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Abstract: Accurate and reliable data in concrete testing is crucial to ensure the safety and longevity of
structures. This paper focuses on the importance of testing in the design and assessment of structures,
particularly in preventing premature failure of repairs. It explores the reliability of concrete repairs,
highlighting the significant role played by construction, corrosion, and workmanship in repair failures. The
paper emphasizes the need for testing to establish the necessity of repairs, provide reliable data on defects,
and test the effectiveness of repairs.

Additionally, the paper discusses the use of risk assessment in determining the defects that require testing,
considering both structural and durability risks. It underlines the importance of evaluating the consequences
of failure and the likelihood of defects, utilizing risk matrices to guide decision-making processes.

Furthermore, the paper clarifies the distinctions between inspection, failure analysis, building pathology, and
forensic engineering, highlighting the importance of skilled inspectors and accurate data collection. The
paper stresses the need for expert involvement in the testing process to ensure appropriate and correct
data interpretation.

Lastly, the paper addresses the number of tests required for reliable results, emphasizing statistical
considerations and the determination of characteristic values.
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1. Introduction

Inaccurate and inadequate data has implications across all industries. In healthcare, inaccurate data could
mean making a fatal mistake in patient care. In law it could lead to wrongful judgements. In construction it
has led to structural collapse. For example, in 2018 the 51-year-old Morandi Bridge (Figure 1) experienced
failure of a prestressing cable due to corrosion in one stay, which led to a progressive collapse due to lack
of redundancy. Essentially the high consequence of failure should have led to much higher target reliabilities
in design, but inadequate testing over the bridge’s life also had a part to play. Clearly for design of new, and
assessment of old, structures there must be adequate confidence in the measurements used in the ongoing
performance assessments.

The 1967 Morandi Bridge in
Genoa collapsed in 2018 (1) killing
43. The collapse was caused
when one suspension cable
encased in concrete failed due to
corrosion. This raised concerns
over the level of inspection. The
replacement bridge has robots for
cleaning and inspection.
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Figure 1: Examples of Catastrophic Failures of Structures

This paper reviews various aspects of testing that are particularly aimed at showing how testing can be
improved to prevent premature failure of the repairs.



2. Forensic Engineering & Building Pathology

What is gained from a building investigation depends on the level of inspection and skills of the inspectors.
Over the last decade, different terms for investigation of structures have been coined (see Table 1).
Understanding the difference in these levels can assist with selecting the right objectives and level of
investigation to be undertaken.

Table 1: Different Types of Investigation

Terminology Definition

Inspection Inspection of a structure, either visual or with testing, is based on taking and reporting
details of the structures condition. A failure is not necessarily involved.

Failure Failure analysis is an investigation of a failed component with little account of

Analysis surrounding circumstance and repercussions (3).

Building Matthews et al. (4) paraphrases CIB “building pathology provides a systematic

Pathology scientific approach to discovering what has gone wrong with a failed building”, and “a

building pathologist is primarily concerned only with what has happened and how it
came to happen with a main focus to ascertain the facts of the situation, rather than
to attribute blame or liability.”

Forensic Forensic Engineering is “The application of engineering knowledge to the
Engineering | investigation and assessment of the nature, condition and performance of an
engineered system. Commonly this is associated with the use of scientific methods
and engineering principles to the study of the processes of deterioration or abnormal
changes within or failure of structures, ..together with their causes, symptoms and
remediation...”(5) Matthews notes “..forensic engineering typically involves the
investigation of various types of failure of constructed facilities in order to determine
the potential cause(s) of the failure, but also to identify the parties which bear
responsibility for the event.”

Routine inspections of structures are generally prescribed at intervals as part of a structure’s maintenance
manual, with more detailed inspections being undertaken when issues are identified. These routine
inspections can sometimes be undertaken with little thought, as there may not be a clear issue yet. This can
lead to incomplete or inaccurate data. Incorrect data is the first step towards folly’. The Data, Information,
Knowledge Wisdom (DIKW) (6) pyramid, and Bernstein’s negative counterparts (7), developed for the
information technology industry, describes this well (Figure 2). In essence it supports the ‘rubbish in, rubbish
out’ computer programming concept that, when applied to testing, means poorly planned and executed
investigations that lead to solutions that are incorrect and will fail.
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Figure 2: The DIKW Pyramid and its Antithesis



Whether a forensic investigation, or routine investigation, the inspection program should be set up based

on the following principles:

1. The objectives of the investigation are defined and agreed by all parties.

2. A recognised and experienced forensic engineer establishes the testing programme (what, how and
where), including the number and locations of tests, and the criteria to be used in assessing the data.

3. The testing company demonstrate they can complete the investigation in accordance with the agreed
method. Tests on standard samples are often useful but at least repeatability should be tested.

4. Effective data verification at all stages of data transfer. Preference is for no manual data transcription.
A specialised digital inspection and data collection system that collects all information regarding defect
type, size, location and properties that automatically syncs with the cloud is ideal.

5. An expert assesses the data in a scientific way and apply appropriate engineering principles.

BCRC was asked to undertake full probabilistic analysis of service life on a bridge where the client gave a
cover (thickness of protective concrete over the reinforcement) dataset from the tester they had previously
appointed. Very low routine cover measurements by the tester had led to concerns. The tester had used an
inappropriate method that underestimated cover, included multiple scans of the same low cover area,
obtained low covers due to the influence of tie wire, and in transcribing the data had duplicated columns of
data. BRCR'’s resolution of this led to a lack of confidence in the contractor by the client, which undermined
BRCR’s work as the contractor’s expert. It is important that the expert be appointed to manage the testing
process to ensure the data is appropriate and correct.

Forensic Engineering specifically doesn’t just look at the failure mechanisms, and who may have directly
specified the item that failed - it looks at the systems behind those directly involved to see why those systems
failed to have steps in place that would identify issues that might occur. This involves a much broader brief
than a failure analysis that in turn is broader than a more common inspection.

3. Reliability of Repairs

G.P. Tilley (2) reports on an EU funded project to evaluate why concrete repairs fail by examining repairs
on structures. His findings are summarised in Table 2.

Table 2: Summary of Cause of Repair and Cause of Repair Failure
Cause of Repair | % of Total | Success of Repair % Cause of Failure % of Total
Construction 5 80 Design / Material 69
Corrosion 60 50 Workmanship 19
AAR 6 20 Other 12

The sample of 230 structures was drawn from a broad number of contributors. What stands out is:

a) The very much higher number of successful construction repairs relative to repairs where there were
deterioration (corrosion and AAR) issues. The difference arises because once deterioration starts, it is
very hard to stop, and in some cases, like AAR, virtually impossible to totally stop.

b) There are repairs being undertaken to new structures, but even then 20% of the repairs fail. For remedial
works to old structures, the failure rate is much higher.

c) The main cause of repair failure was design; either diagnosis of the issue, selection of materials, or
design and detailing. In the authors’ opinion, a key reason for the low success of repairs is the use of
non-specialists undertaking design and construction. It is common for a builder with a low level of repair
expertise to specify and undertake a repair, sometimes supervised by a consultant or owner who also
has a low level of repair experience.

~

This highlights the importance of testing to:

1) Establish whether repairs are needed given that risks may increase by undertaking repair as
opposed to accepting a minor non-conformance.

2) Providing reliable data on a defect’s nature and seriousness.

3) Providing a means of testing a repair, given the unreliability of repairs.



4. Assessing if Repair is Required

When an item fails to meet specification, often attention is focused on repair rather than assessing if repair
is required. Before commencing on the implementation of a testing program, two steps should be
considered, i.e., what are the risks associated with any defect that is to be assessed and will the testing
method provide useful information on that risk.

Risk assessment can be used to determine what defects need to be assessed by testing. This is easiest
explained by an example. Consider the case where voids or honeycombing may have formed at the centre
of a large column but there is no evidence of those voids on the surface. This is a situation that exists on all
elements, but the industry does not investigate it. It accepts the associated risks are so low based on the
history of construction that no investigation is required.

The risk can be formulated for example as a question e.g., “is the risk associated with structural failure due
to a void of 100 cm? in plan area at the centre of the column greater than Moderate”, with “Moderate” being
assumed to be the acceptable level of risk. Keeping it simple, assume structural failure has a consequence
of “Moderate”. This means that the likelihood of such a void must be no worse than “Possible”, i.e., no more
than 50% likely. Figure 3 gives a non-project specific risk matrix as an example, but in practice the client’s
risk profile should be used. Generally, for 100 cm? voids the likelihood will be ‘Rare’ and the risk ‘Very Low’,
which explains the industry view that no investigation is generally required. If voids are visible on the surface,
the risk statement changes. There is a durability risk that also must be considered. The likelihood of hidden
voids also increases.

Consequence
1 — Negligible 2 - Low 3 — Moderate 4 — Very High 5 — Extreme
Likelihood (During 50-year design | COST: Within COST: COST: May COST: May COST: May
life) normal Unexpected have a minor have a affect ongoing
maintenance but will not effect on significant viability
expectations affect cost of overall cost of effect on
and budget production production overall cost
A - Almost Certain | >95%
Very likely. The event is expected to Moderate Extreme Extreme Extreme
occur in most circumstances.
B - Likely 50-95%
There is a strong possibility the Low Moderate Extreme Extreme
event will occur. Possibly a history of
occurrence.
C - Possible | 550%
The event might occur at some time Very Low Low Moderate Extreme
as there is reported cases of it
occurring.
D - Unlikely | 15%
Not expected but there is a slight Negligible Very Low Low Moderate
possibility it may occur at some time.
E - Rare <1%
Highly unlikely but it may occur in Negligible Negligible Very Low Low Moderate
exceptional circumstances. It could
happen, but probably never will.

Figure 3: Typical Risk Matrix

The consequence of failure needs careful consideration. Large voids lead to a potential structural failure,
and that could mistakenly be assumed to be a catastrophic failure. In most cases, the structure will have
been designed for redundancy such that if one column has issues, load will be redistributed and there will
be no structural collapse, and no safety issues are likely to occur. Essentially, it would be a serviceability
limit state issue. Consequence could be “Very High” if repair costs are high (e.g., high social cost due to
traffic jams on bridges), or ‘Extreme’ if multiple columns could be affected such that redundancy is
compromised.

The above is a simplistic use of risk assessment to demonstrate the general principles:



a) The existence of a defect does not mean testing is required. It may be that the defect of concern will not
cause a significant risk, and consequently does not require investigation. Typically, the engineer should
undertake a structural and/or durability analysis to determine what type of failure(s) will results (SLS or
ULS). The engineer and client may both need to be involved in assessing the consequence of that
failure.

b) Risk assessment is a complex topic in terms of formulating the risk statements, ensuring appropriate
determination of likelihood and assessing what mitigation measures may mean. It may require the use
of a risk expert, in conjunction with the technical expert in regards the defect type and its cause, to
assess the likelihood of the defect’s occurrence.

5. Using Risk Assessment to Determine Repair Bonding Approach

As noted in Section 3, there is a relatively high risk of repairs failing compared to new construction,
particularly where patch repairs do not penetrate behind reinforcement. The likelihood is increased further
where the repairs are to a large, thin area; and where the modulus of the repair material does not match the
substrate. Patches typically fail in one of four ways:

1. Poor workmanship leading to poor bond

2. The expansion of the repair mortar not being restrained, leading to it popping off in the expansion
phase

3. The lack of restraint leading to a lack of compression in the mortar so that as it shrinks it cracks,
4. Fatigue of the interface due to a difference in the properties of the patch and concrete.

The consequence of a repair failing varies depending on circumstance. These factors determine the testing
and bond performance requirements.

Where failure is of low consequence and repairs are small, then adequate preparation for adhesion and
shear bond strength, combined with matching repair and concrete properties and drummy and pull off tests
is likely to give an acceptable reliability. However, as the consequence of repair increases, e.g. soffit repairs
over a main road, then physical pinning of the repairs is appropriate to help restrain the patch to lock in
compression and ensure no separation (Figure 4). As the repair size increases, better restraint and support
is required and a mesh is added to the pins. Bond tests of the system in defined areas where there are no
pins, and drummy testing, are still important.

3mm g stainless pins epoxy bonded in 3.5mm diameter hole. 3mm g x 75mm stainless steel mesh
\ \ \
Joint Repair Small Soffit Large Soffit
>30mm in
>Max 70mm concrete.
spacing. Min
4/patch. 5-15mm cover Repair
to repair mortar
surface

Figure 4: Methods of Improving Patch Repair Interface Performance

Where testing of actual repairs is impractical, testing of simulated repairs could be permitted, i.e.,
engineering judgement has to be applied to code requirements. In simulated tests, the conditions of the real
situation are closely mirrored. This approach is often applied to shotcrete, where the application
workmanship is a major contributor to obtaining the specified performance so frequent testing is required
but it is preferred not to damage the works. Simulation tests can be used to demonstrate the process is in
control so limited testing of the real works is necessary. While it would be possible to apply this principle to
pull-off testing, it is not typical.



6. Number of Tests Required

Whatever test method is employed, the accuracy must be reasonably well known, or the test result has little
meaning. A common trap is for a testing company to quote a measured value and the engineer to accept
that this number accurately describes the material’'s properties. This can be far from true in some cases.
Some tests are undertaken to provide a general indication and results have a wide variance. In such cases
more tests may help improve the predicted reliability. It is important to know the reliability required to
determine the extent of testing necessary.

When a property is measured by NDT or laboratory tests, a sample is taken, and the sample’s mean is
taken to be representative of the mean of the population. The more samples that are taken, the closer the
mean of the samples is to the mean of the population. The number of tests required to declare that the
sample mean can be taken as the population mean is determined statistically. However, very often only a
few results are taken and then the sample size can have a significant effect on the predicted mean value of
the population.

In assessing whether the sample mean shows the required population mean has been achieved at a given
confidence level a hypothesis test, using a T statistic related to the sample size, and standard deviation is
used. If the limited number of tests shows that the required mean value is not achieved, the hypothesis test
can be re-run to determine what confidence there is in achieving the required mean. If that is inadequate a
risk assessment can be undertaken to assess if additional testing is required or if a lower mean shall be
taken as the population mean.

Limits on properties to be measured are generally set as a minimum or maximum but this is generally taken
to be the same as the characteristic value. In civil engineering this is frequently set as at the 95% confidence
level. From the test data, a mean is calculated (either directly or using a hypothesis test depending on the
number of samples). The variance may be calculated from the sample results or may be based on the typical
variance when using a given test. Knowing the mean and variance the characteristic value can be
established.

The accuracy of test results varies considerably. Some tests such as compressive strength of cylinders
generally have a low variance. Other tests such as chloride diffusion have a relatively high variance. A few
results may be enough to show the diffusion coefficient is acceptable provide a sufficiently high required
value is set.

This variance of a concrete test methods is generally established through inter-laboratory testing whereas
the variance of exposures (pH, chloride concentration etc) is generally established from the sample results.
The calculated characteristic value is for the sample, and not the population. Hence for the characteristic
value of the population to be acceptable, the characteristic value of the sample must be greater than the
specified value by at least the error of the mean.

7. Flaw of Averages

One of the critical distributions used in durability design is cover. Typically, many results are gathered
wherever there is a risk of cover being low. Although an average might seem acceptable, it can hide isolated
problems. This can be the issue with selecting test locations and with analysing the data.

On one project, a beam had low cover at a particular point where the reinforcement was bent and tied such
that most of one type of bar had low cover over a small length. Measurement of lots of covers randomly
showed a few of these points such that failure probability was low and within an acceptable margin.
However, a scan only of the location of the potential low cover bars showed a high and unacceptable failure
probability at that location. On another project the spatial distribution was better described by considering
cover in 4 mm bands to identify if the lowest cover band was problematic.

There is no written guide on where to take cover measurements and hence engineers must consider each
element to assess where covers will be taken, and then how the results will be divided spatially to provide
reasonable distribution data for input into modelling. Similar considerations of spatial variations should be
given when selecting and assessing most concrete performance property tests. In concrete repair that might
be pull of tests after 28 days around the edges of the repair, i.e. the likely weak point.

In some cases, a process can be applied to select locations for testing. For example, with concrete strength
assessment, rapid scanning using a ‘rebound hammer’ to measure surface hardness can identify areas of
weaker and stronger concrete. By categorising an element’s surface into different bands, a decision on



where to take cores for strength tests can be made. On one project, a contractor made an arbitrary decision
on where to take cores for chloride analysis and then appointed our company as the expert to assess
condition. Because we had no idea whether cores represented good or bad areas the results were largely
useless.

8. Cracks

As noted in regards the DIKW pyramid, it is important that the test plan is developed by someone
experienced with concrete as a material, and the testing of concrete.

Cracks are a very contentious issue in concrete. Whenever the Concrete Institute holds a lecture on cracks,
it is guaranteed a large turnout. To explain the reason, concrete cracks to engineers are like freckles to
many people. The freckle may be innocuous, but people think there is a chance it is skin cancer. So, while
most concrete cracks are innocuous, some are signs of impending disaster. The result is cracks are
measured and analysed ad nauseam. Crack width is the most notable measurement and inexperienced
engineers invariably get the measurement wrong. An example of a measurement being overstated by 12
times in one case is shown in Figure 5. The conclusions regarding crack significance are very dependent
on the crack width measurement.

hotograph of the same crack
B P p n -

Copy of photograph from one experts report

Figure 5: Typical crack measurement error. Inexperienced engineers measure the abraded surface
appearance rather than the actual crack width.

Sicat notes “A fallacy is often based on a correct argument but applied to a wrong set of circumstances. A
myth is a worse form of fallacy because it is not true or correct.”(9) All industries have their share of myths
and fallacies.

Testing equipment manufacturers make devices that measure certain parameters. As manufacturers, they
endeavour to sell as many devices as possible by identifying markets where those measurements might be
useful. They do not consider it their responsibility to provide data on the reliability of test methods for all
these ‘potential’ applications. The test specifier must understand the limitations of the test which are often
not published. An example is the much publicised ‘crack depth’ measurement by Ultrasonic Pulse Velocity
(UPV). While marketed as measuring crack depth, it measures the depth before the compression wave
jumps the gap at some undefined crack width. Many engineers are interested in crack depth, and some
specify the test not understanding its limitations. It may be fairer to say that UPV measures the depth to the
crack becoming fine.

9. Cold Joints

In concrete construction, the wrong test might be specified because of a lack of understanding about a
defect. ‘Cold joints’ are often misunderstood. These occur when a layer of concrete that has stiffened is
overlain with another layer of concrete, so that the interface cannot be vibrated through in order to make the
concrete monolithic (Figure 6). A cold joint often appears as a line on the concrete surface but there are
other causes of lines on the concrete surface that are totally innocuous. BCRC has been asked several
times by engineers to use UPV to test what appears to be a cold joint. Asset owners know cold joints are a
potential issue, but often don’t know why. One issue is that the concrete can be of low quality on either side



of the joint, but the joints are thought of as cracks, so asset owners want to measure their depth using the
test hyped to measure crack depth. UPV will show zero depth and will not identify if there is low strength
porous concrete.
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Figure 6: UPV Testing Myths

10. Conclusions & Recommendations

In conclusion, this paper underscores the critical role of accurate and reliable testing in the design and
assessment of structures. It highlights the need for qualified inspectors, clear objectives, and proper testing
methods to prevent premature failures. The study on concrete repairs demonstrates the significance of
design and workmanship in repair failures and emphasizes the importance of testing to establish the need
for repairs, provide reliable defect data, and assess repair solutions.

To improve testing practices, it is recommended that inspection programs be established based on defined
objectives and involve recognized and experienced forensic engineers. Effective data verification, preferably
through digital inspection and data collection systems, should be implemented to ensure data accuracy.
Additionally, risk assessment should guide the decision on whether testing is required, considering the
consequences of failure. Adequate sample sizes and statistical analysis should be employed to ensure
reliable test results.
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