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Various structural failure modes exhibit great differences in occurrence probabilities, failure conse-
quences and intrinsic characteristics, etc. Utilising these differences can enhance the effectiveness and
efficiency of damage identification research, which has currently received little coverage. Therefore, a
new idea, developing mode-specific damage detection methods, is suggested in the paper, with validation
on beam structures. Firstly, structural behaviour was investigated from the perspective of stochastic
traits and the structure design theory. It was concluded that developing damage detection methods for
probabilistically dominant modes had potential to enhance the effectiveness of the identification signif-
icantly. Secondly, the strategy was applied to simply supported beams for the purpose of verification.
When following the flexural mode, a major failure pattern of the beams, the structures demonstrated a
very interesting feature - linearized deflection curves. Hence, damage severity and location indices were
defined and an analytical model was built by quantifying the feature and then linking the indices to the
curvature of the beams. Thirdly, experiments on reinforced concrete (RC) beams were conducted. The
results showed that both the flexural mode and the characteristic of the linearized deflection curves were
observed on all specimens; that there was a strong correlation between the damage severity index and
the state of the defects on the beams; that the location indices corresponding to damaged and intact sec-
tions varied completely differently in quality and quantity. Thus, implementing the mode-specific strat-
egy improves the specificity and efficiency of the damage identification dramatically.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Civil structures usually need to operate for decades despite
working loads, aging, environmental impacts and the related
potential for damage accumulation. Therefore, evaluating the
degree of deterioration of these constructions becomes increas-
ingly important for both economic and safety purposes. Accord-
ingly, in recent years, there has been enormous demand for
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techniques capable of detecting damage precisely, particularly in
large structures such as long-span bridges. Structural health mon-
itoring (SHM) technology is an effective solution to satisfy such
demand [1]. In SHM systems, sensors are installed on structures
to collect information [2] and Damage Identification (DI) tech-
niques are employed to characterise structurally healthy and dam-
aged states. So far, sensing technology has progressed greatly [3-
5]. Hence, DI techniques are a key part of SHM research [6].
Although related studies have been conducted for decades [1,6-
8], further investigations on damage detection are still a research
priority.
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Generally speaking, the majority of current damage identifica-
tion methods are usually suitable to all defects or failure modes
of different structure types. The basic idea behind the methods,
for instance the vibration-based techniques, is that model param-
eters such as frequencies, mode shapes, are functions of physical
nature (mass, stiffness, damping); hence, the variations in the nat-
ure cause detectable changes in the modal parameters [9]; quanti-
fying the measured changes is used to characterise their causes,
namely damage. Following this philosophy, besides the vibration-
based techniques [10-12], the artificial neural network-based
technologies [13], the statistical pattern recognition-based meth-
ods [14] and the signal processing-based techniques [15,16], etc.,
were developed. Successful applications include the monitoring
systems for the NASA’s space shuttle [17], rotating machinery
[18], wind turbines [19], offshore platforms [20], however, there
are few on large-scale infrastructures such as long-span bridges
[8,21,22]. For example, recently, Vardanega, et al. [23] pointed
out that ‘It remains difficult to get value from bridge monitoring’.
Many excellent reviews [6-9,24] concerning the damage detection
philosophy and progress is available. It is clear that the aforemen-
tioned concept cared little about the effect of distinctions among
damage modes on the structural damage identification.

However, different types of damage vary dramatically in cause,
evolution and consequence. Furthermore, changes of different nat-
ure and magnitude in structural properties and responses occur
due to the complexity of different damage types. For example, Ji,
et al. [25] found that damage (severe cracks or corrosion) altered
the failure patterns of aged jacket platforms from a global yield
in the intact state to a local tearing mode. Hence, to large-scale civil
structures, identifying all kinds of defects with merely a single
indicator or method is a really big challenge, even implausible
[26]. Consequently, the distinctions among different defect/failure
modes deserve more attention from the structural damage identi-
fication field.

Meanwhile, an in-depth understanding of failure modes is cru-
cial for success in damage detection. Aktan, et al. [26,27] concluded
that the characteristics of failure modes should be very well under-
stood in order to identify damage or deterioration on bridges.
Chase [28] and Das [29] asserted that the accurate estimates of sys-
tem reliability and failure modes were essential for effective bridge
management. Technically, among all possible modes, several occur
more frequently [30] and they are probabilistically dominant. For
example, a 10-truss structure was investigated by many research-
ers [31,32]. Feng, et al. [32] found that it could fail in thirty-four
modes; however, the orders of magnitude of the failure probability
of the first two modes were 10~* and 10> respectively, whereas
those of the rest were equal to or less than 1072, Namely, the
structure mainly failed in the first two modes and the others were
less important. In this case, once the two modes instead of all
thirty-four ones were covered by corresponding mode-specific
damage identification techniques, the safety of the structure would
be enhanced significantly. Furthermore, as is analysed later, com-
pared with the universal DI investigations, studying DI methods
for the probabilistically dominant modes is more deterministic
and easier. In conclusion, implementing mode-specific damage
identification research is inherently essential.

This study suggests a mode-specific damage identification
strategy verified by tests on reinforced concrete beams. The paper
is structured as follows. In Section 2, a main failure mode of simply
supported beams, the flexural mode, is analysed theoretically; a
characteristic termed the deflection curve linearization is uncov-
ered; a direct relation between the damage severity and the char-
acteristic is established. In Section 3, a functional form of the
deflection curves of damaged beams is deduced based on the finite
element theory; the damage detection problem is transformed into
quantifying the difference between the deflection curve and its

secant, utilizing the Fourier series approach; the damage location
and severity indices are defined based on the mathematic interpre-
tation of the difference, using the Difference Method and the pre-
viously obtained Fourier coefficients. In Sections 4 and 5,
experiments on RC beams are investigated; the flexural mode,
the deflection curve linearization and the performance of the two
indices are examined completely. Finally, the strategy, conducting
the mode-specific damage detection research, is discussed from
the perspective of theoretical necessity and engineering practice.

2. The flexural failure mode of RC beams and its feature
2.1. The flexural mode, a dominant failure mode of RC beams

The flexural failure mode is stochastically dominant in RC struc-
tures [33-35], thanks to the excellent performance of structures
which fail in the mode. In an RC beam, the flexural failure mode
can be characterised by two features [33,36]. Firstly, tensile rein-
forcement in a certain section yields and part of concrete in com-
pression is crushed almost simultaneously when failure occurs.
Secondly, the beam exhibits enormous deformations during fail-
ure. Two corresponding factors account for the overwhelming pre-
dominance of the mode. The first is to fully utilize the
reinforcement and concrete strength. The second is to give engi-
neers an early warning and opportunity to save the structure and
avoid the loss of life and property. In fact, since these traits have
been clearly understood throughout the civil engineering commu-
nity, engineers are required to design structures to fail in this mode
in major RC design specifications [33,35,37,38]. Namely, most RC
structures have mode-preference nature when being designed.
Therefore, it is inherently inevitable to employ the flexural
mode-specific techniques to identify their damage. Additionally,
the strategy is also applicable to other structures.

Technically, the predominance of the flexural mode was
demonstrated clearly and completely in the experiments detailed
in Sections. 4 and 5. Firstly, in the theoretical estimation, for exam-
ple, for loads of 50 kN, the failure probability of the flexural mode
was 0.5091, whereas those of the others were equal to or less than

9.1291 x 107, Namely, the probability of the former was five
orders of magnitude greater than those of the others. Secondly,
in situ, all specimens failed in the flexural mode.

Randomness also plays an important role, which results from
stochastic factors, for instance, construction errors and the devia-
tions of material properties from those assigned in design. For
example, the beams in the following experiments were designed
such that they theoretically failed in the flexural mode; however,
the precise breakage position was unknown before a test.

2.2. The behaviour of RC beams failed in the flexural mode

In this section, the behaviour of a beam failed in the flexural
mode is analysed in order to establish the relation between the
damage severity and curvature of the structure. In Panel a) of
Fig. 1, a beam subject to a concentrated load P at X, has a major
crack within the region [Xc;, Xcr]. The damaged segment is simu-
lated by reducing its properties, such as stiffness and capacity
[39]. Assume that, except for the damaged segment, the other parts
of the beam behave elastically [40] and the bearing capacity of the
cracked section is reached when the damage starts to worsen.

There is a direct relation between the damage severity and the
curvature of the residual beam segments. Take the left-hand part
depicted in Fig. 1 as an example. The flexural moment is in equilib-
rium near the cracked segment; the rotation at both sides of Sec-
tion N is compatible, whereas the curvature is discontinuous

My, = Mg, On = Ong (1)
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Fig. 1. The theoretical model of a cracked beam: a) the cracked beam [39]; b) the bending moment equilibrium existing at both sides of the crack section; c) the deformations

near the cracked segment.

Dj (xn)# D (xx) (2)

Here, xy equals xc; ; My, Mg, Onrand Ong are the flexural bending
moment and the rotating angles at the left and right sides of Sec-
tion N; Dj (xn) and Dy(xy) are the curvatures occurring at both sides
of Section N. As assumed previously, the left-hand part of the beam
is an elastic segment and therefore the relation between the flexu-
ral moment My, and the corresponding curvature Dj (xy) is

My, = EI + D] (Xy) 3)

where EI is the bending stiffness of a section which is uniform
throughout the entire beam in this study. Consider Egs. (1) and
(3), and therefore My is

MNR = MN]_ = El D;_/(XN) (4)

Since Section N reaches its current capacity, the damaged extent
y is defined as the ratio of the residual capacity to its original
magnitude

_ Mw _ E
MNu MuN
y varies from 1 (intact) to O (failed); My, is the flexural capacity
of Section N in the pristine state; My is the residual capacity of
Section N and also equals the bending moment produced by load
P; W/ is a constant related to the properties of the beam segment
_EI E
My Prax * Xp

A

« D (xn) = Wy » D} (xn) ()

W,

where Ppg, is the maximum load that the beam can bear; x, is the
arm of P. Eq. (5) shows that the damage severity is proportional
to the curvature occurring at the end of a residual part.

When the load P is small, since the major crack has not occurred
or is developed very slightly, there is equilibrium between the load
P and the inner force

MN = PLower * Xp = EI * D”(XN) (6)
where Ppoyer is of such a small magnitude that the beam is almost

intact; My and D"(xy) are the corresponding bending moment and
curvature. Therefore,

Prower * Xp

E[ =T~
D" (xn)
Substituting Eq. (7) into Eq. (5) yields
El « D”(XNL) PLower * DZ(XN) PLuwer 1

Y= = 7 = 77 * Dy (x
/ Prnax * Xp Prgx % D (XN) Prax * D (XN) L( N)

=Ly * D] (xn) (8)

(7)

Compared with Eq. (5), Eq. (8) is more convenient to utilise in a
test since all involved quantities are experimentally measurable.

2.3. The deflection curve linearization of RC beams failed in the flexural
mode

The deflection curve linearization refers to a feature, a lin-
earized deflection curve of the beams, which appears when the
damage is worsening. It is a consequence of the flexural failure
mode.

Re-write Eq. (5) as follow

M(XN) :MNL:MNR:’V*MNu (9)

where M(xy) is the bending moment at Section N. Eq. (9) implies
that the bending moment on the whole beam decreases when the
damage worsens (y — 0). Hence, the elastic deflections of the beam,
D.(x), also decrease, because, for example, the deflection of the left
segment is

pi= [ [MOaac [ [
3

X X t X
:y*[./o /0 WL*dethf(X)}:V*{BWL*xN

where f(x) is a function related to the boundary conditions.

More importantly, there is a rigid displacement component on
each segment which increases during failure (y — 0). As shown
in Eq. (2), the curvature distribution at both sides of Section N is
discontinuous. With the development of the damage, the disconti-
nuity results in a tremendous curvature jump. Consequently, as
shown in Fig. 2, a rigid rotation, Oy, occurs on the left segment.
Onir triggers the rotation of the segment about its support, a rigid
displacement which contributes to a considerably large part of
the segmental deformation; what’s more, the rigid displacement
is distributed linearly along the segment and increases dramati-
cally with the damage. These two parts - the elastic deflection
and rigid displacement, facilitate Section N to satisfy the compati-
bility of rotation (the second equation in Eq. (1)). Since the former
decreases and the later increases greatly with the damage, the geo-
metrical shape of each segment is being linearized when the dam-
age increases (y — 0). Additionally, to the right portion of the
beam, the presence of load P gives a bigger weight to the elastic
deflection; however, the nature of the problem remains identical.
In conclusion, the deflection shapes of both segments turn from
curved to straight and tend to coincide with their secants; this fea-
ture reflects the progress of the damage.

So far, a unique characteristic which occurs when the structure
fails in the flexural mode is extracted. Furthermore, as shown
below, the difference between the deflection curve of the beam

M(xn)
v e tdede

41
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Fig. 2. The deformation near the cracked segment and the left-side segment of the beam: a) the compatibility of the deformation occurring at both sides of Section N; b) the

combination of the elastic and rigid deformations of the segment.

and its secant relates to the damage severity; the position of a
sharp turning on the curve helps to locate the damage.

3. The flexural mode-specific damage identification method

In this section, mathematically formulating the deflection curve
linearization is used to identify the damage on beams that follow
the flexural mode. In the following, the functional form of deflected
beam curves is established. The mathematical implication of the
deflection curve linearization is discussed, and the Fourier series
approach is introduced for characterisation. Finally, damage sever-
ity and location indices are defined.

3.1. The function form of deflection curves of damaged beams

In order to estimate the damage severity by quantifying the dif-
ference between a deflection curve and its secant, the first target is
to determine the functional form of both geometrical objects. As is
known, the secant is a line; hence, the key is the determination of
the deflection curve function form.

In finite element (FE) theory, the deformation of a two-
dimension frame element is estimated based on its nodal
displacements

D) = @1 (%) % 01 4+ @2(X) * V2 + Q3(X) % U3 + P4(X) * V4

where D(x) is the deflection at x. As shown in Panel b) and c) in
Fig. 3, v; and ¢;(x) (i=1,2,3 or 4) are the nodal elastic displace-
ment and shape function of the ith degree of freedom (DOF), respec-

| X1

tively. A common form of ¢;(x) is given in, for example, reference
[41]

@4@::173<%>2+2<%)3:147¢Am

where L is the elemental length. It is clear that the elastic deflec-
tion at x and the entire curve of the structure are uniquely deter-
mined by all the nodal displacements.

For the remaining segments, the damaged section serves as one
of two ends and the other is the support. Meanwhile, consider the
boundary conditions, i.e. for the left-hand segment »; = 0 and for
the right-hand one v, = 0, and reduce the function of either seg-
ment as: for the left-hand portion

D) = @2(X) * 02+ @3(X) * U3+ Qu(X) * Vs
and for the right-hand portion

D) = @1(%) * v1+@3(X) * U3+ @4a(x) * V4

Eventually, consider the rigid deformation discussed in Sec-
tion 2.3 which is a linear term and then further simplify both as

X) =Ax" +Bx" + Cx +
D A +Bx* +Cx+D 10

where x is the abscissa of a section of interest and belongs to [0,xCL)
or (XCR,L]; A, B, C and D are coefficients which vary with the dam-
age. In conclusion, the deflection curve function of a residual seg-
ment is a cubic polynomial.

XL J ‘

Xi\ Xj+2
Cracked segment

Fig. 3. The deflection curve of a damaged simply supported beam: a) a deflection curve; b) a two-dimension frame element; c) the shape functions of the element.
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3.2. The formulation of the deflection curve linearization

In order to quantify the damage severity, the second target is to
mathematically characterise the difference between a curve and its
secant. From the mathematical perspective, the deflection curve
linearization may be interpreted as follows: if a curve is being lin-
earized, the difference between it and its secant is narrowing.
Therefore, the damage diagnostic problem can be transformed into
that of quantifying the difference mathematically. Hence, the Four-
ier series approach is hereafter introduced. The primary idea is that
the deflection curve and its secant functions are expressed in a
Fourier series form and then the difference is quantified by com-
paring the Fourier coefficients.

The main procedure is detailed as follows. Firstly, obtain the
functional expressions of the deflection curve and its secant in a
mathematical or experimental way. The function of the secant, S
(x), corresponding to Eq. (10) is

delB — delE

S(X) =———— x (x—xp) +delB,

0<x, <x<x <L
Xp — Xe

where x,, X, are the x coordinates of both ends of the beam segment;
delB = D(x,,) and delE = D(x.) are the deflections at x, and x.. Sec-
ondly, both functions are periodically extended with a method such
as the odd/even/periodical prolongation. Eq. (10) can be oddly
extended as

AX® +BX* + Cx+D
Dix)=<0
AX> —BX* +Cx-D

if xe (nL,(n+1)L]
ifx=nln=1,2,3,--")
if xe (nL,(n- 1)L

Thirdly, the two extended functions are expressed in a Fourier
series form, which produces two series of Fourier coefficients. For

example, Eq. (10) can be oddly prolonged and then expressed in
the Fourier series form as

Zb sin 7™ (11)

where P(x) is D(x) or S(x); b,(n=1,2,3,--+) are Fourier coefficients

L
b=7 [ Peosin"axn =123, (12
LJo L

Hence, the two sets of coefficients form two vectors
] and By = [bu1, buz, bus, - -]

where o is a vector, called a Fourier coefficient vector, whose com-
ponents, bp1, bpy, bps, are associated with the curve; is also a vector
and its components, byi, byz, bys, are related to the secant. Finally,
the damage severity can be quantified precisely by comparing the
two vectors.

op = [bp1, bpa, bps, - -

3.3. The damage extent index

In principle, if two geometrical objects tend to coincide with
each other, the angle between their Fourier coefficient vectors, op
and By, should approach zero. Therefore, the damage extent index,
termed the angle index, is defined as

Ly = acos <M> (13)

|otp | * | Bul

where L, is the angle index; {op - By} is the dot product of Vectors
ap and By; the operator |ap| gives the absolute magnitude, i.e. the
length, of vector op; acos(-) is the anti-cosine function. According
to its mathematical meaning, L, should tend to a value of zero, with
increasing damage (y — 0).

3.4. The damage location index

Locating damage is based on the fact that if the curvature distri-
bution is discontinuous (Eq. (2)), a turning appears on the curve;
furthermore, the turning point is just the location of the damage.
The location index DL; is termed the slope index and defined as

Ki tano Dj(x) Jo D'(xdx

DL; =11 = =L 14
1 KiZ tanﬁ D;?(X,) ‘]:im D”(X)dx ( )

where DL; is the slope index used to check whether the damage

occurs at Node i; as shown in Fig. 4, K;; = tano and Kj; = tan j8 refer

to the slopes of the segments at both sides of node i, respectively
ADi; 1 D(x) — D(x; 1) ADii1i  D(Xi11) — D(xi)

Ky =1 = — VK = 1= — 15
T A Xi — X 27 M Xi1 — Xi (13)

where X;_1, x; and x;,; are the x-coordinate of Node i—1, i and i+1;
D(xi_1), D(xi) and D(x;,1) are the displacement values at these nodes;
AXx;;_1 and Ax;.1; are the coordinate increments between Node i—1
and i, i and i+1; AD;;_; and AD;,; are the displacement increments
between the two pairs of nodes.

In Fig. 4, the varying patterns of the slope indices in three situ-
ations are depicted. In Panel a), the specimen is pristine and the
slopes of two neighbouring segments are different; hence, the
value of DL; is far greater than a value of unity. In Panel b), the
beam is approaching failure but the hinge is not formed at Node
Jj; hence, DL; is approaching 1.0. In Panel c), a hinge is being devel-
oped at Node k; therefore, the curve sharply turns here and the
index value is negative. Note that the slope index at the mid-
span is singular in theory because the values of Kj; and Kj, are
near-zero; however, in practice, if the hinge is formed at the
mid-span, the variation of the index is similar to that of Node k
in Panel c); otherwise, the slope index follows the pattern of Node
j in Panel b). In conclusion, the location of the hinge, namely the
damage, can be determined precisely by monitoring the slope
indices at all measuring points.

4. Experiments on RC beams

Experiments on eight RC beams were carried out to verify the
previously discussed output. The mechanical properties of the
materials involved are shown in Table 1. The symbol E denotes
the elasticity modulus of steel or concrete. For concrete, f. and f;
denotes the compression strength and tensile strength, respec-
tively; for steel bars, f. and f; refer to the yield strength in compres-
sion and in tension. The diameters of all reinforcement are listed in
the “D(mm)”column. The “Notation” column names all steel bars.
The “State” column shows the states of the steel bars, in compres-
sion or tension, when the beams are subjected to loading. The
design details (the cross sections and reinforcement configuration,
etc.) are presented in Fig. 5. The total beam length was 3.5 m,
whereas the clear span, the distance between two supports, was
3.3 m.

Specimens were subjected to two concentrated forces with the
same magnitude and in an identical direction. The horizontal dis-
tance between the force and the nearest support was 1.1 m.
Namely, the loading positions were within the regions where the
stirrups were installed. This was crucially important to lead the
structures to fail in the flexural mode.

Deflections, strains and cracks were measured. Thirteen trans-
ducers were equally spaced along the longitudinal axis of a beam
to capture its precise deflections. Steel strain gages were applied
on all the longitudinal bars on the cross sections of the mid-span,
one- and three-quarters of the clear span. Concrete gages were also
employed to measure strain on one side face of the mid-span. All
cracks were marked and the width and length of typical cracks
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(a) Pristine state (b) Failure state (c) Failure state
Ordinary location Undamaged location Damaged location
tana tana tana
DL"_tanﬁ»l'o DLJ:tanﬂ">1'0 DLk:tanﬁ <0.0
i-1

Aproximation

Deflection \
curve it1

Fig. 4. The slope indices DL; in three situations (a practical deflection curve, the solid line; an approximation, the dash-dotted line; the curve in the intact state, the dashed
line).

Table 1
The mechanical properties of the materials involved in the experiments.
Material type D (mm) E (MPa) fi (MPa) f. (MPa) Notation State
Concrete \ 3.0E+4 2.01 20.1 \ \
Steel bars 16 2.0E+5 335 335 N, Tension
8 2.1E+5 235 235 N, Compression
8 2.1E+5 235 235 N3 Shear

) 350/2
1
Loading Position
5.5 Al 15  ———y 902 B
Tt | T
I i
- ‘ o]\ 208 N
- 8 8 8 8 2
] ] ] ] —11 |Symmetry plane
2,
AN m%
7 %8y, Al 2016, Strain gage
(10, 110 | 110/2
Elevation of Half of a RC Beam
Strain gage 1n
N 15 gag |
,\__ﬂ . Cl -+
25 [N
N3
= o | 12f 2
— le Nl —~
N—3, 9 .3 3, 9 .3,
Cross Section A Cross Section B

Fig. 5. Design details of an RC beam (Unit in cm) and a specimen in situ (right).

were recorded. Some of the measurement devices are also shown 5.1. The failure mode and the feature observed on specimens
in Fig. 5.
The observations from the specimens match very well with the
theoretical prediction in Sections 2.2 and 2.3 regarding the flexural

5. Discussion failure mode. On Specimen 6, when the load 2*P = 90 kN, the ten-
sile reinforcement yielded suddenly; after a while (the peak load,

The failure mode and its feature of the specimens and the effec- 93 kN), on the same section, the concrete strain on the top
tiveness of the location index and the severity index are investi- exceeded the ultimate strain limit and resulted in concrete crash-
gated carefully below. As assumed previously, the damage ing; the beam stiffness decreased enormously and the deflections
discussed here refers to what occurred in the hinged or heavily increased tremendously as shown in Fig. 8. The beam reached its
damaged segment rather than tiny cracks. Note that the data from capacity and the hinge was formed completely as shown in
Specimen 6 instead of all beams are highlights in the following dis- Fig. 6. In the lower panel of Fig. 6, in the damaged area, the upper

cussion due to limited space available here. part of the concrete is crushed; the lower part and the bars inside
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Fig. 6. Beam 6 in the failure state (the upper) and the corresponding damaged zone
(a hinge).

are tensioned to failure; the concrete hinge facilitates the segmen-
tal rotation about the centre of the damaged zone.

Randomness, an important aspect of failure modes, indeed
played a critical role although all involved factors were handled
as precisely as possible. The hinge distribution on all specimens
reflects the feature. In Fig. 7, the damage location is represented
by the x coordinate of the transducer adjacent to the damage on
each beam. The distribution of hinges is characterised as below.
Firstly, all hinges appear in the region between the two loads P,
namely on the pure bending segments which also have the largest
flexural moment and the highest failure probability. Secondly, they
are almost evenly spread, which reflects the fact that all sections
within the region are of identical failure probability. In conclusion,
all specimens fail in the flexural mode.

The deflection curve linearization characteristic was observed
on all beams. Fig. 8 shows the deflection curves of Beam 6 in four
stages. When there was slight damage, such as tiny cracks, the
curve (the uppermost one) was nearly of a polynomial shape. With
the development of the damage, the curve was gradually divided
into two portions by the heavily cracked segment at x=1.375
and both portions became straighter. Once the hinge was formed
fully, the shape of the beam axis (the lowermost curve) consisted
of two lines, as also shown in the upper panel in Fig. 6. In conclu-
sion, with the worsening of the damage, the linearizing tendency of
the deflection curve became clearer.

The failure characteristics described above clearly show that the
RC beams fail in the flexural mode. These results prove that the
foundation of this research and the DI technique developed here
is valid.

5.2. The effectiveness of the damaged extent index
Before analysis of the experimental data, some details need

explaining. Consider the loading condition shown in Fig. 7. Eq.
(5) becomes
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Fig. 8. The deflection curves of Specimen 6 under four load levels: 1) 35.0 kN, a
slightly damaged state; 2) 93.0 kN (the peak load), forming a hinge; 3) 83.2 kN, full
formation of the hinge; 4) 33.7 kN, the state of complete failure.

Mnr :')J-MNH =1.1P

where, as shown in Fig. 7, the constant 1.1 refers to the arm of load
P. The above equation shows that the extent of the damage is pro-
portional to P during the formation of the hinge. Namely, P can
serve as a direct reference to the damage extent. Hence, the load
history is embedded in the following plots. Meanwhile, the effec-
tiveness and validation of the indices are examined by checking
the correlation between P and the indices. Additionally, the
sequence of the loading steps is introduced as the horizontal axis
of these plots. Note that the first ten Fourier coefficients were
involved in the calculation of L,.

The variation of the damage extent index L, during the test on
Beam 6 is demonstrated in Fig. 9. The procedure was characterised
by three-phase features. In the first phase, the load P increased
from 35.0 kN to 90.0 kN, and the value of L, fluctuated around a
value of 0.09. The load-deflections of the mid-span (Panel (b)) pro-
vides more insight into what happened during this stage. As shown
in Panel (b), the slope of the curve is nearly constant from point B’
to C'. From the point of view of the concrete structural theory, this
means that the beam stiffness was nearly invariable [34]. Namely,
both the structure and damage states were very steady - neither
increasing nor decreasing significantly. This gives a full explana-
tion of the tiny fluctuations around 0.09. The values of the first
two points are too small; this results from measurement errors,
because the beam only deflected slightly at the beginning of the
test. The second phase started when P=93.0 kN (the peak load)
and ended when P=55.0kN; the values of L, decreased from
0.09 to 0.03. Even more importantly, the variation coincides
exactly with the decrement of P. Further analysis found that there
is another three-stage procedure in this phase; L, correlates closely
with P in every stage. At the end of the test, the beam failed com-
pletely, and the index varied slightly again. In conclusion, there is a
strong correlation between the damaged state and the index value.

. . P P
o —— Hinge Location 1 T# l
X¢  —— Beam X=(1 to 8) 4= 84 34
68 4 1# 2%
0 0.275 0.550 0.825 1. 100 1.375 1. 650 1.925 2.200 2.475 2.750 3.025  3.300

Locations of transducers (m)

Fig. 7. The hinge distribution on all specimens.
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Fig. 9. The variation of the severity index L, and the load-deflection relation during
testing on Specimen 6.

5.3. The verification of the damage location index

The data from sections 3, 4, 6, 7 and 8 were evaluated to com-
pletely investigate the performance of the location index. Accord-
ingly, three indices, DL4, DLg and DL;, were analysed. DLg was
selected since the hinge was near the sixth transducer as shown
in Fig. 10. DL; was involved in order to study the index perfor-
mance at a special location, the mid-span, where the slope is singu-
lar, in theory. DL, stands for the case corresponding to an ordinary
section on the beam. DL, and DLg were calculated by

_ D(x6) — D(x4)

U, 2D() ~D(w)] ) DlXs) ~Dxs)
2[D(x7) — D(xs)]

DLy = 55 pag = D(xs) — D(X4)
Axeq

As shown in Fig. 10, DLg differs from DL, and DL; in three
aspects. Firstly, the plus/minus sign of DLg changes immediately
at the instant of forming the hinge fully, as also predicted in Panel
¢) in Fig. 4. Secondly, the absolute magnitude of DLg is always lar-
ger than 2.75 throughout the test, however, most of the values of
DL, and DL, are far smaller than 2.0. For example, when
P=65KkN, DLg is 3.8125, whereas DL, and DL; equal 1.7483 and
—0.4022, respectively. Finally, compared with DLg, the values of
DL, and DL, vary differently, as shown in the right panel. Keeping
its plus sign, DL, decreases gradually to a value of unity. At the
mid-span, the sign of DL; changes, from the minus to plus; its value
firstly decreases to a value of zero, showing the nature of DL, a sin-
gularity from its definition. After that, the index approaches to
unity, meaning a hinge was forming elsewhere. The indices corre-
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Fig. 10. The variations of the location indices DL; at three cross sections: DLg, the
hinged section; DL4, a common section; DL, the mid-span.

sponding to the damaged, virgin and mid-span sections vary com-
pletely differently in quality and quantity, which matches very
well with the previous theoretical prediction in Section 3.4. In con-
clusion, the slope is able to locate very precisely damage in all
developing stages of a defect.

5.4. Further significance of the mode-specific damage identification
strategy

So far, a method and corresponding indices for a specific mode
of the RC beams have been developed; however, the underlying
idea is applicable to a wider range of structure types and circum-
stances. Two factors, structural behaviours and the development
of damage detection investigations, account for the extensive
applicability.

Both the characteristics of structural behaviours and engineer-
ing practice give rise to the idea. Civil structures can fail in a huge
number of modes; however, only a few have high occurrence prob-
abilities [30]; more importantly, these modes contribute to the
majority of structural failure probability. In fact, designers and
engineers facilitate this predominance deliberately. Namely, they
give a higher priority to these modes due to the characteristics of
structural behaviour and engineering necessity which have been
analysed in Section 2.2. Meanwhile, some modes could cause unaf-

fordable consequences [26], e.g., a massive loss of lives and prop-
erty. Compared with others, both types of modes deserve more
attention. Correspondingly, covering these modes can greatly max-
imise the safety of the structures and minimise the possible loss
due to the failure of the constructions. In conclusion, developing
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mode-specific damage identification methods for each important
mode is technically essential.

From the perspective of researching methodology, developing
mode-specific damage detection methods is necessary. Generally
speaking, researchers can learn a lot from the studying philosophy
in medical science. Diseases are divided into a great amount of cat-
egories and each type of common but critical illness is investigated
separately. The damage identification research can take a similar
strategy. Namely, all damage scenarios of a particular type of struc-
tures are classified according to the occurrence probability and
failure consequence, and then the significant ones are covered with
corresponding mode-oriented techniques. Herein, the main failure
modes or undesirable modes serve as the counterparts of the major
illness types in the medical science. More specifically, the mode-
specific DI research is more deterministic and easier. Since the
behaviour of structures following a particular damage pattern is
clearer and more deterministic, the strategy allows researchers to
identify damage successfully, with higher effectiveness and less
hardness. In fact, a similar mode-oriented NDT idea has been
applied in such as Acoustic Emission (AE) studies [42] for decades.
In conclusion, developing mode-oriented damage identification
methods is suitable and essential for different kinds of civil
structures.

6. Conclusions

The fundamental purpose of this research was to suggest a new
strategy - studying damage detection methods specific to proba-
bilistically dominant failure modes. The strategy had yielded accu-
rate results in experiments on reinforced concrete (RC) beams. The
major conclusions are summarized as follows.

e Among all modes, several occur far more frequently than the
rest. For example, in the experiments, when loads were 50 kN,
the probability of the flexural failure mode was at least five
orders of magnitude greater than those of the others.

e The overwhelming predominance of these modes, to a great

extent, results from structural design considerations.

Hence, developing damage identification techniques just

applied to structures which fail in probabilistically dominant

modes can greatly enhance their effectiveness, specificity and
efficiency.

In theoretical analysis, simply supported beams failed in the

flexural mode demonstrated a unique, interesting characteristic

- linearized deflected curves; there was a relation between the

damage and the characteristic, Egs. (5) and (8). More impor-

tantly, the damage location and severity indices (Eqs. (13) and

(14)) were defined by quantifying the characteristic

mathematically.

The results from the experiments showed that all RC beams

failed in the flexural mode and demonstrated the linearized

deflection curve feature (Figs. 6-8); that there was a strong cor-
relation between the damage state and the severity index

(Fig. 9); that the location index exhibited distinctively different

varying patterns at the damaged or intact positions (Fig. 10).
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