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New Early Warning Indicator Based on Vehicle Load and Difference Cur-
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Abstract: A new indicator called Vehicle Load Difference Curvature Indicator (VLDCI) was proposed in this paper to
further study the application of difference curvature to early warning of simply supported beams. Values of VLDCI can be
obtained based on the measured vertical displacement data under a novel vehicle load mode (working condition of con-
centrated load), which can be obtained by apply vehicle loading twice. The graph of VLDCI can indicate the damage in-
formation. Case study shows that VLDCI method can detect the occurrence and position of damage effectively and then
the early warning of beam status can be realized. Moreover, the calculation process of this new indicator is simple while

VLDCI values of the intact beams are not required.
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1. INTRODUCTION

Simply supported beams find a widespread application in
infrastructure construction and industrial equipment. To en-
sure normal function and avoid accidents, it is necessary to
perform early warning on the operation status of the simply
supported beams. Once damage appears, maintenance and
disposition is required. For different simply supported
beams, different modes of damage can be observed. For ex-
ample, steel corrosion, crack, concrete cracking, caving, and
so on. These damages, however, can be uniformly character-
ized by the change of the local bending stiffness in theory
[1].

At present, the investigations on the damage identifica-
tion is thriving, and several damage identification indexes
have been established. Based on the variation of these index-
es, the damage of structure can be identified [2-4]. Among
these indexes, the index based on the curvature concept is
very remarkable. It mainly includes two categories: the
methods based on the dynamic effect and static effect, re-
spectively. The former specifically refers to the index based
on the curvature modes. The basic idea is to find the damage
by comparing the modal curvature graph of the structures
before and after damage [5-8]. The latter refers to the index
based on the differential curvature. This index is obtained by
processing the static displacement data of the structure
through the central difference approximation method. It can
also indicate the damage characteristics.

Theoretically, both of the methods are effective. Howev-
er, both suffers to some obstacles in practical applications:
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(1) For the curvature mode based index, it is very difficult to
obtain the ideal curvature modal data due to the limitation of
the number and accuracy of acceleration sensors. Conse-
quently, this damage identification index is not obviously
sensitive to the damage, and misdiagnosis will be arrived
occasionally. Furthermore, it is relatively complex to obtain
the curvature mode from the original measurements, which
indicates that this method is not conducive to the efficiency
of early warning; (2) For the differential curvature based
index, investigations on the appropriate static loading meth-
ods is on the way. On one hand, the loading devices in the
laboratory are difficult to be used in practical field, on the
other hand there are many restrictions in the range, beam
scale and support conditions.

Therefore, it is necessary to further study the damage de-
tection of a simply supported beam based on the curvature
concept. In view of loading methods, the most appropriate
method is to apply the vehicle load. For example, it is con-
venient to directly drive a truck on the large beam structure;
while special small vehicles can be applied for small beam
structures. It is not only convenient to adjust the load value,
but also convenient for moving, loading, and unloading.
However, few reports can be found to combine the vehicle
loading with the static differential curvature index at present.

The present paper attempts to obtain the damage infor-
mation of the simply supported beams using the differential
curvature data under specific vehicle, and then realizes the
damage state warning. The computing process of the present
new method is simple while it is easy to achieve the early
warning. Meanwhile, it is difficult to apply the same loading
to the intact structure for comparison. Consequently, the
newly developed method is able to identify the damage in
cases where only the measurement data of the damaged
structure are available.
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2. METHOD ESTABLISHMENT

According to the central difference approximation meth-
od, the difference curvature at a certain point, i, of the beam
can be calculated by:

1 _%: YVin =2+ Vi

P, B A?

i

where A is the measuring point distance; Mi, Bi and yi refers
to the bending moment, bending stiffness and static vertical
displacement at the point i, respectively; yi+1 and yi-1 refers
to the static vertical displacements at two points which are at
an axial distance of A from the point i, respectively.

In the case of a simply supported beam with a span of L,

it is firstly divided into segments with a distance of A. The
number of virtual segments should be an even number. The
boundary points of each virtual segments are considered as
the measurement points of the vertical displacement (as
shown in Fig. (1). Suppose that damage occurs somewhere
between the points i and i+1. The damage area has a width of
y, and is at a distance of x from the left end of the beam. In
the damage region, local bending stiffness changes from B to
zB.

The load is applied by using the vehicle. The load are ap-
plied twice using two different vehicles. The specific meth-
ods are as following:

(1) Vehicle 1 loading; The front wheel of the vehiclel is
parked in the middle of the span. The loads provided by the
front and rear axles are approximately considered as concen-
trated loads, named as F1 and F2 (as shown in Fig. (2). The
vertical displacements at each measuring points are recorded.
Subsequently, the vehicle 1 leaves the beam.

(2) Vehicle 2 loading: The front and rear wheels of vehi-
cle 2 are parked at the same locations as the vehicle 1. How-
ever, the type of the vehicle 2 is different from that of the
vehicle 1. The concentrated load provided by the rear axle
should also be F1 through adjusting the weight ratio of the
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front and rear axles. Meanwhile, the concentrated load pro-
vided by the front axle is F3 (F3<F2), as shown in Fig. (3).
The vertical displacements at each measuring points are rec-
orded. Subsequently, the vehicle 2 leaves the beam.

Based on the elastic theory, the difference of the two se-
ries displacement measurements for each measuring point
can be considered as the displacement generated by the con-
centrated load (F2-F3) in the midspan. Because most of the
simply supported beams are not deep beam, the shear defor-
mation can be ignored. Assuming that the measuring point i-
1 is m apart from the left end of the beam. According to the
virtual work principle, we can obtain the vertical displace-
ment at each measuring point generated by the midspan load
(F2-F3):

The vertical displacement at measuring point i-1, i.e., yi-
1, is calculated as

—cF, = F, m[24xy(x+y)(1-2)=3Pz=120y*(1-2) 8y’ (1-2)-24kxy(1—2)+4im’z |
i1 =
481zB

The vertical displacement at measuring point i,
i.e., yi, is calculated as
—@F,— F, (A+m)| 24xy(x + )= 31z = 12y (1- 2) + 8y’ (1- 2)
481zB
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The vertical displacement at measuring point
i+1, i.e., yit+1, is calculated as:

—F, - F, [24xy(x+y)(2A+m —1-2z+zI—zm)+8y’z(I — m)
481zB
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Subsequently, the differential curvature at measuring
point i is calculated as:
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Fig. (1). Model of damaged simply supported beam.
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Fig. (2). Sketch of Vehicle 1 loading.
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Fig. (3). Sketch of Vehicle 2 loading.
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It can be seen the differential curvature at measuring
point i includes the damage information (x, y, z).

Similarly, the differential curvature at measuring point
i+1 is calculated as:
| —CF,—F [24Ap(1-2)(ly - xy—x" +2lx)
P 12zA°B
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The differential curvature at measuring point i+2 is cal-
culated as:

1 —cF,—F, (m+3A)
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The differential curvature at measuring point i+3 is cal-
culated as:

1 —cF,—F, (m+4A)
pi+3 - 2B

The differential curvature at measuring point i+4 is cal-
culated as:

1 —cF,—F, (m+5A)
pi+4 - 2B

The differential curvature at measuring point i+5 is cal-
culated as:

1 —cF,—F, (m+6A)
pi+5 - 2B

Consequently, we obtain:
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For the left side, the differential curvature at measuring
point i-1 is calculated as:
1 —cF,-F m
Pi; 2B

The differential curvature at measuring point i-2 is calcu-
lated as:
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The differential curvature at measuring point i-3 is calcu-
lated as:

I _—cFK—F (m-2A)
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The differential curvature at measuring point i-4 is calcu-
lated as:

1 —cF,—F, (m-3A)
Py 28

The differential curvature at measuring point i-5 is calcu-
lated as:

I _—cF—F (m-4A)
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Consequently, we obtain:
1 11 1
Pi-s

Based on above results, an index, V, i.e., Vehicle Load
Difference Curvature Indicator (VLDCI), can be defined as:

1 1
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Consequently, we obtain
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For the measuring point at the left end of the damage re-
gion, i:
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Both Vi+2 and Vi+3 will not be in accord with the simple
law of Eq. (2). It can be seen that when the damage occurs
between the measuring points i and i+1, the VLDCI values at
three points, namely i, i+1, i+2, will change. Consequently,
this index has the ability to achieve the early warning. The
specific implementation method is as follows: for a simply
supported beam, two vehicles are loaded at the specified
location mentioned above. The vertical displacements at
each measuring point are recorded under two loading condi-



New Early Warning Indicator Based on Vehicle Load

tions. The corresponding subtraction of two groups of data
are conducted to obtain the VLDCI value at each measuring
point. Subsequently, the X-Y curve is plotted, and the catas-
trophe location will imply the damage position. Consequent-
ly, the early warning message of the beam state can be ob-
tained. One can perform specific inspection on the marked
position, confirm the damage situation, and make treatments
in time for guaranteeing the safety.

2. CASE

The investigated simply supported beam was fabricated
by Q345 steel and has a span of 20 m. The box section is S m
in width, and 2 m in height. Its wall thickness is 20 mm. The
finite element model is set up by MIDAS/CIVIL, and the
numerical simulation is performed using the spatial beam
element.

(1) Damage setting

The damage occurs at x=6 m, and y=0.2 m. The sectional
bending stiffness in the damage region decreases by 5%.

(2) Loading and results

The spacing of vertical displacement measuring points is
A=0.5m. The loading is firstly performed using the vehicle 1
whose front axle is parked in the middle of the span. The
vehicle 1 is 1000 kN in weight, and its rear axle introduces a
load of 900 kN. Subsequently, the vehicle 2 is parked in the
middle of the span as vehicle 1. Its front axle introduce a
load of 200 kN while the rear axle introduce 900 kN. Conse-
quently, it can be considered that an equivalent concentrated
load (F2- F3=800 kN) is applied in the middle of the span.
Based on the Eq. (1) and the displacement data calculated by
MIDAS, we obtain the V as a function of the axial location,
partially shown in Fig. (4).
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Fig. (4). Graph of V values.
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The horizontal coordinate, x1, originates from the left
end of the beam, and the unit is m; the vertical coordinate
refers to V, and the unit is 1/ (103 m). It can be seen that the
mutation point appears at x'=6 m, illustrating that the damage
occurs in the interval [6 m, 6.5 m]. This result is consistent
with the damage setting. Present case demonstrates that the
VLDCI index can effectively locate the damage and provide
early warning information.
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3. SUGGESTIONS ON THE CALCULATION STABIL-
ITY IMPROVEMENT

The mutation amplitude of the VLDCI value caused by
the local damage between the measuring points i and i+1 is
calculated as:

===
P, Py P
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12zAB
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To improve the stability of the new method, a larger mu-
tation amplitude is required to illustrate the damage charac-
teristics more clearly. According to Eq. (3), two measures
can be adopted as follows:

(1) In premise of not causing further damage, the (F2-F3)
value, included in the numerator, should be as large as possi-
ble;

(2) The A, included in the denominator, should be as
small as possible, i.e., the measuring points should be ar-
ranged as densely as possible;

In addition, it is necessary to improve the accuracy of the
displacement data.

4. CONCLUSION

Early warning of a damaged simply supported beam is
still under investigation. The main obstacle is damage identi-
fication. The damage indicator based on curvature possesses
many obvious difficulties in practical application although
many advantages can be proved. In the present paper, a new
damage detection indicator, i.e., Vehicle Load Difference
Curvature Indicator (VLDCI), is developed by combining
the vehicle loading and the static differential curvature
method. The corresponding damage detection method is es-
tablished. The main characteristics of this new method in-
clude: (1) According to the beam situation, it is convenient
to use different types of vehicle for loading; (2) The calcula-
tion process is simple and clear; (3) If a damage appears on
the beam, the damage location can be indicated; (4) Only the
loading test on the damaged beam is required. Case study
shows that the VLDCI can detect the damage location of a
simply supported beam and further realize early warning
efficiently and easily.
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