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Abstract: Fasteners are critical components in engineering structures and their failure present significant
consequences in safety critical applications. In Australia, AS 5216, covers the design and prequalification
of fasteners in concrete for safety critical applications. This standard has been primarily referenced in the
NCC 2022 and referenced in several other Australian standards including the Australian concrete standard
(AS 3600) and bridge design standard (AS 5100). The new edition of AS 5216 was published in 2021 which
includes several additional requirements for the design of cast-in and post-installed fasteners in concrete.
However, the design of fatigue loading is not considered. If the fasteners are loaded under repeated cyclic
loading, failure could occur after a number of cycles at a significantly lower load than the static failure load.
The fatigue design could be governing load/design case in some cases such as in bridges and tunnels. This
paper reviews the behaviour of fasteners under fatigue loading and provides guidelines for the
prequalification and design of fasteners under fatigue cyclic loading.
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1. Introduction

In 2021, the Australian fasteners in concrete design standard, AS 5216:2021 (Standards Australia, 2021),
was published superseding AS 5216:2018. Since the release of AS 5216 (and SA TS 101), it has become
a critical reference for the design of cast-in and post-installed fasteners in the country. The standard is now
referenced in the National Construction Code (NCC) 2022, which regulates the construction of buildings
and structures throughout Australia. AS 5216 has also been referenced in other Australian standards, such
as AS 3600 (Standards Australia, 2018) for concrete structures and AS 5100 (Standards Australia, 2017)
for bridge design.

The introduction of deemed-to-satisfy provisions of fasteners in Australia has brought consistency to the
prequalification and design requirements for fasteners, resulting in increased safety in the fastening industry.
Engineers and designers can now use AS 5216 as a reliable reference for the design and selection of
fasteners, which has led to an overall improvement in the safety and quality of construction in Australia.

However, while AS 5216 covers a range of design requirements for fasteners, its scope is still developing.
As a result, there are some important design verifications that are not yet included in the standard. For
example, the design of fasteners for fatigue loading, fire performance of fasteners and durability
considerations are not currently covered in AS 5216. This has resulted in different guidelines being adopted
by manufacturers and suppliers, making the selection of fasteners confusing for engineers. If incorrect
fasteners are chosen, it can lead to inappropriate designs and dangerous outcomes. Therefore, it is
important to continue developing the standard to cover all necessary design requirements for fasteners,
ensuring that engineers and designers have access to accurate and reliable information.

This paper focuses specifically on the prequalification and design fasteners under pulsating tension load,
pulsating and alternating shear load and combination of thereof. While AS 5216 covers pre-qualification and
design requirements for fasteners under cyclic loading, it only covers the post-installed fasteners loaded in
tension and shear under seismic loading. It does not cover fatigue loading scenarios.

Thus, the focus of this paper is to review the prequalification and design of cast-in and post-installed
fasteners subjected to fatigue loading. The paper aims to provide a comprehensive guide for engineers and
designers in the pre-qualification and design of fasteners for fatigue loading.

2. Fatigue Loading

Fatigue cyclic loading is an important factor to consider when designing fasteners. Unlike static and quasi
static loading, where the characteristic resistance of a fastener is the main factor in design, the number of
cycles, pulsating/alternating loading, and load level all play significant roles in determining the design of a



fastener subjected to fatigue cyclic loading (Eligehausen et al., 2006). It is essential to take into account the
nature of the fatigue loading that the fastener will be subjected to, as the failure mode for static loading and
fatigue cyclic loading may be different. Furthermore, the resistance associated with different failure modes
varies differently with the number of cycles, which further emphasizes the importance of designing a fastener
for fatigue cyclic loading (Thilo Fréhlich, 2019). Figure 1 shows the generalized fatigue loading in fasteners.
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Figure 1: Definition of fatigue loads

To aid in the design process, a typical S-N curve, also known as a Wohler curve shown in Figure 2, is often
used. This curve shows the relationship between the stress (or load) and the number of cycles and is
commonly used to design fasteners (Wohler, 1870). However, it is important to note that prequalification
documents may have different methods for assessing the resistance of fasteners under fatigue cyclic
loading.
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Figure 2: Stress vs no of cycles diagram for fatigue resistance

EAD 330250 (EOTA, 2021) has three assessment methods for the pre-qualification of fasteners under
fatigue cyclic loading: Method A (interactive method), Method B (simple method), and Method C (linearized
method). The assessment method used depends on the intended use of the fastener. The assessment
method used is stated in the pre-qualification report, such as the European Technical Assessment (ETA),
and the design method may differ depending on the assessment method (EOTA, 2020).

In this paper, the design method used is aligned with the "simplified method" (also called Method Il in EOTA
TR 061), which is applicable to fasteners pre-qualified using all three assessment methods from EAD
330250. However, if the fastener is pre-qualified using Method A or C, a more detailed design method called
the "complete method" (or Method |in EOTA TR 061) could be used. Table 1 provides more information on
the different methods available.



Table 1: Fatigue design method based on assessment method.

Assessment Method in EAD 330250 Design Method in EOTA TR 061
A lorll

B I

Cc lorll

If a fastener is subjected to a combination of fatigue cyclic and static load, the Goodman diagram can be
used to aid in the design process. The Goodman diagram is a graphical method that helps determine
whether a fastener will fail under fatigue cyclic loading, static loading, or a combination of the two. More
details on the Goodman diagram and its application can be found in EOTA TR 061 (EOTA, 2020).

The fatigue resistance of a fastener is typically evaluated based on the number of load cycles it can
withstand before failure (Eligehausen et al., 2006). However, conducting fatigue tests for a large number of
load cycles can be time-consuming and expensive. Therefore, in this paper, the fatigue resistance of the
fastener is calculated for a specific number of load cycles, which is 2x108. This is a commonly used value
in the industry for fatigue testing and is considered to be a representative number of cycles for the design
of fasteners (CEN, 2018). It is worth noting that the fatigue resistance of a fastener is not constant over an
infinite number of load cycles. However, after a certain number of load cycles, the fatigue resistance
becomes relatively constant and does not significantly decrease with further loading.

3. Designh recommendations

In this paper, design provisions for post-installed fasteners and cast-in headed fasteners have been
proposed for Australia that are subjected to fatigue cyclic loading. The design provision presented in this
paper does not cover fasteners qualified for use in connecting statically indeterminate non-structural
systems, fastenings with annular gaps, fasteners with shear loading with lever arm, or fasteners with
possible loosening of nuts and screws.

To use the design provisions outlined in this paper, fasteners must first be prequalified in accordance with
EAD 330250 (EOTA, 2021). The resistance and condition of use for fasteners under fatigue loading provided
in the pre-qualification report shall be used. It is important to note that the transfer of resistance values to
similar fasteners shall not be done, as even a slight change can lead to a different behavior (AEFAC, 2023).

The basis of the design recommendations in this paper is EN1992-4 (CEN, 2018) and EOTA TR-061 (EOTA,
2020). The detailed design method is presented in AEFAC Technical Note 14 (AEFAC, 2023). The
verification of fasteners for fatigue cyclic load consists of both static and cyclic loading. The verification of
fasteners under static loading should be carried out in accordance with AS 5216. However, this paper only
covers the verification of fasteners for fatigue cyclic loading.

Fatigue verification is recommended in the following conditions:

e Expected pulsating tension load cycles on the fastener are greater than or equal to 1000.

e Alternating/pulsating shear load cycles on the fastener are greater than or equal to 100.

e Stress due to climatic variation in the lowest stress fasteners is greater than 100 MPa in tension
and greater than 60 MPa in shear.

It is worth noting that the fastener's fatigue resistance is calculated for 2x10° load cycles. In general, the
fatigue resistance is constant after 2x108 cycles, and thus, the resistance calculated from the method
presented here is also the applicable for infinite load cycles.

The ultimate strength of the fastener shall be verified in accordance with Equation 3.2.1 in AS 5216 (AS5216,
2021) considering modes of failure under tensile loading, modes of failure under shear loading and
combined tensile and shear loading described in the following sections.

The mode of failure calculated to provide the lowest design strength shall be adopted for ultimate limit state
design.

3.1 Design of fasteners under tensile fatigue loading

The design of fasteners subjected to tensile loading needs to be performed in accordance with the
verifications listed in Table 2. The modes of failure producing the lowest design strength should be adopted.



Table 2: Verifications required for fasteners loaded in tension

Fastener Group
Failure Mode Single fastener
Most loaded fastener Fastener Group
. 1 * 1 h *
Steel failure e’ ANy < us far - ANpy s e’ ANt < dys far - YrN - ANpy |
Concrete cone 1 1
; —— ANj < .AN —— . ANY%j < .AN
fallure ¢F,fat fk ¢Mc,fat Rk,c ¢F,fat fk ¢Mc,fat Rk,c
. 1 1 % 1 h *
Pull-out failure m . Aka < ¢Mp,fat . ANRk,p qu‘fat . Aka < ¢Mp,fat YPEN- ANRk,p
Concrete 1 1
irer . —— . AN/ < AN —— . ANY%j; < .AN
splitting failure brfar Pucsac- ANpesp Brpa T P fat- ANpresp
Concrete blow-
. LANF, < .AN AN, < .AN
out failure brfar I Pucfat- ANpych Brpa T Pmcfat - ANppp

" Applicable to post-installed mechanical fasteners, bonded expansion fasteners and headed fasteners.
®r fat is determined from the pre-qualification report. It is recommended to use 1.0 if further information is not available.

If the detailed information is not available, the following values of the capacity reduction factors can be used.

1
¢Ms,N,fat =135

1

¢Mc,fat =15
1

¢Mp,fat =15

3.1.1 Steel failure

The tensile fatigue resistance of the fastener to steel failure (ANgks) is provided in the product
prequalification report.

3.1.2 Concrete cone failure

The tensile fatigue resistance of a fastener or a group of fasteners to concrete cone failure for 2x10° load
cycles (ANgk,) is calculated as follows:

ANppc = Nie N fato- Nppe

Where,
AN Rjc = fatigue resistance of a fastener or a group of fasteners loaded in tension to concrete
cone failure for 2x10°¢ load cycles
Nk, =  Characteristic strength of a fastener or a group of fasteners to concrete cone failure
for static loading and shall be calculated from AS 5216 Section 6
Nk,c,N,fat,c0 = Reduction factor for concrete cone failure and determined from product

prequalification report

= 05 if further information is not available



3.1.3 Pull-out failure

For the fatigue resistance against pull-out failure (ANgk,») under tensile fatigue loading is product dependent.
It is obtained from product prequalification report.

3.14 Concrete splitting failure

The tensile fatigue resistance of a fastener or a group of fasteners to concrete splitting failure for 2x108 load
cycles (ANgk,sp) is calculated as follows:

ANRk,sp = Nk,sp,N,fat,c0 NRk,sp

Where,
AN Rpsp = fatigue resistance of a fastener or a group of fasteners loaded in tension to concrete
splitting failure for 2x10° load cycles
NRk,sp =  Characteristic strength of a fastener or a group of fasteners to concrete splitting
failure for static loading and shall be calculated from AS 5216 Section 6
Mk,sp,N,fat,o0 = Reduction factor for splitting failure and determined from product prequalification

report

= 0.5 if further information is not available

3.1.5 Concrete blow-out failure

The tensile fatigue resistance of a fastener or a group of fasteners to concrete blow-out failure for 2x108
load cycles (ANgk.cp) is calculated as follows:

ANRk,ch = Nk,cb,N,fatoo Ny ch

Where,
AN _ fatigue resistance of a fastener or a group of fasteners loaded in tension to concrete
Riecb blow-out failure for 2x108 load cycles
Niieeb _  Characteristic strength of a fastener or a group of fasteners to concrete blow-out
. failure for static loading and shall be calculated from AS 5216 Section 6
Mk,ch,N fat,o = Reduction factor for blow-out failure and determined from product prequalification

report

= 0.5 if further information is not available

3.2  Design of fasteners under shear fatigue loading

The design of fasteners subjected to shear loading is performed in accordance with the verifications listed
in Table 3. The modes of failure producing the lowest design strength should be adopted.

Table 3: Verifications required for fasteners loaded in shear

Fastener Group

Failure Mode Single fastener
Most loaded fastener Fastener Group
Steel  failure 1
without  lever v AVFi < Pusy fac - AV FY AV < Pusy,fae - WEy - AV
arm fa fa




- 1 1
Concrete pry VoS B gar- DV ey

. AV%;; < ¢Mc,fat . AVRk,cp

out failure DF fat br fat
Concrete edge 1 . 1 .
failure e’ AVA < Pucfac- AV gy e’ AV%E < bumefar - AV py

If the detailed information is not available, the following values of the capacity reduction factors can be used.
1
¢M5,V,fat = ¢Ms,N,fat =135
1
¢Mc,fat =15

3.2.1 Steel failure without lever arm

The presence of a lever arm for the purpose of design for shear loading is determined in accordance with
AS 5216 Clause 4.2.2.3 and Clause 4.2.2.4.

The shear fatigue resistance of the fastener to steel failure without lever arm (AVry,) is calculated from the
product prequalification report.

3.2.2 Concrete pry-out failure

The shear fatigue resistance of a fastener or a group of fasteners to concrete pry-out failure for 2x108 load
cycles (AVgicp) is calculated as follows:

AVRk,c;rJ = Nk,cp,V fat, VRk,cp

Where,
AV Rk,cp = fatigue resistance of a fastener or a group of fasteners loaded in shear to concrete
pry-out failure for 2x10° load cycles
VRicp =  Characteristic strength of a fastener or a group of fasteners to concrete pry-out
failure for static loading and shall be calculated from AS 5216 Section 7
Nke,cp,V fat,o0 = Reduction factor for concrete pry-out failure and determined from product

prequalification report

= 0.5 if further information is not available

3.2.3 Concrete edge failure

The shear fatigue resistance of a fastener or a group of fasteners to concrete edge failure for 2x10° load
cycles (AVgk,) is calculated as follows:

AV Rie = Nkev fato Vg

Where,
AV R = fatigue resistance of a fastener or a group of fasteners loaded in shear to concrete
edge failure for 2x108 load cycles
VR, =  Characteristic strength of a fastener or a group of fasteners to concrete edge failure
for static loading and shall be calculated from AS 5216 Section 7
Nk,c,V fat,o0 = Reduction factor for concrete edge failure and determined from product

prequalification report



= 0.5 if further information is not available

3.3  Design of fasteners in combined fatigue loading

Verification of strength of fasteners under combined and shear loading is conducted in accordance with
equation (1). The verification is conducted for steel failure and failure modes other than steel failure
separately. The largest value of Bn,fat and By fat for the different failure modes under consideration should
be taken.

(Bu,fa)” + (Bufa)™ <1 (1)
With
ANy
ﬁN'fat T brfarbmfar Wpy ANRk =1 (2)
AV
B V.fat = F fatPu,fat Vry AVRic =1 (3)
Where,
YrEN = reduction factor applied to the tension resistance to account for the unequal
distribution of the tension load acting on the fixture to the individual fasteners of a
group

< 1, given in product prequalification report

Yry = reduction factor applied to the shear resistance to account for the unequal
distribution of the shear load acting on the fixture to the individual fasteners of a

group

IA

1, given in product prequalification report

= 1, for groups with 2 fasteners under shear load perpendicular to the axis of the
fasteners when the fixture is not restrained against in-plane rotation

a = as for verification of steel failure, determined from product prequalification

= a. for verification failure modes other than steel failure, determined from product
prequalification

ANgy,

Peak to peak amplitude of the fatigue tensile action

AN gy

fatigue resistance for the considered failure mode
AV = Peak to peak amplitude of the fatigue shear action

AV gy = fatigue resistance for the considered failure mode

4. Conclusions

This paper reviews the behavior of fasteners under fatigue loading and provides guidelines for the
prequalification and design of fasteners under fatigue cyclic loading. While the Australian standard AS 5216
provides design requirements for fasteners under cyclic loading, it does not cover fatigue loading scenarios.
This paper fills this gap by focusing on the prequalification and design of cast-in and post-installed fasteners
subjected to fatigue loading. The paper provides an overview of the behavior of fasteners under fatigue
loading and discusses the challenges associated with the prequalification and design of fasteners for fatigue
loading. Furthermore, the paper proposes a methodology for the prequalification and design of fasteners
under fatigue cyclic loading. The proposed methodology can be used by engineers and designers to



prequalify and design fasteners for fatigue loading, ensuring the safety and reliability of engineering
structures. This paper contributes to the development of the design requirements for fasteners under fatigue
loading, providing engineers and designers with accurate and reliable information to make safe and
economical design.
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