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Abstract

This paper presents an alternative approach to the problem, based on ‘‘testing’’ the real structure rather than trying to model it.
Experiments on reinforced concrete (RC) beams, representative of bridge beams, are described. The beams were loaded in cycles up
to failure whilst recording the acoustic emissions (AE) generated. The analysis of the AE signals was then undertaken based on a
proposed new parameter, named the ‘‘relaxation ratio’’. This quantifies the AE energy recorded during the unloading and loading
phases of a cycle test and it showed a clear correlation with the bending failure load of the RC beams. A change in trend was noted
when the load reached approximately the 45% of the ultimate bending load. The results appeared to be influenced by factors such as
the concrete strength and loading rate and further work is needed to extend the results to full scale testing of bridge beams.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Bridges make up part of the asset of a country and
their assessment and maintenance is a fundamental is-
sue. The introduction of the 40 tonnes EU Directive in
the UK has highlighted the matter even further [6].
For a long time, the assessment of a structure was con-
sidered a ‘‘special case’’ of the design and the first code
that dealt directly with assessment dates back to 1990.
Although studies have progressed, the majority of the
existing codes assess the load carrying capacity of
bridges by using theoretical methods and models.

Bridge engineering is not only about designing but
also includes ‘‘looking after’’ and maintaining the ser-

vice-life of bridges. After a period of relative neglect in
the 1970s there was a growing awareness of the necessity
to safeguard and maintain the stock of bridges as part of
the national asset. The concern about environmental
and sustainability issues, started in the mid 1980s. The
introduction of the EU Directive which states that
‘‘bridges on principal routes, have to be capable of tak-
ing 40 tonne vehicles by 1 January 1999’’, highlighted
this necessity even further. Before the mid-20th century,
no analytical tools were available and the only way to
assess the integrity of a bridge was based on visual
inspection and intuitive judgement [12]. For a long time,
the assessment was considered as a ‘‘special case’’ of the
design and thus the same rules were applied. The
‘‘Assessment Code BD21/84’’ [1] represented a mile-
stone in the start of introducing codes which dealt di-
rectly with bridge assessment and it was followed later
on by the new protocol BD44, produced in 1990 [2].
Although these codes represent a huge improvement
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for the assessment of bridge structures, they are mainly
based on theoretical and modelling calculations and
therefore always include a certain degree of uncertainty
and the use of safety factors.

This paper describes a different approach that aims to
predict the degree of damage and failure load of con-
crete beams by directly testing the structure. The final
future aim would then be to implement this method in
order to be applied to real bridge structures. The method
herein proposed uses a newly developed type of acoustic
emission (AE) data analysis, which utilises a newly de-
fined parameter, named relaxation ratio [5]. This is
based on the principle that the presence of AE energy
during the unloading phase of an AE test is generally
an indication of structural damage of the material
and/or structure under study. The results of experiments
on several reinforced concrete (RC) beams are de-
scribed, the relaxation ratio is calculated and the results
are discussed. The emerging trend of the values of the
relaxation parameter seem able to provide an estimation
of the bending failure load of the tested specimens,
although some external factors (discussed later on) ap-
peared to affect the results. The validity of the proposed
method was finally validated by a comparison with the
assessment criterion suggested by the Japanese Society
for Nondestructive Inspections (JSNDI).

2. The relaxation ratio analysis

An AE test generally consists of several load cycles on
the material or structure of interest. Each cycle normally
includes a loading phase and an unloading phase. The
initial idea that led to the development of this analysis
derives from some observations made during the under-
taking of some experiments. It was in fact noted that the
AE activity recorded during the unloading phase of the
cycling loading procedure was increasing as the damage
on the beam was progressing. In fact, AE activity ob-
served during the unloading process is generally an indi-
cation of structural instability [11,15]. This is consistent
with the Kaiser effect for dilatant microcracks and im-
plies that shear cracks do not form until near the macro-
scopic structural failure. While generally in an AE test,

the activity generated during the unloading phase is ne-
glected, the analysis presented here focuses on this par-
ticular activity.

A parallel can be drawn with earthquake sequences,
recognised in seismology. Earthquakes seldom occur
as isolated events, they are made up of foreshock and
aftershock sequences which are closely associated with
a larger event called the mainshock. A schematic illus-
tration can be seen in Fig. 1. Aftershocks follow the
mainshock and are linearly proportional to the area of
the mainshock rupture. Aftershocks typically begin
immediately after the mainshock over the entire rupture
area and its surroundings, or are generally concentrated
around the rupture perimeter or in locations where the
mainshock has newly produced high concentrations of
stress. Therefore, it can be said that aftershocks are a
process of relaxing stress concentrations caused by the
dynamic rupture of the mainshock. Foreshocks are
smaller earthquakes that preceded the mainshock. They
generally occur in the vicinity of the mainshock hypo-
centre and are probably a part of the nucleation process
[13]. Keeping earthquake sequences in mind the failure
of a specimen, or accumulated damage at the end of a
load cycle, can be considered as the mainshock. The
foreshocks and aftershocks can be seen as the acoustic
emissions generated, respectively, during the loading
and unloading phases.

In the light of these preliminary observations, a
‘‘relaxation ratio’’ is proposed to quantify and compare
the AE activity during the loading and unloading
phases. Previous experiments have shown [4] that the
AE energy is an effective parameter to describe the struc-
tural damage of a beam, therefore the relaxation ratio is
expressed in terms of energy and defined as:

Relaxation ratio ¼ average energy during unloading

=average energy during loading phase;

where the average energy is calculated as the cumulative
energy recorded for each phase divided by the number
of recorded hits. The use of the average energy overcame
the problem of the different time duration of the varied
cycles that could affect the results. A relaxation ratio
greater than one implies that the average energy re-
corded during the unloading cycle is higher than the

Fig. 1. Schematic representation of earthquake sequences and AE activity phases. Each individual diagram shows the number of events, as a
function of time, with the vertical dotted line being the time of the mainshock.
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