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Abstract

The joining technology Lockstud System combines the advantages of a bolt thread
for making a tapped thread joint and the advantages of a lockbolt. On the tapped
thread joining side, the bolt has a metric ISO thread. On the assembly side, the bolt
has a grooved geometry like lockbolts of type A, B and C. This article publishes
results on the mechanical-technological properties, the assembly process with the
initial preload, the preload losses due to embedding under long period of time and
the load-bearing capacity subjected to static and fatigue normal stress for Lockstud
systems of nominal diameters M12, M16 and M20 (strength grade 10.9) compared
to conventional bolt assemblies and lockbolt systems.
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1 Introduction

Although high-quality connections can be realised with the
conventional bolted joint as a through-bolt or tapped
thread joint, their use is associated with some significant
disadvantages. The main disadvantage is the process-re-
lated scattering of the preload in torque-controlled assem-
bly, which, combined with fluctuations in the thread and
under head coefficients of friction, leads to assembly un-
certainties. Due to insufficient initial preload and subse-
quent subject to normal stress ranges, self-loosening of
the bolted joint can occur, which often results in damage
to bolts in practice. [1-5] Therefore maintenance intervals
are prescribed immediately after commissioning as well as
during the use of bolted joints subjected to normal stress
ranges in various areas of application in structural and me-
chanical engineering [6; 7]. Lockbolt systems according to
Technical Bulletin DVS/EFB 3435-1 [8] and Technical Bul-
letin DVS/EFB 3435-2 [9] consist of a lockbolt made of
carbon steel and an associated collar. Compared to classic
bolted joints, these are characterised by a special suitabil-
ity for maintaining the preload over the service life, [10-
12] by a high level of assembly safety due to the friction-
and torsion-free tightening process [13-15], a higher fa-
tigue strength under concentric and eccentric load com-
pared to structural steel bolts (system HV according to
EN 14399-4 [16]) [17-19] and an effective securing effect
for transverse loads above the theoretical threshold [20;
21]. Responding to the mentioned requirements, a stud-
bolt is presented which combines the advantages of a bolt

thread for making a tapped thread or through-bolt joint
and the advantages of a lockbolt system. This is called the
Lockstud System (LoS). On the threaded side, the bolt has
a metric ISO thread according to DIN 13-1 [22]. On the
assembly side, the bolt has a groove geometry, as is
known from lockbolts of types A, B and C according to
Technical Bulletin DVS/EFB 3435-2 [9].
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Figure 1 Schematic assembly process for the Lockstud system
(type C) for a through-bolt joint

This characteristic offers the potential for a mechanically
maintenance-free joint. Due to the torsion-free tightening
process of the Lockstud systems, a preload level with low
scatter is achieved. Together with the formed collar, me-
chanically joined connections can be secured against self-
loosening during service life. Therefore, the fatigue limit of
constructions over their service life can be guaranteed.
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Figure 1 schematically shows the assembly process of a
Lockstud system as a through-bolt joint. After the nut with
washer and the collar are screwed on the respective part
(1), the assembly on the groove side begins with the steps
as shown (2-4). For this purpose, the installation tool is
applied to the pin tail of the Lockstud. The Lockstud is ten-
sioned by the installation tool while the collar is simulta-
neously formed into the lock grooves. It results a pre-
loaded high strength joint.

There is no knowledge about the preload losses and load-
bearing capacity of Lockstud systems and the decisive fail-
ure mechanism under the influence of nominal stress
(quasi-static, fatigue). A transfer of the existing design
rules for tension connections with threaded bolts/studs or
lockbolt systems to Lockstud systems is not sufficiently
clarified due to the unknown failure mechanisms. As part
of the current public funded EFB research project
"Tragverhalten Lockstud" (21540 BR) [23] the preload-
time as well as the load-bearing capacity of Lockstud sys-
tems are being investigated experimentally and numeri-
cally. Based on the investigations, the determined pre-
load-time curves and load-bearing capacities are analysed
and evaluated to enable a more economical assembly and
design. In the research project, recommendations for the
design and execution of connections with Lockstud sys-
tems will be developed and the fundamentals for norma-
tive regulations for the implementation of the results in
the Technical Bulletin DVS/EFB 3435-2 [9] will be estab-
lished. Design rules are derived based on VDI 2230 -
Part 1 [24] and Eurocode 3 (EC3) [25]. This allows small
to medium sized enterprises (e.g. engineering offices) in
particular to avoid cost- and time-intensive individual in-
vestigations.

2 Experimental investigations

The subject of the current investigations are two bolt as-
semblies, three lockbolt systems and 14 Lockstud sys-
tems. Figure 2 shows an example of the investigated fas-
teners under variation of the nominal diameter (3/8”,
M12, M16, M20), strength grade (8.8, 10.9), surface and
coating conditions as well as the use of a nut according to
EN ISO 4032 [26] or EN 14399-4 [16] (system HV). The
coating conditions are black, hot-dip galvanised (hdg) and
zinc-flake.

Bolt assemblies

Figure 2 Representation of the investigated fasteners
2.1 Mechanical-technological properties

Each series has been tested for normative deviations and
imperfections according to EN ISO 898-1/-2 [27; 28] for
metric bolt assemblies or according to Technical Bulletin

DVS/EFB 3435-1 [8] for lockbolt systems. For this pur-
pose, the mechanical-technological properties, such as
chemical structure, impact strength, core hardness, mi-
crohardness profile as well as the coating and surface con-
dition were characterised.

The core hardness (VICKERS) of the fasteners was deter-
mined in the cross-section according to EN ISO 898-1
[27]. The measurements of the Lockstud systems are car-
ried out in the lock groove and thread cross-sections. Fig-
ure 3 shows the averaged core hardness for the respective
strength grade of the bolts (blue), lockbolts (orange) and
Lockstuds (green) in the thread cross-section. The core
hardness of the fasteners (strength grade 10.9) are within
the specified tolerance of 320 - 380 HV10. The
EN ISO 898-1 [27] distinguishes between nominal diame-
ters d < M16 and d > M16 for the tolerances of the core
hardness of strength grade 8.8. The hardness values of
the Lockstud systems M16 and M20 strength grade 8.8
were determined between 342 - 344 HV10 and exceed the
required tolerances. The core hardness of the two Lock-
stud systems M12 strength grade 8.8 reach the upper
range of the tolerance limit.

Hardness determined on a transverse section through the threaded portion

strength grade 10.9
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Figure 3 Core hardness of the fasteners strength grade 8.8 (left) and
strength grade 10.9 (right)

After conversion to the tensile strength according to
EN ISO 18265 [29], the hardness values of Lockstud sys-
tems M16 and M20 strength grade 8.8 corresponds to an
overstrength that is equal to strength grade 10.9. For this
reason, only Lockstud systems of strength grade 10.9 are
investigated in this article.

2.2 Assembly process

The determination of the assembly process is used to de-
fine the initial preload of the Lockstud systems after com-
pletion of the assembly process as well as the tightening
factor aa required for the design of a connection according
to VDI 2230 - Part 1 [24]. In addition, the assembly pro-
cess of the Lockstud systems is described in the form of a
preload-time curve. According to the current state of the
research project, three Lockstud systems of nominal di-
ameter M16 and M20 with strength grade 10.9 (type C) in
black and zinc-flake conditions of series #8, #10 and #11
with a grip length ratio of Ik/d = 2.8 were investigated.
The joint was designed as a through-bolt joint with the
corresponding nut according to EN ISO 4032 [26] and
washer according to EN ISO 7089 [30]. The assembly pro-
cess was carried out based on Figure 1 in components
made of uncoated structural steel S355JR with one inter-
face and medium-sized through-holes according to
EN 20273 [31].

85UB01 7 SUOWIWIOD 3AFe81D 3ol dde aup A pauienoh a1e Sajoie VO ‘88N JO S9N 10} Ae1q1T 8UIUO /8|1 UO (SUO IPUD-PUE-SWBH 0D A3 1M ARIq 1 BU1|UO//SORY) SUO RIPUOD PUe SWiia | 8y} 885 *[6202/80/52] U0 AkeiqiTauliuo A|IM ‘g1 Bjoyureld Aq 17272 'edeo/z00T OT/I0p/wo0 A8 M Aeiq Ul |uo//Sdiy wolj papeojumod ‘v-€ ‘€202 ‘5026052



1252

Figure 4 shows an example of the preload-time-curve of a
Lockstud system (M20, 10.9, black) during the assembly
process. In accordance with the Technical Bulletin
DVS/EFB 3435-1 [8], this process can be described as fol-
lows:

1. After arranging the components, the assembly process
begins with inserting the Lockstud into the through
hole with screwing on the nut with washer on the
threaded side and loosely fitting or screwing on the col-
lar on the lock grooves (assembly side).

2. The Preloading begins when the installation tool is ac-
tivated.

3. The preload increases until its maximum value Fmax is
reached. This value marks the end of the collar being
swaged into the lock grooves.

4. The remaining preload after removing the installation
tool is now described as the initial Lockstud assembly
preload Fw,Los.

Preload-time-curves of the Lockstud system
M20 10.9 black (series #8)

250 4 13 F . during preloading

specimen |

specimen 2
——— specimen 3
specimen 4
- specimen 5

14| Load after removing the installation
tool = assembly preload

200

was recorded for eight specimens per series after the as-
sembly process and measured again after defined time in-
tervals (7 days, 42 days). The preload losses due to em-
bedding were extrapolated to 20 and 50 years and are
shown in Table 1 after statistical evaluation.

Table 1 Extrapolated preload losses due to embedding

Series # 10 11 8
Nominal diameter [mm] M16 M16 M20
Strength grade 10.9 10.9 10.9
Coating - zinc-flake -
Number of specimens 8 8 8
Assembly PreloadV) [kN] 121.34 118.12 184.49
time interval [days] 42 42 7
Kn 2.00 2.00 2.00
Preload losses [%] - Extrapolation 20 years
Mean value 7.73 7.91 5.88
Standard deviation 1.54 1.90 1.24
Coefficient of variation 0.02 0.04 0.02
95% Quantile 10.81 11.70 8.35

Preload losses [%] - Extrapolation 50 years

Mean value 8.11 8.31 6.13
Standard deviation 1.64 2.03 1.32
Coefficient of variation 0.03 0.04 0.02
95% Quantile 11.38 12.38 8.78
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Figure 4 Characteristic preload-time-curves during the assembly pro-
cess

The investigations demonstrated that the maximum pre-
load Fmax is below the nominal minimum yield strength
Rpo.2 min Of the bolt material. This means that 94 - 97 % of
the yield strength of the bolt material Rpo.2 min is utilized
during preloading. The tightening factor aa varies between
1.02 and 1.05, reflecting the advantage of the tightening
process. The initial preload Fp,c reached the calculation
value as well as for the design as a bolt according to
EN 1993-1-8 [32] and as a lockbolt according to Technical
Bulletin DVS/EFB 3435-2 [9].

2.3 Characteristic preload

The preload losses F. due to embedding is caused by the
time-dependent plastic flattening of surface roughness at
the bearing areas and relaxation of coatings. Pulling tight-
ening techniques can increase preload losses compared to
torsional tightening techniques. [1; 24] For the design of
preloaded fasteners according to EC3, preload losses of
10 % are included [33]. The preload losses were deter-
mined on three Lockstud systems of nominal diameter
M16 and M20 strength grade 10.9 without additional load
(static, fatigue). The Lockstud systems and components
were applied from the assembly process tests. The preload

1) 5%-Fractile

The assembly preload reach the minimum preload accord-
ing to EN 1090-2 [33]. The highest losses are observed in
the zinc-flake-coated Lockstuds systems (series #11) with
12.38 % extrapolated to 50 years. The series #8 has the
lowest preload loss at 8.78 % extrapolated to 50 years.

2.4 Load-bearing capacity

The static load-bearing capacity of the fasteners under
concentric load was investigated on five different Lockstud
systems strength grade 10.9. For the test procedure, the
investigated Lockstud systems were assembled in an ad-
justed test fixture according to installation instructions
based on Technical Bulletin DVS/EFB 3435-1 [9]. The test
was stroke controlled over a traverse stroke of up to
20 mm with a test speed of v = 5 mm/min until failure of
the respective Lockstud systems on a static tension/com-
pression testing machine. In order to investigate the influ-
ence of the nut height as well as the degree of flank cov-
erage, nuts and washers according to EN ISO 4032 [26]
and EN ISO 7089 [30] as well as HV nuts and washers
according to EN 14399-4/-6 [16; 34] were used. The
strength grades of the nuts are compatible with those of
the Lockstuds. The assembly condition of the nut on the
threaded and the collar on the grooved side corresponds
to common assembly principles [1; 8].

All Lockstud systems achieved the specified minimum frac-
ture load according to EN ISO 898-1 [27] or the charac-
teristic value of the limiting tensile load Ftrk according to
Technical Bulletin DVS/EFB 3435-2 [9] in accordance with
the respective strength grade and nominal diameter. The
majority of the Lockstud systems strength grade 10.9
failed by stripping the collar over the lock grooves. The
experimentally determined load-stroke curve of the Lock-
stud system M16 10.9 zinc-flake (series #11.2) is shown
as an example in Figure 5.
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A linear increase of the test load can be seen until a max-
imum load Fi,max is reached, followed by an sudden drop in
load and failure of the Lockstud system. In the further
curve of the diagram, the test load increases until the sec-
ond maximum load is reached and then decreases again
after repeated stripping of a collar groove. This process
repeats until the complete collar grooves are stripped off.
The stripping of the collar under quasi-static concentric
load is already known from completed research activities
[13; 15] and is interpreted as a design principle of lockbolt
systems.

Tensile test: Lockstud system
200 4 M16 10.9 zinc-flake (HVsystem) (series #11.2)

F, ay tensile fracture load

/ \ Fracture image
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Figure 5 Static load-bearing capacity of a concentric loaded Lockstud
system with collar stripping

2.5 Fatigue strength of non-preloaded systems

The fatigue tests were carried out in accordance with
DIN 969 [35] at constant mean load Fm on the servo-hy-
draulic dynamic testing machine in load-controlled mode.
The test stopped with the fracture of the fastener into two

parts or by reaching a limit number of load cycles
N = 5-10°% (= run out). The stress ratio varies between
0.42 < R < 0.89. The mean load Fn is calculated by utilis-
ing the minimum yield strength Rpo.2 min Of the bolt material
in the tensile stress area As of the respective fastener in
the ratio of 70 % according to DIN 969 [35].The tensile
stress area As of the Lockstud system in the threaded part
is considered more critical and is used for the calculations.
The assembly position of the fasteners in the test fixture
corresponds to the normative specifications of DIN 969
[35], whereby the nut and collar were assembled to four
free loaded thread and lock grooves. According to DIN 969
[35], the fastener must be installed in the test fixture with-
out preload. When assembling a Lockstud system, it is first
initially preloaded. Therefore, an installation procedure ac-
cording to Technical Bulletin DVS/EFB 3435-1 [8], Glienke
[15] and Schwarz [36] must be considered, which allows
testing on preload-free Lockstud systems.

Figure 6 shows the classification of the fracture results of
the Lockstud systems strength grade 10.9 series #5 and
#6, as well as the common statistical evaluation with the
S-N curves of the 95 % and 50 % probability of survival.
The reference value of the fatigue strength at 95 % prob-
ability of survival is Aoc,rs=95% = 65.1 MPa. In addition, the
fracture points of the M12 series #17 and #19 were added.
These are not included in the common statistical evalua-
tion. The individual Lockstud systems M20 as well as the
result after common statistical evaluation are to be as-
signed to detail category (DC) 63 up to the current state
of the research project. The variable slope after common
evaluation was determined with mvar. = 3.55. After statis-
tical evaluation, the nominal diameter M12 strength grade
10.9 black reached DC 80. The failure mode occurred
mainly in the first load-bearing thread. Series #5 and #6
failed more frequently in the transition from high cycle fa-
tigue (HCF) to very high cycle fatigue (VHCF) in the first
load-bearing lock groove.

Table 2 Test results of the fatigue tests subject to normal stress acc. to the background document to EN 1993-1-9 [37]

# Slope AOc Ps=95% Detail
Seri Fastener #Data [-] [MPa] cate-
eries
_ Mvar. Mconst. Muvar. Mconst. gory
54.5 57.9
- - - 1)
- 1 HV-M20x120-10.9/10 - hdg 31 2.80 3 (60.1) (63.5) 56
2 = » 9.6 73.5
B 2 M20x120-10.9/10 -black 38 3.99 3 (112.5)  (93.1) 71
. 126.8 103.2
- - 1)
% 3 M20 10.9 type C - zinc-flake 31 3.43 3 (138.6) (120.1) 100
Q . 1) 88.5 77.5 71
§ 4 M20 10.9 type C - zinc-flake 18 3.55 3 (101.8)  (89.0)
-4 5 " _ 1) 129.2 121.9
: 7 3/4" 8.8 type A - black 15 3.32 3 (147.8) (137.5) 112
125.7 81.4
- 1)
= 17 M12 10.9/10 type C - black 15 4.65 3 (137.3) (100.4) 80
B . 109.5 67.4
b -] - - 1)
% N 19 M12 10.9/10 type C - zinc-flake 15 4.79 3 (129.0) (88.5) 63
X I 1 92.6 64.5
g i 5 M20 10.9/10 type C - zinc-flake 18 4.48 3 (107.2)  (79.7) 63
< T 66.7  66.2
B 6 M20 10.9/10 type C - zinc-flake 1 18 3.16 3 (75.4) (71.5) 63
il (101.5) (81.8)
D Thread rolled before heat treatment
2) Thread rolled after heat treatment
Aoc,ps=95% Reference value of fatigue strength with 95 % probability of survival
(..) 50 % probability of survival
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Classification of test results Lockstud systems
statistical evaluation acc. to Eurocode 3 background with constant slope m=3

A fractures - M20 109 (series #5, #6)
A run-outs - M20 109 (ser
X fractures - M12 10.9 black (series #17

X fractures - M12 10.9 zinc-flake (series #19)
50 % probability of survival

= — 95 % probability of survival

L MR

. ~ g | T 1
10,000 100,000 1,000,000 10,000,000

Number of cycles [-]

Figure 6 Statistical evaluation of the fatigue strength tests of the Lock-
stud systems according to background document to EN 1993-1-9 [37]

To verify the fatigue strength of Lockstud systems (type C)
strength grade 10.9 without hot dip galvanising, a DC 63
is proposed according to the current state of the research
project. According to current knowledge, the first load-
bearing thread is decisive for failure mode in the HCF.

3 Conclusions

The results from the current research project [23] provide
new knowledge on the load-bearing capacity of Lockstud
systems under the influence of quasi-static and fatigue
loads. In addition, the assembly process of the Lockstud
system was described by using a preload-time curve. They
build the fundamentals and contribute to the design of
connections with Lockstud systems. The previous research
results on the Lockstud systems of strength grade 10.9
can be summarised in the following results:

1. Suitability for the realisation of a preloadable high
strength joints of strength grade 10.9

2. Assembly process equivalent to lockbolt assembly with
low tightening factor aa = 1.05 due to the torsion-free
tightening process

3. 94 - 97 % utilisation of the bolt material yield strength
Rpo.2 min through initial preload

4. Extrapolated to 50 years, the preload losses F; due to
embedding are higher for zinc-flake Lockstud systems
with 12.38 % than for black Lockstud systems

5. Failure mode due to stripping of the collar under quasi-
static load, whereby the characteristic value of the lim-
iting tensile load Firc according to Technical Bulletin
DVS/EFB 3435-2 [9] has been reached

6. Failure mode due to fracture in the first load-bearing
thread subject to normal stress ranges in the HCF,
whereby DC 63 is recommended for the fatigue re-
sistant design

Further investigations of the current research project in-
clude numerical simulation of the assembly process and
calculations of the elastic resilience. In addition, the
maintenance-free characteristics of preloaded Lockstud
systems subject to shear stress ranges are being investi-
gated by fatigue tests.
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