Durability of Post-installed Fasteners
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Abstract: As a deemed to satisfy solution under the National Construction Code (NCC 2022), all safety
critical fasteners need to be prequalified and designed in accordance with AS 5216: Design of post-installed
and cast-in fastenings in concrete. Appendix A of the standard requires testing and assessment of the
fasteners under different conditions. However, the prequalification requirements in AS 5216 do not consider
durability issues such as corrosion, fire, fatigue etc. This paper reviews the current state of the
prequalification and design of post-installed and cast-in fasteners considering durability requirements. It also
provides recommendations for designing the fasteners with a focus on the durability of the connection.
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1. Introduction

The Australian standard for the design of cast-in and post-installed fasteners, AS 5216 (Standards Australia,
2021), was updated in 2021 to replace the previous version from 2018. AS 5216:2021 is referenced in the
National Construction Code (NCC 2022) and other Australian standards such as AS 3600 (Standards
Australia, 2018) and AS 5100 (Standards Australia, 2017). The introduction of deemed-to-satisfy provisions
has resulted in increased consistency and safety in the prequalification and design requirements for
fasteners, leading to an overall improvement in the safety and quality of construction in Australia.

The scope of AS 5216 is still developing, and there are some design requirements not yet covered by the
standard. For instance, the current scope of the standard does not include durability requirements for
fasteners, fatigue design of fasteners and fire performance. This has resulted in different guidelines being
adopted by manufacturers and suppliers, making it confusing for engineers to select the appropriate
fasteners. The consequences of choosing the wrong fasteners can be severe, leading to inappropriate
designs and dangerous outcomes. Therefore, it is crucial to continue developing the standard to cover all
necessary design requirements and ensure that engineers and designers have access to accurate and
reliable information.

This paper provides guidance on the durability assessment of fasteners in concrete and masonry base
materials during their service life. The factors that potentially affect fastener durability are also discussed.
This paper also discusses and references various factors that may affect the durability of fasteners. These
include corrosion (atmospheric, galvanic, stress corrosion, etc.), creep under sustained loads (static loads),
changes in action effects (dynamic loads), changes in environmental conditions (e.g. elevated
temperatures), changes in the base material (e.g. concrete cracks, crack cycling, water saturation, etc.),
and disaster events (e.g. fire, earthquakes). However, it is also important to consider any other site- and
application-specific factors that are not covered in the standard on an individual basis, as these may also
affect the durability of fasteners.

2. Corrosion of fasteners

The Australian standard for the design of fasteners, AS 5216 requires all the fasteners used in safety critical
applications to be pre-qualified according to Appendix A of the standard. This ensures that the fasteners
have been evaluated in their final supplied form and that the materials utilized for production, including
protective coatings, are enumerated in the appropriate assessment document, such as the European
Technical Assessment (ETA). Any modification, treatment, or additional coating applied to the original
fastener is strictly prohibited without reassessing the final product in adherence with the provisions outlined
in Appendix A, as such alterations could have adverse effects on the fastener's performance.

During installation, fasteners must adhere to the installation instructions from the pre-qualification document
or the manufacturer's installation instructions (Mll), which includes utilizing the necessary setting tools to



prevent damage to the fastener or its protective coating. Fasteners that exhibit any visible defect or damage
incurred before, during, or after installation should be discarded to avoid reuse. Any exposure to short or
long-term elevated temperatures outside of the allowable temperature ranges specified by the manufacturer
is not allowed to prevent the fastener's performance or working life from being compromised.

When evaluating fastener’s durability, engineers and designers should consider both the macro and
microenvironments in which the fastener is situated. The microenvironment is the immediate vicinity of the
fastener or certain portions of the fastener that may directly impact its performance or function over the
assigned design life. From a durability standpoint, the microenvironment surrounding a fastener may present
significantly different conditions than those typical for the particular geographic area. Thus, a comprehensive
approach should always be adopted, and particular attention should be given to comprehending the
potential corrosive impacts typical to the immediate vicinity of the fastener.

There are four microenvironmental zones which needs to be considered separately during the assessment
of the durability of the fastener, as shown in Figure 1:

1. Environment around the exposed parts of the fastener

2 Fixture (with or without clearance hole)

3. Intermediate layer between the fixture and base material

4 Base material (potentially including gap and contaminants)
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Figure 1: Relevant microenvironmental zones of corrosion

In the context of fastening applications, it is important to assess the durability of fasteners against
environmental corrosion. The exposed parts of the fastener must be evaluated for corrosion resistance. This
assessment should be conducted taking into consideration atmospheric conditions and site-specific
circumstances that may affect the fastener's durability.

The annular clearance hole within the fixture must also be considered as potential corrosive
microenvironment, particularly when left unfilled with protective mortar and exposed to moisture or water
ingress. The duration of wetness may be significantly increased inside the clearance hole due to hindered
drying, leading to the accumulation of aggressive contaminants that can result in increased corrosion rates.

Appropriate measures must be taken to prevent bi-metallic corrosion between the fixture and the fastener
by implementing adequate galvanic separation of dissimilar metals or selecting suitable materials. The
intermediate layer and the base material around the embedded part of the fastener needs to be assessed
for durability. In the absence of chemical adhesive in the anchor hole, moisture ingress is to be expected in
all environments, except dry internal conditions. Prolonged moisture or water inside the anchor hole may
lead to the development of an alkaline environment. Similarly, prolonged wetness potentially containing
corrosive contaminants, such as chlorides, in the clearance hole in the fixture and anchor hole needs to be
accounted for.



Applications involving exposed surfaces and potential physical wear or damage to the coating or material
of the fastener should be specified with regular inspections and maintenance. Alternatively, maintenance-
free fasteners made of corrosion-resistant material, such as stainless steel, needs to be selected.

Post-installed chemical fasteners require special consideration, as the presence of cured adhesive may
reduce the corrosion rate of the fastener over the embedded depth inside the anchor hole. However, the
presence of the adhesive should not be considered as a guarantee to increase the durability of the fastener.
Instead, selecting a corrosion-resistant material or surface coating is necessary to achieve the required
working life. Unless specified otherwise, the basic assumed working life of fasteners covered in this paper
is 50 years. However, the information provided in this paper can also be used to assess the durability of
fasteners with a life expectancy other than 50 years.

2.1 Types of corrosion resistant fasteners
There are different types of fasteners with different corrosion resistance. Carbon steel fasteners with
protective surface coating and fasteners made of stainless steel are covered in this paper:

Carbon steel fasteners with protective surface coating

The effectiveness of surface coatings in protecting fasteners against corrosion is highly dependent on the
specific material and coating technology employed, as well as the thickness of the coating applied. The
commonly used types of protective surface coatings include phosphating, mechanical galvanizing,
electroplating (also referred to as zinc-plating or electro-galvanizing), and hot dip galvanizing. However,
certain specialized fasteners or applications may necessitate the use of alternative protective coatings in
order to meet stringent durability requirements, particularly in cases where a reduction in coating thickness
is preferred. These alternative finishes are commonly referred to as innovative coatings, and they are
discussed later in this paper.

Fasteners made of stainless steel

Fasteners made of stainless steel are generally composed of a minimum of 10.5% chromium and potentially
other alloying elements such as molybdenum, nickel, and nitrogen. These fasteners are resistant to
corrosion due to the formation of a passive film layer on their surface. The grade of the alloyed material
used in the manufacturing of stainless steel fasteners determines their classification. Although stainless
steel fasteners are considered to be highly resistant to general atmospheric conditions, certain aggressive
contaminants such as chlorides or sulfur dioxide may cause degradation in certain types of stainless steel.

2.2 Potential forms of corrosion

The following forms of corrosions may affect the durability of fastenings and therefore must be accounted
for where relevant when verifying the working life of the connection:

Environmental corrosion

Pitting corrosion

Galvanic corrosion (bimetallic or contact corrosion)
Stress corrosion

Crevice corrosion

Hydrogen corrosion

Intercrystalline corrosion

In this paper, only the environmental corrosion is discussed due to volume restraints. The details of the
other forms of corrosion can be found in (Hilti, 2021).

Fasteners that are exposed to moisture or environmental conditions need to be resistant to corrosion or
coated with a protective layer to prevent degradation during their expected working life. Such conditions can
include atmospheric conditions, site-specific factors, and human activities in the vicinity of the fasteners.
The evaluation of fasteners in a given environment can be accomplished by applying the criteria of AS 4312
(Standards Australia, 2019), which involves the classification of corrosivity categories and the assessment
of associated corrosion rates. Table 1 shows the corrosivity in Australia as described in AS 4312.

Additionally, there are several other factors which may also influence the corrosion rate of fasteners. These
additional factors need to be considered when assessing the durability of fastenings:

a) Potential exposure to aggressive contaminants (e.g. chlorides, SO2, etc.)



b) Time of wetness and potential aggravating or alleviating factors, e.g. sheltered location with
hindered drying vs. exposure to sun, etc.

c) Prolonged moisture or water inside the clearance hole of the fixture or inside the base material

d) Time of first exposure (due to typically increased first-year corrosion rates)

e) Orientation of fastenings (vertical vs. horizontal), as it may affect the total time of wetness

f) Height above sea level

For further guidance on the effect of the above parameters refer to AS 4312.

Table 1 Corrosivity in Australia as described in AS 4312

Category Generic examples Specific examples
CX :ﬁ;ﬁfﬁx;' Surf beach shoreline regions with very high salt deposition. Some Newcastle beaches
. Surf Within 200 m of rough seas & surf beaches. dlore Lhm.l S0 m from
C5 . ) ) o ) . . the coast in some areas of
Sea-shore May be extended inland by prevailing winds & local conditions.
’ ’ Newcastle
From 200 m to 1 km inland in areas with rough seas & surf.
Calm May be extended inland by prevailing winds & local conditions.
Cd ool - - — - All coasts
sed-share From the shoreline to 50 m inland around sheltered bays.

In the immediate vicinity of calm salt water such as harbour foreshores.

Metro areas of Perth,
Wollongong, Sydney,
Brisbane, Newcastle, & the
Gold Coast

From 1 km to 10 km inland along ocean front areas with breaking surf &
significant salt spray.
May be extended inland to 50 km by prevailing winds & local conditions.

3 Coastal From 100 m to 3 - 6 km inland for a less sheltered bay or gulf. Adelaide & environs

Port Philip Bay & in urban
From 50 m to 1 km inland around sheltered bays. & industrial areas with low
pollution levels

Canberra, Ballarat,

Most areas of Australia at least 50 kilometres from the coast. Toowoomba & Alice Springs

cz2 I?Ils;;'a rban Inland 3 - 6 km for a less sheltered bay or gulf. Adelaide & environs
Can extend to within 1 km from quiet, sheltered seas. Suburbs of Brisbane,
Melbourne, Hobart
C1 Dry indoors  Inside heated or air conditioned buildings with clean atmospheres. Commercial buildings

2.2.1 Fasteners in dry internal conditions

In general, dry, indoor environments without condensation or the presence of moisture do not require special
corrosion protection measures other than the basic coating applied to the fastener to prevent corrosion
during transportation and storage, such as phosphating or electroplating. For safety-critical applications, it
is not recommended to use uncoated fasteners with black steel finish. If a quantitative assessment of
fasteners in dry internal environments is required, the corrosion rates of the C1 environmental category
specified in AS 4312 can be used. However, environments with high relative humidity (greater than 80%) or
moisture-producing activities should not be considered as dry internal environments.

2.2.2 Fasteners exposed to moisture or external atmospheric conditions

The following recommendations serve as general guidelines for evaluating the durability of fasteners that
are exposed to moisture or external atmospheric conditions:

(a) Hot dip galvanized fasteners

Hot dip galvanised fasteners may be chosen for areas that are exposed to moisture or external atmospheric
conditions in accordance with the corrosivity categories specified in AS 4312. However, it is necessary to
confirm that the coating thickness of the fastener, which remains after installation, is appropriate to provide
protection to the fastener for its intended working life.

In general, the corrosion rate of zinc during the first year of exposure is higher than the subsequent long-
term reduction rate, which eventually stabilises over time (GAA, 2018). However, due to the complexity of
atmospheric corrosion, it is conservatively assumed that the corrosion rate of zinc is linear with time for the
purposes of design and assessment. Consequently, fasteners that have a longer design life or are exposed



to harsher environmental conditions require thicker zinc coatings. It is worth noting that there is an upper
limit to the thickness of the zinc coating applied to fasteners through hot dip galvanizing, due to clearance
and tolerance requirements of threaded parts, as well as the risk of galling between connecting parts.
Typically, hot dip galvanized fasteners have a coating thickness between 40 to 65 microns, and the
maximum coating thickness rarely exceeds 100 microns.

The verification of the effective zinc thickness for a specific working life shall be carried out based on the
provisions of the AS 2312.2 (Standards Australia, 2014). The corrosion rates of zinc during the first year of
exposure had been empirically established for the six main environmental categories (GAA, 2015). When
assessing the durability of fasteners, the first-year corrosion rate of zinc can be taken as the average
expected annual reduction rate throughout the entire design life of the fastener. If it is not possible to
determine the corrosivity category of a specific application with a high level of confidence, it is advisable to
select the more severe category with the higher reduction rate from Table 2.

Table 2 Corrosion rates of zinc finishes based on the AS 2312.2

Category, description & typical environment Corrosion rate for the first year (um/y)

Mild Steel Zinc

C1 Very low Dry indoors <13 <041

C2 Low Arid/Urban inland >1.3t0<25 >0.1t0<0.7

C3 Medium Coastal or industrial > 2510 <50 >0.7t0<2.1

C4 High Calm sea-shore >50to <80 >21t0<4.2

C5 Very High Surf sea-shore > 80 to < 200 >42t0<84

CX Extreme Ocean/Off-shore > 200 to <700 >8.4t0<25

According to Table 2, it is not recommended to use hot dip galvanized fasteners in environments classified
as C4, C5, and CX for a design life of 50-year. However, for C4 and C5 categories, hot dip galvanizing may
still be used to provide adequate protection, but with a reduced working life. In such cases, fasteners made
of stainless steel or those with innovative coatings may be used instead to meet the necessary durability
requirements in the given corrosivity class.

(b) Fasteners with innovative coatings

The continued development of fasteners resulted in the introduction of innovative anti-corrosion coatings,
which may provide a similar level of protection to conventional zinc finishes, but with potentially less coating
thickness. In general, all protective finishes other than common phosphating, zinc-plating, hot dip
galvanizing or sherardizing may be considered as innovative coatings. This category includes but not limited
to fasteners with zinc-flake finishes or other hybrid coatings, such as zinc-magnesium or zinc-nickel covers
with optional resin overlays.

There are currently no generally accepted evaluation methods for the durability of fasteners with innovative
coatings, other than long-term, realistic exposure tests. The current established methods of laboratory
testing, such as accelerated salt spray tests may be suitable for the quality control of repetitive production
batches, however these tests are limited to certain pre-set conditions, which do not necessary account for
the complexity of prolonged environmental conditions. Furthermore, when comparing the corrosion
performance of common zinc finishes to hybrid coatings, the results largely depend on the selected test
regime and therefore, quantifying the differences between various coatings is a challenge.

Another challenge with accelerated salt spray testing is the ambiguity of results concerning the functional
durability of the assessed fastener. These tests are not designed to accurately assess material aging or
overall functional degradation with time. For example, certain fasteners apply specific functional coatings to
achieve the desired level of friction between the fastener parts, which are crucial in sustaining the fastener’s
performance over its design life. Accelerated laboratory tests might not provide an accurate picture about
the long-term performance of functional coatings.

Thus, the verification of innovative coatings represents a complex task, which requires a holistic approach
and needs to be carried out on a case-by-case basis by a technical professional with adequate expertise in
the area.

(c) Stainless steel fasteners

In case the suitability of coated fasteners cannot be verified for moist internal or general external conditions,
fasteners made of stainless steel may be specified for the application.



2.2.3 Fasteners in highly corrosive environments

If the fasteners are exposed to possible dissolved or deposited contaminants, including chlorides and salts
(e.g. NaCl, MgCl, CaCl), and other atmospheric pollutants like sulfur dioxide (SO,) or nitrogen oxides (NOXx),
an increased rate of corrosion may be expected, and as such, the durability of fasteners must be assessed
accordingly. Additionally, waste products, fertilizers, pesticides, and industrial chemicals are known to cause
corrosion in metal fasteners. In situations where moisture and aggressive contaminants are present,
corrosion rates may be significantly higher than in applications without pollutants. Thus, highly corrosive
environments usually necessitate the use of stainless-steel fasteners, unless the suitability of surface-
coated fasteners for the specific application can be determined with high certainty.

AS4312 (Standards Australia, 2019) is a widely used standard in Australia for addressing design and
construction aspects related to corrosion. It is primarily based on ISO 9223 (ISO, 2012a) and provides
information on the atmospheric corrosivity levels in Australia and corresponding durability of various metals,
with a focus on steel and zinc. However, for stainless steel, AS4312 refers to EN1993-4 (CEN, 2006) for
selection of the appropriate stainless steel type based on the corresponding corrosive environment.

EN1993-4 provides improved guidance for quantifying corrosion resistance, identifying corrosive
environments, and selecting suitable materials. This paper summarizes the approach outlined in EN1993-
4. EN1993-4 covers stainless steel durability by assessing the corrosiveness of the specific environment
and selecting an appropriate stainless steel type based on its resistance to corrosion. The Corrosion
Resistance Factor (CRF) is used to represent the corrosiveness of a specific environment, while the choice
of material based on its corrosion resistance is represented by the Corrosion Resistance Class (CRC).

The environment can be quantitatively assessed using the CRF, which comprises three distinct factors - F1,
F2 and F3, as depicted in Equation 1.

CRF=F1+F2+F3 Eq (1)

F1 represents the risk to chloride exposure expressed as a function of the distance from the chloride source,
which can be a sea water coastline or a road where de-icing salts were used. This paper will only consider
distance from the coastline since we usually do not use de-icing salts in most places in Australia. The values
of Fy are given in Table 3, where M represents the distance from the chloride source.

Table 3: Values of F1 based on the distance from the chloride source

F4 Exposure risk Environment Description

1 Internally controlled environment

0 Low risk of exposure M > 10 km

-3 Medium risk of exposure 1km<M=<10 km

-7 High risk of exposure 0.25km<M=<1km

-10 | Very high risk of exposure Road tunnels where deicing salt is used or where vehicles might

carry deicing salts into the tunnel

-10 | Very high risk of exposure M =< 0.25 km (North Sea coast of Germany, All Baltic coastal
areas)
-15 | Very high risk of exposure M =< 0.25 km (Atlantic coastline of Portugal, Spain, France,

Coastline of UK, France, Belgium, Netherlands, Southern
Sweden, All other coastal areas of UK, Norway, Denmark and
Ireland, Mediterranean Coast)

F, represents the risk to sulphur dioxide exposure expressed as a function sulphur dioxide deposition in
hg/ms. European coastal environments the sulphur dioxide value is usually low. For inland environments
the sulphur dioxide value is either low or medium. The high classification is unusual and associated with
particularly heavy industrial locations or specific environments such as road tunnels. Sulphur dioxide
deposition may be evaluated according to the method in ISO 9225 (1SO, 2012b). The values of F, are given
in Table 4.



Table 4: Values of F2 based on the deposition rate of suphur dioxide

F, Exposure risk Deposition Description

0 Low risk of exposure < 10 pg/m? average deposition

-5 Medium risk of exposure 10 - 90 pg/m? average deposition
-10 | High risk of exposure 90 - 250 yg/m? average deposition

F3 represents the influence of periodic washing or cleaning of the stainless steel surface promote better
corrosion resistance longevity. This is either 0, -5 or -10 depending on whether the fully exposed to rain
washing, specified cleaning regime or no washing or specified cleaning respectively.

The Corrosion Resistance Class (CRC) is a classification system comprising of five distinct resistance
classes. It is determined based on the Corrosion Resistance Factor (CRF) of a given environment, as
outlined in Table 5.

Table 5: CRC based on resistance to stainless steel corrosion and CRF value

CRC Resistance to Corrosion CRF

I Low CRF =1

1] Moderate 0=CRF >-7

1 Medium -72CRF >-15
\Y Strong -15 2 CRF = -20
\% Very Strong CRF <-20

EN 1993-4 provides a tabulated format that classifies the appropriate types of stainless steel based on their
compatibility with the designated Corrosion Resistance Class (CRC). This is outlined in Table 6.

Table 6: Suitable stainless grouped according to their corrosion resistance class (CRC)

Corrosion resistance class CRC

II II1

1.4482 1.4662
1.4362
1.4062
1.4162

- Ferritics Std Austenitics Mo Austenitcs
Lean duplex Super Austenitics Duplex/super duplex




3. Conclusions

This paper provides practical guidance on the durability assessment of fasteners in concrete and masonry
base materials and identifies various factors that potentially affect fastener durability. The prequalification
and design requirements for fasteners under AS 5216: Design of post-installed and cast-in fastenings in
concrete are deemed to satisfy solutions under the National Construction Code (NCC 2022); however, the
standard does not cover durability requirements such as corrosion, fire, and fatigue. This paper
highlighted the importance of considering site- and application-specific factors that may affect the
durability of fasteners, and recommends designing fasteners with a focus on connection durability.
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