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Abstract: Fastenings are becoming increasingly important in modern building practice. A wide range
of products cover for the great flexibility that they provide in a large variety of applications. In order
to ensure the safe and economical use of the fastenings, a combined effort of manufacturing firms,
practicing engineers and constructors, research organizations, and public authorities has led to the
establishment of interrelated design standards, application guidance, and product approvals. It is
however evident that failures, in fact even small defects, of fastenings can lead to disproportionate
catastrophic events. In addition to these state-of-the-art documents, which reflect the most precise
knowledge possible, a management of possible residual risks and hence causes of failure is also
indispensable. Due to the great range of fastening systems with different dimensioning and assembly
guidelines, load-bearing behaviour and areas of application, and the overall complexity of the subject,
a coherent risk management procedure against structural risks can be very helpful in this respect. This
article deals with the technical and load-bearing related risks of fastening technology in construction.
The objective of the paper is to introduce fundamental concepts and significant risks met in the
fastenings design specification and installation. Moreover, it provides a rating of the identified risks
and it transfers recommendations for risk mitigation, based on semi-structured interviews with expert
professionals who are active in the field. The results are accumulated in a dedicated risk register as a
standard tool of the risk management process in civil engineering, which is the first of its kind in
current scientific literature. The aim is to assist future practice and research by providing a basis for
risk management considerations for fastenings, which moreover reflects actual risks indicated in the
outcome of an industry survey.
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1. Introduction

In the recent years, there have been repeated incidents of failure at fastening points with fatal
consequences or considerable economic impact. Examples include the ceiling collapses of the Sasago
Tunnel near Tokyo in Japan and in a tunnel section of the “Big Dig” Interstate Motorway Artery in
Boston U.S.A.

The Boston incident involved very heavy reinforced concrete ceiling plates falling onto the
roadway. On 10 July 2006 ceiling elements fell on a car on the roadway and injured the two passengers,
one of whom died. According to the National Transportation Safety Board [1] and NASA [2], the main
reason for the collapsing ceiling was the loss of the supporting bonded anchors due to failure of the
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mortar connection and consequent pull out. An epoxy resin mortar was used in these fastenings, which
exhibited low resistance to creep under long-term tensile load. Further installation-related defects
contributed to the reduction of the load-bearing resistance, which was discovered during the forensic
inspection [1]. These included the incorrect method of preparing the borehole, insufficient mixing
of the epoxy mortar, air pockets in the mortar due to improper filling of the drill hole, application
of an excessive pre-stressing torque to the fastener, and clashes with concrete reinforcement during
the drilling process. In addition to the personal injuries and litigation, there was an economic loss of
around USD 54 million already in the first year of dismantling and repair works [2].

On 2 December 2012, ceiling slabs collapsed progressively over a length of 140 m in the Sasago
Tunnel, killing nine people and injuring two more [3]. The main reason for the accident was attributed
to the failure of the fastenings due to incorrect load assumptions and lack of structural redundancy in
the designed load-bearing system [3]. Furthermore, installation defects leading to loss of strength were
disclosed during the post-accident investigation. Three vehicles were crushed by the debris, and two
of them caught fire, which aggravated the consequences of the situation because the ventilation system
was integrated to the damaged ceiling.

Further incidents related to loss of fastenings of the suspended ceiling in the Uster public
swimming hall in Switzerland (1985) [4,5], and a series of failure cases in public buildings and transport
assets [6], as well as temporary work structures [7,8] in the United Kingdom. Meanwhile, field studies
have shown that professionals dealing with fastenings may often lack technical knowledge and risk
awareness on the topic [9,10].

Although the listed incidents are among the most serious in the construction industry, they are
only a fraction of the total number of potential damages due to improper design, use and installation of
fasteners. The effort of the industry to minimise the possibility of fastening failures is in the meantime
evident in the establishment of modern design standards such as Eurocode 2—part 4 [11] with the
associated product certification procedures, best practice guidance by technical authorities [12,13]
and the introduction of special seminars for technicians (see for example [14] for requirements on
horizontal to upwardly adhesive anchors installation). This also reflects the necessity that appropriate
skillsets need to be present when it comes to using fastenings in construction, from the planning,
the specification, and the installation through to the maintenance phase. Although the above
initiatives may have already contributed to the safer use of fasteners, the fact that a building element
with very small value can lead to events with very high consequences dictates that an appropriate
fastening-specific risk management concept must be included and remain present in all phases of
construction projects.

The present study attempts to propose a risk management concept with consideration of
particularities related to fastenings in concrete and masonry. After this introduction, an overview of
basic relevant background technical considerations and definitions on fastening technology is provided.
This is followed by the risk methodology used for the investigated industry input. This input is the
organised and tabulated in form of a fastenings-specific risk register, as a fundamental tool in risk
management. The final section discusses the results in relation to the theoretical background and the
conclusion includes a summary of main findings and recommendations for future research and the
practical application of this investigation’s outcome. The risk identification, assessment, and mitigation,
with focus on the load bearing safety of the systems, is derived from a survey based on interviews with
practitioners in various sectors. In this way it was possible to assess as many risks as possible during
the project development and to initiate preventive measures. This paper also presents a rare scientific
discourse of different descriptions of practice-relevant risks caused by defects and errors in the design
and construction practice is also a rare reference in published scientific discourse. The information
provided is not viewed as exhaustive, nor does it intend to substitute engineering judgement, but it is
expected that this transfer of knowledge will be of significant assistance in similar risk management
exercises in practice and to the identification of future directions in research and industrial innovation.
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2. Technical Considerations and Definitions in Fastenings Engineering

2.1. Load-Bearing Function of Fastening Systems

In the field of fastening technology, a large range of fastening products have been developed
which act with different load-bearing characteristics. In general, three different main principles can
be distinguished (see also Figure 1): Mechanical interlock, friction, and bond. Post-installed systems,
such as undercut anchors and concrete screws, can be used to achieve an interlocking mechanism,
which relies solely on compression contact between the anchor and concrete. Cast-in systems include
shear connectors, transport anchors and anchor channels, and they use the same anchoring principle.
In systems based on the load-bearing principle of friction, such as expansion anchors, the anchorage is
created by lateral pressure from the anchor against the borehole wall. This is often done by a cone
located at within a metal or plastic sleeve forming part of the anchor shaft. Bonded systems comprise
a steel insert and a two-component mortar in a post-drilled hole, and they rely on a combination of
adhesion and laterally generated friction between the fastening and the borehole. This connection
most often requires the injection of mortar from cartridges or insertion through capsules into the hole.
Finally, the direct fastening by means of setting bolts in concrete through impact should be mentioned
as it gains popularity in non-structural but safety-critical applications [15]. In addition to the generally
categorised fastening systems mentioned above, there are also special or hybrid applications. A more
detailed presentation of fastening technology is given in [16].
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Figure 1. Different anchor types, depending on the installation procedure: (a) concrete screw,
(b) expansion anchor-sleeve type, (c) cast-in-place headed stud, (d) bonded anchor with threaded rod,
(e) special bonded anchor (all pre-positioned systems).

2.2. Fastening Types and Assembly Configurations

With regard to the type of mounting and the associated sequence of assembly, a distinction can
be made between pre-positioned and through-hole assemblies (see Figure 2). With prepositioning,
the fastener is set ahead of the fixture to be attached, with the obvious demand for a very precise drilling
and some tolerances in the attachment. Through-installation offers the possibility to first position the
fixture and to drill and install the fasteners through holes in the attached component. In both cases,
the fixture (e.g., steel plate) can stay at a distance of the substrate surface for a variety of construction
reasons such as insulation or tolerance regulation, namely leading to a stand-off installation.
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Figure 2. Anchor installation configurations, dependent on logistic.
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Depending on the structure-specific safety requirements, a fastening system is formed so that the
loads are transferred into the anchoring substrate either via individual fasteners, which can also be
formed as a group of fasteners, or with a multiple fastener-system in a redundant arrangement. In first
case, failure or defect of a single anchor is directly translated to a system issue. In redundant fastening
systems, the safety reserves of the system are accounted for in the design, and allowance is made for
loss of individual elements without necessarily leading to loss of the system or excessive deformations.
In case of a redundant multiple fastening system, the failure of individual anchors is compensated by
the adjacent fastenings via the mounted fixture with several anchorage points. Therefore, apart from a
minimum number of fastening points, an attachment with sufficient structural properties is required
for the function of the system.

2.3. Anchorage Substrate Materials

In addition to the fastener itself, the anchorage substrate is a decisive factor for the anticipated
structural performance, the stress that can be absorbed, and the technique or difficulty of installation.
In the realm of fastening technology, the substrate can basically be differentiated between concrete,
masonry, and lightweight construction materials. Depending on the existing anchorage substrate and
the fastener to be used, the borehole should be drilled by appropriate configuration of drilling tools
and equipment.

Due to its homogeneous, standardized composition and the possible specially aligned
reinforcement, concrete can absorb the highest loads relevant to the design, and it can allow for
a good balance between reliable and easy to plan installation projects. It is nevertheless indispensable
to differentiate between cracked and non-cracked concrete, since cracked concrete has lower resistance
regarding the fastening technology.

Masonry is an umbrella term for structures built by a multitude of different types of natural or
artificial stone. Common types of masonry stone are solid bricks, perforated bricks, or natural stone
blocks. Since only a small number of masonry stones are standardized, both the material properties
and the geometry of the stones can vary greatly. For these reasons, it is often not possible to verify the
actual loads that can be absorbed in masonry without testing and the permissible loads are generally
lower than that of concrete.

Lightweight building materials have a low bulk density compared to normal concrete or natural
stone, as they are made of lighter, more porous materials. In most cases, lightweight materials
are used for non-load-bearing structures, but depending on the material, they may be also found
in load-bearing function. Because of the use of lightweight materials for mostly non-structural
applications, the fasteners for these do not require an exceptional load-bearing capacity and therefore
often do not require a safety assessment.

2.4. The European Status in Technical Product Specification

Already a few decades ago, the ‘European Organisation for Technical Assessment’ (EOTA)
developed a European Technical Assessment Framework for assessing the quality and performance of
construction products [17]. The EOTA fastening division developed guidelines for the technical
assessment, which were used for the assessment, but also served as design guidelines in the
fastening industry.

Currently, the evaluations are based on the ‘European Assessment Documents’, which define both
the documentation and the criteria for the evaluation of construction products. In order to enable the
users of the assessments to easily access the specific product characteristics as well as the comparability
of the construction products, the ‘European Technical Assessments’ are uniformly structured as follows
according to Article 26 of the Construction Products Regulation (EU BauPVO) [18]:

e  Manufacturer details and production sites,
e Applied assessment guidelines,
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e  Product title and intended use,
e  Essential characteristics and established performance, and
e  Applied performance evaluation systems for durability.

By obtaining the assessment by harmonized standards or the product-related technical assessment
for a product, a manufacturer can label the product with the CE mark and market it throughout Europe.
The CE mark serves as a characteristic that this product fulfils the criteria (among those also safety
requirements) defined in the European Union (EU). The basic requirements for construction products in
the EU are laid down in [18]. These criteria are (i) mechanical strength and stability; (ii) fire protection;
(iii) hygiene; (iv) health and environmental protection; (v) safety and accessibility in use; (vi) sound
insulation; (vii) energy saving and thermal insulation; (viii) sustainable use of natural resources.

2.5. The European Status in Structural Design

For the design of post-installed and cast-in fastenings in concrete, Eurocode 2—Part 4 [11] (DIN EN
1992-4 Design of anchorages for fasteners in concrete) represents the state of the art in design. With
the publication of Part 4 of Eurocode 2, which combines rules for the majority of applicable design
situations for concrete anchorages in one document, a major step has been taken towards harmonization
of the rules for design in fastening technology [11]. It is important to note that depending on the time
of preparation of the assessment or approval of a product, a superseded guideline may nevertheless be
binding for the design. Thus, fasteners with older approvals must be designed, for example, according
to the specifications in ETAG 001, Annex C [17]. The evaluation and design basis to be used is noted
in the respective approval document. For other materials, such as wood or masonry, the respective
approval documents (beyond the design code) are applicable. In addition, the respective regional and
national regulations must be observed.

The basis of assessment is, from an engineering point of view, that the design action is less than,
or equal to, the design resistance of the fastening or anchorage substrate (Eq < R4). The required
design verification must be carried out in accordance with the design basis and the specified actions.
In addition to the design considerations based on the typical load-resistance approach, it should be
highlighted that fastenings are often subjected to a multitude of load types and actions which create
complex design situations. Such complex situations can be due to high frequency dynamic loads,
earthquake excitations, monotonic sustained loading, fire, or corrosion. The partial safety factors
are to be taken from the corresponding standards, guidelines, or product assessment documents,
while the installation quality is accounted for in selecting the applicable resistance partial safety factor.
In addition, the applicable safety factors should be varied on the safe side in case of exceptional or
partly unknown environmental and installation conditions. A fastening is loaded by either a tensile or
transverse force, or a combination of both. The point of force application is not necessarily applied to the
centre of gravity of the fastening system, which can create an additional eccentricity and hence moment.
Particularly in the case of group fastenings as well as stand-off installations, the possible deviation of
the acting load from the planned or theoretical point of application must be taken into account.

For the above reasons, it is understood that the fastening system design and application is to be
seen as a holistic problem with load bearing safety and failure risk as the main criteria.

3. Risk Management Principles

Risk management in the construction industry deals with the determination of risks in the
disciplines of design, project planning, execution, operation/maintenance, and possibly additional
project-specific aspects, as for example procurements or decommissions. The goal of risk management
is to detect possible risks at an early stage and to mitigate them through targeted actions. In addition,
this exercise can sensitize the persons involved in the construction project, especially with regard to
safety relevance, therefore communication and understanding of this process is a part of its application.
According to ISO 31000 Risk Management—Principles and Guidelines [19], Risk management is
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defined as the “coordinated activities to direct and control an organization with regard to risk”. In the
context of the present study, risk management is understood as the cycle of identification, analysis,
evaluation, and mitigation or treatment of risks, which is repeated at every change in the project
processes or at short time intervals, and which has to be constantly monitored and communicated
amongst project participants (see also Figure 3). The risk identification, analysis and evaluation
exercises are also collectively defined as risk assessment. Hence, in order to create a meaningful
risk management, it is necessary to first perform a risk identification, i.e., to establish a database of
possible risks. A subsequent determination of the probability of occurrence as well as the possible
consequences represents here the risk analysis and it leads to a risk evaluation, i.e., it determines the
scope for action and allows optimising the decision-making process through a transparent procedure.
The risk mitigation or treatment can then follow based on technical measures or amended engineering
management actions. The first step of a risk identification is therefore the determination of the possible
occurrences or hazards [20].

)l Risk identification: What are the risk sources?

v

Risk analysis: What are the likelihoods and
consequences of the occurrences?

¥

Risk evaluation: Is this risk acceptable?

Risk assessment
mmmm————————————T1TT

Risk monitoring,

communication
and actions schedule

“

Risk mitigation / treatment: How can we
reduce or remove it?

Figure 3. Risk management process cycle, as understood in the context of this study.

A risk describes the magnitude of a hazard, and in its basic and prevailing mathematical definition
it is formed from the product of the probability (p)—or the frequency (f)—of a damaging event E
and the so-called average expectation of the consequences by the occurrence of the event E(DIE) [20].
An interdisciplinary view of the subject of matter to determine the possible sources of risk is essential
in order to be able to complete the identification process comprehensively. It is important to mention
that even with a thorough examination, not all risks can be determined in advance and they often
only become apparent in the respective realization of the project. As suggested above, the most
important factors of an identified risk are the probability of occurrence as well as the amount of
damage when it occurs. The determination of the probability is therefore the entry point in the
risk assessment. This can be achieved for example by inquiries or empirical values. In this way,
a quantitative estimation regarding the probability of the occurrence of a certain risk is obtained.
In addition to the probability of occurrence, the estimation or determination of the consequences
upon occurrence, e.g., personal injury or damage to property, is established. The final assessment of a
risk is based on the combination of probability and magnitude of the consequences. This results in
a significant value for the determination of subsequent countermeasures. These measures can and
should be considered, revised, and noted at every stage of the risk assessment. The value of the overall
risk can be determined and visualized, for example, by a risk matrix. In addition, the introduction of a
critical threshold into the risk matrix can serve to distinguish between negligible risks and critical risks
that require unconditional implementation of reduction measures [21].

Risks can develop largely from human error as a primary factor (the error itself, may this be a
workmanship defect or a miscalculation) or as a secondary factor (ignorance or negligence of threats).
Residual risks are those parts of the risks that remain despite the execution of measures or are not
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recognized as a risk. Decisive for the residual risks is the correct consideration of the respective
hazard recognition and the use of appropriate measures. For this reason, the following section focuses
on the dangers arising from human error, as this is a fundamental source of error in the fastenings
engineering industry.

Based on some studies [20-22], errors in the construction industry can have a multitude of causes.
The study in [22] classifies the causes in personal, organisational, or project-specific, while they are also
re-classified to lack of skills, lack of rules, or lack of ethics. Nevertheless, the probability of occurrence
can be reduced by taking appropriate measures. Both technical and organizational measures can be
applied. Above all, measures in the form of sufficient communications between the persons involved
in the object as well as clear plans and work processes significantly reduce the error rate due to human
error [20,23,24]. In addition, further training can increase the competence of those involved [22] and at
least compensate to a certain extent for a lack of skills and knowledge.

Furthermore, in order to be able to amend the effects of possible errors that will occur despite
appropriate measures, detection of the error is necessary. Therefore, a control by means of quality
control and assurance is indispensable. An active communication makes it possible that errors can
already be detected and corrected early by the subsequent participants. Part of this procedure is also
a parallel independent supervision or inspection at all phases. Except for typical risk management
practices, such measures are also proposed in Eurocode 0 Basis of design [25], which classifies,
for example, three levels of design checking and three levels of inspection.

4. Expert Survey on Fastening Related Risks

4.1. Survey Methodology

The surveys were mainly conducted by means of interviews and served to identify possible
sources of risk, their probability of occurrence and the extent of the consequences, as well as preventive
measures and indications. Part of the data was collected by independently completing questionnaires.
The criteria were based on the subjective assessments of the persons involved regarding the risks in
fastening technology in the construction industry. These assessments depend on the experience as
well as the field of activity of the respondents. The interviewed experts were chosen from different
disciplines, including the manufacturing, construction, planning, and product certification fastening
technology related sector. In total 16 experts were interviewed, of which 4 are affiliated to construction
tield work (25%), 7 are design and project management professionals (44%), 3 are involved with product
testing and certification (19%), and 2 are at senior engineering positions in fastenings manufacturing
(12%). The experts are based in the German-speaking, Central European region, but they have
international professional activity. The average length of professional experience at the time of
interview was 12.8 years, and they have all had project or area management roles.

The survey implemented structured interviews based on a pre-set questionnaire [26], however
with the option for closed and open answers, so as to allow for opinions and explicit transfer of
experiences [27]. The questionnaires were used as a basis for evaluation in the personal interviews
and discourses with the respective persons regarding the possible risks in fastening technology with
targeted questions. The questions addressed the description of the risk, the project’s stage when it
may occur, likelihood, and impact of the risk. Open ended responses allowed also for consideration
of countermeasures for the risks and assessments of further influences and dependencies, which
are integrated in the recommendations section. Here it was possible to evaluate the probability of
occurrence as well as the extent of the consequences of the occurrence of the respective risks by multiple
choice. The main risk matrix has 3 ratings per probability and consequences, hence a three-grade
system was provided in the questionnaire. In addition, the preventive measures and indications of the
respective risks, which had been researched and elaborated in advance, were recorded in a table and
presented to the interviewed professionals. The measures and information presented were evaluated
in a discourse and subsequently statistically elaborated.
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The contents of the questionnaire for the structured interview are presented below:

1.  What is your name and affiliation (optional), your job title/subject area, and how long is your
professional experience?

2. How high do you estimate the probability of the risks occurring in each of the given six categories
in the draft register (see Table 1) and what do you estimate the consequences if they occur? Rating
from 1 (low) to 3 (high)

3. Are you aware of other sources of risk and if so, which ones and how high do you estimate these
(in terms of probability / consequences)?

4. Are the listed measures and instructions correct? Have you made any additions or remarks?

5. Do you have possible examples of the loss of load-bearing capacity of fasteners? And if so,

how were these dealt with?

Table 1. Risk register for structural fastening risks based on the industry survey.

v
g g g
z 8 £
Sr. Nr. Risk ID Phase/Owner E g i Preventive Measures/Recommendations
=] E’ 2]
kel o -
-] O -1
. Observe the state of the art (EC 2—Part 4/EADs/TRs/other
Design . - .
. standards); observe technical assessments/manufacturer’s
1 risks—related to Des 1.4 PR R A .
R . specifications; perform design verification and use design
dimensioning
software (as support).
Pull-out of Fasteners that are insensitive to pull-out (e.g., re-expansion
1.1 Des. 1.3 anchors); reduce crack widths; pull-out tests (on identical
anchor X . )
objects); cleaning of drill holes.
. Enhance dimensioning of anchor (e.g., strength class,
Steel failure of X
1.2 Des 1.3 diameter); absorb transverse forces (moments) — observe
the anchor .
spacing of anchors.
Increase embedment depth; maintain edge and axial
13 Substrate failure Des distances for maximum resistance; increase d}mens;omng
of the anchoring base (e.g., strength class, dimensions);
hanging reinforcement.
Maintain distances; use insensitive fastener types; increase
Des. dimensions of the anchorage base component; arrange
14 Edge breakout Plm hanging reinforcement; observe load distribution (fasteners
Exc. close to edges); observe prestressing force
(tightening torque).
Maintain distances; increase dimensioning of the anchoring
15 Substrate Des. 13 base component (e.g., height, width of the component);
’ splitting Exc. . observe pretensioning force; devote particular attention to
non-reinforced concrete and small edge distances.
Observe the state of the art (EC 2—Part 4/EADs/TRs/other
5 Risks related to Plm standards); observe technical assessments/manufacturer’s
overall design ) specifications; perform design verification and use design
software (as support).
. Follow manufacturers” approvals and specifications; clarify
Selection of . e .
2.1 . Plm. criteria for product specification; consult with
fastening .
manufacturers on product selection.
Observe distances according to approval; if distances are
Arrangement of Plm. . .
2.2 X 14 less than the permitted values — reduce resistance; use
the fastenings Bem .
planning software from the manufacturer.
23 Configuration of Plm. Dimension anchor plate sufficiently (e.g., stiffness); observe
’ the anchor plate Des. through holes (observe assembly method) and tolerances.
Plm. Create elongated holes; fill annular gaps; observe
24 Load definition Des~ tolerances (hole clearance); levelling layer of low-shrinkage,
’ high-strength mortar.
Obtain planning documents; consider non-structural layers;
Assessment of e . . X
carry out test drilling if materials, properties, thicknesses
2.5 the anchorage Plm. N
base are unknown; carry out pull-out tests; observe the design
and position of reinforcement.
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Table 1. Cont.

'
2 g £
5§ %
Sr. Nr. Risk ID Phase/Owner § g i Preventive Measures/Recommendations
[=] E’ 2]
- o -
A~ O -
Observe the condition of the concrete (uncracked/cracked);
Substrate Plm. .
2.6 o safe side: use fasteners for cracked concrete; Observe
conditions Des ,
manufacturers’ approvals.
Time-related Plm. Observe the state of t.he art (FC 2—Part.4/EADs/T Rs/other
3 N standards); schedule inspection and maintenance intervals
design risks Opr. . .
(with documentation).
L Observe loads on the components (tensile zones); use
Cracking in . L
. Plm. fasteners that are insensitive to pull-out; observe creep
3.1 ageing . . .
Opr. behaviour (concrete, composite mortar); prevent constraint
components .
(shrinkage).
Observe ambient conditions (attack medium); take crack
. Plm. formation into account: obstruct penetration of pollutants;
3.2 Corrosion . . . .
Opr. use corrosion-resistant steel/coatmg; ensure intact
anti-corrosion coating.
Separate different metals constructively from each other;
32a Bimetallic Plm. use insensitive metal combinations; corrosion protection
i corrosion Opr. level of the fastening should be higher than the fixture;
attach sacrificial anodes.
Use insensitive steels (depending on the aggressive agent);
Crevice Plm. 0bse1.'ve dmamlc loads; 1mplemgnt low hydrogen
3.2b - annealing against hydrogen embrittlement; Particular
Corrosion Opr. . ISR L . .
attention by applications in swimming pools, industrial
buildings and regions, bridges.
33 Fatigue from Plm. Observe predominantly non-static loads; use fasteners that
’ dynamic loads Opr. are insensitive to dynamic loads; observe corrosion.
Adhere to the specifications of the approvals; employ
Installation-related trained flﬁ(?rs .'.and supervision personnel; implement
4 - Exc. communication procedures or protocols between
risks - . X
disciplines; Good design documentation of fasteners;
adhere to safety regulations.
Diameter, depth and drilling modes (depending on the
- ial of th hy i
41 Drilling Exc. _ material of the anchor ba§e) according to
specifications/approval; pay attention to the degree of wear
of the drill-bits.
Drill hole cleaning according to specifications; use hollow
Borehole drill with dust extraction according to ETA; deep drill holes
4.2 . Exc. . . .
Cleaning with air compressor; pay attention to the degree of wear of
the brushes.
Embedment ) Use d.epth StOP/l.’n?lrkiIlg.S,' obserye borehole cleaning
43 denth Exc. instructions (remaining drill dust in the borehole reduces
P the embedment depth).
Uniform insertion starting at the bottom of the borehole;
Trapped air in insert anchor rod with a push/turn movement; use
44 Exc. . . . . .
mortar backfilling cartridge and mixer extension; pay particular
attention to overhead and horizontal installation.
Observe quantity (apply markings; as a thumb rule 2/3 of
. the hole length or fill according to volume calculation);
Quantity of . L
45 mortar Exc. composite mortar must escape when the fastening is
inserted; For cartridge systems borehole dimensions per
instructions must be adhered to.
. Discard first material with new mortar container and/or
Mixture of the S . R
static mixer; ensure uniform consistency and colour; for
4.6 mortar Exc. . s .
cartridge systems: use specific anchor rod (with
components . . g
appropriate end shape) for appropriate mixing.
Observe temperature and humidity of the anchorage base
47 Setting time Exc. (in the borehole); water-filled holes require special )
approval; prevent movement of the anchor until the setting
time is reached.
Use drilling aids, e.g., supporting frame; position
readjustment only according to manufacturer’s
48 Adjustment Exc. 23 specifications; levelling layer (low-shrinkage, high-strength

mortar); for rebar connections, observe minimum concrete
cover (exposure class) and reinforcement distance
(overlap).

283
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Table 1. Cont.

v
2 g 2
-
Sr. Nr. Risk ID Phase/Owner § g i Preventive Measures/Recommendations
[=] E’ 2]
- -
A~ 8 ~
Apply defined torque according to approval/ specifications;
Prestressing use calibrated torque wrench (torque-controlled) or
4.9 Exc. 1.3 , . .
force manufacturer’s setting tool (displacement
controlled anchors).
s Obtain design documentation; use detection devices;
False drilling, . . . .
. Plm. consult with project management; seal with low-shrinkage,
4.10 reinforcement X . X
. Exc. high-strength mortar; maintain distances to backfilled
and cable strikes
false boreholes.
Damage to Supervision of installation; documentation of damages;
411 building Exc. alignment of through-holes with type of installation;
components observe dents on the corrosion protection.
Product-related Observe manufacturer specifications,
5 . Plm. 14 PR
risks approvals, certifications;
. Use certified products with ETA; CE mark (EU); also
51 Product quality Plm. 11 - national certifications such as U- mark in Germany.
Availability and Consultation with manufacturers regardmg thfz ava11§b111ty
Plm. of the products (procurable quantity and delivery time);
52 comparable 14 2.0 . -
Exc. consider comparable competitive products
products R )
during tendering
Storage and Plm. Bonding mortar: obs.erve sto.rage conditions .(e.g.,
53 14 22 temperature); fastening: avoid damage (coatings,
transport Exc.
threads, etc.).
. Observe the state of the art in standards and guidelines;
Exceptional Plm. . . .
6 risks Des allow for reserves (e.g., appropriate partial safety factors);
: observe regional regulations.
Attention especially in road traffic and civil protection
Impact and Plm. N . i ;
6.1 . regarding dynamic loads; observe applicable
explosion Des desi R
esign magnitudes.
Observe resistance classes; obtain special manufacturer’s
62 Fire Plm. specifications (e.g., increased distances, increased
’ Des embedment depths); apply insulation or fire
prevention measures.
Observe performance description in the approvals
Plm. (performance categories C1/C2); EN 1998 (Eurocode 8), and
63 Earthquake Des 13 EOTA Technical reports TR 49 and 45 (during transition to
Eurocode 2—Part 4)
Abbreviations of the project phases: Des. = design calculations; Plm. = project planning and management;

Opr. = operation, use, maintenance; Exc. = installation/execution. The color coding is according to Figure 4.
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Figure 4. Risk matrix.
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For the sake of clarity, an overall risk is indicated depending on the assessment of probability and
consequences. The overall assessment of the risk is made up equally of probability and consequences.
The respective values are multiplied as factors. A void/null response is not included in the assessment.
The product thus results in the overall evaluation of the respective risk. In Figure 4, the implemented
assessment basis is presented as a risk matrix. As with the probability and consequences, the rating is
also graded as low, medium, and high with green, orange, and red markings, respectively. A low risk
thus ranges between 1-2, a medium risk between 3—4, and a high risk between 6-9. The values are
recorded with one decimal place and rounded accordingly for the indication of the mark. The results of
the survey are presented in Table 1 below. The risk calculation averages the estimates of all respondents
in the categories “Probability” (4th column) and “Consequence” (5th column) and then multiplies the
averaged values to produce the anticipated risk (6th column).

4.2. Findings and Formation of Risk Register for Structural Fastening Risk

The data recorded in the risk register (Table 1) reflect the risk identification tendency in the
fastening sector of the construction industry. The risk register is intended to reflect the findings of the
survey and to provide planners with a clear and supportive aid for the implementation of fasteners in
the construction industry. In addition, the list can help the people involved in the project to recall the
possible sources of risks when employing fastening techniques.

A variety of critical aspects can be seen as regards the technical considerations addressed in
Section 2. Regarding the load-transfer mechanism and hence type of the anchor (Section 2.1), there
is little distinction to mechanical and bonded anchors and such product-specific risks. In general,
risk No. 1.1 notes the risk of strength reduction due to loss of prestressing in expansion anchors,
and reference to time-dependent material deterioration for mortars is mentioned as a load bearing
deterioration agent in risk No. 3.1. Furthermore, no particular risks are mentioned in relation to
cast-in place anchors, but hanger reinforcement (which is generally associated to cast-in systems)
is recommended as a mitigation measure for a substrate that is expected to actually be of lower quality
than planned. A distinction of product types can be seen at the installation-related risk group (risk
Nos. 4.4-4.7), which address sub-standard structural performance due to sub-standard installation for
bonded anchors.

Considerations of fastening types and assembly configurations (Section 2.2) are mostly represented
in the risk group related to overall design (specifically risks Nos. 2.3-2.4).

Considerations of the substrate material (see Section 2.3) are also represented in the risk register.
There is no specific distinction between concrete, masonry, or special types of substrates, such as
lightweight concrete, but the observance of cracked concrete and the respective anchor specification
and design is proposed as mitigation measure against failure due to poor substrate conditions.

The implementation of the appropriate product specifications that is discussed in Section 2.4 is
noted as a possible risk (risk No. 2.1) with a relatively high ranking. Besides, it also is proposed as
a mitigation measure in several occasions (e.g., risks related to corrosion, fatigue, fire performance),
which highlights the importance of product selection considerations. An interesting finding is that risks
related to product quality (risk group No. 5), which is inherent in the product technical specification,
are results of quite low likelihood of occurrence. This is possibly interpreted as a trust of the interviewed
population on the manufacturing sector.

Considerations on the correct use of structural design standards (Section 2.5) are not listed as
a prevalent risk, but they are compliance to these standards is proposed as a mitigation measure
for virtually all risks related in a way to the design calculations or planning phase. The standards
proposed are, as expected, the newly introduced Eurocode 2—part 4, but also Eurocode 8 as regards
seismic design.

As can be seen from the table, the most critical risks (with a rating rounding up to 6 or above)
regardless of the underlying technical considerations are found to be related to borehole cleaning, load
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distribution on the anchors and the condition of the substrate. Special attention is paid to these critical
risks and measures to minimize them should be included in the planning process.

For borehole cleaning, the evaluation was basically similar for all respondents. According to this,
many had expressed a concern that the borehole cleaning during installation was inferior to what was
prescribed or that it was not carried out by the correct work steps with suitable tools. Insufficient
borehole cleaning sometimes leads to considerable reductions in resistance, especially in composite
systems. The field study reported in [10] yielded comparably critical results with regard to the cleaning
of boreholes in practice. In addition, the UK survey reported in [9] revealed that 21% of the planners
have doubts about the correct installation of composite systems, while another 34% are only moderately
confident. However, 84% of those surveyed consider borehole cleaning when using composite systems
to be the most critical step in installation [9]. A critical analysis including possible actions to avoid
sub-standard borehole preparation is therefore essential.

Ratings of significant emphasis were also given for the load distribution of groups of anchors
in combination with an anchor plate. A correct assumption of the loads is crucial for proper design
and load distribution. A sufficient stiffness of the anchor plate should always be aimed at for an even
load distribution. In the case of transverse loads, the load transfer due to tolerances must be taken
into account, and the annular gaps between the fixture holes and the anchorages can be filled in order
to distribute the transverse loads evenly. In addition, elongated holes can be formed in the anchors
near the edges in the direction of the transverse load in order to increase the resistance against edge
breakouts of the concrete.

The condition of the substrate was also viewed as critical. The main concern was mostly related
to the retrofitting or strengthening of existing structures and the related uncertainty of the materials,
together with the position and density of the installed reinforcement. A preliminary examination
of the substrate material and the performance of pull-out tests was to be considered in order to be
able to achieve an efficient planning. In addition, tolerances in the placement of the reinforcement
were considered of significant variation, even with sufficiently documented plans. Planning of
increased expenditure due to probing and possible reinforcement encounters was considered an
accountable effort.

Figure 5 exemplarily presents some materialised risks (i.e., actual defects and failures)
corresponding to the risk register of Table 1.

Figure 5. Cont.
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Figure 5. Typical defects and failures associated to materialised risks listed in Table 1. 5-1: edge
breakout due to small edge distances (risk No. 1.4); 5-2: inadequate embedment depth (risk No 4.3);
5-3: false configuration of the anchor plate (risk No. 2.3); 5-4: poor assessment of the anchorage base,
negligence of non-structural layers and configuration according to standard (risk Nos. 2.5 and 4.8);
5-5: reinforcement strikes at drilling (risk No. 4.10); 5-6: inadequate assessment of the anchorage base
and damage to building components (risk Nos. 2.5 and 4.11). All photos are taken by associates and
students of the TU Dortmund—Chair of Fastenings Engineering; the fastening products shown are
unknown and neither the authors nor their organisations are involved in these applications.

5. Discussion and Conclusions

Fastening technology provides an efficient solution to today’s rapid construction developments,
automation, and fast evolving need for conversions and upgrades of objects in the construction industry.
The technical communities’ interest to minimise the possibility of fastening failures is evident in the
establishment of modern design standards, product standardisation and certification procedures,
best practice guidance documents and special training events. However, as a result of the overall
complexity of the fastenings sector in all project phases, a coherent risk management procedure against
structural risks can prove vital for improved policy making and practices and advancement through
research. This paper provides the fundamental concepts and methodology for the management of risks
of fastening technology in construction. Furthermore, it provides a comprehensive and demonstrative
accumulation of risks and mitigation measures based on an industry survey, with the aim to contribute
to these directions.

The surveys and the evaluation of the data provide a tendency overview for the assessment of risks
in fastening technology in the construction industry. It becomes clear in which areas improvements
are possible and which areas should be given increased attention in order to ensure both safety
and cost-effectiveness of fasteners in the construction industry. With regard to the possible risks,
the engineers and planners focused their attention primarily on the area of installation. Often, increased
safety factors or “Angsteisen” (additional precautionary anchors) were reckoned with for reasons
of uncertainty regarding proper installation. Apart from the uneconomical planning, the lack of
confidence in the trades involved in the execution of the work is to be viewed critically. Although the
product evaluations refer to installation by appropriately trained personnel under the supervision
of the site manager, the transparency in practice regarding proper installation by sufficiently trained
personnel is questionable. In principle, the fastening technology is on the right track with training and
certification of qualified personnel, but there is still a backlog demand, especially in the sensitization of
contractors for safety-relevant fastenings and the corresponding installation. In principle, the installer
trades in fastening technology but also the planning trades are recommended to take part in further
training measures for their employees.

In the personal discourses with experts and practitioners during the surveys, opinions were
often given regarding various other problems in fastening technology. The relatively complicated
nature of both the design guidelines to be used and the selection of products was often mentioned.
The main reasons for this can therefore be attributed to the low level of involvement with fastening
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technology in everyday professional life as well as the great variety of fastening systems in the market.
The publication of the harmonized design guideline of Eurocode 2 Part 4 at least counteracted the
wide range of prevailing design guidelines. This provided planners with a uniform and at the same
time clearer design basis. Furthermore, many of the planning engineers expressed the wish that a
more transparent overview of the basic application areas of the individual fastening systems would be
useful. This is where manufacturers in the field of fastening technology see potential for facilitating
the selection of a sensible and appropriate fastening system for engineers and planners outside of the
typical product ranges and making their products more accessible to these disciplines.

Based on the survey presented herein, the following takeaways can be summarised, which can be
of use and interest for all disciplines involved with fastening in research, design, project management,
and construction:

e Risk management of fastenings can be largely assisted by use of a risk register. The study
herein proves that listing and categorising risks, rating them, and linking those to risk mitigation
measures is feasible. Moreover, this process can in this form facilitate an overview, monitoring
and communication of relevant engineering risks.

e  Arrisk register for fastenings, is made available herein for the first time in international literature,
and it can be used as guidance or as a model for risk registers of projects involving fastenings.

e  Questionnaires for semi-structured expert interviews are developed specifically for this study,
with the option to be improved as the interviews progress. This also guarantees that the proposed
risk register indicates actual risks and the outcome is strongly related to practice.

e  The highest-ranking risks are found to be related to borehole cleaning, load distribution on the
anchors and the condition of the substrate. While practicing engineers must devote particular
attention to these risks, future research, standardisation, and technological innovation should also
address the causes and consequences of these risks in order to possibly further reduce them.

e  The lowest ranking risks (i.e., with a rating below 3), appear to be related on the one hand with
the last steps of fastening installations (i.e., torqueing of anchors and adjusting the fixture to its
final position), and on the other hand with the anticipated product quality.

It should be highlighted that the presented study may be disclosing useful information as noted
above but it relies on relatively limited number of questionnaires, moreover from a certain geographic
region (Central Europe). Some types of fastening systems (e.g., cast-in systems), or substrate types
(e.g., various masonry types) may be underrepresented, since they are hardly addressed in the risk
identification or mitigation records. Maintaining the survey process developed herein, and relying on
the experience and findings gained by the present survey, a further study may be able to provide a
model risk register with wider risk considerations and area of applicability.
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