentation

The test was performed by applying a displacement to the top
retaining beam, by means of a 6 MN hydraulic jack (see Fig. 7(b))
attached to the beam with a pin connection. The test speed was 0.025
mm/s. During the tests, the following data was acquired (see Fig. 8):

e Applied force and reactions, using load cells (LCs),
e Displacements, using LVDTs (Linear velocity displacement
transducers).

Two load cells with capacities of 2 MN were used for load mea-
surements. They were labelled as LC-1 and LC-2 and positioned between
the lower retaining beam and the reaction brackets, as shown in Fig. 8(a)
and (c).

In total, 12 LVDTs were used for measuring vertical absolute (label
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Fig. 6. Test layout: (a) 3D view; (b) Elevation with marked parts; (c) Photo from the test.

A) and relative (label R) displacements of parts of the test. Four of them
(A -1, 2,3, and 4) were positioned on the top and bottom bolt-to-beam
connection tools. These were later used for the calculation of the long
bolt elongation. LVDTs A - 5, 6, 7, and 8 were positioned at the edges of
the upper retaining beam to assess potential beam rotation during test
execution. LVDTs A - 11 and 12 were positioned on the bottom retaining
beam, to monitor potential beam bending or rotation. LVDTs R - 9 and
10, measured the relative displacement between the upper and bottom
retaining beams and the bolt-to-beam connection tools, thereby
detecting any openings between these elements.

(b)

Fig. 7. Test layout details: (a) Bolt-to-beam connection tool; (b) Hydraulic jack; (c) Protruding part of the bolt.

)

[ 1]

|

o 4
qs .

=5

3.4. Test results

3.4.1. General

The experimental results comprise the results from the tensile tests of
the bolts, following ISO 898-1 [11], clustered according to bolt class and
bolt diameter. They are complemented by tensile tests for machined
cylindrical steel coupons extracted from the long bolts, according to
clause 9.7 of ISO 898-1, and geometrical measurements of the external
(d) and internal (d;) diameters, and pitch length (P).

3.4.2. Geometrical measurements
The real geometrical properties (external and internal diameters, and



N. Jankovic et al.

Journal of Constructional Steel Research 229 (2025) 109492

Table 4
Nominal geometry and resistance of the bolts.
Bolt notation M20 M24 M27 M30

Bolt diameter d mm 20 24 27 30
Thread pitch P mm 2.5 3.0 3.0 3.5
Tensile area A mm? 245 353 459 561
Nut thickness (nominal) ty mm 16 20 22 24
Washer thickness (nominal) tw mm 4 4 5 5
Operational grip length for 1000 mm bolt, single nut N1 Lgn1 mm 935 922 916 907
Operational grip length for 1000 mm bolt, double nut N2 Lgna mm 903 882 872 859
Class 8.8: Design tensile resistance, Eq. (2) Fira kN 141.1 203.3 264.4 323.1
Class 10.9: Design tensile resistance, Eq. (2) Fira kN 176.4 254.2 330.5 403.9

pitch length) were measured with a calliper on a sample of long bolt
specimens, sorted according to bolt diameter, class and surface finish-
ing. For each group, 3 bolts were measured in 3 different places across
their length. Hence, 9 measurements were performed per group, and, in
total, 108 measurements for each property. These measurements are
summarized in Table 5. An accurate measure of the internal thread
diameter was not feasible due to the small thread pitch. Measurements
of the thread pitch are based on the length covered by 15 threads ;5. The
tensile area A5 was calculated using Eq. (1b).

The ratio between as-measured properties and nominal properties is
listed in Table 6, showing that the mean value for As/Agnom for black
bolts is 0.968 and 0.980 for galvanized bolts. As expected, the ratios are
slightly higher for galvanized bolts, due to the coating thickness.

3.4.3. Bolt material tensile tests

Long bolts used in the experimental campaign were made of high-
strength steel, classes 8.8 and 10.9, supplied and tested by bolt manu-
facturer FATOR. Table 7 provides a summary of the coupon tests,
totalling 43 coupons.

Material characterization was performed by coupon testing, ac-
cording to clause 9.7 of ISO 898-1 [11] and ISO 6892-1 [48], providing
the full stress-strain curves depicted in Fig. 9.

& & &

Table 8 summarizes the results showing mean values per bolt
diameter and the mean and coefficient of variation (CoV) across all
coupons of the same material. In Table 8, R 0.2, Rm, and R; are the stress
at 0.2 % non-proportional elongation, the tensile strength and the stress
at the rapture point, respectively, Ay is the total percentage elongation
corresponding to the tensile strength, A is the percentage elongation at
fracture. All values satisfy the minimum requirements of ISO 898-1 of
Rp,0.2,min > 660 MPa, Ry, > 830 MPa, A > 12 %, for class 8.8 and Ry, min >
940 MPa, Ry, > 1040 MPa, A > 9 %, for class 10.9.

3.4.4. Force-displacement curves

The force-displacement curves are presented in Fig. 10. Fig. 10(a)
shows the curves for the tests performed with single nuts (N1), whereas
Fig. 10(b) shows the equivalent curves for the tests performed with
double nuts (N2). In all cases, the maximum load is indicated with the
symbol that also corresponds to the failure mode (circle for BF failure,
star for TS failure). The different diameters (M20, M24, M27, M30) and
the two bolt classes (8.8, 10.9) are labelled in the plots and can be easily
distinguished. Bolt finishing surfaces are indicated with full (black) and
dashed lines (galvanized).

Adopting the table organization for the test results presented in [32],
Table 9 summarizes the test results for the tension tests of the long bolts.

e e e

) e ) ) ) O O |

e
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N
%
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Fig. 8. Instrumentation: (a) Position of the LVDTs and LCs; (b) LVDTs; (c) Load cell.



N. Jankovié et al. Journal of Constructional Steel Research 229 (2025) 109492

Table 5
Summary of geometrical characterization.
Black (B) Galvanized (G)
d (mm) P (mm) A, (mm?) d (mm) P (mm) A, (mm?)
/ Nominal 20.00 2.50 244.79 20.00 2.50 244.79
Measured, Mean 19.47 2.53 229.52 19.62 2.53 233.82
8.8 Measured, CoV 0.34 % 0.23 % 0.77 % 0.42 % 0.16 % 0.97 %
M20 Mean/Nominal 97.34 % 101.17 % 93.76 % 98.12 % 101.06 % 95.52 %
Measured, Mean 19.87 2.53 240.47 19.98 2.53 243.54
10.9 Measured, CoV 0.12 % 0.33 % 0.28 % 0.07 % 0.14 % 0.17 %
Mean/Nominal 99.34 % 101.04 % 98.23 % 99.90 % 101.08 % 99.49 %
/ Nominal 24.00 3.00 352.50 24.00 3.00 352.50
Measured, Mean 23.79 3.02 344.84 23.87 3.01 347.75
8.8 Measured, CoV 0.38 % 0.21 % 0.91 % 0.16 % 0.20 % 0.39 %
M24 Mean/Nominal 99.12 % 100.74 % 97.82 % 99.45 % 100.43 % 98.65 %
Measured, Mean 23.72 3.03 342.34 23.84 3.03 346.48
10.9 Measured, CoV 0.15 % 0.18 % 0.34 % 0.15 % 0.10 % 0.33 %
Mean/Nominal 98.84 % 101.07 % 97.12 % 99.35 % 100.93 % 98.29 %
/ Nominal 27.00 3.00 459.41 27.00 3.00 459.41
M27 Measured, Mean 26.54 3.02 441.27 26.69 3.02 446.93
10.9 Measured, CoV 0.27 % 0.24 % 0.60 % 0.34 % 0.16 % 0.76 %
Mean/Nom 98.30 % 100.83 % 96.05 % 98.84 % 100.62 % 97.28 %
/ Mean/Nominal 30.00 3.50 560.59 30.00 3.50 560.59
M30 Measured, Mean 29.75 3.51 549.82 29.86 3.51 554.44
10.9 Measured, CoV 0.11 % 0.15 % 0.26 % 0.24 % 0.16 % 0.55 %
Mean/Nom 99.18 % 100.38 % 98.08 % 99.54 % 100.24 % 98.90 %
All / Max CoV 0.38 % 0.33 % 0.91 % 0.42 % 0.20 % 0.97 %
Table 6
Comparison of as-measured and nominal geometrical properties.
Black (B) Galvanized (G) Total
d/dnom (=) P/Prom (=) As/As nom (=) d/dnom (=) P/Prom (=) As/Asnom (—) d/dnom (=) P/Prom (=) As/As nom (=)
Mean 0.987 1.009 0.968 0.992 1.007 0.980 0.989 1.008 0.974
CoV 0.74 % 0.35 % 1.72% 0.63 % 0.35 % 1.45% 0.74 % 0.35 % 1.69 %
Max 0.995 1.014 0.988 1.000 1.014 0.997 1.000 1.014 0.997
Min 0.969 1.001 0.927 0.975 1.000 0.941 0.969 1.000 0.927

bl The following observations can be derived from Fig. 10 and Table 9:
Table 7

Summary of coupon tests. e M20 8.8 bolts present a marked yield plateau, that is not apparent for

Class Bolt No. of batches No. of coupons all other bolts.
M20 2 6 o The plots confirm that all tests with double nut failed by Bolt Frac-
8.8 M24 2 6 ture (BF), and a large proportion of tests with single nut (N1) failed
M27 1 4 by Thread Stripping TS. In addition, tests failing by BF achieved
xgg ; g larger ductility than those with TS failure and featured more
M24 2 6 consistent values of maximum force and corresponding
10.9 M27 2 6 displacement.
M30 2 5

Tests failing by TS present a large scatter in terms of maximum force
and corresponding displacement; about 50 % of the failures by TS for
10.9 bolts occur prior to bolt yielding.

Total: 43

1400 1400
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1200 - 1200 -
1000 1000 -
=800 [P £ 800
& =
600 - 5 600
---M20
©400 —M20 400 -
—M24 --M24
200 7 —M27 200 ---M27
M30 M30
0 | ! 0 ; | ‘
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2
€ (-) e(-)
(a) (b)

Fig. 9. Stress-strain curves for long bolts: (a) Class 8.8; (b) Class 10.9.
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Table 8
Bolt coupon test results from machined test pieces.
Class Bolt Rpo2 =fy R = fup R, Agt A
(MPa) (MPa) (MPa) (%) (%)
M20 Mean 833.6 950.6 630.4 9.13 17.15
M24 Mean 883.2 995.9 683.9 8.53 16.88
M27 Mean 930.3 1013.7 705.6 8.29 16.87
8.8 M30 Mean 895.9 984.7 672.1 8.13 17.28
Mean 880.3 983.6 669.8 8.58 17.04
Total Mean/Nominal 1.38 1.23 - - 1.42
CoV 4.32 % 3.45% 5.27 % 5.63 % 5.00 %
M20 Mean 1109.4 1176.1 754.8 6.86 14.93
M24 Mean 1083.8 1166.6 797.9 6.47 13.73
M27 Mean 1107.0 1183.3 800.6 6.42 14.05
10.9 M30 Mean 1104.3 1187.0 859.6 6.08 12.77
Mean 1101.0 1177.9 800.8 6.48 13.92
Total Mean/Nominal 1.22 1.18 - - 1.55
CoV 2.29 % 1.83% 512 % 10.00 % 7.09 %

e For tests failing by BF, 8.8 bolts present higher ductility than 10.9
bolts.

For bolts failing by BF, it is observed that the descending part of the
curve after the maximum load is significantly shorter compared to the
standard structural bolts tested in the literature. This was due to the test
layout, because the bottom beam (see (1) in Fig. 6), and its fittings were
hanging from the long bolt. Although this effect was not relevant until
the maximum load was reached (its self-weight of about 500 kg was
deducted from the load cell measurements), it affected the behaviour
after reaching this point, transforming the test from pure displacement
control into a hybrid displacement/force control test, thereby prevent-
ing the capture of the descending equilibrium path.

To demonstrate this, four additional tests were conducted using a
standard universal tensile testing machine with a 600 kN capacity (see
Fig. 11), following strictly the prescribed test specifications of ISO 898-1
[11]. It is noted that the total bolt length had to be reduced to 400 mm
because of equipment limitations. To ensure BF failure mode, double
nuts were used at each end. The test conditions remained consistent with
the prior experiments, utilizing bolts from the same batches as in the
previous tests and a loading speed of 0.025 mm/s.

Fig. 12 compares the load-displacement behaviour of the additional
tests with the corresponding tests described in Table 9 (T4, T16, T25 and

700
600
""""""""""" \ [M2710.9
500 3 T
'M2410.9]
2 400 =
o | BT e o M24 8.8
= J
S
m 3001 H—F———t—=—=
& M20 10.9
e A [M20 8.8
2004 B
100
* Thread Stripping
e Bolt Fracture
0+ T v - v
0 10 20 30 40 50 60 70
u (mm)

(a)

T37) and two reference tests from the literature (Stranghoner et al. [32])
on standard structural bolts. Normalized displacement and force values
are used on the x- and y-axis, given that 3 different bolt diameters are
compared (Stranghoner et al.’s tests were conducted on M16 bolts,
whereas the tests carried out in the present study correspond to M20 and
M24 long bolts).

Comparing tests T4, T16, T25, and T37 with additional tests AT1 to
AT4, much larger ductility ratios and ratios of elongation at fracture
versus elongation at maximum load are observed for the latter tests. For
bolt class 8.8, similar ductility is observed between tests AT1 and AT2
and Stranghoner et al.’s test, while for bolt class 10.9, tests AT3 and AT4
exhibit about 50 % less ductility when compared to Stranghoner et al.’s
test.

Table 10 compares the experimentally measured initial stiffness with
the results from Eq. (3). A good match is obtained but a trend of
decreasing measured stiffness with increasing bolt diameter is observed
(0.915 < 0.997 < 1.015 < 1.065). Additionally, comparing the use of
one nut against two nuts, smaller initial stiffness is observed for double
nuts, probably reflecting the assumption of measuring the bolt elonga-
tion length from the midpoint of the two nuts.

3.4.5. Failure modes
The same failure modes for this type of load, as previously

700
----------------- "~ [M3010.9
6001 F. VX -
M2710.9|
500 T
- i M24 10.9
Z 400
=
-
2
. 300
M20 10.9
200 \ [M20 8.8
100
e Bolt Fracture
0 " .
0 10 20 30 40 50 60 70
u (mm)

(®)

Fig. 10. Force-displacement curves: (a) Tests with single nut (N1); (b) Tests with double nut (N2).
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Table 9

Summary of the results of tensile tests of the long bolts.

Bolt Class No. of No.of Test labels Mean tensile Max. tensile Tensile CoV (Rm¢,  Over-strength Calculated Load at 0.0048d non-  Ryfexp,mean = fyb, Yield Elong-ation Failure mode
nuts  tests stress area A;  1oad Fiy, exp, strength mean) ratio fub,exp, mean/ tension proportional exp,mean (MPa) strength CoV after s BF
meas,mean (MM mean (KN)  Ringmean = fub,exp, fub,nom (MPa) resistance of the elongation Fyf, exp. mean (Rpf,exp, mean)  fracture Ag, exp,
mean (MPa) long bolt (kN) mean (—)
Finfcale;mean (KN)
1 6 T1-T3, T7-T9 231.7 237.0 953.1 0.06 % 1.19 220.8 207.9 841.0 0.61 % 1.39 67% 33%
8.8 2 T’l;‘(‘).-TT61,2 231.7 238.8 953.1 0.06 % 1.19 220.8 204.1 841.0 0.61 % 1.94 0% 100 %
M2 T13-T1
0 1 6 T139—1§’ 242.0 283.8 1188.6 4.35 % 1.19 287.7 254.4 1125.1 4.49 % 0.31 83% 17 %
10.9
2 6 :1;1262};,12% 242.0 297.2 1188.6 4.35 % 1.19 287.7 260.9 1125.1 4.49 % 0.88 0% 100 %
8.8 1 6 T25-T30 346.3 378.1 1048.2 0.85 % 1.31 363.0 309.1 881.4 0.48 % 1.52 0% 100 %
M24 10.9 1 6 T31-T36 344.4 414.5 1159.0 1.44 % 1.16 399.2 373.2 1079.3 1.61 % 0.61 100% 0%
’ 2 6 T37-T42 344.4 410.3 1159.0 1.44 % 1.16 399.2 349.6 1079.3 1.61 % 0.96 0% 100 %
T43-T:
1 6 Ti?';-T“Si’ 444.1 538.9 1180.3 0.56 % 1.18 524.2 470.5 1103.8 1.05 % 0.82 33% 67 %
M27 10.9
2 6 ?;62?;% 444.1 540.8 1180.3 0.56 % 1.18 524.2 464.9 1103.8 1.05 % 0.80 0% 100 %
1 6 25651"1—1"56';’ 552.1 606.2 1187.4 - 1.19 655.6 554.1 1107.2 - 0.19 100% 0%
M30 10.9
T58-T
2 6 T56i-Y66% 552.1 648.0 1187.4 - 1.19 655.6 552.1 1107.2 - 0.69 0% 100 %

‘ID 32 J1OyUD[ N

Z6H601 (520Z) 62¢ Y24Da5ay [21S [DUONINLSUOD O [pUnOf
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Fig. 11. Layout of the additional tensile test of the cut long bolt.

documented in the literature for the conventional bolts [30], were

observed in this study. The two observed failure modes were: (i) thread

stripping (TS), see Fig. 13(a); and (ii) bolt fracture (BF), see Fig. 13(b).
From Fig. 10 the following trends can be established:

e For all tests where double nuts were used (N2), failure occurred by

Journal of Constructional Steel Research 229 (2025) 109492

4. Stress-strain curves for bolt material

The use of advanced numerical simulations with sophisticated finite
element models whereby the bolts are modelled with solid elements is
becoming increasingly common [39,43], further enhanced by a new part
of Eurocode 3 dedicated to design by finite elements. FprEN 1993-1-14
[49] provides stress-strain models for structural steels but it currently
lacks guidance for the stress-strain curves of structural bolts.

Recently, Yang et al. [50] proposed a material stress-strain model for
the steel material of high-strength steel bolts that includes the effect of
strain rate, based on the Yun and Gardner model [51], reproduced in
Egs. (4) to (7) for the case of no strain rate.

Ee for

£ for e, <e<eg
= g ' N C)

. 2¢"
5+ (f=5) {048 v 20000

e<¢g

for en <e<ey

where
ek _ € — Esp (5)
Ey — En
e — 0.0163 for class 8.8 bolts ®)
sh = 0 for class 12.9 bolts
& =0 6(1 —');—y),but &, > 0.06. (2]
u

It is noted that Yang et al. [50] identify a steel plateau for class 8.8
bolts and no plateau for class 12.9, whereby no information is provided
for class 10.9. It is also noted that the original proposal by Yun and

Table 10
Comparison of experimental and code results for initial stiffness.

BF. Bolt Class No. of nuts No. of tests Kkb,nom / kb,exp
e When only a single nut was used (N1), 64 % of all tests resulted in TS Mean CoV
failure, while 36 % resulte.d in BF fallur?.. . 1 5 0.87 .85 %
e For 10.9 bolts, the proportion of cases failing by TS is larger than for 8.8 2 6 0.91 3.78 %
8.8 bolts. M20 109 1 6 0.92 5.78 %
e All M24 10.9 and M30 10.9 bolts with single nut (N1) failed by TS. ’ 2 6 0.96 2.61 %
e All M24 8.8 bolts with single nut (N1) failed by BF. M24 8.8 i 2 g‘gz z'ég:f’
10.9 ' o
2 6 1.05 3.59 %
As a summary for practical application, if BF failure is desired for M27 109 1 6 0.98 4.93 %
long bolts subjected to tension, the use of a double nut (N2) is ’ 2 6 1.05 3.94 %
recommended. 1 6 1.03 4.52%
M30 109 2 6 1.10 3.48 %
ALL 66 0.98 7.93 %
12 12
10.9
1 A | crreTte b
_ 038 08 - [ |
o B ¥
i 06 1 —Original test T4: M20x1000 8.8 50,6 :
S AP & -~ Original test T16: M20x1000 109
04 - —Original test T25: M24x1000 8.8 3 ,g, : -
’ — Additional test AT1: M20x400 8.8 04 - - - Original test T37: M24x1000 10.9
02 - — Additional test AT2: M24x400 8.8 08 e :g:f:f"“ai :esi f}i : i’ggngg ig'g
2 . s itional tes : X :
" —Stranghdéner et al: M16x100 8.8 o StranghBiner sl MIGETD0.103
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0 0oz 0 64 0 66 0 68 0'1 0.12
o (-

Fig. 12. Comparative force-displacement results.
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(@)
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(b)

Fig. 13. Failure modes: (a) Thread stripping; (b) Bolt fracture.

Table 11
Engineering strains for bolt coupon test results from machined test pieces.
€y €sh €sn/€y ey €u/Ey
88 Mean 0.00430 0.01395 3.25 0.0858 19.97
’ CoV 5.4 % 36.5 % - 5.6 % -
10.9 Mean 0.00531 0.00893 1.68 0.0648 12.20
. CoV 5.1 % 24.4% - 10.0 % -

Gardner for hot-rolled steel for the strain hardening strain &g is given by
Eq. (8) as:

1400
M20 8.8
1200
1000
s
800
2
g 600
»n
400
200 — Experimental data
- = Material model
0
0 0.02 004 . 006 0.08 0.1
Strain (-)
1400
1200
1000
<
E 800
e
% 600
=
n
400
200 —Experimental data
- —Material model
0
0 0.02 0.04 0.06 0.08 0.1
Strain (-)

&sh = 0.1&7 0.055,but 0.015 < & < 0.03 ®
u

Table 11 summarizes the results from the experimental coupon tests
for ey, esn and g, for 8.8 and 10.9 bolt materials. Comparison with the
results by Yang et al. [S0] for 8.8 bolt material shows a slightly higher
value for e, (17 %: 0.0163 vs 0.01395), and a significantly higher value
for g, (40 %: 0.12 vs 0.0858). However, the coupon test results for M20
and M24 bolt material exhibit an unusually high scatter for &g, so an
average value of &g, = 0.015 is adopted. Concerning ¢,, Yang et al.’s
model simply adopted Eq. (8) from the Yun and Gardner model, so that a
value of ¢, = 0.086 is adopted.

1400
M24 10.9
1200
1000
£
g 800
w
% 600
=]
N
400
200 —Experimental data
- —Material model
0
0 0.02 0.04 006 0.08 0.1
Strain (-)
(b)
1400
M30 8.8
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1000
&
% 800
172}
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»n
400
200 —Experimental data
— —Material model
0
0 0.02 0.04 ~ 0.06 0.08 0.1
Strain (-)

Fig. 14. Application of the proposed model to selected coupons: a) M20 8.8; b) M24 10.9; ¢) M27 10.9; d) M30 8.8.
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Table 12
Assessment of the proposed model: summary of R? values.
8.8 10.9 ALL
Stress-strain curve Mean 0.993 0.998 0.996
CoV 0.77 % 0.10 % 0.41 %
Esh Mean 0.993 0.998 0.996
ey Mean 0.996 0.998 0.997

Hence, it is proposed to adopt the Yun and Gardner model for bolt
material classes 8.8 and 10.9 (Egs. (4) and (5)), with Egs. (6) and (7)
replaced as follows:

_ [ 0.015 for class 8.8 bolts ©)
Esh =1 0.0089 for class 10.9 bolts

~ [ 0.086 for class 8.8 bolts 10)
€0 =10.065 for class 10.9 bolts

For all tests, the experimental curves were compared to the material
model. Fig. 14 illustrates its application to a few selected examples,
showing good agreement.

Table 12 shows the results of the application of the proposed model
to the tests. The comparison yields an average R? value of 0.996 for the
full-stress-strain curve across all tests, indicating excellent agreement.
The bottom two rows of the Table 12 present the R values calculated for
€sh OF €y (Egs. (9) and (10)), showing similar results.

5. Reliability assessment
5.1. Methodology

The statistical evaluation is carried out by following the methodol-
ogy described in the EN 1990, Annex D [9] and the detailed procedures
presented in the SAFEBRICTILE project [52]. Considering the split be-
tween loading and resistance [53], the target reliability index to be
considered for reliability class RC2 is p = 3.04. The reliability assessment
comprises the following steps: (i) statistical characterization of the basic
variables; (ii) determination of the variability of the design method; (iii)
calculation of the required partial factor yye* that satisfies the target
reliability index.
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the following subsections.

5.2.1. Tensile strength

Test results reported in Table 8 show an average ratio fup, exp,mean/fub,
nom = 1.23 and a coefficient of variation CoV(fup,exp) = 3.45 % for class
8.8 and fyp,exp,mean/fub,nom = 1.18 and a coefficient of variation CoV(fyp,
exp) = 1.83 % for class 10.9. This agrees well with the coefficient of
variation conservatively adopted by Stranghoner et al. [32] of 4 %
which is also adopted here for consistency with that study.

5.2.2. Cross-sectional area

The measurements reported in Table 5 show that the maximum co-
efficients of variation for d, P and A are, respectively, 0.42 %, 0.33 %
and 0.97 %. The latter is in line with the 1 % CoV(A;) value adopted by
Stranghoner et al. [32], which is also adopted here for consistency with
that study. The ratio between the measured tensile area and the nominal
tensile area, A meas,mean/As,nom, shown in Table 6, is 0.974.

5.3. Tension resistance

The experimental results are first compared to the theoretical results
obtained by Eq. (2) with yy2 = 1.0, and measured material properties in
Fig. 15. Fig. 15(a) compares the experimental resistance using ks = 0.9,
as specified in EN 1993-1-8 [6], while Fig. 15(b) adopts ka = 1.0 as
proposed by Stranghoner et al. [32]. Table 13 reports on the corre-
sponding required partial factor yy for both cases, showing results that
are slightly higher than those obtained by Stranghoner et al. for standard
structural bolts. However, it is noted that the results by Stranghoner
et al. correspond to a mix of property classes 4.6, 5.6, 8.8 and 10.9.

Since the recommended value of yyj in EN 1993-1-8 [6] is 1.25, the
results of Table 13 may support increasing ko from 0.9 to 1.0, as also
proposed by Stranghoner et al. However, there are additional aspects
that need to be considered:

e EN 1990 [9] does not address the issue of reliability differentiation as
a function of the nature of the failure mode [54]. Nevertheless, his-
torically, since the ENV versions of Eurocode 3, the adoption of the
partial factors ymo, ym1 and ym2 always implicitly incorporated

Table 13
5.2. Statistical characterization of the basic variables Reliability assessment of the required partial factor yyy.
ko b Vs vz vz [32]
According to Eq. (2), the basic variables for the reliability assessment 0.90 1.116 0.955 0.88
of the tensile strength of steel bolts are the tensile strength f}, and the 1.00 1.004 0.054 1.061 0.98
tensile stress area As. Their statistical characterization is addressed in
800 =09 S 800 m P
=VU. QL’ =1.0 e
00 A2 x> <] 700 2 = d
L%l , AN
600 - 2N 600 A AR
500 - /@ 500 -
Z | g, 7’ s E‘ 5 ’ g “
ﬁ400 B,Q 2" . ey ﬁ400 By - =
300 - '1/ o M20 8.8 300 Aid & M20 8.8
7 o M20 10.9 7 & M2010.9
200 - 7 0 M24 8.8 200 55 o M24 8.8
P o M24 10.9 ,’/ 5 M2410.9
100 of o M27 10.9 100 # o M27 10.9
0 AM3010.9 0 AM3010.9
0 200 400 600 800 200 400 600 800
r [kN] r [kN]
a) b)

Fig. 15. Comparison of theoretical and experimental tension resistance for long bolts: a) k; = 0.9; b) k = 1.0.
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reliability differentiation in an empirical way by establishing yy2 =
1.25 for failure modes driven by fracture and ypo = 1.0 for failure
modes driven by plasticity. For example, the reliability assessment of
the newly introduced expressions for the design resistance of butt
and fillet welds clearly showed that y;,lz < 1.05 [55], but the adopted
partial factor was kept as 1.25.

Secondly, Eq. (2) provides the design tension resistance for the
verification of bolts in, e.g., bolted endplate joints, whereby the T-
Stub model is used. However, in the case of a Mode 2 failure mode,
the bolts present second-order bending deformations that are not
covered by Eq. (2).

6. Conclusions

This paper presents a comprehensive experimental campaign on long
bolts in tension, with the variability of relevant parameters including
bolt diameter, bolt class, number of nuts and finishing surfaces. In total
66 tests were conducted. The following conclusions can be derived:

e The observed failure modes were in correspondence with the previ-
ous tests found in the literature for standard structural bolts. Bolt
fracture failure (BF) occurred in all tests with double nuts (N2),
whereas in tests with single nuts (N1), a large proportion of cases (64
%) failed by thread stripping (TS).

The existing analytical formulas for the design tensile resistance of
standard structural bolts provided by EN 1993-1-8 can be safely
applied to long bolts.

e The expression for initial stiffness provides a good approximation to
the measured values, exhibiting a trend of decreasing stiffness with
increasing bolt diameter.

Class 8.8 long bolts showed similar levels of ductility when compared
to equivalent standard structural bolts, while for class 10.9 long bolts
areduction of about 50 % was noted when compared to Stranghoner
et al.’s tests.

Finally, although the results show that it is possible to increase the
tension resistance of bolts by adopting ky = 1.0 while maintaining the
target reliability of p = 3.04, it is believed that a wider discussion needs
to be undertaken concerning reliability differentiation and bending ef-
fects in bolts in moment-resisting joints.
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