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Preface

It is with great pleasure that we present the proceedings of the 13th International
Conference on Sustainable Built Environment (ICSBE) 2022. This is the eleventh
consecutively organized conference following a series of international conferences
since 2010, keeping its tradition of adhering to engineering excellence.

Taking a step forward from the last ten events, the coverage of specialty areas
in this conference has been diversified. This book contains manuscripts of research
work from many different sub-specialties. All the manuscripts were presented in
parallel sessions from 16 to 18 December 2022.

We would like to express our appreciation to all keynote speakers for their invalu-
able contribution to the development of a sustainable world. We are also very grateful
to the authors for contributing research papers of high quality. The manuscripts in this
proceeding book have been reviewed by a panel of academic and professional experts
who have vast expertise in their respective fields. The enormous work carried out by
these reviewers is gratefully appreciated as well. We are also pleased to acknowledge
the advice and assistance provided by the members of the international advisory
committee and members of the editorial committee along with many others who
volunteered to assist to make this very significant event a success. Furthermore, we
acknowledge the financial sponsorship provided by many organizations that have
been extremely supportive towards the success of this international conference.
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Effect of Live Load Increment of Old )
Steel Railway Bridges in Sri Lanka er

H. S. C. Padmasiri, G. L. A. S. Punyawardhana, D. K. D. Limesha,
and P. A. K. Karunananda

Abstract In Sri Lanka, most of the railway steel bridges are about 100 years old, and
they were built during the British colonial period. But nowadays there are existences
of various failures on bridges due to the increasing weight and speed of modern trains.
At the time of the construction of the railway bridges in Sri Lanka, the speed of the
trains used for transport ranged between 45 and 50 km/h and the weight of the trains
was 60 tons. But at present, the weight of trains has significantly increased to 120
tons and the speed is 120 km/h. This issue is more prominent in the Northern railway
line after Mahawa railway station. Most of the bridges on the Northern railway line
have deteriorated, among them Malwathu Oya and Kala Oya bridges were identified
as critical by the railway department. On those two bridges loosening nuts and bolts
and cracking of the bridge members are visible. Using the visual condition and field
visit data gathered, highly deteriorated bridge members were selected to evaluate
the occurrence of the vibration effect. The modern vibration test was used to find
vibration responses, and bridge material was tested to find the basic mechanical
properties. The selected bridges were modelled with SAP2000 V.16, general-purpose
structural analysis software, and moving load nonlinear analysis was done using the
data of historical locomotives operated over the bridge. Here the locomotive loads
were multiplied by a factor to simulate the dynamic effect. SAP2000 results were used
to find the stresses of critical members of those two bridges. Then numerical results
of the validated analytical model were verified through the experimental result. The
results show that there was a significant dynamic effect due to the live load increment
of these two bridges.

Keywords Steel bridges + Vibration analysis + Live load increment - Finite
element analysis
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1 Introduction

In the modern era, public transportation is highly effective than private transportation.
In public transportation, the train is one of the most effective methods of transporta-
tion than any other method of transportation as it saves time and money for its users.
Therefore, the development of the train system and its infrastructure play a vital role
in transportation.

Metal bridges were introduced to Sri Lanka in the nineteenth century with the
development of the railway network. A maximum of the metallic bridges is neverthe-
less in operation even after 10—15 long decades. Those aged, Annealed steel bridges
are still servicing the railway network and to achieve high velocity and performance,
the Sri Lanka railway has started working with heavy engines. Due to the increasing
weight and speed of trains, the dynamic impact on bridges has increased. This issue is
more prominent in the Northern railway line after Mahawa railway station. Railway
bridges are experiencing heavy fluctuation loads because of the operation of heavy
engines. Most of the metallic railway bridges have started to deform or even cracks
have formed in some of the bridge components.

The dynamic performance of metallic railway bridges attracts in-intensity interest
in engineering applications due to the importance and particularity of shifting trains’
movements. The monitoring of railway bridges is consequently, increasingly famous
because it offers a trustworthy method to help understand the train-brought approx-
imately dynamic responses of bridges. Usually, for all railway bridges induced by
train speeds over 200 km/h, a dynamic assessment is needed [1]. The magnitude,
direction, position of a dynamic load, and structural response to dynamic loads vary
with time. The dynamic impact of railway bridges underneath the motion of shifting
trains is a complex phenomenon. Dynamic means the damper to the elastic resis-
tance force and the addition of inertia force. Damping does oppose the motion of the
structure and it tends to the capability of reducing the magnitude of vibration. This
happens due to the dissipation of energy and low damping creates a high resonance
and high-stress experience by structure. Due to the low damping of a bridge, various
cracks and defects may occur in the bridge. The inertial forces are produced, which
resist the accelerations of the structure. If a dynamic load is applied to a structure,
the resultant response depends not only on the load but on the inertial forces as
well. Thus, the corresponding internal response in the structure must equilibrate not
only to the externally applied forces but also to the inertial forces resulting from the
accelerations of the structure.
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Since the British colonial era, the Sri Lanka railway consists of seven main lines
with around 1350 bridges and culverts of various types. More than 90% (1180) of
those bridges were constructed using steel. Table 1 shows details of the Sri Lanka
railway network.

In this study, a railway bridge in a Northern railway line was visually inspected
and defects were identified and recorded. Thereby, most of the bridges on the
Northern railway line have deteriorated and among them, Malwathu Oya and
Kala Oya bridges were critical, according to the railway engineers in the railway
department (Figs. 1 and 2).

Both bridges consist of different type’s members such as top chords, bottom
chords, cross girders, rail bearers, vertical members, and diagonal bracing with irreg-
ular sizes and shapes. Some cracks occurred in the members, especially in the burst
of the rail bearers in the “Malwathu Oya” bridge, and the Sri Lanka railway has used
temporary remedies to manage some critical situations related to these bridges. There
were a lot of losing nuts and bolts in joint connections and corroded members on both
two bridges. A lot of members were attacked by the pitting corrosion reducing their

Table 1 Detail of main railway lines in Sri Lanka

Line |Line Completed | Line length | No of
no. year (km) bridges
01 Mainline (Colombo-Badulla) 1924 290.5 159

02 Northern line (Polgahawela—Kankasanthurai) | 1905 339 352

03 Batticaloa line (MahaOya—Batticloa) 1926 212 119

04 Puttalam line (Ragama—Puttalam) 1926 133 76

05 Coastal line (Maradana—Matara) 1895 157.88 61

06 Trincomalee line (Gal Oya-Trincomlee) 1927 70 46

07 KV line (Colombo fort—Avissawella) 1902 60 42

Fig. 1 General view of Kala Oya bridge
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B

Fig. 2 General view of Malwathu Oya bridge

effective thicknesses. The bearing condition of the main girder and supports is not
properly working. As this joint is aroller joint, no maintenance work such as applying
grease to smooth the surface has been done in the last 50 years (Figs. 3 and 4).

This paper aims to find the critical members of the bridges when it’s under cyclic
loading and validate the numerical modal through the experimental outcomes. Also,
estimate the vibration effect results and possible solutions for defects of the railway
steel bridges.

Fig. 3 Crack in rail bearer
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Fig. 4 Corroded steel
components

2 Methodology

The methodology can be summarized as follows

I. Identification of the problem through the literature survey. (technical papers, past
research, journals, and books)

The reason for the selection of these is that bridges 100 years old have never been
assessed based on vibration before, particularly in Sri Lanka, reported nut & bolt
loosened in the last two years, and also repairs have been reported eight times in
2019,2020 alone.

II. Conduct field visits and inspections of the selected bridges

The dimensions of each component of the bridge were obtained and critical failures
of both bridges were identified. Also, the number of locomotives travelling through
the bridges and their cycling loads data were gathered.

III. Performing material testing and vibration-based test

The Hammer Hitting Type Brinell Hardness Tester Model was conducted to identify
the material properties and the vibrational effects were identified by using single-axis
and tri-axial vibrational measurement equipment. According to the data gathered,
maximum vibration stress and deflection of members were identified.

IV. Develop a numerical modal of the bridges

Kala Oya and Malwathu Oya railway bridges were modelled where stresses have
been analysed through the SAP 2000 V.16, a general-purpose software package.

V. Validate the finite element model to analyse the bridges
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Corrected stresses are arranged according to the daily train schedule and applied in
the proposed model. Then compare the value of the vibrational experimental test data
and finite element method numerical data based on different train load variations.

VI. Improve dynamic characteristics of the bridges

Dynamic characteristics of bridges were identified, and possible solutions were
recommended for defects.

3 Material Testing

HBC Hammer-Hitting Type Brinell Hardness Tester is designed to determine the
Brinell hardness value of different metals by measuring the diameter of the inden-
tation left on the test piece and the standard hardness test block. Indentations are
obtained in such a way that a steel ball of a certain diameter is put in between the
test piece and the standard hardness test block, and then an instant impact load is
applied to them. The Brinell hardness value is thus obtained by first measuring the
indentation and then referring to the conversion table (Fig. 5).

According to the data gathered, the yield strength of the steel used for constructing
the Kala Oya Bridge is 419.57 MPa and the steel’s yield strength used to construct
the Malwathu Oya Bridge is 376.78 MPa.

hardness tester

-

Fig. 5 HBC type Brinell hardness tester
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4 Vibration Analysis

In this study, vibration responses on the bridge elements were found by using a
tri-axial accelerometer and a bi-axial accelerometer. In both two bridges, when a
train was travelling, member acceleration, velocity, and absolute displacement were
obtained for two bridge members using single-axis and tri-axis accelerometers at the
same time as follows (Figs. 6 and 7).

Tri-axial accelerometers provide simultaneous measurements in three orthogonal
directions for analysis of all the vibrations being experienced by a structure. The wire-
less triaxial accelerometer and single-axis accelerometer were placed for different

=2

Fig. 7 Single axis accelerometer placed in cross girder
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trains with different velocities in selected connection critical places to observe their
vibration. Vibration speed is the parameter of the finest interest from the standpoint of
damage potential. This is due to the fact the maximum stresses in a shape subjected
to a dynamic load generally are due to the responses of the regular modes of the
shape, this is, the responses at natural frequencies. Also, modal vibration stress is
proportional to the natural frequency stress of members (Piersol and Paez 2010).

When determined by the maximum velocity, the maximum stress for any potential
free vibration shape depends solely on the material’s characteristics and a beam
cross-sectional shape factor h /1, not on frequency [2].

h
omax = Vmax—+/Ep (1)
n

here 0 pax 1S the maximum modal stress in the structure, V . is the maximum
modal velocity of the structural response, E is Young’s modulus, p is the density of
the structural material, h is the maximum cross-sectional distance from the neutral
axis and 1 is the radius of gyration.

n=+y1/A 2)

where “A” is a cross-sectional area, and “I” is the second moment of area about the
neutral axis of the member.

The above data mainly show that the axial direction is more stressed than the
horizontal and vertical directions. It is also a fact that as the speed of the train
increases, the stress on its members increases. In addition, it seems that the bottom
main girder receives less stress than the other members.

5 Finite Element Modeling of the Bridges

To predict the dynamic effect of the old steel bridges, critical total stresses of the
bridge members should be found. It was intended to predict the dynamic and vibration
effect of the identified critical bridges on the Northern railway line. Gathered data
was used to analyse the process to determine the maximum total stress of each critical
member by numerical modelling using SAP2000 V.16, a general-purpose software
package.

The Kala Oya Railway bridge’s total length is 95.097 m with two spans of truss
girders, each simply supported on piers. Two spans are of similar trusses. A 3D
skeletal frame finite element model was developed for a complete bridge span incor-
porating the double trusses, cross girders, rail bearers and bracings. The Malwathu
Oyarailway bridge consists of three spans of truss girders, each simply supported on
piers. The bridge is a through bridge with a similar three-span having cross girders
made of Annealed steel and supported on cylindrical piers. This is a Through-Warren
Girder type bridge and consists of a 101.194 m overall length, with three spans. The
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Fig. 8 3D bridge component arrangement

cross girders carry stringers, which support the two lines of the railway of gauge
1.676 m. The truss has a height of 4.140 m (Fig. 8).

5.1 Load Modal

The bridge is subjected to a combination of dead load and live load due to train
traffic during the train’s passage over the bridge. The identified maximum live load
was the load due to the presently operative M11(130 tons) locomotive. Live loads
of passenger compartments are negligible compared to the engine. To simulate the
dynamic condition in this dynamic moving analysis, the live load was multiplied by a
dynamic factor introduced as 1.5 [3]. Then, the stresses for other engine weights were
calculated by multiplying the ratio of weights of a particular engine by the critical
member’s maximum and minimum stress values. According to British standard code
5400 part2,a 1.25 factor of safety value was used for minimum stress in the 60—80 km/
h speed limit and 1.5 value for the 80-100 km/h speed limit.

The load geometry here is based on transmitting the total weight through the axle
to the wheels and finally to the rail bearer. Also, the power transmitted by one wheel
is given as point load, and the distance between their axles is given in meters.

6 Results

From the vibration analysis, stresses on the cross girder and bridge members were
determined using Eq. (1) (Tables 2 and 3) and outcomes were contrasted with the
stress obtained from the numerical modal analysis. A comparison is shown in the
Tables 4, 5 and 6.
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Table 2 Vibration velocities and stresses on Malwathu Oya Bridge

Date Time | Train Locomotive | Location of | Direction Vibration | Stress
velocity member velocity (MPa)
(km/h) (m/s)
21711/ |2.42 |85 S13 Ist girder Vertical 0.05 3.14
21 p-m 7th girder | Vertical 0.06 3.86
7th girder Horizontal |0.02 1.27
7th girder Axial 0.05 3.14
21/11/ | 4.00 |90 S13 Left rail Vertical 0.06 4.00
21 p-m bearer
Right rail Vertical 0.07 4.25
bearer
Right rail Horizontal | 0.05 2.93
bearer
Right rail Axial 0.10 6.76
bearer
21/11/ 5.20 102 S12 14th girder | Vertical 0.05 3.53
21 p-m 8th girder | Vertical 0.04 2.90
8th girder Horizontal | 0.02 1.49
8th girder Axial 0.13 9.35

7 Conclusions

The actual axial deflection values and the numerical axial deflection values of the
rail support on the right side of the Malwathu Oya bridge are taken into account
differently. Its actual deflection values are extreme compared to the numerical values.
Also, axial stress and axial deflection values of some cross girders of the Kala Oya
bridge are different compared to the actual and numerical values.

When the Kala Oya bridge is considered, the behaviour of its main members
differs from each other. This is due to the vibration felt by the bridge due to the
increase in speed and weight of the trains used. This scenario is the same for the
Malwathu Oya bridge. According to the data gathered, there is no equal distribution
of forces on the bridge as the properties of the material of which the bridge was
made have changed. Malwathu Oya bridge is in a more critical condition than the
Kala Oya bridge. The acceleration, speed and displacement due to trains on these
two bridges are higher in the axial direction by comparing vertical and horizontal
directions. Also, the cross girders rest on the main bottom girder which has less stress
transferring and therefore more stress transfer along the rail bearing. Although the
supports have a pin and roller, due to changes in their nature, their movement cannot
be seen properly. Therefore, the load from the bridge is not properly transferred to
the pier through the ground. Otherwise, loads on the bridges are distributed on the
bridge itself.
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Table 3 Vibration velocities and stresses on Kala Oya Bridge
Date Time | Train Locomotive | Location of | Direction Vibration | Stress
velocity member velocity (MPa)
(km/h) (m/s)
21/11/ | 6.45 49 M8 2nd girder | Vertical 0.05 3.20
21 a.m 15th girder | Vertical 0.07 433
15th girder | Horizontal |0.03 1.48
15th girder | Axial 0.20 12.09
21/11/ | 8.45 55 S12 12th girder | Vertical 0.12 6.81
21 a.m 12th girder | Vertical 0.07 4.14
12th girder | Horizontal | 0.05 3.34
12th girder | Axial 0.16 9.92
21/11/ 19.00 51 S13 8th girder Vertical 0.07 4.38
21 am Rail bearer | Vertical | 0.03 1.89
right
Rail bearer | Horizontal |0.03 1.93
right
Rail bearer | Axial 0.17 11.20
right
21/11/ |10.00 |65 S13 9th girder Vertical 0.07 4.34
21 a.m Bottom Vertical | 0.03 0.40
main girder
Bottom Horizontal | 0.03 0.42
main girder
Bottom Axial 0.01 0.10

main girder

8 Recommendation

The following recommendations will focus on the assessment with a description of

the potential for greater economic convenience and the durability of bridges.

(1) According to the analysis data, the Malwathu Oya & Kala Oya bridges are in
critical condition. Among them Malwathu Oya is more critical; So the Sri Lanka
railway should pay more attention to the Malwathu Oya bridge.

(2) Considering the vibrational stress felt on bridges using trains running at different
speeds, the stress values for low speeds are lower and the stress values for higher
speeds are higher. According to the analysis results maintaining an 80 km/h
speed is recommended. Failure to do so will create further bridge damage.

(3) From the inspection data and data gathered from the railway department of Sri
Lanka, it is evident that the bearings between the supports and the main girder
of the bridges have not been serviced in 50 years. So, service should be done
for the function of the bearing to be performed properly.
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Table 4 Live load due to train traffic

H. S. C. Padmasiri et al.

No | Locomotive | Total Load Load Geometry SLS ULS
Type (MT) Factored Factored
Load per Load per
Wheel Wheel (kN)
&N
1 M-04 or2smr | 17 L7 63 17 17 93.275 111.93
i 4 AN
2 M-07 66.0 MT 23 740 23 101.165 121.398
b d L4
3 M-08 11278 MT | 23 23 515 23 23 115.247 138.296
i TR
4 M-09 m7smMT | 32 32 15 32 32 100.56 120.672
vl L4
5 M-10 meomt | 32 32 515 33 32 121.603 145.923
Vi Vil
6 M-11 130 MT 32 32 5.15 32 32 132.843 159.411
P! {4
7 s-12 76 MT o T 2.5 126.856 172.227
' b
8 S-13 92 MT 25 7.11 2.5 145.25 194.300
! 1

Table 5 Actual stress versus numerical stress on Kala Oya Bridge

Train | Member Direction Actual stress (MPa) | Numerical maximum
stress (MPa)
M8 2nd cross girder Horizontal 1.48 1.82
S12 5th cross girder Horizontal 3.34 1.48
S13 Rail bearer Axial 11.19 8.43
S13 Main bottom girder | Axial 0.10 1.20
Table 6 Actual stress versus numerical stress on Malwathu Oya Bridge
Train | Member Direction Actual stress (MPa) | Numerical maximum stress
(MPa)
S13 7th cross girder | Horizontal | 1.27 1.12
S13 Rail bearer right | Axial 6.76 3.48
S12 8th cross girder | Horizontal | 1.49 1.68
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(4) A system that properly transfers the stress felt from the cross girder to the main
girder should be introduced for the two bridges. Therefore, introducing a bracing
system is proposed.

(5) When the trains are running on the bridge it is recommended that running at
uniform velocity without acceleration or deacceleration is advisable to prevent
the hammering effect on the bridge.
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Use of Markov Chain Method to Predict )
Service Life of Reinforced Concrete Gedida
Bridge Decks

W. G. K. Nirmal, P. Thadsanamoorthy, and G. Tharmarajah

Abstract Bridges are recognized as the most salient module in road and highway
infrastructure in a country due to their unparalleled line of service to the nation’s trans-
portation framework. Therefore, the availability of a comprehensive Bridge Manage-
ment System (BMS) in a country to evaluate aging bridges for long-term performance
and life expectancy is highly productive and rewarding in terms of ensuring the struc-
tural reliability of commissioned bridges in that country. Currently, Sri Lanka has
about 4800 bridges on National Highway Network (A & B class roads) spanning
over the country. Aggressive environmental conditions, such as Chloride and CO,
contamination in the atmosphere make reinforced concrete bridge structures corrode
over time reducing their maximum designed service life (life expectancy). Therefore,
the present research study was intended to develop a bridge remaining service life
prediction model (bridge deterioration model) using the State-based Markov chain
modelling process that involves bridge condition ratings assigned for 24 concrete
bridges in Sri Lanka based on first-hand visual inspection and Non-destructive testing
evaluation (NDTE) conducted on the reinforced concrete bridges.

Keywords Markov chain + Bridge management system (BMS) - Service life
prediction - State-based modelling + Non-destructive testing evaluation (NDTE) -
Condition rating

1 Introduction

Bridges are recognized as the most salient module in the Road and Highway infras-
tructure in a country due to their unparalleled line of service to the nation’s transporta-
tion framework. Road Development Authority (RDA) of Sri Lanka with the deploy-
ment of Bridge Management and Assessment Unit (BM-AU) involves local bridge
stock inspection, maintenance and repairing of bridges. BM-AU unit governed by
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RDA currently manages 4,456 bridges with 3 m or greater span over the 9 provinces
of the country. The bridges observed in Sri Lanka were built over the last 100 years
which fall under major 4 categories of bridge types, such as Reinforced Concrete Slab
(RC slab), Prestressed Concrete Beam (PSC Beam), Steel Composite and Bailey. The
primary design standard incorporated in fabricating reinforced concrete bridges is
BS 5400 and the construction practices have been changed and modernized with
the advancement of the technology over the years. The bridge loading consists of
self-weight of the bridge and truck live loads [1].

Bridge infrastructure deterioration with time is a substantially recognized threat to
the national road infrastructure which can eventually lead to cause structural failure
by exceeding designed moment capacities (resistance) of bridge structures. Both
reinforced concrete and steel bridge elements tend to deteriorate due to natural and
artificial occurrences. Depending on the various environmental conditions and the
related exposure conditions throughout the island, it is necessary to pay attention
about the corrosion of RC slab and beam bridges located along the coastal belt
(e.g., 1-2 km from the ocean) of the island, since RC slab beam bridges tally up
to a 55.5% of the total bridges of the country [2]. Potential bridge deterioration
types identified in the study are chloride-induced corrosion, carbonation of concrete,
alkali-silica reaction, mechanical damages resulting structural deformations, strains,
cracks and superfluous vibrations mechanisms. Corrosion of reinforcement steel due
to the chloride contamination in the atmosphere is significant and it may considerably
impact the long-term performance of reinforced concrete bridges [1]. Corrosion of
reinforcement may lead to loss of steel bar area which will ultimately cause to
reduce the service life of the bridge structures. The linear correlation between the
bar area loss and the bending moment capacity loss is generalized knowledge hence
no thorough explanation is provided in the context [3]

Given the magnitude of the challenge to aging bridge structures in Sri Lanka,
BM-AU unit of RDA has established a methodical condition rating criterion to eval-
uate the structural soundness of a bridge structure entirely based on data gathered
over visual inspection of bridge structures. The check-listed data gathered over visual
inspection are fed into a Bridge Information Database System utilizing Global Posi-
tioning System (GPS) technology to track down each evaluated bridge structure in
the country. Based on the collected data, it has suggested that BM-AU possesses with
sufficient information to identify potential deterioration hazards caused to the RC
bridge structures. Even though BM-AU of RDA possessed with the bridge inspec-
tion records for evaluating the structural health of the aging bridges, a well-defined
bridge deterioration model to predict the time-dependent performance and remaining
service life of Class A and Class B Road bridges is still unavailable with local Bridge
Management authorities in Sri Lanka. Presence of an efficient bridge deterioration
model will benefit in making decisions related to life-cycle cost (LCC) assessment of
highway bridges in terms of total cost amassed over the entire life span of the bridge
from starting of the bridge inauguration until bridge replacement or demolition.

Reinforced Concrete (RC) Bridge structures have a designed life of 120 years.
However, a typical bridge structure cannot be expected to survive the service life due
to deteriorating nature taking place on structurally significant bridge elements such
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as main girders, deck slabs, and bridge piers. Major deterioration factors influencing
designed life of the concrete bridges are chloride ions and carbonation of concrete.
Having relied upon above discussed exposure conditions affecting local bridge struc-
tures, it can be useful to have a tool that can predict the remaining service life of
aging concrete bridge structures to make efficient decisions to replace or renew the
existing bridge structures considering the structural safety.

Therefore, a research study was carried out to incorporate stochastic modelling
techniques to predict the remaining service life of aging concrete bridges. Visual
inspection and non-destructive testing of aging bridges were carried out as the assess-
ment tool for feeding data to the bridge lifetime prediction model. 24 concrete bridges
in Colombo and Gampaha districts had been visually inspected, and condition rated
based on FHWA [4, 5] numerical bridge condition rating scheme.

2 Research Significance

Even though the local bridge management authority involves in the bridge manage-
ment in terms of maintenance, repair and rehabilitation (i.e., MR&R) based on their
identical way of condition rating of bridge infrastructure, no framework has been
established to predict long-term performance of bridge facilities by providing reason-
able estimates on bridge lifetime expectancy. Consequently, the bridges situated in
the country have not been classified based on bridge deterioration governing param-
eters, such as annual daily traffic (ADT), climatic conditions, bridge construction
type/material (i.e., Reinforced Concrete and Prestressed concrete) and construction
era which are proven to be the primary bridge deterioration affecting parameters. On
that account present study was intended to propose bridge remaining life prediction
model by incorporating State-based Markov chain concept, the technique used by
many advanced bridge management systems (BMS) like PONTIS [6] and BRIDGIT
[71, etc. Since there has not been a large set of bridge inspection records employed in
the research (only 24 bridges) the same consecutive generation of condition state tran-
sition probabilities was not involved when referring to Markov chain computations,
rather a predefined set of condition transitioning probabilities originally derived by
Jiang and Sinha [8] for bridge superstructure and substructure were employed to
predict remaining service lives of selected set of concrete bridges.

This research is to propose a concrete bridge deterioration model that is capable
of predicting the remaining service life of aging concrete bridges under a stochastic
nature of modelling framework. Therefore, a prerequisite set of concrete bridges that
are fallen under four structural soundness grades (A-Good to D-Critical) defined
by BM-AU had to be selected for condition rating evaluation, which the condition
rating data of each bridge will be used in State- based Markov Chain Decision Process
(MDP) to compute the remaining service life of a bridge structure by considering a
series of transitions between FHWA defined [4] bridge condition rating scales. When
the condition of the rating reaches a certain portal value the bridge shall be repaired
or replaced otherwise the bridge must be closed for the traffic. On that account,
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researchers aim to contrive the most realistic service lifetime predictions for aging
bridges by validating the Markov chain state-based model as there is high uncertainty
and randomness involved in the bridge structure deterioration [9].

3 Stochastic Markov Chain State-Based Modelling

Markov chain in the form of typical state-based modelling was used to predict the
remaining service life of the inspected bridge structures in this study. In the present
study, Markov chain considered a sequence of transitions between FHWA (1995)
bridge condition rating defined from O to 9 as 0 being the failed condition and 9
being the excellent condition. Table 1 demonstrates the FHWA (1995) condition
rating scheme.

The fundamental teaching of the Markov chain concept is the future condition
state of a bridge or any other infrastructure only depends on the present condition state
of that structure and it doesn’t depend on the past condition state of that particular
infrastructure.

Table 1 FHWA defined condition rating system

FHWA defined condition rating system

Condition | Number | Condition Physical description

index % state

91-100 9 Excellent A new bridge

81-90 8 Very good No problem noted

71-80 7 Good Some minor problems

61-70 6 Satisfactory | Structural members show minor some deterioration

51-60 5 Fair All primary structural elements are sound but may have
minor section loss, deterioration, spalling or scour

41-50 4 Poor Advanced section loss, deterioration, spalling. Scour

3140 3 Serious Loss of section, etc. has affected primary structural
components. Local failures are possible. Fatigue cracks
in steel or shear cracks in concrete may be present

21-30 2 Critical Advanced deterioration of primary structural elements.
Fatigue cracks in steel or shear cracks in concrete may
be present or scour may have removed structural
support. Unless closely monitored it may necessary to
close the bridge until corrective action is taken

11-20 1 Imminent Major deterioration or loss of section in critical

failure structural component or obvious vertical or horizontal

movement affecting structural stability. Bridge is
closed for traffic but corrective action may put back in
light service

0-10 0 Failed Out of service. Beyond corrective action
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3.1 Bridge Service Life

Bridge service life = Bridge Age + Time taken to reach condition state 3 (Remaining
service life).

As shown by the above expression when condition rating value of a bridge struc-
ture reaches condition state 3, the bridge has to be repaired, replaced, demolished or
closed for traffic. The duration between the bridge construction year and the year it
will take to reach condition state rating 3 is defined as the bridge service life.

3.2 Employment of Markov Chain for the Bridges
with Known Present Condition Ratings

Application of Markov chain concept in predicting remaining service life of concrete
bridges involves definition of condition states in terms of bridge condition ratings and
fitting of condition state transition probabilities from one condition state to another
[8]. Seven bridge condition states were defined in relation to the corresponding seven
condition ratings (FHWA 1995). Since there has not been any repair or bridge reha-
bilitation taken place within the bridge life span, condition rating is supposed to
decrease along with the bridge age. In general, the probability of condition transi-
tioning from a higher condition rating state to a lower condition rating in 1-year
period can be notated as Pij. Figure 1 summarizes the predefined condition states
and corresponding bridge condition ratings [8].

Bridge condition transition observed during bridge’s life span is non-
homogeneous since bridge deterioration rates vary in each stage of its life span. In
order to overcome this difficulty bridge service life is divided into 6-year age groups.
Within each of this age group Markov chain is assumed to be showing homogeneous
transitioning. The transition matrix has the following form illustrated in Fig. 2.

In the above figure p(i) represents the probability of remaining at the same condi-
tion state and q(i) represents the probability of lowering the condition state. The
condition state cannot be upgraded if any bridge maintenance has not been taken
place. Due to the lack of previous bridge maintenance records of inspected bridge
structures and the complexity of condition rating upgrading only the lowering of
condition rating was considered.

3.2.1 Benchmark Example (Bridge No. 21/1 on B208)

Bridge remaining service life prediction using Markov chain process is demonstrated
by the following shown numerical example:

FHWA bridge Superstructure condition rating is calculated as 5 (CR = 5) with
a bridge age of 77 years (i.e., constructed in the year 1941).
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R=9 R—8 R=7 R=6 R=5 R=4 R=3
S5=1 S=2 S=3 S=4 S=5§ S=—8 S=7
R=9 | 5=1 Pia P P13 Pia Pis Pis P17
R=8 | §=2 P2, P22 P2 Pza P25 P2, P2
R=17 S=3 Pa Paz2 Pas Pa Pas Pas Paa
R=6 | 8=4 Pa Pi2 P43 Pia Pas Pas Pa1
R=5 | 5=5 | ps, Pps.; Ps.a Ps.4 Pss Ps.6 Ps.7
R=4 | 8=6 | py, Poz Pos Poa Po.s Peo Por
R=3 | 8=7 | p;, P12 Pia P4 P15 P1e P12
Note: R — Condition Rating
5 = State
pi,; = Transition Probability from State i to State j
Fig. 1 Condition ratings, states and transition probabilities [8]

p) q1) 0 0 0 0 0

0 p) g2 0 0 0 0

0 0 p(3) ¢q3) O 0 0

P= 0 0 0 p4) q(4) 0 0

0O 0 0 0 pB g6 0
o 0 0 0 0 p6) q(6)

0 0 0 0 0 0 1

Fig. 2 Transition matrix

Initial state vector for the bridge = Q) = [0 0 0 0 1 0 O] where the condition
rating value 5 is represented by a unit value in the initial state vector.

Condition rating vector, R=[98 76 54 3].

Estimated condition rating by Markov chain at time t can be denoted as E (t, P),

where,

Qu = Qinitia X P

E (t, P) = Q(t) X R/

(1
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Qu state vector at time ‘t’.

Q initiar  initial state vector.

P transition probability matrix.

R’ transform of condition rating vector R (i.e., R=[98 7 6 5 4 3]).

For the benchmark bridge 21/1.
E(,P) Q) x R” =35 = Current condition rating (Current Bridge Age = 77).

Qum Q) x P [P is developed based on Superstructure transition probabilities
(Age > 60)].

E(1,P) Q) x R’ = Condition rating of the Bridge after 1 year of period (Bridge
Age =178).

Q) Quy xP.

E(2,P) Q) x R’ = Condition rating of the Bridge after 2 years of period (Bridge
Age =179).

Qe Qo x P.

E(21,P) Qeiy x R” =3 = Condition rating of the Bridge after 21 years of period
(Bridge Age = 98).

As shown in the above steps vector-matrix multiplication and vector row-column
cross multiplication are executed until the condition rating value reaches 3. The time
in ‘years’ is measured until the future condition rating state reaches 3, where the
bridge should be repaired or replaced subsequently. Otherwise, the bridge should be
closed for the traffic.

4 Results and Discussion

The Overall Condition Rating (OCR) of a bridge was represented by either
Superstructure or Substructure condition rating as shown in the Table 2.

From Table 2, it is evident that the bridge life expectancy or long term struc-
tural performance is primarily governed by the superstructure components. Due to
the structural significance, distress observed in the superstructure components was
weighted over distress observed in the substructure components.

Also, the present study investigates the relationship of structural performance
under various criteria, such as major types of structural components (superstruc-
ture and substructure), material type (reinforced concrete and prestressed concrete)
distance to coastline, and the period of construction (construction era).

Bridge deterioration rate based on the construction period is plotted in Fig. 3. The
bridges constructed since 1940 till 2017 have been divided into four groups each
having around 20 years of time duration. This study encompasses the fact that the
quality of construction techniques and the material has been enhanced over the years
from 1940 to 2017.

As the age (i.e., total life span) of the bridge structures increases, the rate of bridge
deterioration also increases proving the fact that the bridges tend to reach the end of
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Table 2 Overall condition ratings of the investigated bridges

W. G. K. Nirmal et al.

No. |Route |RDA |Class |Bridge Span Dominant Condition rating
no. bridge construction | arrangement | distress type | % (condition
no. year state)
1 B240 |7/1 A 1982 3 None 92.1(9)
2 B307 |2/1 A 2015 3 Scalling 95.1 (9)
3 B228 | 1/1 B 1998 1 Cracking 75.5(7)
4 B322 |9/1 B 1945 1 Cracking 46 (4)
5 B425 | 1/1 C 1962 1 Rebar Exp 47.7 (4)
6 B324 |2/1 D 1978 1 Erosion/ 74.6 (7)
crack
7 B324 | 10/4 D 1945 1 Spall/crack | 59.8 (5)
B324 | 14/1 D 1945 1 Spall/crack | 69.3 (6)
9 B324 | 14/2 D 1945 1 Spall/crack | 71.5(7)
10 |BI11 |19/2 D 1950 1 Crack in 63.2 (6)
Abutment
11 |B208 |[21/1 D 1941 Spall/crack | 58.8 (5)
12 |B445 |8/3 B 1970 1 Spall/crack | 59.3 (5)
Bridge Deterioration Rate based on Construction Era
35
30
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Fig. 4 FHWA condition ratings versus remaining service lives of bridges

service lives faster in the latter phase of the service life cycle. A similar observation
was made by Jiang & Sinha (1990). It is evident that the recent construction era
(1981-2000) is showing less deterioration rate than older constructions (1961-1980).
However, it is believed, that increasing the number of data will enhance the accuracy
of the results.

The FHWA Bridge condition rating plotted against remaining service life is shown
in Fig. 4. The graph depicts the variation of remaining service life among bridges
despite having the same condition rating.

Table 3 shows the condition ratings forecasted using the Markov Chain method.
The bridges are also compared with RDA classifications. It can be observed that
the authorities assigned lower condition rating for class C and D bridges than their
actual structural health condition determined by the present study using weighted
average technique and FHWA (1995) condition rating scheme. It shows that the
rating classification used by local authorities requires improved methodology as
Markov chain to predict the service life 21-35 years ahead without having any major
rehabilitation while local authorities classify them as type C and D bridges that
require agent attention.

5 Conclusion and Recommendations

The research study presents an integrated process (bridge deterioration model) to
determine the remaining service life of the concrete bridge structures by employing
a comprehensive bridge condition rating system under a stochastic and probabilistic
framework. Deterioration model has two components, such as condition rating
assessment based on weight averaging technique and the Markov chain state-based
process for forecasting future condition state of a bridge. It is evident that the bridge
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Table 3 Estimated total life span using the Markov chain method

No. |Route |RDA RDA bridge Bridge |FHWA Remaining Total
no. bridge | structural type percent service life life
no. health condition (Markov chain | span
classification rating and | probabilities)
the
(condition
state)
1 B240 771 A (100-75) PSC 95(9) 68 104
Beam
2 B307 2/1 A RC Slab |95.1(9) 94 97
B426 1072 A PSC 81.6(8) 60 105
Beam
4 B263 1/5 A PSC 92.1(9) 80 102
Beam
5 B47 12 A PSC 92.1(9) 82 102
Beam
6 A0 5/1 A PSC 92.1(9) 82 102
Beam
7 B322 9/1 B (75-50) RC Slab | 46(4) 13 86
B445 8/3 B RC Slab |59.3(5) 21 98
9 B095 7/3 B RC Slab |58.8 (5) 21 89
10 B095 772 B RC Slab | 69.2(6) 35 103
11 B228 171 B PSC 75.5(7) 80 100
Beam
12 B228 2/1 B PSC 73.7(7) 70 103
Beam
13 B426 712 C (50-25) RC Slab | 71.8(7) 53 126
14 B435 6/1 C RC Slab | 70(6) 35 110
15 B435 4/1 C RC Slab | 70(6) 35 110
16 B435 472 C RC Slab | 68.6(6) 35 110
17 B425 1/1 C RC Slab | 47.7(4) 13 69
18 B367 6/3 C RC Slab | 70(6) 36 89
19 B324 2/1 D (25-0) RC Slab | 74.6(7) 64 104
20 B324 10/4 D RC Slab |59.8 (5) 21 94
21 B324 14/1 D RC Slab | 69.3(6) 35 108
22 B324 1472 D RC Slab | 70(6) 53 126
23 BI11 1972 D RC Slab | 70(6) 35 103
24 B208 21/1 D RC Slab | 58.8(5) 21 98
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deterioration stochastic model is not familiar to the Sri Lankan bridge management
authorities because no past data is available on the stochastic modelling carried out
based on the climatic condition, construction technique and construction era.

Avant-garde of this study is the incorporation of predefined set of condition transi-
tioning probabilities in order to forecast the bridge remaining life expectance which
solely depends on the present condition rating and the age of the evaluated bridge
structure. The life expectancy of the bridge is not mandatorily the design life. The
regression analysis over the predicted remaining life manifested that the coastal
bridges were supposed to have lesser life expectancy than the inland bridges. Hence
maximum design life ranging from 98 to 110 years can be expected for a typical
concrete bridge structure.

The Markov chain Decision Process (MDP) was used to obtain the time needed
for a concrete bridge to change from a higher condition rating to a lower condition
rating and the computations involving iterations were done using MATLAB which
employed a set of predefined condition transition probabilities. The investigated 24
bridges provided reasonable time estimates despite challenges in local data collec-
tion. Thus, the methodology adopted in this research study can be improved by incor-
porating large set of bridge condition rating data collected by Bridge Management
and Assessment Unit of Road Development Authority, Sri Lanka.

Acknowledgements Support provided by Bridge Management Unit of Road Development
Authority (RDA), Sri Lanka to collect data and visit bridge sites is greatly acknowledged by the
authors.
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Thin-Walled Hollow Steel Box Piers )
with Energy Dissipation Mechanism L
Under Bi-directional Cyclic Loading

M. Jenothan, J. A. S. C. Jayasinghe, C. S. Bandara, and A. J. Dammika

Abstract The seismic design of bridge piers is often conducted using horizontal
dynamic analysis employing several orthogonal directional seismic acceleration data.
This simplistic treatment, however, does not account for the effect of complex earth-
quake loading as a structural response to inelastic interactions. This study explores
the hysteretic behaviour of a proposed thin-walled steel square box column with an
energy dissipation mechanism under constant axial force and linear and non-linear
cyclic lateral loading. First, the adopted finite element model (FEM) in ABAQUS
is validated with experimental results from the published research and then used for
analysis. Then, several linear and non-linear idealised loading patterns are used to
evaluate the strength and ductility of the proposed and standard columns. In addition,
the failure mechanisms of each proposed column were explored for specified loading
patterns.

Keywords Cyclic lateral loading - Ductility - Load pattern - Non-linear finite
element simulation * Strength - Thin-walled steel box column

1 Introduction

Steel bridge piers with hollow box sections are commonly employed in urban loca-
tions such as elevated towers, viaducts, bridges, flyovers and transmission towers
worldwide due to their faster construction than concrete piers [1, 2]. In contrast to
the steel columns in buildings, these piers have a low axial force ratio (i.e., the ratio of
axial force to the squash load) [3, 4]. Consequently, they are designed with relatively
high width-to-thickness ratios of component plates, which make them susceptible to
local buckling damage during a significant seismic event [5]. One of the most crit-
ical considerations in earthquake zones is the structural soundness of bridge piers.
After experiencing catastrophic damage to bridge piers and their collapse during
the 1995 Hanshin-Awaji Earthquake [magnitude (Mw) 7.1], the design code for
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bridges in Japan was extensively altered to account for such a massive earthquake
[6]. The most recent specification for highway bridges [7, 8] recommends using reli-
able and well-established time-domain simulation techniques to evaluate the seismic
performance of bridge piers to mitigate damage and prevent a collapse during rare
significant earthquakes such as the Hanshin Earthquake. Consequently, their seismic
performance is crucial for reducing disruptions to the urban transportation system.

However, the current seismic design standards for steel columns are based on
several analytical and experimental studies carried out with constant axial loads
and uni-directional lateral loads [9]. In reality, earthquake ground motion is compli-
cated, with three-dimensional loading components acting concurrently instead of
the presumed uni-directional loading patterns [10]. Furthermore, the hysteretic
behaviour of thin-walled steel tubular columns subjected to multi-directional cyclic
lateral stress is projected to be more critical and severe than uni-directional cyclic
loading of the same amplitude [11]. Therefore, several scholars have studied the
hysteretic behaviour of thin-walled steel tube columns under bidirectional cyclic
lateral loads computationally and experimentally during the last few decades [9,
11-15]. An experimental study conducted by Dang et al. [16] demonstrated that
thin-walled steel tubular columns subjected to bidirectional cyclic lateral loading
suffer a significant loss in strength and ductility compared to uni-directional cyclic
lateral loading and suggested to be used in seismic design. However, in recent years,
seismic capacity checks have incorporated the superposition of independent action
of uni-directional design seismic motion in orthogonal directions or the behaviour in
the most critical direction. However, It is pretty challenging to evaluate the effect of
interaction between the bidirectional non-linear behaviours of steel columns on the
dynamic response [9].

Researchers have investigated conventional thin-walled steel square box columns
with uniform plate thickness under multi-directional cyclic lateral loading. All these
studies addressed that thin-walled steel columns suffer local buckling near the base
[1, 5, 17-20]. To encounter this limitation and ensure adequate strength and ductile
behaviour, a thin-walled steel stiffened square box column with energy dissipation
mechanism has been recently proposed and investigated by the authors under constant
axial force and uni-directional cyclic lateral loading [21]. In evaluating the proposed
column, its strength and ductility improvement under uni-directional cyclic lateral
loading is evident. The proposed column with an energy dissipation mechanism can
be replaced after severe earthquakes without interrupting the transportation network.
However, due to the complicity of the actual earthquakes, verifying the proposed
column’s performance under bidirectional loading is essential to ensure that the
low yield point (LYP) steel plates are bucked before the L angles to fill the above-
mentioned objectives of the proposed piers.

In this study, the proposed steel stiffened square box columns with an energy
dissipation mechanism are to be evaluated and compared with the conventional piers
with regard to the strength and ductility under uni-directional and bi-directional cyclic
lateral loading with constant axial force. Further, by investigating the failure modes
of the proposed piers, it was ensured that the corners of the pier can survive during
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the complex bidirectional loading while the LYP plate buckle first. Initially, a refer-
ence thin-walled steel stiffened square box column (SM-B) from the reported liter-
ature was numerically analysed under constant axial force and bidirectional cyclic
lateral loading to validate the accuracy of the adopted FEM. Then, the proposed
column with energy dissipation mechanism is investigated under several bidirec-
tional loading conditions. The study results show that the proposed columns are
superior in terms of ultimate strength and ductility, compared to standard columns.
Finally, each column’s failure modes were compared extensively with each loading
pattern and recommendations were made for future studies.

2 Numerical Analysis

2.1 Material Properties

In this study, a commercial finite element software ABAQUS 6.21 is employed for
the FE analysis, where material and geometric non-linearities are considered during
the computational process. The combined hardening material model, with the Von
Mises yield criterion and associated plastic flow rule, is used in this study. This
model simulates the inelastic behaviour of materials subjected to cyclic loading.
Both LYP steel (LYP100) and normal strength steel (SM490) (Japanese Industrial
Standard) grades are employed in this investigation. SM490 steel has a yield strength
of 420 MPa, a tensile strength of 550 MPa, and Young’s modulus of 206 GPa [22].
LYP100 steel has a yield strength of 100 MPa but an ultimate strength of 296 MPa
and Young’s modulus of 200 GPa, which is approximately three times greater [23].
Figure 1 depicts the combined hardening material model with the bi-linear material
stress-strain curve utilised in this investigation.

Fig. 1 Stress-strain 750
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2.2 Egquivalent Thickness of LYP Steel Plate

Figure 1 shows that the yield stress of LYS steel is around 100 MPa and that strain
hardening increases the tensile strength to approximately 271 MPa. The cycle loading
test for steel piers necessitates extremely high strain levels exceeding the elastic
limit, and the plastic limit surface of LYS steel is observed to expand significantly
with cyclic loading [24]. As a result, the standard 0.2% yield stress level is no
longer regarded as permissible. Therefore, the ultimate strength of the LYP steel was
considered instead of its yield strength to determine the equivalent thickness of the
LYP plate and the equivalent thickness of the LYP plate (z,y) was calculated using
Eq. (1), where (t5)) is the plate thickness of SM490 steel and oy is the yield
strength of the steel.

OysM
fIry = ——1Ism (D
OouLy

2.3 Geometrical Details of the Columns

The 450 mm x 450 mm square cross-section gives all four columns an identical
height of 2420 mm (Figs. 2 and 3). Furthermore, three columns were modelled with
the energy dissipation component of the replaceable stiffened LYP steel plates welded
to the L angles between the bottom diaphragm and base plate (Fig. 3).

—#
H . 450

450
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450 @ 4

-l «5.8
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L

Fig. 2 Longitudinal and cross sections of standard column SM-B (Dimensions in mm)
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Fig. 3 Cross sections (A-A) of column arrangement: a LY-PL, b LY-PL-CO and ¢ LY-PL-CO-LCO
(Dimensions in mm)

The first column, SM-B, was composed of SM490 steel and served as a reference
benchmark (Fig. 2). The FE model was validated using experimental results from
the literature (Susantha, Aoki and Jayasinghe, 2007). The second column LY-PL
is made up of four L angles welded between the bottom diaphragm and the base
plate (450 mm height) and LYP steel plates welded between the L angles (Fig. 3a).
The third column LY-PL-CO was designed the same way as the LY-PL specimen,
with corner plates added to prevent pier corners from buckling (Fig. 3b). Finally,
the last column, LY-PL-CO-LCO, was stiffened further using L corner stiffeners
(Fig. 3c) to prevent corner buckling. Figures 2 and 4 show the geometrical features
of the standard and columns with the energy dissipation components, with the main
geometrical characteristics stated in Table 1.

Table 1 Geometrical details of the columns

Specimen SM-B LY-PL LY-PL-CO LY-PL-CO-LCO
Plate thickness/(mm) 5.8 8 8 7

L angle/(mm) - 100 x 100 x 5.8 | 100 x 100 x 5.8 | 100 x 100 x 5.8
Longitudinal stiffener/(mm) | 53 x 5.8 | 53 x 5.8 53 x 5.8 53 x 5.7

Corner plate stiffener/(mm) |— - 120 x 5.8 120 x 5.8

L plate stiffener/(mm) - - - 80 x 5.8

Cross section/(cm?) 128 159 189 193
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Fig. 4 Linear loading patterns: a UNI and b BI-L45

2.4 Loading Procedure

All the specimens were first loaded with 0.2 times the yield axial load (Py) of the
SM-B column, along with those two cases of lateral loading patterns (linear and non-
linear). In the initial phase of this study, two forms of linear loading patterns were
examined and validated using past experimental data [10]. As depicted in Fig. 4, the
numerical model was subjected to (a) uni-directional loading (UNI) and (b) loading
along an axis of an angle of 45° to the primary axis (BI-L45). In addition, as depicted
in Fig. 5, piers were subjected to two non-linear loading patterns, BI-CI and BI-SQ,
which are considered aa the most severe loading path among the many recorded
earthquake ground motions [11, 25]. Throughout the loading history, the top of the
column has been subjected to a combination of quasi-static cyclic lateral loading
and constant axial load (P). The amplitude of the cyclic displacement was increased
gradually as a multiple of the yield displacement (8 y), which is defined by Eq. (2):

_ Hh?
T 3E]

M, P
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Fig. 5 Non-linear loading patterns: a BI-SQ and b BI-CI

where A, h, E, Iand M, represent the cross-sectional area, height, Young’s modulus,
moment of inertia of the cross-section, and yield moment of the system, respectively.

2.5 Numerical Model

Subpanels, longitudinal stiffeners and diaphragms were modelled with four-node
shell elements with reduced integration (S4R) and five integration points across the
thickness. Then, a fixed boundary condition was applied to the base. Next, an axial
and lateral cyclic load was applied using a reference point attached to the top of the
column via a rigid connection. The experimental results of square box columns made
of thin-walled steel indicate that local buckling occurs between the base and bottom
diaphragm around the column base [5, 19, 20]. Consequently, the lower half of the
pier was made up of 15 mm S4R elements. In comparison, the remaining height
comprised of coarse mesh size of 20 mm S4R elements (see Fig. 6). Finally, mesh
convergence tests were conducted to identify the above-illustrated mesh sizes. It
was established that this mesh density produces precise results without significantly
increasing processing time.

In addition, the current study does not account for initial geometrical imperfections
and residual stresses because they were not quantified for the tested columns [18,
19, 26]. In addition, neither initial geometrical imperfections nor residual stresses
caused by flange and web plate welding affected the entire cyclic behaviour after the
first half-cycle. The impacts of early geometrical imperfection and residual stresses,
according to Banno et al. [27] and Mamaghani et al. [3], reduce the initial stiffness
and strength of thin-walled structures under monotonic loading. Nevertheless, they
do not affect the global hysteretic response under cyclic loading.
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Fig. 6 Numerical model of the stiffened steel pier

3 Results and Discussion

3.1 Validation of the Numerical Model

The hysteretic and envelop curves of the finite element model were compared with
experimental results from the literature [10]. As illustrated in Fig. 7, both the UNI
and BI-45 loading patterns were used, with incremental cyclic lateral displacements
along the X and Z directions. To ensure a valid comparison between the test and
the numerical analysis, the similar loading history utilised in the test was used in
the analysis. Figure 7 compares the test and the analytical results of the loading
type UNI and BI-L45. Further, the hysteretic behaviour of the tested column under
loading pattern BI-L45, in the lateral X direction, obtained from the analysis is
compared to the experimental results in the literature [10]. The FE analytical and
experimental results are comparable in both loading conditions (UNI and BI-L45).
Therefore, the ultimate strength of the column is predicted with a 5% error in the
UNI loading pattern (FEM: H,,,/ H, = 1.2, Experiment: H,,,/H, = 1.3; see Fig. 7a),
while the error percentage was a bit higher for the BI-L.45 loading (error = 15%) in
the X direction (FEM: H,,, /H,= 0.90, Experiment: H,,, /H,= 0.78; see Fig. 7b). In
conclusion, the proposed FE model can accurately represent the structural behaviour
of thin-walled steel-strengthened square box columns subjected to constant axial
force and both uni and Bidirectional loading.
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Fig. 7 Envelop curves of experimental results and finite element analysis: a UNI and b BI-L45
loading pattern

3.2 Hysteretic Behaviour and Performance of Thin-Walled
Steel Hollow Piers with Energy Dissipation Mechanism

To examine the hysteretic behaviour of the column with the energy dissipation mech-
anism under constant axial force and bidirectional cyclic lateral loading, the validated
FEM was utilised to conduct FE analyses. Figures 4b and 5 show that the displace-
ment is applied in both X and Z directions under a bidirectional cyclic lateral loading
pattern. Therefore, the columns display isotropic responses in the X and Z dimen-
sions. In this study, the results in the X direction are only reported in the subsequent
analysis to maintain clarity. For comparison, the value of the maximum load (H,,) is
dimensionless using H,, of the standard pier and plotted in Fig. 9, along with ductility
factors p,, and ptos, which are derived from Eqgs. (4) and (5), respectively.

M = 8 /By 4)

Mos = o5 /8y @)

where §,, = maximum displacement corresponding to the H,, and §,, = displacement
at 95% of the H,, after the peak.

Figure 8 depicts the normalised lateral load versus lateral displacement hysteresis
loops for both standard and proposed columns for various loading patterns. The
depicted envelop curve indicates a significant difference in strength and ductility
between the bidirectional and the UNI loading pattern for the proposed columns. In
addition, due to the bidirectional loading, particularly for BI-CI, the post-buckling
behaviour of the column is significantly affected.

The strength and ductility versus the load pattern of all the specimens are plotted
in Fig. 9 to inspect the loading pattern’s sensitivity to the column’s performance. A
comparison between the uni-directional and bidirectional loading conditions was
conducted to highlight the effect of the cyclic loading pattern on the hysteretic
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Fig. 8 Comparison of envelop curves with different load patterns: a SM-B, b LY-PL, ¢ LY-PL-CO
and d LY-PL-CO-LCO

behaviour of thin-walled steel stiffened square box columns with the energy dissipa-
tion mechanism. At the same amplitude of the applied displacement, the bidirectional
loading pattern significantly caused more degradation in the strength and ductility
of the column than the uni-directional loading pattern. Figures 8 and 9c indicates
that the hysteresis loops under circular bidirectional cyclic lateral loading give the
worst ductility parameters. On the other hand, BI-L45 gives the lowest maximum
strength for all the columns, Figs. 8 and 9a. The possible reason should be the signif-
icant deterioration due to the accelerated local buckling under circular bidirectional
cyclic lateral loading. However, from Fig. 9, it was understood that the inclusion of
corner stiffeners is more critical in enhancing the performance of the proposed steel
piers. The results of each specimen are separately discussed below, emphasising the
behaviour of buckling deformation.

3.2.1 Column LY-PL (Without Corner Stiffeners)

It is evident from Figs. 8b and 9 that the LY-PL column has the lowest performance
compared to the other columns, regardless of the loading pattern. Even though the
Wm and pos of the LY-PL column deviate from the SM-B column by negligible
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Fig. 9 Effect of loading pattern on strength and ductility: a LY-PL, b LY-PL-CO and ¢ LY-PL-CO-
LCO

amounts for all the loading patterns (see Fig. 9b, c), the maximum strength shows
marginal deviation from the SM-B column (Fig. 9a). LY-PL has a43% H,, / H, value
for the BI-SQ loading pattern lower than the SM-B pier. However, this difference
was reduced to 22% for the UNI loading pattern (see Fig. 9a). After the maximum
strength, the strength degradation rate is relatively high (particularly under Bi-CI
loading), which is an unfavourable post-buckling behaviour during seismic events.
The thickness of LYS steel plates is significantly more than that of SM-B. Hence it
was expected that the specimen would have sufficient ultimate strength. Due to the
weak tangential modulus and the absence of corner stiffeners, however, the buckling
started rapidly and increased rapidly.

Furthermore, for all bidirectional loading situations, the total plate buckling of this
specimen began at a displacement of the 1.56,, and the buckling deflection prolifer-
ated with further loading, Fig. 10. Even though large deformation was seen from the
UNI loading, all the other bidirectional loading caused more damage, particularly in
the corners of the pier (see Fig. 10), which is a leading cause for the observation of
worse post-buckling behaviour in Fig. 9c. This observation indicates that employing
LYS plates without reinforcing the pier’s corners is ineffective in seismic loading.
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Fig. 10 Deformed shapes of LY-P type pier at the end of the loading cycle: a UNI, b BI-L45,
¢ BI-SQ and d BI-CI

3.2.2 Column LY-PL-CO (with Corner Plate Stiffeners)

The specimen LY-PL-CO did not exhibit global buckling up to the end of the loading.
However, concave-shaped local buckling waves were observed between ribs belting
at the 4.58, displacement level for the UNI loading pattern. However, during the
BI-L45, BI-SQ and BI-CL loading deltas reduced to 3.28,, 2.45, and 2.486, respec-
tively (see Fig. 9b). The maximum strength achieved nearly the same level as the
reference specimen (SM-B), and the deformation sustained up to 3.58, (for the worst-
case scenario of BI-CI) without a considerable load decrease, which is preferable in
seismic design. On the other hand, H,,/H, decreased below the SM-B during the BI-
L45 loading (see Fig. 9a), highlighting the significance of the bidirectional loading
analysis for designing piers to withstand strong earthquakes. The commencement of
buckling in the L angles was observed near the end of the 3.58, > o5 displace-
ment level for the UNI loading situation. However, the bidirectional load cases could
initiate the buckling wave in the L angle before the wgs, particularly BI-CI inducing
buckling in the L angle at 36, < pos. As illustrated in Fig. 11, the LYP steel plate
buckled before the L angles. However, buckling waves can be observed in the L
angles even before the LYP steel plate during bidirectional loading. Especially, both
the BI-SQ and BI-CI caused extensive damage in corners compared to the UNI
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Fig. 11 Deformed shapes of LY-PL-CO type pier at the end of the loading cycle: a UNI, b BI-L45,
¢ BI-SQ and d BI-CI

loading pattern, shown in Fig. 11. So, these observations during the bidirectional
loading emphasise that further improvement in the L angle is needed to sustain the
L angle during large earthquakes.

3.2.3 Column LY-PL-CO-LCO

As the L angle of column LY-CO began to distort during the later stages of loading,
the LY-CO-LCO column was analysed with the L angle plate stiffener and the corner
plate stiffener. Although the specimen’s strength and ductility exhibit much greater
values during UNI loading, a significant decrease in p,, and pos was detected under
BI-CL loading compared to the other loading scenarios. For instance, under the UNI
loading, the p,, of the LY-PL-CO-LCO was 5.88, which decreased to 4.8, 4.9 and
2.4 during the BI-L45, BI-SQ and BI-CL loading cases (see Fig. 9b), respectively.
Interestingly, the SM-B and LY-CO coincide with the LY-PL-CO-LCO during the
BI-CL loading (see Fig. 9b). However, as illustrated in Fig. 12, the advancement of
local buckling is limited within the LYP steel plate, which can be replaced after a
significant seismic event. At the same time, the L angles carry the axial stress during
the repairing phase. Towards the end of the loading, minor buckling waves were
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Fig. 12 Deformed shapes of LY-PL-CO-LCO type pier at the end of the loading cycle: a UNI,
b BI-L45, ¢ BI-SQ and d BI-CI

observed above the LYP plates, indicating the likelihood of buckling in the upper
portion of the energy dissipation zone, which requires special attention to energy
dissipation zone height, stiffening arrangement dimensions and LYP plate thickness.

4 Conclusions

The usage of LYP steel plates can improve the strength and ductility of the steel
column. This work studied the seismic performance of thin-walled steel columns
with replaceable energy dissipation components (LYP steel plates) coupled with the
L angle at the column base under both uni and bidirectional loading. There are four
column sections, three with LYP steel plates with L angles and one standard column
with SM490 steel plates. The proposed method’s practicality is discussed in terms
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of strength, ductility, and keeping the column’s corners stable where the LYP steel
plates buckled first. Some significant results were drawn from this study;

1.

The validity of adopted FEM in capturing the cyclic elastoplastic behaviour of
the column under constant axial force and bi-directional cyclic lateral loading is
verified with past experimental results, which accurately simulates the interaction
between the bidirectional non-linear behaviours of the steel columns on the cyclic
behaviour

The UNI loading pattern invariably overestimates the maximum strength of all
piers compared to the bi-directional loading patterns. For example, the H,, / H, of
the LY-PL-CO-LCO column overestimated almost two times that of the BI-L45
loading pattern.

The UNI loading pattern estimates the H,,/H,, of the LY-PL pier higher than the
standard column (SM-B). However, the BI-L45 loading pattern contradicts the
previous observation, which emphasises the potential risk of using uni-directional
loading alone to estimate the ultimate strength of the piers.

The w,, of the SM-B and LY-PL columns showed insignificant differences for all
the loading patterns. However, the BI-CI load pattern estimated the lowest u,,
value for the other types of piers (LY-PL-CO and LY-PL-CO-LCO). Therefore,
for the estimation of w,,, it is recommended to use the BI-CL loading pattern
since it always predicts the minimum ductility of the specimens.

Two different stiffening techniques were used to delay L-angle buckling in both
LY-PL-CO and LY-PL-CO-LCO columns. As a result, both columns showed
significant ductility improvement concerning the standard column during the
UNI loading pattern. On the other hand, both columns showed a significant
reduction in wos for all the bi-directional loading. The potential reason for this
phenomenon should be that the above loading cases can induce buckling in the
corners of the column at a very early stage, even before the (9.

Seismic design criteria exclusively dependent on uni-directional loading test find-
ings, such as displacement and force, may result in safety issues. For example,
displacement changes between uni-directional and bidirectional loadings signif-
icantly depended on the column design.

Among the analysed linear and non-linear loading patterns, BI-CI was the most
severe loading pattern in strength distortion after the peak load, since it initiates
the occurrence of buckling waves in the corners of the column just after the w,,
and progressively accelerates the distortion of the column.

Extensive parametric studies should be carried out to investigate the effect
of significant design parameters such as width-to-thickness ratio, slenderness
ratio and stiffener rigidity on the lateral performance of the piers during the
bidirectional loading conditions.
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Nonlinearity of Damping L

G. B. Dissanayake, A. J. Dammika, C. S. Bandara, J. A. S. C. Jayasinghe,
and P. B. R. Dissanayake

Abstract The lack of rapid, simple, and reliable techniques in damage detection of
large civil engineering structures has hindered the frequent application of available
vibration-based structural health monitoring and damage detection methods. The
basics of baseline data of undamaged structure detailed finite element models, or
the need for numerous expensive sensors have further distanced the technique from
practice. Thus, in this study, the application of a simple, baseline free time domain
damage detection technique using acceleration data is discussed. The investigation
is made using analysis of nonlinearity in damping extracted from ambient vibration
data for identification of the existence of damage in a structure. It is known that
the dominant mechanism of energy dissipation in the presence of structural defects
such as cracks, defective connections, etc. is due to dry Coulomb friction and this
type of damping is considered nonlinear. Contrary to this, in the undamaged state
of structures, the dissipation of energy is mostly due to material damping which is
considered a macroscopically viscous and constant type of damping. Thus, analysis
of nonlinearity in damping and identification of the contribution of Coulomb friction
in modal damping could reveal the existence of damage or defects in a structure.
This study presents the application of the method to an experimental system at
the laboratory to show the competency of the method. The experimental estimates
obtained from the proposed method illustrate the effectiveness and efficiency of the
method in portraying the existence of the damage and approximate quantification.
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1 Introduction

Detection of the occurrence of damage in a structure is the initial step of every
structural health monitoring (SHM) system. Such information will facilitate engi-
neers in planning detailed inspection activities to assess the structural integrity and
performance of structures such as buildings, bridges, dams, pipe networks, etc. [1, 2].

The existing structural damage detection methods can be categorized into two
groups; local inspection methods and global detection methods [2]. Local inspec-
tion method includes visual inspections of the structure by an expert supplemented
by localized testing based on ultrasonic or [1, 3] acoustic methods, x-ray methods,
magnetic field methods, eddy-current methods, thermal field methods, etc. [4—6]. The
visual inspection and testing methods are highly localized in nature and the outcome
is highly dependent upon the inspectors’ experience and knowledge. Further, the
methods require the portion of the structure to be investigated to be readily acces-
sible for testing [1]. Unfortunately, on most occasions, this requirement is not guar-
anteed, since most of the civil engineering structures especially bridges, are large
and complex in nature, or their operating environment is hostile. In this situation, the
development of efficient and effective methods for the detection of the occurrence
of damage in structures is crucial.

The vibration-based structural damage detection method can effectively avoid the
limitations of local inspection methods because it does not require that the vicinity
of damage is known a priori, nor that the structural portion of interest is readily
accessible for testing [7].

Methods found in the literature mostly propose damage detection, localization,
and assessment using either natural frequencies or mode shapes and their derivatives
[2]. It is generally acknowledged that natural frequencies have low sensitivity to
damage and can usually be used to reflect damage to a moderate degree. Mode shapes
and their derivatives have shown greater sensitivity to damage but capturing the mode
shape and its changes requires numerous sensors distributed on the structure and
proper placement. This situation has made utilizing mode shapes and their derivatives
in practical applications of structural damage detection less attractive.

Compared to natural frequencies and mode shapes, damping has been proven
more sensitive to damages even portraying small, visually undetectable damages
(Figs. 1 and 2). More evidence of the efficiency of damping in portraying damage in
structures could be found in studies of [8-10].

Generally, the damping of vibration in a large structural system is due to various
forms of energy dissipation mechanisms. It is commonly identified as viscous
damping and Coulomb damping. Typically, in engineering practice, a linear viscous
damping model is used for the sake of simplicity as it lends to a linear equation of
motion [11, 12]. It has been understood that when a structure is undamaged, most of
the energy dissipation is due to material damping which is categorized as viscous,
i.e., proportional to the velocity of motion. However, when the structure is damaged,
the most significant energy dissipation mechanism within the cracks or in a defective
connection can be represented by Coulomb friction [13].
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Fig. 2 Instantaneous undamped natural frequency (a) and instantaneous damping coefficient hy(t)
(b) along the amplitude of vibration [8]

Bachmann and Dieterle [14] observed that energy dissipation due to excessive
movements in joints, energy dissipation in opening and closing of cracks, slipping at
interfaces, sliding in supports, etc. generate Coulomb type of damping with coexisting
viscous type material damping.

Experiments on precast reinforced concrete slab panels [9] showed that the
presence of small, visually undetectable cracks caused a considerable increase in
damping. Further, they noted that the energy dissipation mechanism in a crack is
mainly due to dry Coulomb friction. Further, they noted that visually undetectable
cracks have very little change in natural frequencies and mode shapes, while there
is a significant change in damping characteristics of the structure.

Frizzarin et al. [15] presented work on the theoretical-experimental identifi-
cation technique for structural damage detection based on analysis of non-linear
damping of measured structural vibration response. The experimental verifications
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Fig. 3 Representation of cracked bending element and corresponding model [15]

were conducted using a large-scale concrete bridge model. They presented a model
(Fig. 3) for a cracked bending element, where both the viscous and friction-damping
phenomena co-existed at the same time. It shows that in the cracked zone where there
is friction in the reinforcement surface, the most significant dissipation mechanism
is friction damping. On the contrary, in the compression zone, it can be assumed that
only material (viscous) damping is present. In the model, k represents the bending
stiffness of the element, while m is the relevant mass.

As a result, damage to the system can be detected if the envelope of free decay
of a system is examined and it is determined that dry Coulomb friction is the main
source of energy dissipation.

2 Objective and Scope

The objective of this paper is the present investigation on using analysis of time-
dependent damping behaviour in the prediction of damage existence of a structure
based on the work by [15]. Experimental application of the method was conducted
using ambient vibration data from the experimental system at the laboratory. The
knowledge obtained in this investigation is useful in readily applying the vibration-
based method for damage detection in real structures which will be conducted in the
next stage.

3 Damping Models and Damping Estimation

Typically, in engineering practice, a linear viscous damping model is used for the
sake of simplicity as it lends to a linear equation of motion. But it is important to note
that in real structures the damping behaviour is more complex and often nonlinear.
As mentioned by [16], commonly used damping models to describe the real damping
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behaviour can generally be presented by the Equation,
falx, %) = ax|%]*"! )

where, f;(x,x) is the damping force, x is the velocity and a is the damping
coefficient. The value of 6 determines the damping model, e.g.
linear viscous damping (6 = 1)

Ja(x, X) = cx @)

Coulomb (Dry friction) damping (6 = 0)

fale, £) = i = usign(i) 3)
where, c is the viscous damping coefficient, u is the Coulomb damping coefficient.
The free decay envelope of a system under viscous damping is seen as an exponential
decay and is linear for a Coulomb-damped system as shown in Fig. 4. For these
ideal systems, [17] provided individual functions of coulomb, viscous and quadratic
damping acting on a Single Degree of Freedom System (SDOF) as given in Table 1.
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Fig. 4 Linear viscous damping and Coulomb (dry friction) damping [18]

Table 1 Coulomb, viscous and quadratic damping mechanisms [23]
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From above, quadratic damping is mostly associated with air damping, which
occurs due to the air resistance of a moving structure. In large civil engineering
structures, this type of damping is not significant and is not considered in this study.

Then, the decay envelope of a system with combined viscous and coulomb types
of damping should be characterized by a linear summation of the individual decay
functions defined by [17]. Thus, the mass normalized equation of motion that defines
a system with viscous and coulomb damping is shown in Eq. (4).

¥4 2¢wx + pulsign(®)] + o’x =0 4)

I ()

Based on Eq. (5), it is understood that the envelope of a free decay gives informa-
tion about the energy dissipation mechanisms acting on the system. This equation
contains values of £ and y. Then, as given by [15], assuming that the total loss of
energy (AEpy) is the simple sum of energy loss due to viscous (AEy;s.) and friction
(AEgc) energy dissipations, the relationship for decay envelope for the combined
system (shown in Eq. 4) was obtained in terms of initial amplitude X, the natural
frequency of the system w and the two damping ratios & for viscous damping and
y for friction damping as given in Eq. (5): information about the presence of each
type of damping. Simultaneously, it contributes to each damping mechanism on total
energy dissipation.

Value for y = 0 suggests that there is no dry friction type of energy dissipation and
the decay envelope is purely exponential, indicating only a viscous type of energy
dissipation acting on the system. In contrast to this, when no viscous type of damping
is present, the decay envelope is linear and £ = 0. This indicates entirely the presence
of coulomb friction type of damping. Values in between these extremes indicate the
type of damping acting on the system, contributing to oscillation decay. Different
values for y and £ contribute to each damping mechanism on total damping.

Therefore, identifying the presence and contribution of friction damping in a
system using this method is feasible and could be directly correlated to the occurrence
of damage in the system.

4 Experimental Investigation

To study the applicability of the above method, an experiment was designed at the
laboratory. Experiments were conducted using flexural vibration of cantilever beams
since it is recognized as one of the most favoured techniques to study different
damping characteristics of structural systems by many researchers, Paimushin et al.
[19-23] among others. In this method, one end of the specimen was held in place,
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while the other end of the specimen was allowed to move freely to respond to manual
displacement or induced vibration.

The experimental setup used in the investigation is shown in Fig. 5. The cantilever
beam was a mild steel rectangular box section in which one end was clamped to a
large concrete base with the dimensions of 600 mm x 600 mm x 600 mm (Appx,
550 kg weight). The length of the mild steel tube was 1790 mm. A 40 mm x 80 mm
box section with a thickness of 3.0 mm was used. Dry frictional resistance was
applied using a mechanism attached close to the free end of the cantilever beam.
The mechanism could apply different levels of frictional resistance to the vibration
oscillation.

The acceleration measurements were started with some delay which is necessary
for the transition from the initial state to the first, lowest vibration mode of the
specimen. The measured acceleration response was filtered and used to derive the
corresponding displacement responses using a freely available signal processing tool.
Based on these response measurements, decay envelopes were obtained.

Figure 6 shows a signal of the acceleration response of the free vibration of the
cantilever without any dry friction damping (Force “N” absent). Then the accelerom-
eter data were band-pass filtered from 1 to 15 Hz since it is known that the fundamental
frequency of the system is lower than 15 Hz as calculated. Figure 6 also shows the
overlayed acceleration response after applying the bandpass.

The Fast Fourier Transform (FFT) of the response showed the first natural
frequency of the system as 11.719 Hz. Thus, it could be concluded that the system
tends to vibrate in its first flexural vibration mode under the excitation and is well
separated from other higher modes.

Once the acceleration response was processed, the processed signal was used to
derive the displacement response using the same signal processing tool. The decay
curve was then obtained using the peaks of displacement response.

The experiments were conducted with external dry frictional resistance to beam
vibration. The frictional resistance was controlled by adjusting the normal force
between the sliding surfaces while the coefficiency of friction was constant in this
experiment setup due to no change in the mating surface. These externally applied
different magnitudes of frictional forces represent the different degrees of damage
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Fig. 5 Experimental cantilever beam model
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Fig. 6 Measured and filtered acceleration response

scenarios. Lower frictional resistance mimics a lower degree of damage in the system
and increasing frictional resistance mimic increased damage scenarios.

Table 2 provides the details of the experiment scheme. Test 1 (T1) is without any
dry coulomb friction and represents no damage scenario in the system and expected
only viscous type of damping.

Other tests (T2, T3, T4) represent a system with different degrees of damage
varying from low to high degrees. The displacement time history data with decay
envelopes for the fundamental mode of the cantilever beam for tests T1, T2, T3,
and T4 are shown in Fig. 7. The influence of an increase in dry friction force on
the displacement amplitude decay envelope of free vibration is visible in the time
histories.

It is known that the logarithmic decrement (3) of the decay envelope is related to
energy dissipation [23]. For an exponential decay or decay envelope of a system with
only a viscous type of damping, the logarithmic decrement is considered constant
over time. When dry friction damping is present, the decay envelope’s logarithmic
decrement (8) becomes nonlinear [24]. To observe this with the results of the experi-
ment, instantaneous logarithmic decrements for T1, T2, T3 and T4 are plotted against
time. The variation of logarithmic decrement under different dry Coulomb friction
amplitudes is presented in Fig. 8.

In Fig. 8, it is observed that the log decrement is constant when no coulomb
friction is present in the test system indicating only a viscous type of damping [24].

Table 2 Experiment scheme

for Coulomb damped free Test no. | Initial displacement (Ag) (mm) | Normal force (N)

vibration of a cantilever T1 9.0 0
T2 9.0 04.6
T3 9.0 09.3

T4 9.0 13.9
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Fig. 7 Displacement—time histories under different dry Coulomb friction amplitudes and constant
viscous damping



56 G. B. Dissanayake et al.

1.2

© - T1: AO=9mm, N=0ON
A cof@- T2: AO=9mm, N=4.6N
1 € T3: AO=9mm, N=9.3N
A T4: AO=9mm, N=13.9N
< 08
o
5 °
; 0.6 o
Q
(]
(]
® 0.4
<© :
0.2 ]
A < EID
A < o
< ]
0 06b&08onang®” o 0 L
0 0.5 1 1.5 2 2.5
Time/sec

Fig. 8 Log decrement comparison for various dry friction amplitudes

When Coulomb friction is introduced to the system, the variation of log decrement
becomes nonlinear. The nonlinearity is increased with an increment in the amplitude
of the applied normal force.

Therefore, it is evident that the nonlinearity in the damping behavior exposes
the existence of damage in the system. Nevertheless, quantification of nonlinearity
provides evidence of the quantitative information of the damage in the system.

Thus, moving forward based on the analysis of decay envelopes, (based on Eq. 5),
the parameters, &, and y could be assessed for each test configuration using simple
curve fitting techniques. Such an assessment was conducted for each test, T1, T2,
T3, and T4. The result of the assessment is shown in Table 3. The same results were
elaborated in Fig. 9 and represent the increase in friction damping component y with
increased friction resistance.

The numerical values in Table 2 and its graphical representation in Fig. 9 shows
that the dominant damping mechanism in Test (T1) is the viscous type and it is
constant over all four tests as expected due to the nature of the test setup. While, for

Table 3 Variation of friction force and observed damage percentage

Test ID T1 T2 T3 T4

F(N) 0 4.6 9.3 13.9
g—visc. damping 0.042474 0.04872 0.050819 0.033814
% 4.2 4.9 5.1 3.4
y—frict. damping 0.00288 0.029573 0.062152 0.10648
Y% 0.3 3.0 6.2 10.6
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other tests T2, T3, and T4, the dominant damping mechanism gradually changed into
dry friction damping consistently with the increased frictional resistance. Further, it
depicts the capacity of the proposed method in portraying the quantitative information
of the damage.

5 Conclusions

This study discusses the application of a simple, baseline free time domain damage
detection technique using acceleration data. The investigation was made using anal-
ysis of nonlinearity in damping extracted from ambient vibration data for identifica-
tion of the existence of damage in a structure. Experiments were conducted using a
simple cantilever beam set up under the influence of different dry Coulomb friction
magnitudes to represent different degree damage scenarios.

In the investigation, a strong correlation between the increase in the normal contact
force (Coulomb friction force) and the nonlinear behaviour of damping was observed.
The nonlinearity of damping behaviour was seen to increase when the dry frictional
force was increasing. Thus, it is evident that nonlinearity in damping could portray
the existence of damage in a structure.

Further, it was shown that the parametric identification of the decay function of
the combined system could provide quantitative information on the existing damage
by distinguishing the contribution of each viscous type and friction type of damping
based on a controlled laboratory environment.

Further research is needed to inspect the feasibility of the method to be applied
in real structures.
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Abstract The effect of addition of different concentrations of refined coconut oil
(CO) and vegetable oil (palm olein o0il) (VO) on the mechanical and thermal proper-
ties, as well as water absorption, biodegradability and morphology of cassava starch-
based TPS films were investigated. Cassava starch-based TPS films were prepared
by the solvent casting method using glycerol as the plasticizer incorporation with
varying concentrations of CO and VO at 5,10,20, and 40 wt % based on cassava starch.
The X-ray diffractometry (XRD), fourier transform infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM) anal-
ysis were carried out to observe the interactions between the starch matrix and oil,
thermal stability, decomposition temperature and morphology of films. An increase
in tensile strength was observed with the increment of both CO and VO concentra-
tion while the maximum tensile strength was observed at the oil concentration of
10 wt % for both CO and VO. However, films containing VO have higher tensile
strength (4.18 MPa) than the films containing CO (3.56 MPa). Tensile strain at break
decreased when increasing the oil concentration up to 10 wt % for both CO and
VO. Water absorption of the films increased when increasing the oil concentration.
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However, the value was less than the reference sample until the oil concentration was
20 wt % for both CO and VO. Moreover, all the samples are biodegradable. Cassava
starch, refined coconut oil, and vegetable oil are natural resources that can be used
to produce alternative materials that cause minor environmental impact.

Keywords Cassava starch - Coconut oil - Vegetable oil + Thermoplastic film

1 Introduction

Starch is a polymeric carbohydrate containing anhydroglucose units connected by
glucosidic bonds. Cereal grains such as corn, wheat and rice and tubers such as
potato and cassava, are the main starch sources that can be used for bio-plastics [1,
2]. Production of starch-based bio-plastics which are cheap, and fully biodegradable,
could become a possible substitute to non-biodegradable synthetic plastics while
creating new markets and reducing environment pollution [3, 4]. The demand for
environmentally friendly biodegradable plastics is increasing day by day [5].

Cassava (Manihot esculenta) starch is more suitable to produce thermoplastic
starch due to its clarity, low gelatinization temperature and good gel stability. Cassava
starch has a carbohydrate content up to 99%, and 17% amylose and 83% amylopectin
content [6, 7]. Cassava starch can be transformed into an amorphous thermoplastic by
processing with plasticizers such as glycerol under special heat and shear conditions
[8]. However, thermoplastic starch has major drawbacks such as poor mechanical
properties and water resistance. The hydrophilic nature of starch and plasticizers
commonly results in poor mechanical properties of thermoplastic starch [9]

The addition of hydrophobic substances, such as oils and fatty acids, may reduce
the hygroscopicity of the thermoplastic starch by increasing the hydrophobic portions
in the thermoplastic starch [10]. Current researchers focus on adding plant oil which
exhibits admirable hydrophobic properties into thermoplastic starch to improve water
resistance properties [11]. Some researchers have focused on using vegetable oil as
plasticizers for biodegradable thermoplastics including palm oil [12-14], soybean
oil [12, 14-16], rubber seed oil [17], corn oil [18], olive oil [18], coconut oil [19],
canola oil [20], and sunflower oil [21].

Coconut oil which is obtained from the coconut tree and vegetable oil which is
produced using palm kernel nuts are some abundant plant oils in the market [22].
The fatty acid content of coconut oil and palm olein oil is listed in Table 1 [22-24].

The effect of virgin coconut oil and palm oil on the properties of starch-based ther-
moplastic was previously studied. To the best of our knowledge, there is no study
about the effect of refined coconut oil and palm olein oil (vegetable oil) on the char-
acteristics of cassava starch-based thermoplastic. This research explored the effect
of refined coconut oil and palm olein oil (vegetable oil) as hydrophobic compo-
nents on the properties of cassava starch-based thermoplastics. X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric anal-
ysis (TGA), scanning electron microscopy (SEM), mechanical, water absorption
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Table 1 The fatty acid

content of coconut oil and Fatty acid Coconut oil Palm olein oil
palm olein oil Caproic acid (C6:0) 0-5 -

Caprylic acid (C8:0) 8 -

Capric acid (C10:0) 6 -

Lauric acid (C12:0) 47 0-3

Myristic acid (C14:0) 18 1

Palmitic acid (C16:0) 5-8 39

Stearic acid (C18:0) 2-5 4

Oleic acid (18:1) 7 43

Linoleic acid (C18:2) 1-5 11

and biodegradability properties of the cassava starch-based thermoplastic thin films
were characterized.

2 Materials and Methodology

2.1 Materials

The native cassava starch was purchased from Vilaconic joint stock company,
Vietnam. Glycerol was purchased from Research Lab fine chem industry (India).
Physically refined coconut oil was purchased from Marina Foods Pvt Ltd and refined
palm olein vegetable cooking oil was purchased from NGO Chew Hong Edible Oil
Pte Ltd. Freshly prepared distilled water was used.

2.2 Preparation of Thermoplastic Thin Film

Starch-based thin films were prepared by the solvent-casting method after the
preparation of film-forming dispersions according to the method adopted by Belibi
et al. [25]. Initially, native cassava starch (5 g) was dispersed in an aqueous solution,
separately, with the corresponding amount of glycerol and oil at room temperature
under continuous stirring for 10 min on a magnetic stirrer. Thereafter, the mixtures
were stirred at 80 °C for 45 min to induce starch gelatinization. Afterwards, the films
were obtained by casting the hot suspensions into petri dishes. Then, the samples
were dried in an oven at 65 °C for 5 h. After that, the dishes were kept in a desic-
cator and finally, the dry films were carefully removed from the dishes. The sample
without oils was prepared as the control sample. Different formulations of cassava
starch, glycerol, water and oils are described in Table 2.
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Table 2 The components of cassava starch-based thermoplastic films

Sample code | Cassava starch | Glycerol (wt | Distilled water | Coconut 0il | Vegetable oil
(@ %) (mL) (wt %) (wt %)

TPS 5 25 100 - -
TPS_CO_5 |5 25 100 5 -
TPS_CO_10 |5 25 100 10 -
TPS_CO_20 |5 25 100 20 -
TPS_CO_40 |5 25 100 40 -
TPS_VO_5 |5 25 100 - 5
TPS_VO_10 |5 25 100 - 10
TPS_VO_20 |5 25 100 - 20
TPS_VO_40 |5 25 100 - 40

2.3 Thickness of the Films

The thickness of thermoplastic thin films was determined using a manual Thickness
Gauge by performing at least ten random measurements for each film to the nearest
0.01 mm. The average value for each film was used to calculate the tensile properties.

2.4 Morphology

The surface morphology of thin films was observed using scanning electron
microscope (SEM, 259 ZEISS EVO LS15) with accelerating voltage of 10 kV.

2.5 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of thin films were obtained using a diffrac-
tometer (Rigaku Ultima IV). The XRD spectra were recorded over a range (2e) of
5-45° with a continuous scan rate at 2.0° interval.

2.6 Fourier Transforms Infrared Spectroscopy (FTIR)

Characteristic peaks for thin films were obtained using FTIR spectrometer
(PerkinElmer, USA) equipped with a universal Attenuated Total Reflectance (UATR)
reflectance cell. Spectra were collected in the wavenumber range of 500-4000 cm™!.
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2.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analyzes were performed in a thermal analyzer (PerkinElmer,
model 4000) in ceramic pans. Samples (10 g) were heated up from 40 to 700 °C at
a rate of 20 °C/min. Nitrogen was used as purge gas (20 mL/min) to avoid thermo-
oxidative reactions.

2.8 Tensile Properties

Tensile strength and elongation at break were obtained according to ASTM D882.
The tensile strength test was performed using the Universal Testing machine (Instron
3365, Buckinghamshire). The crosshead speed was fixed at 10 mm/min. The samples
were prepared according to the dimensions provided by the standard. For each test,
five samples were analyzed. The tensile properties were calculated as the average
value from the obtained results.

2.9 Water Absorption

The water absorption test was carried according to the ASTM D570 standard.
Prepared films were cut into 76.2 mm x 25.4 mm pieces, dried for 24 h in an oven at
50 °C, cooled in a desiccator, and weighed. The water absorption data of films was
obtained by soaking them in water for 2 h. After that, films were dried with a cloth
and immediately weighed. And after, those samples were soaked in water for another
24 h and weighed. The water absorption capacity of composites was calculated as
follows.

wet weight — conditioned weight

Water absorption, % = x 100 (D)

conditioned weight

2.9.1 Biodegradability

The biodegradability test was carried out according to the aerobic compost environ-
ment test [26]. Initially, the starch-based thin films were cut into pieces of 2.0 x
2.0 cm and weighed before being tested. Then, the samples were buried inside the
soil at a depth of 3 cm at 25 °C and water was sprayed to maintain the moisture of
the compost. The weights of the samples were measured after 15 days.
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(a) (b)

Fig. 1 Photographs of (a) cassava starch-based thermoplastic film without oil and (b) cassava
starch-based thermoplastic film with oil

3 Results and Discussion

3.1 Physical Properties

According to visual examination, the obtained cassava starch-based thermoplastic
films were transparent, odorless, and easy to handle. Film thickness varied from
0.32 to 0.37 mm. The prepared cassava starch-based thermoplastic films are shown
in Fig. 1.

Thermoplastic starch films were visually transparent and when the oil content for
both CO and VO was incresed, the transparency of the films reduced.

3.2 SEM Observation

Figure 2 shows the SEM micrographs at 1000 x magnification of surface of
thermoplastic starch films with oil.

As shown in Fig. 2, the microstructures of cassava starch-based thermoplastic
films with different concentrations of CO and VO were evaluated by SEM. It was

Fig. 2 SEM images of composites (x 1000 magnification): (a) TPS, (b) TPS with coconut oil, and
(c) TPS with vegetable oil
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observed that the surface of the control film (TPS without oil) was homogeneous and
continuous without any granules or pores (Fig. 1a). The films containing CO and VO
(Fig. 1b, c¢) showed a discontinuous and porous structure and some oil droplets could
be seen. It can be suggested that CO and VO were not dispersed homogeneously
within the thermoplastic films [11].

3.3 X-ray Diffraction (XRD)

Preparation of thermoplastic film by casting method generally leads to solubilization
of amylose followed by the destruction of starch crystalline structure [27]. Diffraction
patterns of the control cassava starch-based thermoplastic film and cassava starch-
based thermoplastic films with CO and VO oil in different contents are given in
Fig. 3.

Diffraction pattern of the control film (TPS) showed a broad diffraction peak in
15-20° 26 region. It indicates the destruction of A-type crystal structure. According
to the literature, characteristic peaks (26) for the structure of cassava starch are at
15°, 17°, 18°, 20°, 23°, and 26° [28]. When adding the CO and VO, the shape of
the peak has changed: diffraction peaks became wider. The oil-added thermoplastic
films showed broad diffraction peak in 15-25° 26 region.

3.4 Fourier Transforms Infrared Spectroscopy (FTIR)

The FTIR spectra of control cassava starch-based thermoplastic film and cassava
starch-based thermoplastic films with CO and VO oil in different contents are
depicted in Fig. 4.

All FTIR showed a peak which was evident at wave number 32003300 cm™!
(Fig. 4), indicates a hydrogen-bonded O-H stretching. All thermoplastic films had
peaks in the range 2850-2950 cm™! corresponding to a C-H functional group [29—
31]. The peaks at 2920 cm~! and 2850 cm~! indicate the presence of long-chain
alkyl groups. The peaks around 2850 cm~! intensified with CO and VO contents’
increasing, which confirmed the presence of oils [32]: [11]. The characteristic peak at
1750 cm™! corresponds to stretching of C = O group of ester bonds. When increasing
the oil contents, it displayed more intense bands at wavenumbers of 1750 cm~! [11].
Another peak in the range 1620—-1650 cm ™' corresponds to water absorption. A peak
at 1320-1380 cm ™! in corresponding to bending vibration of a C-H group and C-O of
an aromatic ring was also evident. Peaks corresponding to bending vibration of C-O,
and O-H in the range of 1010-1070 cm~! was also present in all samples. [29-31].
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Fig. 3 XRD diffractograms for TPS films: TPS, TPS_CO_5, TPS_CO_10, TPS_CO_20, TPS_
CO_40, TPS_VO_5, TPS_VO_10, TPS_VO_20, and TPS_VO_40

3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric (TG) and its derivative thermogravimetric (DTG) curves were
used to evaluate the thermal stability of the cassava starch-based thermoplastic films
with oils (shown in Fig. 5).

When the temperature was below 100 °C, a lower thermal weightlessness was
observed. It could be due to the evaporation of water or the small molecular impurities.
Films containing oil started to show different degrees of weightlessness at 180 °C.
This will happen due to the thermal degradation of fatty acids in films with CO and
VO. After 300 °C, thermoplastic films showed insistent weightlessness. This could
be attributed to the thermal degradation of the starch components in the films [33-35]
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Fig. 4 FTIR spectra of TPS films: TPS, TPS_CO_5, TPS_CO_10, TPS_CO_20, TPS_CO_40,
TPS_VO_5, TPS_VO_10, TPS_VO_20, and TPS_VO_40

3.6 Tensile Properties

Tensile strength and elongation at break of the thermoplastic thin films with CO ad
VO are shown in Figs. 6 and 7, respectively.

As the CO content and VO content increased, the tensile strength of the thermo-
plastic film showed an increasing trend, followed by a decrease. When the concen-
tration of oil was 10 wt %, the tensile strength of the film with CO reached its highest
value (3.56 MPa), and the tensile strength of the film with VO reached its highest
value (4.18 MPa). Moreover, the tensile strength of film containing VO is higher than
the tensile strength of film containing CO for the same oil concentration. However,
the addition of CO and VO in high concentration (over 20 wt%), reduced the tensile
strength of the thermoplastic films by weakening the interactions between the starch
molecules. This could happen due to increased discontinuity of lipid molecules in
the starch matrix [34]

The elongation at break decreased with the increase in coconut oil and vegetable
oil. TPS without oil shows lower elongation at break value compared with TPS with
5, 10, and 20% CO and 5 and 10% VO.
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Fig. 5 Curves of TGA, and its derivative DTG of the TPS films: (a) TPS, (b) TPS_CO_5, (¢) TPS_
CO_10, (d) TPS_CO_20, (e) TPS_CO_40, (f) TPS_VO_5, (g) TPS_VO_10, (h) TPS_VO_20, and
(I) TPS_VO_40

3.7 Water Absorption

Figure 8 shows the water absorption properties of cassava starch-based thermoplastic
with CO and VO in different oil concentrations.

After introducing CO and VO into the composites, only a slight decrease in water
absorption of the films were observed until the oil content reached 20% w/w concen-
tration. This can be attributed to the hydrophilic character of starch and glycerol
[36]. The improved water resistance properties for TPS with oil content up to 20%
w/w was due to the hydrophobic characteristic of coconut oil and vegetable oil. Fatty
acids improve the hydrophobic properties of the TPS films, thus increase the water
resistance properties [11, 34, 37]. This behaviour is consistent with the results of
previous studies [38]. However, a significant enhancement in water resistance prop-
erties were expected due to hydrophobic nature of coconut oil and vegetable oil. The
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Fig. 7 Elongation at break of cassava starch-based thermoplastic thin films with different
concentrations of CO and VO

addition of VO reduced the water solubility better than CO at the same oil concen-
tration for 5% w/w and 10% w/w. The oil with 40% w/w concentration TPS film
showed slightly high-water absorption when compared to the reference TPS film.
This can happen due to the differences in density between oils and cassava starch

leading to the movement of lipid aggregates to the material surfaces by damaging
cohesive structural integrity [11].
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Fig. 8 The water absorption of cassava starch-based thermoplastic thin films with different
concentrations of CO and VO

3.8 Biodegradability

In biodegradation test, all the thermoplastic thin films showed a significant degra-

dation within 15 days. The percentage weight loss of all the thin films was
50-70%.

4 Conclusion

In this work, different percentages of refined coconut oil and vegetable oil (palm
olein oil) were added into the cassava starch-based thermoplastic plasticized using
glycerol. The prepared films were thermally and mechanically characterized. It was
observed that the addition of coconut oil and vegetable oil contributes significantly to
characteristics’ improvement for all tested standards. Vegetable oil was more effec-
tive than coconut oil for lower oil concentration. Overall, this study recommended that
CO and VO have potential to be formulated in the cassava starch-based thermoplastic
for packaging since the CO and VO are non-toxic plant-based material.
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Batch Adsorption Study for the Removal )
of Textile Dyes from Aqueous Solutions L
Using Pandanus Amaryllifolius (Rampe)

Leaves

S. L. G. Haththotuwa and B. M. W. P. K. Amarasinghe

Abstract The adsorption of selected textile dyes, methylene blue (MB), crystal
violet (CV), Congo red (CR), reactive red 24: 1 (RR), and reactive black b (RBB)
from aqueous solutions into dried leaf powder of Pandanus amaryllifolius (Rampe)
(PALP) was studied. Batch adsorption experiments were conducted at room temper-
ature to investigate the adsorption capacity. The experimental results showed that the
adsorbent could remove MB, CV, and CR up to 95%, 90%, and 81%, respectively.
However, both reactive dyes did not show significant removal. Kinetic and equilib-
rium studies were performed for MB, CV, and CR dyes. Kinetic data revealed that
dye uptake was fast, with 90% or more of the adsorption occurring within the first
15-20 min of contact time. The kinetic data fit the pseudo-second-order model with
correlation coefficients greater than 0.99. The equilibrium data were satisfactorily
fitted to the Langmuir, Freundlich, and Temkin isotherms. The intra-particle diffusion
model confirmed that the adsorption of dyes onto the adsorbent is controlled not only
by intraparticle diffusion but also by film diffusion which plays an important role.
Fourier transform infrared (FTIR) spectroscopy and Scanning electron microscopy
(SEM) analysis of the adsorbent before and after adsorption revealed that MB, CV,
and CR were adsorbed to PALP with chemisorption by creating hydrogen bonds.
A significant amount of mass transfer has occurred through papillose cells on the
surface of the PALP.
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1 Introduction

Contamination of textile dyes with water bodies can seriously damage the aquatic
system. This can reduce the aesthetic quality of natural water resources, increase
chemical oxygen demand, increase biochemical oxygen demand, create toxicity
for aquatic life, create carcinogenicity, mutagenicity, bioaccumulation, and disturb
photosynthesis [1].

Available chemical techniques to remove dyes from contaminated wastewater
include Ozon oxidation, oxidation, Fenton oxidation, photochemical, and ultraviolet
(UV) irradiation. As a result of the complex structure of many dyes, it is difficult to
completely remove them using conventional biodegradation methods. Novel biolog-
ical techniques are degradation using cultures of fungi and microbes and the use
of algae and enzymes [2]. Biosorption is one of the best methods for dye removal
because of its low cost and higher effectiveness. Examples of biomaterials such as
bacteria, algae, fungi, seaweed, plant leaves, and roots are tested and evaluated for
different dyes [3].

In this study, the adsorption of five textile dyes that are toxic in the natural envi-
ronment was tested. Pandanus amaryllifolius (Rampe) leaves powder (PALP) was
used as an adsorbent. The objectives of the research are as follows.

I. To determine the adsorption capacity of the Pandanus amaryllifolius (Rampe)
leaf powder for the selected five dye types.
II. To determine the adsorption kinetics and equilibrium data for the selected dye
types through batch adsorption experiments.
III. To characterize the adsorbent and determine its physical and surface properties.

2 Materials and Methods

2.1 Materials

Rampe leaves were obtained from the healthy and well-grown bush in the wetland
area located in Kotavila, Matara district. Only the part of the mature leaf was selected
without any dead content. The MB, CV, CR, RR, and RBB dyes were purchased from
a local industrial chemical supplier named Kannan and Company.

2.2 Preparation of Biosorbent (Adsorbent)

The leaves were washed with clean well water to remove dust, mud, and debris
and kept for sun drying. The dried leaves were ground into a powder and sieved
using