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Introduction

Bridge health monitoring (BHM) has become an important
practice in modern bridge management and maintenance.
Current BHM tasks heavily rely on visual inspections and
conventional vibration-based methods that involve deploy-
ments of vibration sensors on target bridges. Besides the
conventional methods, drive-by inspection methods that treat
a moving vehicle as moving sensor are also attracting great
attention.

The core idea of the drive-by methods is that, when a
vehicle moves on a bridge, it excites the bridge into vibra-
tion and simultaneously is excited by the vibrating bridge.
In other words, the moving vehicle on a bridge can serve
as a dual role of bridge vibration exciter and receiver. The
vehicle’s responses during its passage over a target bridge
may carry the bridge’s vibration information. Unlike conven-
tional vibration-based methods that involve large numbers
of sensors being installed, operated, and maintained on the
target bridge, the drive-by methods suggest only a couple
of sensors installed on the test vehicle, and therefore have
the advantage of low cost and high mobility and especially
suit fast condition scanning. Also, the test vehicle passes
all points along the path where it travels, and therefore is
expected to collect bridge information of high spatial resolu-
tion.

Since 2004 when the drive-by concept was proposed, it
has drawn great attention worldwide and has been suggested
to many applications, e.g., bridge dynamic-property extrac-
tion, damage detection, roadway roughness identification,
and more. Our research group is one of the leading groups in
this field. We would like to outline our recent progress in this
introductory article.

Progress in an appropriate vehicle model

We worked out an appropriate tractor-trailer model among
several candidates based on their transmission performance
in free vibration tests. It was found that the appropriate
tractor-trailer system was characterized by a tractor having
the heaviest weight and a trailer having the highest bounc-
ing frequency. The heavy tractor was for easily exciting the
bridge. The trailer of high frequency was shown to better
transmit bridge’s vibration energy, and therefore made the
bridge dynamic properties more identifiable; moreover, it

identified the bridge frequency as accurately as the other
trailer did of lower and closer frequency band to the target
bridge’s.

Selecting a trailer of high bouncing frequency can be
justified by the following empirical considerations: 1) to
reduce the negative impact of roadway surface roughness;
2) to avoid the close resonance between vehicle frequency
(usually of the bouncing mode) and the target bridge fre-
quencies; 3) to avoid the frequency variation caused by the

vehicle-bridge interaction.

Progress in a prototype full-scale sensing system

We proposed and assembled a prototype full-scale sens-
ing system and tested it in field. Following our findings from
laboratory experiments, the sensing system herein was again
of tractor-trailer type: the tractor served to excite the target
bridge and the trailer served to capture the target bridge’s vi-
brations. The focus herein is that the trailer was homemade,
whose frequencies could be tuned by changing the body
mass and the suspension stiffness, while the tractor was a
commercial passenger car.

The trailer was a simple uni-axle two-wheeled structure
(see Figure 1). It firmly connected to the tractor in order to
suppress the pitching mode vibrations. The trailer was made
of aluminum, and its mass was 14 kg. Its nominal dimen-
sions are length = 860 mm, width = 600 mm, and height =
305 mm. Its body was supported by two tires made of natural
rubber and weighing 2.2 kg. The wheel diameter was 285
mm and the width of rim was 90 mm. The trailer’s bouncing
frequency was empirically tuned to a frequency band higher
than general bridge frequencies (usually 2~4 Hz for the first
bending mode), for the purpose of avoiding resonances with
target bridge frequencies and of reducing the road surface
roughness’ negative effects. This could be beneficial to the
extraction of a bridge’s dynamic properties. In our pre-tests,
free vibration tests and moving vehicle tests were conducted
on general roads (off bridges). From these tests, the trailer’s
bouncing frequencies were observed around 8 Hz when it is
stationary and around 9 Hz when moving.

Figure 1. Assembled trailer
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The practicability and accuracy of the drive-by method
using the homemade trailer were preliminarily verified
in a field test on a steel girder bridge. In the field test, the
fundamental bridge frequencies were successfully identified
from the trailer’s responses in most runs and the identified
bridge frequencies were very close to the ones identified by
conventional methods. Figure 2 shows a typical acceleration
power spectral density of the assembled trailer moving on
the test bridge with a speed of 10 km/h. A clear peak pre-
sented around 3 Hz, which was identified as bridge bending
frequency with acceptable accuracy.

1072

— Identified
— —-Raw data

PSD (m®/s*/Hz)
3 3
(] £

N
S
(o]

~10 ‘ ‘ i
10 0 5 10 15 20
Frequency(Hz)

Figure 2. Power spectral density of the trailer moving on the test
bridge with speed 10 km/h.

Progress in road profile identification accuracy

To improve the accuracy of road profile identification
from the test vehicle responses, we proposed an a priori, self-
adaptive and straightforward method using a complementary
pair of vehicle models, one with and the other without un-
sprung mass. The present method was rooted from a numeri-
cal study on how the following four numerical vehicle mod-
els affected the accuracy of road profile identification using
drive-by inspection methods: 1DOF and 2DOF quarter-car
(the former without and the latter with un-sprung mass) and
2DOF and 4DOF half-car models (the former without and
the latter with un-sprung mass). It was shown that the vehicle
models without un-sprung mass were more capable of iden-
tifying profiles in lower frequency bands while those with
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un-sprung mass were more capable of identifying profiles in

higher frequency bands.

The present method works as follows.

1) Select a complementary pair of vehicle models, which
could be 1DOF and 2DOF quarter-car models or 2DOF
and 4DOF half-car models.

2) Quantitatively find out in which frequency band each
vehicle model is capable of identifying the road profile
more accurate than the other using a series of sinusoidal
profiles.

3) Identify road profiles using two models respectively, and
then extract road profile components in the correspond-
ing frequency bands from the respective road profile
identified by both vehicle models.

4) Assemble the two extracted profile components into
one. The resultant profile was taken as the final outcome
of the roadway profile.

For one typical example, when a IDOF quarter-car model
(without un-sprung mass) was used to identify a target road
profile, it could identify low frequency components well
but high frequency components fairly (Figure 3(a)). On the
other hand, when a 2DOF quarter-car model (with un-sprung
mass) was used, it could identify high frequency components
well but low frequency components fairly (Figure 3(b)).
When the present method was used that taking the advantage
of the complementary pair IDOF and 2DOF models, it could
identify the road profile better than the respective 1 DOF and
2DOF model could (Figure 3(c)).

Vision

Many drive-by method-relevant studies are ongoing,
focusing on improving the accuracy and sensitivity of bridge
modal-parameter extractions and damage detections, on
removing the negative effect of road surface roughness, and
on upgrading the full-scale sensing system. It is believed that
the fast development of drive-by methods and their applica-
tions aiding the conventional visual inspection methods and
vibration-based BHM methods may greatly save time, cost,

and lives in our modern society.
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Figure 3. Road profiles identified by (a) IDOF quarter-car model; (b) 2DOF quarter-car model; (c) the present method
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Vehicle Routing in City Logistics:
Managing last Mile with respect to Land Use

HRikE S A - ERSER RS E - dE#d% Qureshi, Al Gul

Introduction

Urban planning systems divide a city in various land use
areas and set certain restrictions on types of developments
in these areas to create a sustainable urban environment.
Industrial and commercial land uses often lead to increase
in freight shipments, impacting the neighboring transporta-
tion network. Land use planning has been integrated with
passenger transportation planning, however, its role in the
design of urban logistics systems has only been restricted
to the location of warehouses and distribution centers. The
size, location and density of such freight facilities along
with the land use pattern will affect the freight systems such
as central vs. satellite distribution. So would be the types
of vehicle used for transportation (i.e. large and/or small
trucks). Usually the last-mile deliveries are carried out using
trucks and vans, which contribute their share in the typi-
cal traffic-related problems such as congestion, idling and
environmental emissions. Furthermore, increase in freight-
related traffic also increases the probability and severity of
crashes in urban areas. City logistics aims at the mitigation
of these ill-effects considering both public and private costs
by suggesting various policies and schemes such as coopera-
tive delivery systems, ideal location of logistics terminals,
and entry restrictions for large trucks. Efficient routing of
delivery vehicles can also address the above-mentioned
problems.

The Vehicle Routing and scheduling Problem with Soft
Time Windows (VRPSTW) can be used for optimized and
efficient logistics operations. It finds minimum cost routes
for delivery vehicles to cover demands of all customers
within their specified time windows. In modelling of city
logistics, the behavior of freight carriers is often modelled
by the VRPSTW with the main objective of minimization of
total operation cost. In earlier studies, it has been found that
even a simple VRPSTW may result in better overall cost and
less environmental impacts (obtained as by-product) as com-
pared to the actual operations of the urban freight vehicles.
On the other hand, other stakeholders of city logistics (such
as administrators and residents) strive for a better living
environment (less traffic, less emissions, better road safety).
The aim of this research is integrate the objectives of freight
carriers and other stakeholders to improve the delivery
operations under the existing land use patterns, especially

within the residential zones.

The Vehicle Routing and scheduling Problem with Soft Time
Windows and Land Use considerations (VRPSTW-LU)

This research aims at reducing the environmental footprint
of the freight deliveries in residential areas by adding it as an
exclusive objective in the VRPSTW, resulting in the forma-
tion of a rich VRPSTW with land use considerations (i.c.
VRPSTW-LU). The objective of this new variant is to reduce
unnecessary truck travel (distance or time) in the residential
areas by shifting it to commercial and/or industrial land use
areas while reducing the overall cost as well.

The VRPSTW-LU includes all the constraints of a typical
VRPSTW, i.e. all customers must be serviced within their
time windows while obeying vehicle capacity constraints.
However, it considers a modified cost c”i/ as shown below:

Z pu dg'/u

uelU

B
z di/'u

uelU

N |
'y =cy 1

where, diju

path connecting customer i with j, in a particular land use

is the portion of the distance traveled along the

category u & U (a set of all land use categories). A penalty
factor p,, is separately defined for each land use category u
& U based on the priority of the land use. For the purpose of
analysis, the twelve typical land use zones in Japanese cities
were partitioned in three main categories in this research,
viz. category A: exclusively residential (comprising of land
use 1 to 4), category B: other residential (comprising of land
use 5 to 7), category C: commercial and industrial (combing
commercial (land use 8 and 9) and industrial (10 to 12)).

As VRPSTW-LU can be reduced to VRPSTW (by setting
p, equal to zero for all land uses), it is also a NP-hard prob-
lem. Therefore, a heuristics-based approach was developed
to solve it. A combination of the Dijkstra’s algorithm and a
genetic algorithm (GA) is used to get optimized solutions
for the VRPSTW-LU. The Dijkstra’s algorithm was used at
the pre-processing stage to find the shortest paths connecting
customer / with j on the real road network considering the
land use penalties, and then a Genetic Algorithm (GA) was
used to find optimal route (sequence and time of service) of

the customers.

Experimental setup

To create a test instance and a set of scenarios, probe data
of four 3-tonne trucks of a well-known freight company was
used. These trucks were involved in typical delivery opera-
tions passing through parts of Osaka City, Kadoma City and
Moriguchi City in Osaka Prefecture. In the test instance, the
time windows of the customers’ demand are based on the ac-
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tual arrival times in the probe data with a range of 20 minutes
before and after the arrival time and further 15 minutes are
added as soft time windows limit. While the algorithms were
coded using MATLAB, the analysis was also supported by
ArcGIS 10.2 software by ESRI with the basic geoprocessing
tools. The land use and road network data of Osaka City
used in this research, is based on the ArcGIS data collec-
tion standard pack of 2011. The travel cost in our analysis is
the travel time between each node in congested (day time)
conditions, which is based on the traffic census data of Osaka
City surveyed in 2010. In total 21 different cases were tested
based on the different combinations of the penalty factor p,,
defined for each land use category u & U. For the sake of
brevity and limitation on the length of paper, next section
reports on the detailed analysis of only two cases, viz. case
1 (VRPSTW) (p, equal to zero for all land uses) and case 8
(VRPSTW-LU) (setting p,, equal to 1 for the target class i.e.
category A (exclusively residential) and zero for the other
land uses, i.e. category B (other residential) and category C

(commercial and industrial)).

Results and Discussions

In total data from 8 different truck routes were analyzed
under each case. Figure 1 gives a comparison of the travel
times of delivery trucks in each land use category. As com-
pared to the probe data, even a typical VRPSTW shows
considerable reduction in the total travel time , and therefore
the travel time in the target category A is rerduced as well. It
must be noted that both VRPSTW and VRPSTW-LU were
solved using optimization algorithms based on the same
assumptions, underlying road network, customers, etc.,
and therefore, only they merit a direct comparison. On the
other hand, the actual probe data may represent a dispatcher
based operation and might have taken into account various
real life perceptions, and therefore, a direct comparison
with VRPSTW or VRPSTW-LU can only be used to extract
general trends and comparisons.

While comparing the VRPSTW-LU with VRPSTW, Fig-
ure 1 shows that it was able to achieve its objective, which
was to reduce the footprint of the logistics activity in the
residential area (Category A). A clear difference between the
routes suggested by VRPTW-LU and VRPSTW can be seen
in Figure 2. In order to get overall minimum cost (minimum
total travel time), routes generated in VRPSTW are passing
through the residential areas. In this case, the trucks use

residential areas even more than the probe data. On the other

hand, VRPSTW-LU was able to divert the truck traffic away
from the residential areas at slightly additional overall cost.

VRPTW-LU
I
|

VRPTW

Probe Data

0 20 40 60 80 100 120

travel time (minute)

Category A m Category B m Category C

Figure 1. Comparison of travel times in different land-use catego-
ries in various optimizations and real data.
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Figure 2. Land use footprints of routes in various optimizations
and real data.

Conclusion

The paper presented the issue of footprint of the urban
logistics activities in the residential areas and offered a novel
vehicle routing variant to address it. The VRPSTW-LU was
able to optimize the cost for the delivery operations simul-
taneously reducing the footprint of the delivery trucks in the
residential areas thereby improving the living environment
in the target land use class. While compared to the classical
VRPSTW, this added benefit was obtained at a very small
cost increase. Therefore it can be used to demonstrate a win-
win situation for all city logistics stakeholders. Although a
variety of cases have been tested as far as the penalty factor
for each land use category is concerned; their appropriate
values can only be obtained on a basis of an efficient stake-

holder dialogue and/or survey.
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