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ABSTRACT

Aeroelasticity is the study of the mutual interaction that takes place among aerodynamic,
elastic, and inertia forces acting on aircraft structures exposed to an airstream. Aircraft
structures are not completely rigid and aeroelastic phenomena arising when structural
deformations induce changes in aerodynamic forces. The aeroelastic phenomena include
flutter, divergence, control reversal or effectiveness, etc. This paper presents the
investigations of flutter suppression control scheme with modern control theory. These
techniques are important for the designs of modern aircraft. The flutter is now a part of
aircraft certification and flight envelope expansion.

KEYWORDS: Aeroelasticity, Flutter suppression, Modern control Theory

1. Introduction

Aeroelasticity is the study of the mutual interaction between aerodynamic forces, elastic
forces, and inertia forces. The field of study can be demonstrated clearly by the classical
Collar’s aeroelastic triangle [1], as shown in Figure 1.

In the history of aviation, Samuel Langley’s aircraft, the so-called Aerodromes [2], Figure
2, was a tandem-wing design with an aft-mounted tail. Langley’s design was to provide the

aircraft with structural stability, independent of the pilot’s effort. The aerodrome was launched

UnAIIUIYINIS ACU:3FAINSSUANAQS UKI3NYNagINUUUnUAQ
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from a houseboat-mounted catapult. However, the Aerodrome quickly dove into the Potomac

River, with no flight being achieved.

Inertia
forces

Structural Flight
dynamics Dynamic dynamics
aeroelasticity
Structural Aerodynamic
forces Jorces

Static
aeroelasticity

Figure 1 Collar’s aeroelastic triangle

As understanding of aeroelastic effects progressed, the notion will grow that the
Aerodrome’s failure was due to wing torsional divergence. In 1914, Langley’s Aerodrome

was modified by Curtis and flew successfully [2].

Figure 2 Langley’s Aerodrome during the test

On December 17, 1903, nine days after the Aerodrome’s failure, the Wright brothers

flew their bi-plane aircraft successfully [2] (Figure 3).

Faculty of Engineering, Kasem Bundit University Academic Article
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Figure 3 Wright Brother’s Bi-plane aircraft

Fokker D-8 had a great performance but suffered from wing failures in steep dives.
Early monoplanes had insufficient torsional stiffness resulting in wing flutter, wing aileron
flutter, and loss of aileron effectiveness. The solution found was to increase the torsional
stiffness, and mass balancing [2].

The first recorded flutter incident involved Hadley Page’s O/400 bomber Bi-plane in
1915 with ‘violent oscillations’ of the tail flutter problem [2] (fuselage torsion coupled with
elevators).

In 1959, Braniff International Airways Flight 542, a Lockheed L-188 Electra disintegrated
in mid-air approximately 6.1 km southeast of Buffalo, Texas. The accident was caused by
cycles of reverse bending or flutter [3].

In 2006, the second prototype of Grob G180 SPn, a low-wing twin-engined composite
corporate jet was destroyed and the pilot was killed after the aircraft crashed due to flutter
in the elevators and tail-plane [4].

The first formal flutter test was carried out by Von Schlippe in 1935 in Germany. His
approach was to vibrate the aircraft at resonant frequencies at progressively higher speeds
and plot amplitude as a function of airspeed (Figure 4). The above idea was applied to many

German aircrafts until a Junkers JU 90 fluttered and crashed during flight tests in 1938 [5].

UNA2IUJ33INIS ACU:3AINSSUANAQS UKIINYNAYINUUUNUAG
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Figure 4 Von Schlippe’s Flutter test method

2.  Flutter behavior and mathematical model

In understanding the flutter phenomenon, let us consider a cantilevered wing mounted
in a wind tunnel with a small angle of attack. At first, there is no flow in the wind tunnel and
then if the wing model is disturbed, the oscillation occurs and then is damped out gradually.
Then, the flow is increased gradually, the rate of damping of the oscillation of the wing first
increases. When the flow speed is further increased, a point is reached at which the damping
decreases rapidly and a self-sustained oscillation is maintained with a steady amplitude. At
this point, the airfoil structure starts to extract the energy from the airstream and this flow
speed is called the critical flutter speed. Above this critical speed, flutter begins to occur [2].

In the analysis of flutter, for the first step, the equation of motion of the structure will be
formulated by using the Finite element method (FEM). Then, the integration of aerodynamic
forces acting on the surface into the equation of motion to become the aeroelastic equation,
and subsequently, the solution for flutter is solved from this equation. The mathematical
model of the wing must be able to yield natural frequencies and normal mode shapes up to
the frequency range of interest, typically 0 - 40 Hz for a large aircraft and 0 - 60 Hz for a

small aircraft [2]. In structural mechanics, the equation of motion is of the form [2,6]
MX+Kx =0, (1
where Mand K is the N xN mass and stiffness matrices respectively and X is the N x1

vector of structural displacement/rotation. To reduce the number of equations, the equation

(1) has to be transformed to modal coordinates using the following transformation

Faculty of Engineering, Kasem Bundit University Academic Article
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X=®@q, (2)

where ® =[¢,d,,...,4,] is the modal matrix and q is the Nx1 vector of generalized
coordinates. The equation (2) is substituted into equation (1) and because of the

orthogonality property, pre-multiplied the result by @' then the equation becomes

A§+Eq=0, (3)

where A=®"M® and E=®"K® are the diagonal NxN generalized mass and stiffness
matrices respectively. Thus, the N finite element equations of motion have been reduced to
a smaller set of n.

The next step of estimating of flutter behavior of the wing is to introduce the
aerodynamic forces into the equation of motion (3). The aerodynamic forces are obtained in
the frequency domain by calculating them from the oscillatory motion of the airfoil at different
frequencies. The modal generalized unsteady air load is generated by specifying the Mach
number and the range of the so-called reduced frequency.

The reduced frequency [6] is defined as

k=2~
v (4)

where is @ circular frequency (rad/s), V is the true airspeed, and c is the reference

chord (Figure 5).

e

C

M
W

Figure 5 Reference chord
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In aeroelastic systems, there are the interactions between the structure and
aerodynamical forces, so in an analysis, the aerodynamic forces will be added to the
structural equation (3) to become a classical form of flutter equation [4] which is expressed

in generalized coordinates, ( as follows [6],

Ag+(pVB+D)q+(pV’C+E)q=0, (5)

where p is the density and BandCare the aerodynamic damping and aerodynamic
stiffness matrices, respectively. D and E are the structural damping and structural stiffness
matrices, respectively. For Band C, in comparison with D and E, a difference is that the
aerodynamic damping and aerodynamic stiffness matrices are non-symmetric, so there is
coupling between modes which is a key element of the flutter instability [4]. Note that B and
C are function of reduced frequency, K . The structural damping matrix, D can be estimated
by measurement during the ground vibration testing (GVT). Equation (5) is one of the most
important equations in flutter analysis and describes the fundamental interaction between
the flexible structure and the aerodynamic forces.

The equation (5) can be solved by assuming a solution of the form [6]

q(t) =q,e” (6)

where g, is the amplitude vector and A is the complex eigenvalue which is an exponent
that shows stability.

Substituting equation (6) into equation (5) and rearranging the terms, yielding

[A*A+ A(pVB + D)+ (pV*C+E)]q, =0. (7)

Equation (7) is an eigenvalue problem. If the real part of the complex variable 4 is
negative, the system becomes stable. When the real part is zero, the system has a sustained
motion and flutter starts to occur and the system becomes unstable if it is positive.

However, if the variable A is real, then the root is non-oscillating, and if it is positive

real, the system becomes statically unstable, that is the case of the divergence phenomenon.
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The review in this paper covers historical development, basics of flutter, modern control
schemes and techniques, system identification, piezoelectric actuation, and smart materials,
experiments, and testing and the presentation will be arranged in chronological order as

much as possible.

3. Historical development and basics of flutter

Aeroelasticity covers many disciplines and it is now recognized as a multi-disciplinary
subject. Subjects such as aerodynamics, flight dynamics, structural dynamics, mechanical
vibrations, computational fluid dynamics (CFD), control, and stability now combine to form
close links with each other particularly when it is in design and testing processes. This was
not the case towards the 1940s. It has increasingly been the case since the 1960s and today
subjects that were once regarded as independent from each other have become closely
linked [7].

Garrick and Reed lll [8], in their review paper on aircraft flutter, present problems arising
in these areas and how they were attacked by aviation's pioneers and their successors. This
paper gives a short history of aircraft flutter, with emphasis on the conceptual developments,
from the early days of flight to about the mid-1950s.

Rose and Jinu [9], in this review article, the contributions of researchers in the field of
Active Flutter Suppression (AFS) over the years were investigated. The research area is
constantly revealing possibilities and modifications in AFS techniques. AFS using sensors,
microdevices, and smart materials is a main focus in the future.

Battoo [7] presented the paper in 1997 that gave the introduction of aeroelasticity to
readers who may not be familiar with this field. The paper covers four main sections includes
reviewing papers in the field, publications, a list of references and a list of useful technical
journals, a brief note about software, and useful worldwide websites. This is the paper
recommended for a newcomer.

Panda and Venkatasubramani [2], this paper gives an introduction of static and dynamic
aeroelasticity problems aiming for the readers to get an idea about the subject. The paper
covers the general aeroelastic phenomena including divergence and aileron reversal. This
paper also covers the study of flutter, the mathematical model, and its solution.

In the paper of Kamakofi and Shyy [10], the authors reviewed the recent advancements

in the field of fluid-structure interaction, with specific attention to aeroelastic applications.
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Several techniques were reviewed in this paper. The flutter predictions performed on an
AGARD 445.6 wing at different Mach numbers were chosen to highlight the advancement in
computational and modeling issues.

Livne [11], his paper presented an in-depth overview of more than 50 years of research
and development in the active flutter suppression (AFS) area. Key historical developments
and the current state of the art in all relevant disciplines were surveyed. Technology and
research needs were identified. A full list of the bibliography contains references that cover
all areas of AFS technology. The work would contribute to the preservation of the experience
and knowledge in this area.

In the next section, control methodologies that are used for flutter control, including the
applications of piezoelectric and smart material and research papers on experiments and
testing will be presented. This investigation will give the reader the ideas of the control

schemes that were applied to control the flutter of the aircraft or the part of it.

4. Modern Control Theory

In this section, some techniques in flutter suppression are reviewed. Modern control
schemes applied in this field are such as Positive position feedback (PPF), Linear parameter-
varying (LPV) control, adaptive control, Linear Quadratic Gaussian (LQG), H-Infinity control,
etc. Some of the control methods are explained briefly for the reader to obtain some ideas
in the next few paragraphs.

Positive position feedback (PPF)is used to add damping to the unstable flutter mode.
The control system consists of two equations i.e. the structural equation and the

compensator, respectively as follows [12],

E+20wé + 0’ E=go'n, 8)

fi+28 o+ win = wi, 9)

where & is the modal coordinate, 7 is the filter coordinate, @ and w; are the structural and filter
frequencies, respectively, and  and{; are the structural and filter damping ratios,

respectively. The function of the compensator is to add a high damping ratio into the system.
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This method is not sensitive to spillover in a reduced-order model i.e. the unmodeled higher
modes will not be excited.

For the Linear parameter-varying [13] (LPV) control, in the past, a gain scheduling was
widely used in aviation, but for scheduling multivariable controllers, it can be a very tedious
and time-consuming task. For the LPV techniques, it provides a more systematic design for
gain scheduled multivariable controllers. For the LPV methodology, the system is expressed

as follows

x= £ (x(t),p(t), p(V), u(®)), (10)

where xis the state of the system, pis the exogenous variable whose evolution is not
understood or complicated to model, but is measurable in real-time using a sensor. The state

and output equations can be expressed, respectively in matrix form as follows
x=A(p(t))x() +B(p®)u(t), (11)

y =C(p()) x(t) + D(p(t)) u(v), (12)

where A s the system matrix, Bis the control matrix, Cis the output matrix and, D is the
feedforward matrix. To control this kind of system, control schemes such as single quadratic
Lyapunov function, parameter-dependent quadratic Lyapunov function, etc. can be applied.

Linear quadratic Gaussian (LQG) [14] control system contains a linear quadratic
regulator (LQR) together with a Kalman filter state estimator. It is the most fundamental
optimal control problem. The system is driven by additive white Gaussian noises. The

dynamic system can be represented as follows,
X =A)X(t) +B)u(t) + v(t), (13)

y = C(t) x(t) +w(t), (14)
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where x is the vector of state variables, U is the vector of control inputs, y is the measured
outputs, Vv(t) is the white Gaussian noise and w(t) is the white Gaussian measurement

noise. The LQG controller that solves the LQG control problem is specified by

X(t) = A (1) + B)u(t) + L) -COKM],  X(0) = E[x(0)] (15)

u(t) = —K(t)x(t), (16)

where L(t)is the Kalman gain of the Kalman filter, X(t) is the estimates of the state x(t)
and E denotes the expected value. The matrices can be found using two matrix Riccati
differential equations i.e. the linear quadratic estimation (LQE) and the linear quadratic
regulator (LQR).

For the other control schemes or methodologies used in the flutter control problem, the
reader can find in many control texts or documentations that are widely available.

In 1982, 1985, 1986 Moore et al [15,16], Chakravarty and Moore [17], presented an
adaptive approach to flutter mode suppression. Adaptive flutter suppression schemes offered
the 180° effective phase margins at the flutter frequency. The design approach combined
the linear quadratic Gaussian (LQG) and adaptive synthesis techniques to achieve a robust
control law with good performance.

Horikawa and Dowell [18], their paper presented an elementary explanation of wing
flutter suppression with active feedback control using a root locus method. A study was done
on a typical section airfoil with pure gain feedback. Information was obtained for various
kinds of the feedback signal.

Juang and Phan [19], in 1994, presented the identification problem of a system
operating in a closed loop with a feedback controller. The system was excited by a known
excitation and the resulting response and the feedback are measured. Markov parameters

of an observer are computed. The results are demonstrated by an example using wind tunnel

aircraft flutter test data (Figure6).
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The results from a joint Volvo Aero and Saab Aerospace research project were
presented by Norlander et al [20]. A LQG and a parametric LQ controller have been
designed. A wind tunnel model has been tested and evaluated and showed that flutter could
be avoided using active control and the parametric LQ techniques were suitable for the
design of high-performance low order controllers.

Choi et al [21], the paper presented the LQG algorithm for flutter suppression flutter of
an aeroelastic wing. A state-space model for aerodynamic forces was modeled using the
autoregressive moving average identification method. A combined state estimator and a
linear quadratic regulator were designed. Figure 7 shows the block diagram of the
aeroservoelastic model, where h,a,0. and U are heave, pitch, control surface
and control command, results showed the

displacement, respectively. Simulation

effectiveness of the controller.
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Figure 7 The block diagram of the aeroservoelastic model
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Moosavi et al [22] developed a procedure based on the Galerkin method to predict the
flutter speed and frequency. An eigenvalue problem with non-symmetric matrix coefficients
was derived. If free stream velocity increases up to a certain velocity, the real parts of
eigenvalues have negative signs. Further increasing of velocity causes the real parts to
become positive, which indicates the occurrence of flutter.

Mevel et al [23] presented a covariance-driven subspace identification method for
output-only observations. The method as applied to the in-flight situation. A simulator was
built using the identified modal parameters. Experiments were made with the use of SCILAB.

In 2007, McEver et al [24], their research used the technique of Q parameterization to
identify an unstable model of an airfoil above its flutter boundary. A nominal controller and a
new-designed controller using the Evans root-locus technique were compared. From wind
tunnel tests, the controller increased the flutter boundary by 30%, and the redesigned
controller increased by 52%.

Lum and Lai [25] presented a correlation approach for the identification of a
Hammerstein model of unsteady aerodynamics using CFD data. From a numerical example
of the AGARD 445.6 wing, it showed that the method could accurately approximate the linear
aerodynamic response.

Mahmoodi et al [26], in this paper, a Positive Position Feedback controller was modified.
A new modified PPF controller separated the damping and stiffness controls. Experimental
results showed that the new controller was able to provide good vibration suppression and
could be used to control more than one natural frequency simultaneously.

In 2014, Wenmin et al [27], in their study, a MIMO time-delay feedback controller was
designed to actively suppress the flutter. The model used was a multiple-actuated-wing
(MAW) wind tunnel model. Firstly, the LQG controller was designed, but because of the time
delay in the control loop, the stability margin was no guaranteed. This was compensated by
the first-order Pade approximation. The experiments showed that this controller could expand
the flutter boundary effectively.

Feixin et al [28], the equivalent linearization method (ELM) was modified to investigate
the nonlinear flutter system with cubic damping. The frequency of limit cycle oscillation (LCO)
was chosen as an active increment to produce bifurcation charts. Numerical examples

showed that this modification made the ELM much more efficient and the LCOs obtained

were in good agreement with numerical solutions.
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In 2015, Nguyen et al [29] presented an adaptive control approach of an adaptive
aeroelastic wing with a variable camber continuous trailing edge flap design. The control was
based on the optimal control modification method augmented to a LQG optimal control
design. Simulation results showed that this adaptive control design was effective in
suppressing the flutter.

Singh [30], in this paper, flutter suppression was done by partial-pole placement using
active state feedback with a single time delay in the control loop. A numerical example
showed that poles associated with a targeted flutter mode could be stabilized without
affecting the other aeroelastic modes.

Visser et al [31], his paper compared four LPV identification methods i.e. local, global,
and glocal, for flutter prediction and modeling. Important properties of the methods were
highlighted and simulations were performed to compare the performance, using a bending-
torsion flutter model from the literature. Results showed that a trade-off between bias and
variance exists for the local and global method, after which a glocal method can further
improve performance.

Huang et al [32], in his study, a delayed controller was designed for active flutter
suppression of the 3-D wing model. In the first step of design, a short time delay was
artificially introduced into the control loop to get a set of delay-free state-space equations.
For the second step, using the theory of optimal control, the control law was synthesized. In
the experimental results in the wind tunnel, the critical flutter speed was effectively increased
from 36.5 m/s to 39 m/s.

Theis et al [33], in 2016, presented the design of a controller for active flutter
suppression on an unmanned aircraft. The aircraft is modeled as a grey box. An H_ -norm
optimal controller is designed to increases structural damping and suppressing flutter.
Robustness tests for clearance in the absence of a high-fidelity nonlinear model is also
developed.

Liu et al [34] presented a LQG-based model predictive control (MPC) method to
suppress the gust loads of aircraft. Light detection and ranging (LIDAR) systems were used
to get information of the turbulence. The method used both the infinite prediction horizon
and infinite control horizon. The advantages of the proposed method were that the stability

property was improved and the number of online optimized control variables was reduced.
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Al-Hajja and Al-Jiboory [35] proposed a novel technique of linear parameter varying
(LPV) modeling, where the smart airfoil has a groove along its chord with a moving mass.
The position of the moving mass and the free stream airspeed were considered as the
scheduling parameters in the study. LPV gain-scheduling controller guaranteed with H
performance. The simulations showed the effectiveness of the proposed method.

Liuet al [36] applied a Sliding Mode Control (SMC) scheme to design an active
controller. Numerical results indicated that the given SMC methodology was effective to
suppress the vibration of a two-degree-of-freedom viscoelastic airfoil model.

The development in the field of flutter suppression, smart material has motivated many
researchers to work with. The smart structure can be defined as the structure that can sense
external disturbance and respond to that with active control in real-time to maintain the
mission required. Smart structures consist of active devices and processor networks. The
active devices are sensors and actuators either embedded or attached to a structure. In the
field of flutter suppression, piezoelectric materials are widely used. A material that, when
subjected to mechanical loading, will produce an electric charge and is said to have
piezoelectric properties. Piezoelectric materials can be produced from ceramics and
polymers by applying a large electrical field across the material.

Fanson et al [12], in 1990, a new technique called Positive Position Feedback (PPF)
for vibration suppression in large space structures was investigated in the laboratory.

In this method, piezoelectric materials were used for actuators and sensors to simulate
a piezoelectric active member. The first six bending modes of a cantilever beam were
controlled. The modal damping ratios were increased by a factor of 2 to 130.

Heeg [37], the research was to study the capabilities of piezoelectric actuators for
suppressing flutter. An aeroservoelastic model was constructed using FEM, laminated plate
theory, and aeroelastic analysis tools. The converse piezoelectric effect was utilized to
actuate a structure by applying a voltage. Command signals exerted control over the
damping and stiffness properties. The results showed that small, carefully placed actuating
plates can be used effectively to control aeroelastic response.

Meyer et al, in 1996 and 1998 [38, 39], proposed the paper presenting the positive
position feedback (PPF) control and linear—quadratic Gaussian (LQG) control for vibration

suppression of a flexible structure. Experiments were conducted using piezoceramics as an
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actuator. PPF control is effective in providing high damping for a certain mode. LQG control
provided damping to all modes; however, except for high damping for a specific mode.

In 2000, Giurgiutiu [40] has reviewed the application of active materials induced-strain
actuation to counteract aeroelastic and vibration effects in helicopter rotor blades and fixed-
wing aircraft. For fixed-wing aircraft, an active flutter control, buffet suppression, gust load
alleviation, and sonic fatigue reduction were discussed. Directions for further work were also
presented.

Suleman and Costal [41], in 2004, an adaptive aeroelastic flight vehicle demonstrator
concept was designed and tested. Piezoelectric actuators were used. The results of Closed-
loop buffet attenuation, gust response alleviation, and flutter suppression were presented.

Kawai [42], an element of piezoceramics (PZT) was used in this study to control flutter.
The wing model was a rectangular aluminum plate having one element of PZT attached on
its one side which was the so-called control of the one-sided effect. The proportional control
was used for flutter control. The conclusion was that even a single element of PZT was
confirmed to be effective to control flutter.

Ardelean et al [43], in this research, a new V-stack piezoelectric actuator was designed.
A typical wing was constructed and tested in the wind tunnel. Positive position feedback
(PPF) control was used to add damping to the unstable flutter mode. With this method, the
flutter speed was increased by more than 30%.

Makihara et al [44] studied the suppression of flutter of a cantilevered plate wing
employing the finite element method and the quasi-steady aerodynamic theory. The use of

smart circuits composed of piezoelectric materials and electric devices, (Figure8).
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Figure 8 Plate wing with piezoelectric patches
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Two approaches were presented; an energy-recycling semi-active approach which is
referred to as a state-switching damper (Figure9) and a negative capacitance approach,
which increased the wing's stiffness (Figure10). The critical dynamic pressure drastically

increased as much as 24 % with the control using a negative capacitor.

point 1

piezoelectric patch

Figure 9 Energy-recycling semi-active approach
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Figure 10 Negative capacitance approach
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Han et al [45], his paper presented a numerical and experimental investigation on active
flutter suppression (AFS) of a sweptback cantilevered lifting surface using piezoelectric (PZT)
actuation, (Figure11). A FEM, a panel aerodynamic method, and the minimum state-space
realization were used in formulated the equation of motion in state-space form. H, and u
-synthesized control laws were used in the flutter suppression. The p-synthesized controller

showed an improved behavior over a wide flow speed range. The performance was

evaluated in the wind tunnel testing.
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Figure 11 The experimental setup.

In 2006, Li et al [46], in the paper, a single piezoceramic element (PZT) was introduced
to the wing model and tested in a wind tunnel for active flutter suppression. For the wing
modeling, FEM analysis was used and aerodynamics were calculated using the doublet point
method. A proportional control and the LQG were used as a control laws. The LQG control
law was able to control the flutter successfully.

Raja and Upadhya [47], in their work, the wing model was constructed to have a
bending—torsion flutter. The control surface was actuated by a flexure-hinged PZT stack
mechanism acting as an aerodynamic effector. The wing response was measured by
sensors, which are used to generate the feedback control to vibrate the control surface in
antiphase motion with respect to the main surface. The flutter envelope was expanded by
around 20%.

Munteanu [48], her work is the investigating of the capabilities of piezoelectric actuators
used as active vibration control devices for wing. The equations of motion were formulated
using ANSYS FEM structural modelling. The robust LQG/LQG synthesis was used.
Numerical simulations were presented to show the efficacy of the piezo actuators.

Papatheou et al [49] in 2012, in their paper, the receptance method was used for flutter
suppression. With this method, structural mass, damping and stiffness including aeroelastic
damping, and stiffness were unnecessary, only vibration measurements were required. Two
piezo-stacks in a vV’ configuration were used as an actuator. Preliminary experimental results

were presented.
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In 2016, Tsushima and Su [50], presented active and passive flutter suppression for
flexible wings using piezoelectric transduction. The structural dynamic equations were
coupled with an unsteady aerodynamic formulation. An active piezoelectric control and
energy harvesting from wing vibrations were integrated. A LQG controller was developed for
the active control of wing limit-cycle oscillations. The controller was effective for flutter
suppression.

In 2020, in the paper of Adsadi and Farsadi [51], the thin-wall wing-engine system using
composite piezoelectric actuation was investigated. In active control, LQG scheme was used
as an active control algorithm. At the same time, in passive control, the effect of fiber angle
orientation of composite wing was studied. The effect of the locations of the engine on the
wing was also examined.

The clearance process for new aircraft-related aeroelastic issues during the design and
certification phases, besides the success of the numerical modeling implementation such as
Computational Fluid Dynamics (CFD), it has to be confirmed by testing i.e. ground vibration
test, wind tunnel test, structural coupling test, and flight flutter test. These tests give the
necessary information for the validation of the mathematical models used. Research papers
on experiments and testing from the 1990s until to date are reviewed.

In 1990, Rickett [52], reported the results of NASA conducting wind-tunnel experiments
to understand the aeroelastic characteristics of flight vehicles. Reviews of facilities,
measurement techniques include past experimental programs. Needs for future experimental
R&D programs were described.

Kehoe [5] in his paper of 1995, reviews the flight flutter test techniques developed over
the last several decades. Structural excitation, instrumentation, data processing, and
identification algorithm were described. Comments for future developments were also
presented.

Brenner et al [53], NASA Dryden Flight Research Center conducted research to improve
the flight flutter test process. The effort included excitation mechanism, techniques for signal
processing, stability and identification, and flutter prediction. The investigation using data
from the F/A-18 Systems Research Aircraft

Cooper [54] reviewed the current flight flutter testing, so the certification procedure could

be improved (Figure12). The relevant technologies were also considered. Suggestions were

made for speeding up the test and reducing the cost.
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Figure 12 Aircraft Certification Procedure.

CFD requires validation for complicated flow problems, Qin [55] in his paper gave some
examples to demonstrate how CFD may be used in a reversed way to help wind tunnels
meet the challenges for both better understanding of flow physics and CFD validations.

In 2007, Marqui Junior et al [56], having developed a flexible mount system. The
dimensions were determined by FEA and verified with an aeroelastic model. An identification
algorithm, ERA, was used to determine modes shape and frequencies. The flutter behavior
was demonstrated by FRF and obtained by a V-g-f plot. Mode coupling, damping, and
oscillatory behaviors characterizing the flutter were studied.

In 2012, Sundresan et al [57], in their paper, flutter suppression techniques were
investigated. Various testing techniques available were discussed. Optimization techniques
and the fluid and structure interaction were reported. MSC Software and FE method were
also discussed.

Papatheouet al [58], in 2013, presented an experimental study for the implementation
of the method of receptances to control flutter. It was demonstrated experimentally that an
increase in the flutter margin was increased by separating the frequencies of the heave and
pitch modes.

Jiang et al [59], his paper provided an airworthiness inspection experience for civil
aircraft flight flutter test. All key techniques for flutter stability verification were briefed.

Tang and Dowell [60] in 2016, presented examples of experimental model designs,

wind tunnel tests, and correlation with a new theory. Their paper also provided new insights
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into nonlinear aeroelastic phenomena, flutter, limit cycle oscillation (LCO), and gust

response.

5. Conclusions

This review paper gives some ideas to the reader about the modern control schemes
for flutter suppression. These techniques play an important role in the design of modern
aircraft.

The paper begins with some important events concerning flutter problems in the past
until now. Mathematical fundamentals for flutter analysis are briefly presented. The flutter
equation incorporates the aerodynamic forces into the structural equation and is expressed
in generalized coordinates.

The review starts with the papers on historical developments in the field of a flutter from
the early days until the present day. The control techniques in the field of flutter suppression
are given in the subsequent section. Modern control schemes can be used for flutter
suppression with varying successes. Control methods of many researches, such as Linear
quadratic Gaussian algorithm, the proportional control, System Identification technique,
Positive Position Feedback controller, pole placement method, etc. were presented.

Researches on piezoelectric and smart material as actuators and sensors are very
active and promising area. This material can be used with adaptive control schemes which
are suitable for the unpredictable environment around the aircraft.

The success of the clearance process for a new aircraft-related aeroelastic issue during
the design and certification phases is a combination of numerical modeling and
Computational Fluid Dynamics (CFD) and also confirmed by testing i.e. ground vibration test,
wind tunnel test, structural coupling test, and even flight flutter test. These tests give the
necessary information for the validation of the mathematical models used.

At present and future research, the control methodologies that employed the concepts
of the active flutter suppression (AFS) is a promising area. It can sense or detect the
changing flight conditions or disturbances and respond accordingly and properly which
provides a powerful and effective solution to flutter problems.

And for the not-so-distant future, an ideal concept for flutter suppression is a morphing
aircraft i.e. the aircraft can smoothly adapt the external shape to changing flight conditions

or mission requirements. These concepts are based on the belief that new smart material
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will soon offer the required characteristics to create such structures e.g., the wing aspect
ratio or wing area can be changed for different flight conditions. The research papers on this

concept are widely available but beyond the scope of this article.
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ABSTRACT

Concrete pavement can carry high traffic volume and provides long service life. Concrete
pavement is costly to construct, therefore designing must be precise and accurate. However,
the concrete pavement design method has been developed for a long time. Therefore, the
design charts were employed in the calculations. For the reason, the approximated value
from the design chart was used in the calculation, which may have errors. The purpose of
this research is to develop a program for designing concrete pavement using the PYTHON
language. The user interfaces were developed to accommodate the user with a graphic
interface. Moreover, the program solves the equation for the result, instead of design chart
reading, which provides more accurate calculation results. The result of comparing the result
of the program against the result of the design chart indicated that the mean percentage
absolute error (MAPE) of allowable repeat load of fatigue analysis is 3.62 while the allowable
repeat load of erosion analysis gathers the value 1.24. The developed program provides
more accurate calculation results than the approximated value from the design chart.

KEYWORDS: Concrete pavement, Pavement design, Road design

1. UNW
o A ' o a & A A a =
‘Luﬁfﬂquummsﬂaaﬁmuuﬂauﬂmlunﬂwummﬂi:mﬂvlmLuaamﬂumwmmmsa
v a o < & o ad a o -
LAZIAITUUSHIMDITIAT LA NN mumswmm’;ﬁmiaanLmunuuﬂauﬂmgnwmmmu‘lu
A ' A o Aad & ’ v & o LA
3179Ma7133:9 70 laglutiana I NwawIATn1500nLUUT% AaNRILAaS bbaN e 9 13
UszAnSnwrinnens sauﬁ'smﬂ"ﬁmuﬂhﬁmmr&qsrml,l,aw”a"l,;il,l,wimm At LNavin 1w
o U &, v ad Y o Qs 1 1
nvaanuLUUYN e dnedn ;dwwu'nﬁmiaammufiﬂ@wwmnsww NNTBANLUUAIRITUATWAN
LNORALIRN BLANTATUI DY ‘[m;‘il”a ANLUURINITNETWAINITAIWI D bAANNIIN N1T AN
' = LAY v ' 2 a A o A o
a9 lIAaNY AN batdualszunmdianatAanisaaiarafa ba LLa:Luaamﬂluﬂafguu
a v a X A o o . ° v A
USUT AT AR NTRINNLANNIN G99 NITUITZNIIRANIAINATIW NI TaANLL LYY TAATN
A [ s a (;ﬂ I ¢:i = 4:1' o 3 1
Uszanmaanatafawlduin ﬂs:naunuluﬂaquuﬂaummamLﬂumsawawmmm"l,ﬂama
LL&iuz‘hLl,a:ﬁﬂszﬁwﬁmwgamuﬁ'&gﬂlﬁmuazhal,l,w%%mm A9 NIINAWI TN
ADNNILADS NI NULLAINIIDWUAIWNIATLTILAAAINNAANAIA INTBNUU LA be
38n13284 Portland Cement Association (PCA) lalTudunauiuaziariigiianis
2ONBUUANNRRIVBIn W ILT a.¢.1951 LLa:ﬁmiﬂ{uﬂgaLﬂuaﬁuﬂ 1984 NIHITNANT PCA
" d ok . &
WuisniseanuuuanurwvasnuunannIadIdnugIwuIanng i lasigineTunig

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuaisinuvuUruiia OA 11 aUUR 2 wnuNIAU-AVKIAU 2564 Lag

WHFIHLAZNNITNARBINDANTTNVBINUUABUNTA GilY PCA (1984) ULITUABUNITADNLLL
tg/ a < = 1 ad a 6 =1 v 1
ANNRWITAINUNIIAaRNIAaantTw 2 N3tk lauutidadn13aeszwidn 2 n3oh baun
3N 1 Adayatininadina (Axle-load data available) waz n3dif 2 LifiTayaiinin
. ' 4 a o &
AILWAT (Axle-load data not available) atn4l3fiaa tihasaniTnrsgnWawiduniu
VIATWIH I@]ﬂ’l,mi’;anmf{uﬂ%mmﬁ’lﬁ]mmﬁmﬁnmmnﬂ'avl,sjgdLﬁuluﬂaqum A9 NI
mmﬂs:qﬂﬂ‘ﬁﬁmﬁaaﬂLLUUﬂuu"?iqﬁadﬁmsmﬂﬁmmmuﬁuamwmuuuammw
ANIITNIINBBNLUL T(ﬂmawwuﬁaﬂ?mmﬁwmgaf,gmﬁu 5-10 811 ESALs 1833707 Ldn
Fwmngagaiuniinmwniseanuuy (Nomograph) atind bsnaNy ﬁdl,m"luﬁm;ﬁuvléfﬁ
> a Q 1 1 a IA v g
AIWARIAITAseanuuuaNalwd 1T% 35013 M-E PDG ¥ad AASHTO G3lTwnanniy
¢ a & L L. o & A o o o
NaMEN3-139U5zaUN13al (Mechanistic-Empirical) lag®ann13haziAg1daanun1sa I o
Wamdanads anuasuauazmadogy ielfdmiudmluanuiomonaidans [1]
ﬁﬂﬁmmmaammuﬁama"l,ﬁ%mﬂgmmu 78930 TELANd®g UTUmaT9T LazanIw
ANMIANLANANINY TINNIANIINAIW LUTUNITNADUNILADTLND LARININI DRI W I DA LA B eI
RLAINILNEY LL@immmaﬂﬂimeﬂauﬁ’;L@]@%@”ﬂﬂﬁh’;ﬁsnm@aﬁq 8,200 \WILYRWITF %30
Uszanm 250,000 vndeddmiumsldnu 1 gdldinu denaldsunsuaeuiiiaeives
AASHTO ¥inlwn139a11Usunsudnsuiiun lfaanuuuanwaa NI A I RIURIIII%
YWIALAN 1% Inauia asansuInissnduatdnlylasnn wananiiniseanuuudleis
PCA ET@Lﬂuﬁ'ﬁ'miﬁmummmmwLauavlﬂm;jﬁammammuLLazﬁmezﬂmaa%wﬁ'uma
A o o X o @ a o o ° '
FITATNUVU LA FINITUITUUAT WA UIIIUNN NTUNIINRAII LLR:%WLK%GI%ﬂﬁaﬂWEEﬂﬂLL‘]J‘U
1ATIETIITUNIIDBUAIALIILAEDWWAA NI LI U o MIIANTANNS NIUNINAD
http:/km.doh.go.th/ @931 34na17163713% PCA 1IuiTn3n ld5Un150euT UV IR 8%
szaudzing
A lwnauwdusanduisias (Open source software) 1389505 oulYTUNATNN
IﬂmﬂiwL"'Bﬂmm%”’mLLa:miLﬁﬂuIﬂSLmiuL'%di'mq wazdrsgmautaaNudusanduIfias
o o 'Y v o o , v o X '
mi%ﬁmswwmi@ﬂuﬂwwmmnmianmﬂﬂuwwmiﬁ”LWﬂauﬁmmmmmgwuasm
1 d'l o o A = o ) v v e L% A
daiiiod lwludagduillausFnasgudwauinn wu lasssiedoyauuududau laun3
o ot A [ Aq/’ A o o v a 6 1:4 1 % % d'
FATUATAFRAT TINNI BUTTFRTURIIDULADTING TIFINA AT N@MU LU TunTun
A A . @ oA A ' ' o P A o
fidmdadanuglindanusmsnuuazisdansldnu Jaildldsunsafivauwlasnim
a [ a [ £
Iwnaufianudufiasdar |
Aa o gd [ 6 A £ a 6 sﬂl a
mmawquﬂi:mﬂLwawwuﬂﬂsl,tﬂimau‘mL(ﬂaﬂwalﬁumsaammumma

AOWNINATNITNI13UAS Portland Cement Association (PCA) dan1u lwnau 3.8 lay

UnADIUIY ACUE3FAINSSUANAQS UKIINYNagINUUUNUAQ



3” Kasem Bundit Engineering Journal Vol.11 No.2 May-August 2021

Qs

i & : a ° A
IﬂiLLﬂi&lﬁ AUBIVHIZD Elﬂ@L’)E‘l’]LLaza@]ﬂ’)ﬁ&lN@]Wﬂ’]@]luﬂ’liﬂ’]u’)maaﬂLL‘]_I‘]_I NINWW

a
ABUNIA

ad A [

2. ngBHNNEIYaY
2.1 BAaNNNIBaNULULARKADWNIAAILID PCA

Portland Cement Association [2] l@¥NL& e RaNNNToaNLLLOUKABUNIA LANAUIANN
N0 lAETNTUNINUZIN SINAUNANIINAsEINgANTINTaInuUAsunIa lagdasanan
NINAAEAIURUIVBIDUUABUNTA UTeNauaIy HAIZaIAUIIUIIN AN UTINTIVEY
ABWNIA LazdIuNmLaziInknnI193197 nananhaidldadsdwningadas dsznauaas

\ , a & & & X aa .
EllLLmJ"lla\‘liaﬂma Tranis wazafiavasrusasNunig nadk 35 Portland Cement Association
a 1 A a a 23 A a v

(PCA) WNTaNIANUFLMBBIDUUNBUNIALNAIIN 2 FURQWAN Aa 1) MILAaaNN&E

. { e ' A o o ¥ o
(Fatigue) 1$8991NN1TUEBAIVBILHBADUNIATITUUTINTZHIINIIABNIUNIRUE LA
2) M3AanI@NNIa% (Erosion) VoI THAMLANRITHIAINKN LHBINNNTAANTLEHAT
d1'ldgunve9nannIausiimIssdeniasasuan uazlawaw1 Nomograph §1%5L

@ ° % a 6 v .

M3IBanuUULIznauea28 Nomograph 81MIUMIILAINZAAINNET (Fatigue) Laz Nomograph

o et a [ = 1 . o A
FIRILUNITIAIIEHNITIRNNIDU (Erosion) @]GLL&@](}EL%E?J‘Y] 1

so0—-120 o 10900000~ e <]
sad s f= "o ]
*Lio nponom; g e "]
ul . = 2z oo
o:—_-rao 3 s :1.4 ‘E
“1 s 100000 mh-_-___-_-_-';“___"‘_—"—-—-—:r
44 o -
pre ] 0 28 lnmnm-:
e ®T™ ¢ s ‘] § 2 £ g [ se ] %
£ W x YN S — = = = & ]
= = o §iTT7 e e 13
- 34 ) o 2 - - 2
g ouf 2 H 10000 3 g g 34 z
Y %ot 3 g E 3 ‘;J © § : ™ m:: -.Ju
A a J § £ - ® - =
ol o 1= =38 P
m_ 2 30 :q.u
22 - 2
20 1600
Lo o] b 13000
g I . nE
] ] . 4
2 N 4
1020 2+
-r-—;c mJ 1000
a o [ v a 6 =2 '
n) NIFILATIERNAINUAN 2) NMFIILATICANTIRNNIDY

1%

5U1 1 Nomograph §1%3Un1331A312%02835 PCA [2]

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuAsinuuUrua JA 11 alduR 2 wnUNIAU-AVHIAL 2564 3]

o
[ ° v aA

NIREIMIUAT PCA enfiuaadlu Nomograph wazansnsmseanwuyldlaliainunun
YDINAANTLALATI WAL WWITIRLADTIZAUNAN LT% DO INEIWANNLARTITINIIENNTa
LLa:mSLﬁWﬁﬁﬁﬂau’lﬁI@ﬂ;Eaammmi”adﬁﬁmmmmLﬁmmmﬁ'mmﬁm%’umﬁmi’l:ﬁ
ANMNRLAZINIRNNTAW [3]
1aWa17m1 Nomograph f1%5UN1TALATIERAINNET (Fatigue) 2z WL WIULNEIN
v VoA = ad A A ° A A o =g '
UaulﬂLﬂummgluamaaaﬂmam smmammaaﬁnmummgaq@maw’lﬂmﬂmmw:mo
FERINAURNIINAZAARI TABLRNIZTII 10° 17L2 — 107 1N N15UTzN AIINNTIN
1 1 k% a 1 1 6 ndl v di a o >
Tdsunsadszanaen ldaziBuaningias 10° Wisa'le waziiiawansan Nomograph §1%sU
a 6 =< 1 . 1A o ) a 04 1 7 A
MINATITAANNENNITOU (Erosion) EWLINTINBULITULALINY Laslan1zsd 107 e —
10° 1hp7 NTUTzNI AN B RINTRY ST AN la Rz B aanI1T98s 107 1 e
< X ' ) ' J i o @ o
nibmadszanmarannnawasnanidudidsanyluvnmaii ldlslunmssanuuuananuwiaes
AU BAANNTA NITUTZANANNAAINAL LB AN DA FINAADNITAIUID UNITNTEIL
Q = :‘7’ L= o Q AI &/ 1 Q ﬂq;
ﬂﬁ]ﬁ;uuﬂimmmﬁﬁmmzu’muﬂmsnﬂmmul"ﬂumiaamwumeuamamn AIThI

' = ' ' a P ' ' o a
mﬂizmmﬁmaglumdﬂsmmmwaga Failamalunisdszunaenle iasanuenass

2.1.1 MIIATIZRA5INAANAN (Fatigue)
mMAAagEnsiiaaualui195193Rewn3IA28935 Portland Cement Association
(PCA) Rsmnaiiasanntinminuassnuminue 2 Uszian leur mussnmwauﬁlm LA
INUTINLWANE lugﬂmmmmmL@Tuﬁl,ﬁ@f*fuuuﬁamwmauﬂ’%'mﬁmmﬁm@m § naun
fusaaﬁumaﬁﬁqmauﬁﬁ@mﬁ'u 1as Nomograph #1%5UM3IATIERANNa1Vad Portland
Cement Association (PCA) WaIW1IINTAFNMIIUNMIMIATzRANNE [4] lapdanuidu

W ldanaunsn (1)

6M
o R EE, (M

O-eq =

lagfl Opq wanils AaaLsu
h s ANURIITBIUHRABUNTA
= ed a X a a
M, wwede lwananiieduluidneunia

f, — f, nuN8He Aunnaas

UnADIUIY ACUE3FAINSSUANAQS UKIINYNagINUUUNUAQ



3E Kasem Bundit Engineering Journal Vol.11 No.2 May-August 2021

1 fd‘ =) &’ =Y = =) < a A a = =
alutnuaniiedulufineunsa (M) uoniwansaneanidu 2 nsdide 1) Arneuniad
' A A LA ' ' ed a X o o
Inana uaz 2) Aramasaeunialifilnans lasdluaudfifadudwivTousmnnm
ey uazwagm ldanaunisf (2) fsaumsf (5)

a A A '
nyoh twaa e/ laid lrnanie

M, =—1600+2525*log (1) +24.42*1 +0.204*1° 2)

nath iwang/ il Inams
M, = 3029 -2966.8*log (| ) +133.69*1 -0.0632*1° (3)
st ivadevd nams
M, = (-970.4+1202.6*log (1) + ((53.587*1)) * (0.8742 + 0.01088*k°“7))  (4)
nath iwang/d nanis

M, =2005.4—-980.9*log (1)+99.008*1)*(0.8742 +0.01088*k0.447)  (5)

lagf | W8 radius of relative stifiness of the slab-subgrade system
k w1899 modulus of subgrade reaction

o o o a &% 1 6 o e :’ L dql/ Ao o % I

fnTuFudszand f, iududniaatdnTudnbninauaswnnauRguadas f, 1u
Aunnaasnsy lnans 1, Lﬂu@hLLWanas‘é’m%'uNamaasnusﬁqﬂ@iamaumamuu ey f,

@ @ o @ @ a o ' 'Y

Wuunniaesdnsuanuudsiuvadinasaeinannia lasdrgudsz@ntasnaim laann
FUNNIN (6) DeEUMTN (9)

a =
NITULNRTLA YT

f,= (24/SAL)""*(SAL/18) (6)

ﬂitﬁLWﬂ'l@;

f,= (48/TAL)’* *(TAL/36) )
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Nyl lnanms

f,= 0.892 + h/85.71 — h?/3000f, = 1 ®)
nyddl Inanig

f,=0.894 uaz f, = 1/[1.235%(1-CV) ] (9)

]
a

I@]Elﬁ SAL ‘Vm’]ﬂﬁ\‘i ﬁmﬁfmnmmmwmmmﬁﬁmim’l

]
1 a

TAL #aneis i{mﬁfmnmmmwmﬂwmﬁm

H  %angid anunw2aduisaanniea

CV wanufis aulszEntuesanuny i

msﬁmsma‘i’]mmﬁma;mq@ﬁuau‘lﬁﬁn%%’ummmﬂﬁﬁmﬁfﬂlﬂ 9 (N;) 3131970

AanuLAuitAaduuniiesasnaunia lasRansmssaunnuiduidn 3 szaude
1) A1aULdUNINNIIMTaiIAY 0.55 2) A1AULARAYTTRIN9 0.45 D9 0.55 Uaz
3) fAnuLiiasNImIaiAY 0.45 waasinswanied s tedmunsanuinanudu
AiaduliviliAannud ﬂgafzﬁwmmﬁmgaq@ﬁyaulﬁm"tﬁmnaumiﬁ (10) H9RNANT
i (12)

fMIUNT 00q / Sc > 0.55
log (N, )=11.737 — 12.077 * (o, / S,) (10)

#WIUNTH 0.45 < Geq / Sc < 0.55

3.268
N = 4.2577 ()
" |o,/S,—0.4325

fWIUNIOL Geq / Sc < 0.45

N, = Unlimited (12)
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2.1.2 MFIIATIEHRNIAANIIANNIOW (Erosion)
a 6 a = 0 a a ad

N133LAIIZHNITLAANITANNSAWIUAI93195A0UNIAVaIIT Portland Cement
Association (PCA) R3134100LFUWIBLHEI9INNITOANZAN NIIRNNTOUYBITUFIUIN
LRZNTLRYMIVDIT086D LM IIATIZARNAIT LN BN IAINgINadanITRNNTauAa
ﬂsfﬁﬁﬁaiaagjma'samiasl,ﬂa”ﬂvmgmaqumﬂauﬂ%'@ IBATNINTINANLAANULHUABUNTA

A a ' a A A ' a o o
lunsdoundlunanisnanndaunazaunilaifilnan1snaunia lay Nomograph 115U
MR Iians@nnsauad Portland Cement Association (PCA) w”mmmn**gmaumi

lunmdenzianuinnsen [4] laanmslnsenunsan ldanaunisni (13)
5 =Pe g g oxg (13)
eq —? 5 's 7

t:i =3 1 1 (>3 1 a
lag@ §,, wawiis dmslisarvesununaunia
P, Waufy LsIauNAT0uduaIuHuAaUNIALAZZINTEITY
k  w#u1efid modulus of subgrade reaction
fo — f, nuneis munnaes
N133LAIITRRILIIAUNAIT0 06 0BILHUABUNTALRZFINTDITY (P) Tauils
nmsaaTzdaanidn 8 NIt lagwarsmiannnisd lwanianIaludnanis wazn1Iiisy
RANLARENTaLGaRIa A NIILRSULRANLAR NN FIPITUNITILATIZHAILIIA USRI
TNUTTNNAUALD Uazlwandwn ldanaunisi (14) feaunsi (21)
A A = | a A & A
N3t INaLAE7 / b lanisnaunie / ludwanides

P.= 1571 + (46.127/1) + (4372.7/1%) — (22886/1°) (14)
n3dh wwang / Ll lwamanaunia / ldfiwanides

P.= 1.847 + (213.68/1) — (1260.8/1%) + (22989/1°) (15)
nath inaaies / Slnansaeunia / lidmaniden

P, = 0578 + (65.108/1) + (1130.6/1°) — (5245.8/1°) (16)
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nath wwang / Tlwanmsaaunia / lifinanidas
P.= 147 + (102.2/1) — (1072/1%) + (14451/1°) (17)
st iwandes / Milnanisaennia / Sindnides
P = -0319 + (128.85/1) + (1105.8/1) + (3269.1/1°) (18)
nath wwang / i@ lwansaaunia / fiwdnides
P =1258 + (97.491/1 ) + (1484.1/1*) — (180/1°) (19)
nth e / Sluanisreunia / Sndnides
P = 0018 + (72.99/1) + (323.1/1) + (1620/1°) (20)
3l iwang / Tlnamasnaunia / dwdnidas
P, = 00345 + (146.25/1) — (2385.6/1°) + (23848/1°) (21)
fwsuaulszant £, Wuaunnaaidwsuiiwinman f iudunniaesdniy
wnnaunsaf lnanidasiisasde f, LflumLLWﬂma‘fﬁm%'unsrﬁﬁ'ﬁamagll'mﬁamia‘lnﬁ

Qs ' 1 e a AFG/ 1 v { {
nu&gmmuwuﬂauﬂ‘%m lasaaudszantainanlaanaunsn (22) feaunisn (28)

N3 WAL EN
f,= SAL / 18 (22)
N5t LW

f,= TAL /36 (23)
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= 1 =3 A 1A 1 =
Nt luiwandas / Lidlnanisaawnia

f, = 0.95 (24)

= 1 =3 A = 1 a
N3t liiwanidas / Jlnanisnannia

f, =1.001—(0.26363—30§mj2 (25)
nytlLnaNLAaY
fo=1 (26)
nydb i lnans
f, = 0.896 (27)
Nyl Inanig
f,=1 (28)

mMIRTmd i gigansenlidnivinusimafininla 9 Aarsmnain
1 o Qs { o v a 1 s 1 1 é
amasnyildifanmslngn P aunniaes uazdunniaas C, wazunniaas C, T9x1N130

wildanaumsfi (29) feaumf (32)

P2 52 1.27
P =268.7(h*—;0n p,) #3a P :268.7(‘*“T) (29)
k .4y
C =1-| —*— 30
! (2000 h) 0

lagfi C, = 0.06 #niunyal kil lnans uaz C, = 0.94 MuunIdtd lnanie
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nSLC1*P>9

0.103

logN, = 14.524 — 6.777*%(C,* P - 9) (31)
nwc1*P <9

N, = Unlimited (32)
1 a 6o o A ¢ v aa
22 ANALADIEIRIVILAIIEHAI875 PCA
2.21 AmaNIAYIIEN
a & A et A = o e a 6 ada Y o [
windmeiinsinuguaufvesnaunIadniumiiieneianis PCA lfdias
FUUIIG@ (Flexural Strength) 1818 28 TuAaunia ae1913Aa1N NIUNIRALEUDTT
A wa LN a A o @ a [ . =2
Iuﬂﬁaﬂguel%:ﬂlquqmauuﬂﬂauﬂiﬂ‘ﬂmmaﬁuLLNa(ﬂ (Compressive Strength) 3
nazay lazza1nnin [5] laganuaunnssznineiassulsisanazimassuussaadnly

@nuaumiﬁ (33)
f, =0.75/f/ (33)

Taofi f, = Massuussdauainauniad 28 Tu

f/= Massuusssauatnauniaf 28
ANIWANTIRNLABN LEFN modulus of subgrade reaction (k) P2ININORTINOBUADUNIA
Tudszinelng dsznaudis Tusesiuniainiladu Subgrade N13fMuUAAT modulus of

. o o R X & & A A X o A
subgrade reaction (k) @#83ATBINININIENUVUYDITUIDINUNIINLNNYUA L I@ﬂﬂ'\‘nl"ﬁ

2ANUULALA BT UATINVBINIFDITY [2] AILFAILUANTIN 1
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1] v v
~ £

H 1 dl ‘QI ; 1 s
139N 1 @1 k NiNadwiadZwIasNwN19aLinitafk Subgrade [2]

fin k 89 i k Lﬁaﬁ“ﬁeu‘iaaﬁ?umaaugﬂ% i k (i ofiTusasNumetudiund

Subgrade Untreated subbase (pci) Cement-Treated subbase (pci)
(pci) 457 | 692 | 94 | 129 | 4Fh | 640 | 9fr | 12
50 65 75 85 110 170 230 310 390
100 130 140 160 190 280 400 520 640
200 220 230 270 320 470 640 830 -
300 320 330 370 430 - - - -

2.2.2 FaAUABALNLINURINNG
o 1 1 o o 04 a 1 Py

NTNNIRAWAAUAAT Load Safety Factor LYINNL 1.2 §1ATUOBBNLARIZARINLT09
(Motorway) LaEN1H4RANHAILTEIITIVINABITBITUNITITIATVRITANENT 1 wINNIN LAy
lifimmearzin wardaInIgmnInnITLINIT (Serviceability) ginaaaaignslinulas
\§oA11 796N IMuAeN Load Safety Factor LYinAL 1.1 SMTUDUURIANIZNINLI B
(Motorway) LaZNINRANEIERANNAIT89TUUTUIHNITITIATVITORNII WIBUIUNANS
uazinuae" Load Safety Factor L¥NU 1.0 S1ATUOUUBNG29709TULSNNHNNTITNTVEITD

WHNINWIWaY [5]

3. NISANHBAITIVY
v

3.1 n1seanuuulassasisvaslilsunsa

miaammus’hmmuuﬂauﬂ’%mﬁmyumaquumﬁL@m:ﬁﬁﬂ'auﬁwa%’uﬁammﬂ%ﬁagaﬁh
AUIINRT LLazﬁ’agaqmawﬁamaﬁaq a9ty nveanwuulUsunINgIdeIvinnITeaNLUY
ldsunsuldgldmansaldanulding unsasiinmsnusiutaysndniudadldle
miaammuLﬁalﬁ@%mmmmLﬁanlﬂ@ﬁ@m’w #ANIMNH/NITABNUUUAILAT Portland
Cement Association (PCA) T33n13188n®inaaua139maTanHanIIALATIZAINANZRY

o & o = a . A &
wiala asiudsliansaziduniseanuuunuuassfiaasdgn (Trial and error) F9luuninizens
daslinawn aini lsuniuaauniaesasldwianlumsanalunszuivmyiuds
4 o v o k% (=1 t:l t&‘

Wwarinlwnivaanuuuinlayiasi89an

mivanllsunsududasdenugld ldnsduaafinsusunnwiinlasdldnudadany

1 1 ::i v 6 A d'l I L% 6 :d

Tdsunsurn s widunwWRinlaan sl TN FAa NN RIIN% WNWAIIMEABNNIUA LAt B9
gapnuazdadiouinisldau [6] militume finsuuunnwiniduwitmsildldsunsun
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L J U U o Qs > 1 1 L= >
warndulfnuldie waznsdniumatam lusunsudinlngaiuayuniswau
Ada ° ) P
ldsunsufnfdniaasinauuunsiw@dn #usuldsunsy Python Gatduldsunsndszian
& & AR v o ° o o o =2 ' Y
sanduwIsiadsldsumasivayulugadmivnam linaslugadudazlugaiiansus
o A ' o ° o Ao X o . A AV o
mslgnuuazanuamunInfiuand19nn §miunuissiudanld Tkinter Fadulugadile
NuNUNInTuans 9 Idianltaiisaanlniuwud laagranainwans [7] 5IuN9 wnan
Wanltansumswawinwinunlwnawidunan Sn13l5unuwunsnaty vinoule

0152 Imﬂmuaoﬂ@ia@‘lﬁﬂaaamﬂu 3 8ufa

L. Menu Bar

Materialand Read Input Thickness

____i____ A

Expectation
Load

Traffic Data

Fatigue

Analysis

Erosion

Analysis

Fatigue
<100

v

Printer < Print
Result

(
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
\
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3.2 A1saenLULMSHNIwaasllsunsy

MIBanNULULMIYNNUwalUsunsudnILaenuUUAIawuAaunIaaNID PCA (1984)
f4uanauail 1) Use Case Diagram LLamswUa:Lgmmsﬁmumﬂaﬁf‘umaa;ﬁ‘lij’mu
2) Activity Diagram wa@a95188zi88aWsigu n13¥i9usasllsunsy 3) E-R Diagram W@ 9
Tuazdralasiaiisusasninudunusuedtaya 4) Data Dictionary UaAITIBAZITYA
WIUIYNINTBYN UAZ 5) User Interface uaasstoaziduasiudndonugldinu laod
eazdoasiaelil

1) N1331A31ERILVUIU Use case diagram Lag Actor laun #l9 uaz use case

v Aa

dsznaudly (1) n3iddaya laun ToyAFIUNIIITN9T ToyaIRq Tayaianig

9 U

(2) MIAWITE UAZ (3) MITLINTBHNANIIAIWITH @Tmamlugﬂﬁ 3

Pavement design

Input Data -

35U 3 Use case diagram zaslilsunsa

2) Activity Diagram L&AITNEALBEAWINTY ATV UV lUTUATN @”ouamlugﬂﬁ 4

Ai v a A v d' o U d' n:i U s
lasdiegldnudenltldsunsumunfonyld 5 wwiermadeudaysfiisadasny
ANTeaNUUY launA (1) Project information (2) Material data (3) Pavement data (4) Traffic
data a2 (5) Axle load data I@Uﬁaga%du%g’s:uuLﬁ'av‘hmsﬂszmawa 3 & laud
(1) Expected repetition (2) Fatigue analysis L. (3) Erosion analysis Wadszulanalaiaas
8319 Calculation report LNAURAIHANIIAIWIBADNLLL
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user

system

Project Information

[ Traffic Data

[ Axle Load Data

A 4

[ Material Data

[ Pavement Data

4;[ Expected repetition ]

[ Fatigue analysis single

¥
's 5

Fatigue analysis tandem

v

Ergsion analysis single

L
~ =

Erosion analysis tandem

[ Calculation report

;sﬂﬁ 4 Activity diagram va9ldsunsa

3) E-R Diagram LLamﬁUazLﬁﬂ@Imaa%”NLLammwé'uw”ufmaaﬁagaiumu@m 9

Ya9ldsunsy é’auamlugﬂﬁ 5

4) Data Dictionary W&¥94EAZLILANIMBNINTENA $12% 10 ngudaya Anuazidua

AaLaaalua1Ten 2

5) mMyNamduAasdanugly
mananllsunsulusudadanugld (user interface) iagdazasdainallsiuldine

LAZLHEIINNITEONLULUDUWABWNINGILIT PCA JanumetdunsoantuublUaaIla

8899N (Trial and error) d4walinsldnuldunsvisdasinisdoudrlnsinatvais aanu

v
£

nsaanuuuldsunsuluginfadany pj‘lﬁavl,@ﬁl,ﬂamuamiaﬁ'u@‘l,%l,flu 2 ANHLIAD

(1) S (Menu) waz (2) Sautluna (Button) lasludusasuyazidudruiizonlddmiy

UNADIUIYY

ACUE3FAINSSUANAQS UKIINYNagINUUUNUAQ



4£ Kasem Bundit Engineering Journal Vol.11 No.2 May-August 2021

o a9 < o A | T P o &
miaaa’mﬂvl,uuaﬂmamnun 1ummzﬂaaumaatq:unm:Lﬂumu‘numﬂmm%meﬂialummx

o a 6
NNIIIUAINCH
Erosion Analysiz single Project information Traffic data Axle load data Erosion Analysis tandem
relative_stiff pro_name At single redative_stiff
pc HH— e-name: p_truck single_p —HH pc
15 Hh d_year d_spit tandem 5
& d_date |_spiit tandem_p &
T g_rate T
P p
deita deita
<l c1
c2 c2
ne

i F¥

Expected repetition
Fatigue Analysis single I axp_single H Fatigue Analysis tandem
relative_stiff H exp_tandem relative_stiff
me 11 me
f H — fl
2 2
3 Material data Pavement data 3
4 — 4
- base_k trial_thick wl
o mr_value dowel_st o
should_st
stress sb_type B stress
sb_trick Load_safe
nf nf

E‘JJ"?; 5 E-R Diagram 2asldsunsa

= a [
M990 2 5’\983Laﬂﬂllazﬂizlﬂﬂﬁaﬂﬂaﬂaiu‘[ﬂ@la

luga o 780 fafue
project pro_name string % alasdns
information | e_name string %aimﬂs;ja anNKUL
d_year integer | aNgMIBDNLLY
d_date string | Tufieanuuy
Traffic adt integer | YINNma3123
data p_truck float | §AFIUIALTINA
d_split float fasInNINTNLUImaTaTdafianis
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A19191 2 5'1ﬂazLSsmu,azﬂszl,nﬂmaa{fagaslufuga (a)

luga o 780 fadue
Traffic data ||_split float |§FAFIBMINIZTALUINIUITIATABTDINNS
g_rate float |sATIMISANTIUSIN M9
Axle load |single list ﬁmﬁfmnmmmwm@{m
data single_p list é‘@damnmmmwmlﬁmlummﬂﬁ
tandem list ﬁmﬁfmnmsnmwm@;
tandem_p list é’@mummi‘qﬂLWﬂﬂﬁl%ﬂﬂiﬁ]iﬁﬁ)i
Material  |base_k float I&I@ﬁ&“ﬂﬂd’fﬁﬁuﬁw
data mr_value float ﬁﬂu@é’ml,mﬂi”nmadﬂaun%m
sb_type string ﬁﬁﬂﬁvaqma\i“ﬁguimﬁlumd
sb_thick float | AINURUNYBITUTOINUNN
Pavement |trail thick |float |@uwwiRanIsiasnuuy
data dowel_st string | ROuzBILAANLADY
should_st  |string | & ueuad bAaNIg
load_safe float |@1 Load Safety Factor
Expected |exp_single |list fﬁﬂmw,‘ﬁ'mmaaﬁmmmmwmL@ﬁ"mmaa@mqﬂﬁaammu
repetition  |exp_tandem |list ﬁ‘hmmﬁmmaasnmmnme@;ma@mﬂqmiaaﬂm_n_l
Erosion relative_stiff |float |radius of relative stiffness of the slab-subgrade system
analysis  |pc float |ussaufiADT0sdaTBILHLADUNTAUAZFIUTDITL
single Uaz | f5 float | AunniAesE LW
tandem 6 float |Aunniaasdmiurunannian Wimandesiisenda
f7 float mLLWﬂLmﬁ’ém%’unsﬁﬁﬁamagmdiamaiﬂﬁﬁugu
YDILNUABUNIA
p float |AnfasivinliAanslneda
delta float |ANMIlAIEIVILHIABLATA
c float |duWniaas
c2 float |dwWniaas
ne list | d1wawfisanoewld
UNADIUINY

ACUE3FAINSSUANAQS UKIINYNagINUUUNUAQ



44 Kasem Bundit Engineering Journal Vol.11 No.2 May-August 2021

Ai = ¥ 1
M990 2 ‘s'\ﬂa:mﬂmmzﬂszmnwawaga‘lu‘[&ga (a18)

luga T THA fasuny
Fatigue relative_stiff |float radius of relative stiffness of the slab-subgrade
analysis system
. 1 €t=i a J a =
single Uaz  |me float |dnlutuudniadnluiinannsa
tandem f1 float | AUWNLABTEIRTUINRUNINATLRZ AN RN FVIND
f2 float |@uwWnieasanIulnanig
f3 float mLW\Iﬂma%ﬁm%’uwamaﬁnmmn@iamaumaanuu
f4 float |WWNLABSEIRITUAMNLYINUYAINNRIVAINAWNIA
sal float ﬁ’mﬁfmwmmmmmwmﬁm
tal float ﬁmﬁfmwminmmmwm@;
> a A‘ >
cv float |®NUIZENTURIAMNLU TN
stress float |@NANNLAK
. ° A A o
nf list FwnnaIneayls

3.3 n1vaadauldsunsa

msnagaulusunsy laamsldvinnsiwzieenuuulasldnmnniseanuuuuas
Fmadsouiisunualdanmadiwislasllsunsy vinsuseudisuleslddags
Lﬂﬂ%L%uﬁmaaﬂaﬁuﬂaﬁﬂLﬂﬁaué'ugitﬁ (Mean absolute percent error; MAPE) @4&NN1Y

gUMI7 (34)

>
i1 | Z
MAPE = ———x100 (34)
N
A ' A o | A o
108 e = ANULANAIVRIAT bFINNMTENUNTIWLAZA beanlUsunTa
1 dl U d‘ Q &/
Z, = i laannlusunsunnam
N = ﬁ‘hmuiaﬂaﬁwmﬁﬁﬂmLﬂ‘%tlmﬁﬂu
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4. HANI3IY
ldunsvaanuuuAINIIanwAaUNIAa18I5n13189 PCA laslan1ulwnanln
o a . o ' a . @ ¥ o P A v
nmsnaw laglslausns Tkinter luﬂwswwmammmnu;ﬁm muamiugﬂﬂ 6 m;ﬁmm
sunIndufunslusiuiiieatony 1) madeudayauaznisiuiindaya 2) miuaas
Toya uaz 3) MIaimens lasdneazidoadidalud

4.1 niaiNa/au 2aya Matdendayauazn1stuiingaya
n' £3 v d' dl U Qs a = k2 ada
mIi/ay Taya madeudayafiiortasnunssanuuufinuuaauninai3s PCA
a v tﬂl dl v 1 v 1 v dl Qs v Q v dl L™
fiTayafiiivatas 5 dau laun 1) Tayaifsanulasinis 2) Tayaiag 3) Tayaeny
A9 4) TayadIumanas uaz 5) Tayganiinzansininuimnuessnusinn laod

MNuazBuaadsa b

' Concrete Pavement Design - X
File Material Data Guide Traffic Data Guide Pavement Data Guide help

Material Axel Load
a Properties Distribution
_ ||
ul & =

Ready

311 6 nivananvadlldsunsa

1) ﬁagmﬁmﬁ'ﬂmams laun Falasams Ta3aans 214M1I8aNULY WS UANT
duwink lasidanld Widgets iia Entry lunisiidhdaya lasldilu Project Information

2) ﬁagm"’a@; 1@wA @1 modulus of subgrade reaction (k) ANANAITULIING (Flexural
Strength) VaIABHNIA ﬁaga"nﬁ@LLa:mwwmﬂuaaﬁgmaaﬁuma laaidanld Widgets wiia
Entry Tumsshudrdaya laoliu Material Data
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ABSTRACT

Nakhon Ratchasima Municipality has planned to develop and reform the basic infrastructure
and transportation by constructing the Light Rail Transit (LRT) as an alternative public
transport system. Moreover, are development to facilitate for public transport connections
and the walkway safety are also included in the development plan. This present research
aimed to identify catchment areas around LRT stations by referring to acceptable walking
distances to LRT stations as follows - 324 meters, 400 meters, 500 meters, 648 meters, 800
meters, and 960 meters. These walking distances were used with Circular Buffer and
Network Analyst Service Area techniques in order to calculate for the proportions of LRT
accessibility. Employing ArcGIS 10.4 program for desktop to analyze spatial data, this
research found that the areas around LRT stations in the urban area of Nakhon Ratchasima
had higher accessibility level than the suburbs. The data indicated that the areas around the
stations located in the urban area were suitable for pedestrian network development. In order
to develop mass transit system within the area of Nakhon Ratchasima Municipality, it was
suggested that feeder system in the suburbs should also be developed with less proportion
of LRT accessibility than the urban area for users’ convenience. It was expected that the
more accessible the LRT stations was, the more job opportunities and residential space
would be available.

KEYWORDS: Accessibility, Geographic Information System, Light Rail Transit, Spatial

Analysis, Nakhon Ratchasima
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1. Introduction

The urban area of Nakhon Ratchasima has been recognized as the high potential area
for developing the connecting spot to the high-speed rail in the future. To prepare for the
increasing need of travel, public transportation system in the area is required to be improved.
Given this, Traffic Management and Public Transport Development master plan in Nakhon
Ratchasima urban areas was studied in order to reform the basic infrastructure and
transportation in the province. As a result, Light Rail Transit (LRT) is the project approved
for offering an alternative public transportation choice in the province. The areas for public
transport connections are also expected to be developed for the more effective transportation
system. According to the strategy of Area Development [1], the development of feeder
system helps expand catchment areas of LRT to cover all areas and enable users living far
from stations to travel seamlessly to their destination without using their personal vehicles.
The project emphasizes pedestrian safety and convenience. This concept agrees with
Calthorpe’ s [2] notion that the goals of area development consist of accessibility,
convenience of public transport users, and compact city. Such the compact city could create
new pedestrians; therefore, the area development is considered to be the preparation for the
city growth [3]. Similar to the notion of Transit Oriented Development (TOD), mixed- used
communities, in which people are able to walk to the center of the high-speed rail system, are
recommended to reduce users’ dependence on personal vehicles and save more energy [4].

This current research aimed to identify catchment areas around LRT stations by
referring to acceptable walking distances to LRT stations as follows - 324 meters, 400
meters, 500 meters, 648 meters, 800 meters, and 960 meters. These walking distances
established the coverage areas around LRT stations. They could be viewed as indicators
which could be divided into in two forms of distances: Euclidean distance and network
distance. By calculating the proportion from the walking distances and area sizes, station

accessibility was evaluated. In addition, a geographic information system (GIS), was used

as an instrument for analyzing spatial data.
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2. Previous Work
2.1 Transit Oriented Development (TOD)

Transit Oriented Development (TOD) is an integrated urban areas designed for
maximizing the use of public areas with easy walking and cycling connections and convenient
public transit service to the rest of the city [5]. The Next America Metropolis defines that
Transit-Oriented Development (TOD) is mixed land use such as residential areas,
commercial areas, or places in which people can be access to the central transit by walking
to their workplaces [2]. This agrees with another work on assessing the social and economic
effects of transportation projects [6] which found that the improvement of walkway was the
key factor for enhancing better communities. The areas where TOD is promoted is
considered as the center of mass transit and located near public transport stations within 10
minute walk or 500-800 meters from the stations [7, 8]. Factors influencing physical
environmental development of TOD areas affect the number of public transportation users
and help reduce dependence on personal vehicles. Furthermore, the improvement of

transportation route conditions helps increase the use of a bicycle [9].

2.2 Typology of Transit Oriented Development (TOD)

TOD can be divided into different ways [2]. Types of TOD can be differentiated by
locations and public transport connections. The term Urban TOD is defined as the TOD
located on main transportation networks or the TOD that connects to urban public
transportation systems. This type of TOD is collaboratively developed with business zones
and high residential density zones. Different from Urban TOD, Neighborhood TOD is located
in lower density areas. This type of TOD is located on Feeder public transport networks [8].
Also, Transit Oriented Development can be divided according to types of stations (Node)
and areas around the stations (Place). Node indicates the main roles of areas. These areas
are comparatively important because they connect to public transport networks. On the
contrary, place demonstrates the roles of areas for various activities. It is necessary that the
development of areas around stations or stops should balance the roles of node and Place
in order to optimize the use of areas. Developing transit-oriented development (TOD)
typologies is an effective strategy for urban sustainability [10]. The comparative analysis of

TOD typologies, in terms of extending ‘node—place’ model, involves increasing dimension on
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node—functionality—place. This model was applied to five cities in China. It was found that all
five cities adopted similar spatial pattern. This study contributed to planners and policymakers

in performing strategic town planning.

2.3 Accessibility

The main role of transportation system is to offer convenient accessibility between
people and business and to facilitate exchanges of product information and services [11].
The accessibility is an essential element of transportation. It exhibits the agility of product or
information transportation [12]. According to article about classifying sky train stations by
building use and accessibility In Bangkok, the use of high- density buildings and the
accessibility to the areas around stations from the feeder transportation system were
correlated with the number of sky train users [13]. Hence, these factors have become the
significant factors for its catchment area development concept (TOD) [2]. The research
investigating the measurement of land usage accessibility development [14] underscored

that passenger behaviors depend on their accessibility to areas and forms of land usage [15].

2.4 Measuring Accessibility

Accessibility is the measure of the capacity of a location. Basic infrastructure
management has become the key for accessibility which helps indicate spatial inequality [12].
Accessibility to many types of facilities has been widely recognized in the field of sustainable
city planning [16]. The public transit accessibility to educational facilities was evaluated in
India using spatial techniques [16]. The study compared Euclidean and network distance,
also known as detour indices. Descriptive statistics and regression analysis were two main
tools for evaluation. The analysis identified local obstacles and network problems which have
impacts on the public transit accessibility [17]. Accessibility to amenities, services, and
facilities (ASF) from public transit was measured by employing two types of spatial distance
accessibility measures. In the early stage, the Euclidean distance was compared using
Google API along with other mobile applications. After that the study focused on network
distances using Open Street Map (OSM). At the second stage, Indicators (Euclidean vs.
network) helped identify the local barriers and problems with network access that affect the

actual network distance. This also helped policymakers identify gaps in public transit
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coverage and accessibility to the ASF. Detour Index reveals the relationship between
transport networks and straight distance. The higher the Detour Index value is, the more
transport networks inclined toward straight distance [18]. The efficiency of transport networks
can be measured by the Detour Index. That is, transport networks will have more spatial
efficiency when the Detour Index is close to one [19]. Two types of distances, namely

Euclidean and network distances, are compared from the station to a fixed destination.

D(S)
DI = — (1)
D(T)

where D(S) and D(T) refer to Euclidean and network distances respectively.

Accessibility measurement using the Circular Buffer method considers all areas around
the targeted spot based on distance selected for studying. Network Analyst Service Area
can also be adopted to identify geographical environment around the targeted spot and
distance selected for studying. A public transport research in Denmark borrowed detour
index to show catchment areas by using proportion analysis between Circular Buffer and
Network Analyst Service Area. Detour Index (Dl) is equal to length of the route divided by
the geographical distance between the origin and the end [20]. This technique helps measure

accessibility. If the proportion is close to 1, it indicates good accessibility.

2.5 Walkability

Walkability is significant for planning highly effective cities. A walkability research in Italy
explored techniques for measuring the quality of walkway and walkability toward the railway
station. The research considered key factors influencing walkability in urban areas [21]. Other
studies about analysis of transit service areas using by GIS, it was reported that walking
distances to reach public transit, bus stops and railway stations, from starting points are 550
meters and 1,200 meters respectively [22]. Sangsila [23] studied pedestrians’ behaviors in
using Bangkok Mass Transit System skytrain at a distance of 500 meters. It was found that
pedestrians were less likely to use public transit every 100 meters father from stations.
People preferred walking at a distance of 200-300 meters according to studies of Sakdasak

[24] and also investigate catchment areas around Talad Bang Yai station. He highlighted
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that areas in Bang Yai were appropriate for undertaking TOD because rail users were able
to reach the station within 5-10 minutes or 500 meters. The 500 meter radius determined
according to studied Sangsila [23, 24] conformed to a study in Nakhon Ratchasima urban
areas which was included in the Area Development Plan for Integrating Public Transportation
Connections. Moreover, Kho-oomklang [25] studied about acceptable walking distance to
reach the public transit system in Nakhon Ratchasima Municipality by applying Price
Sensitivity Meter (PSM) in her research. Her research revealed that the longest walking
distance that passengers would decide to walk to the LRT stations was between 324 — 648
meters in normal climate. Duncan et al [26] studied about inspected the accuracy of Walk
Score and Transit Score by using the data gathered from GIS and divided the ranges of
road networks into 400 meters and 800 meters. The correlation analysis reported significant
values for bus stops and subway which related to Walking Score at a distance of 400 meters
and Transit Score at a distance of 800 meters. Thus, it could be concluded that Walk Score
is the accurate indicator for measuring walkability. Similar to research of Carr et al [27]
studied was, the accuracy and the reliability of Walk Score used for estimating walkable
access to facilities were testified. The results confirmed that Walk Score was a reliable and
accurate measurement for estimating walkable access to facilities. Walk Score could be one
convenient option for researchers who would like to investigate a relationship between
walkable access to facilities. Transport for London [28] highlighted transportation and public
transit connectivity dealing with Public Transport Access Level (PTAL) that it was a
measurement for public transit system connectivity in London which related to walkability.
The measurement referred to the distance to the nearest station, waiting time and service
frequency, and the nearness of the main railway station. To measure accessibility, a Point
of Interest (POI) and Service Access Points (SAP) needed to be determined. The average
walking speed reported in Transport for was 4.8 kilometers per hour. The walking time to
reach the nearest bust terminal was within 8 minutes or 640 meters. The walking time to the

railway station reported was 12 minutes or 960 meters.
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3. Materials and Methods
3.1 Area of Studies

The area of Nakhon Ratchasima Municipality, Muang district, Nakhon Ratchasima has
an area around 37.5 square kilometers.

Nakhon Ratchasima LRT network consists of two phases as shown in figure 1. Phase
1 comprises the orange and green lines. The orange line runs through the economic growth
area with the entertainment area, the hospital, and the old town for a total distance of 9. 81
kilometers with 19 stations. The green line runs from a large market of the municipality
through and the city’s main railway station. This route provides access to government offices,
schools, and Suranaree monument, with a distance of 11.17 kilometers and 20 stations.
Phase 2 includes the purple line which connects Nakhon Ratchasima Bus Terminal with

large shopping centers. This line is 7.14 kilometers long and contains 17 stations [1].
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Figure 1 The light rail transit (LRT) station [1]
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Figure 2 Area classification [1]

The study project of Traffic Management and Public Transport Development in Nakhon
Ratchasima urban areas identified the area development along with the construction of LRT
routes. The development can be divided into 4 areas: (1) the old town areas around LRT stations
and the continuous areas; (2) the areas outside the old town and continuous areas; (3) the
areas around LRT stations which are expected to be LRT interchanges and transport mode

change; and (4) the areas around stations at the Transit Oriented Development (TOD) zones.

3.2 Data collection instruments

The ArcGIS 10.4.1 program for Desktop was employed for saving digital data and
determining Universal Transverse Mercator (UTM). The mapping control followed Indian
1975 reference. Therefore, the coordinate systems on the map used in this research were

Indian 1975/UTM Zone 47 and Indian 1975/UTM Zone 48 [29].

3.3 Data analysis and interpretation

3.3.1 Point data layers of 19 orange-line stations, 20 green-line stations, and 17 purple-
line stations were created by ArcGIS 10.4.1 program for Desktop as shown in figure 3 in
order to analyze Circular Buffer and calculate area sizes based on Euclidean Distance within

324 meters, 400 meters, 500 meters, 648 meters, 800 meters, and 960 meters.
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3.3.2 To create Polygon data of 19 orange-line stations, 20 green-line stations, and 17
purple-line stations, the researcher used GIS Application together with Network Analysis [30]
and Service Area at of distances of 324 meters, 400 meters, 500 meters, 648 meters, 800
meters and 960 meters. The buffer distance is taken as the service area distance. The area
sizes were calculated by adopting Network Distance.

3.3.3 The Euclidean Distance and Network Distance data were used for analyzing
proportion.

3.3.4 Then, the GIS application is used for analysis via Inverse Distance Weighted
(IDW) method. The proportions values are taken with the IDW. The methods mentioned

above are Interpolate a raster surface from points.

Location

Latitude, Longitude
and Addross GIS
Appiication (Point I

Data) |

Spatial Analysis \d

GIS Application AGIS Chculas Bulfors ArcGIS Network
{Poygon Data) (324m, 400m, 500m, 648m, Analysi
800m and 900m)
ArcGIS Service Areas

(324m, 400m, 500m,
648m, 800m and 900m)

=l= =
| | |
I
!

Proportion between the size of the
catchment area calculated with Circular
Buffers and Service Areas.

Proportions

I Inverse Distance Weighted (IDW) I

Output Raster

Figure 3 Method adopted in ArcGIS 10.4.1 for Desktop
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4. Results
After calculating IDW and Euclidean-Network distance proportions were calculated and
compared among stations and transit lines. Shown in figure 4 to figure 14 and table conclude

the key indicators findings of the analysis.

®  OrangeStaton
{: Sewiceh reaOrangeSumton324m

:] CircvaufersOmngeStaton324m

Korat Light Rail Route (Orange Station)

Figure 4 The result generated from ArcGIS 10.4.1 for Desktop is Catchment area of
Korat Light Rail Route (Orange Station) in Nakhon Ratchasima Municipality.

Circular Buffer Approach and Service Area Approach.
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Figure 5 Inverse Distance Weighted (IDW) of Orange Stations: picture A 324 meters,
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960 meters.
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Figure 10 Proportion around LRT stations (Purple line) at distances of 324 meters and

960 meters.
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Table1 The Range of Proportion of catchment area around Korat Light rail Transit

Stations.
Light rail Transit | Average S.D. Maximum Minimum
Orange Line 0.56 0.10 0.76 0.32
(Maharat Hospital (Terminal 21 station)
station)
Green Line 0.54 0.12 0.75 0.13
(Nari Sawat Station) (Cherdchai Factory
station)
Purple Line 0.41 0.1 0.75 0.13
(Nari Sawat Station) | (Cherdchai Factory
station)

These stations were selected to represent the accessibility of various area types such
as urban, suburbs, central business districts (CBD), and Transit-Oriented Development
(TOD). The CBD areas were located near 7 orange-line and green-line stations, while a few
presented for purple line. The urban area had the highest average proportion of accessibility.
The suburban area had far less accessibility than the urban area. Finally, the results show
the proportion of the catchment area for each station, which was expected to become a

TOD, as shown in figure 11-14.

08

08 —

061
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Catchment Areas

Figure 11 Proportion of the urban area: Provincial Education station (orange line)
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The average proportion was 0.57 (S.D.=0.09). The highest proportion was 0.76 and the

lowest proportion was 0.32.
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Figure 12 Proportion of the suburban area: Vongchavalitkul station (purple line)

The average proportion was 0.44 (S.D.=0.13). The highest proportion was 0.75 and the

lowest proportion was 0.13.
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Figure 13 Proportion Central Business District: New Khlang Plaza station (green line)

The average proportion was 0.65 (S.D.=0.03). The highest proportion was 0.71 and the

lowest proportion was 0.58.
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Figure 14 Proportion Transit Oriented Development (TOD): Hua Rotfai station (green

line)

The average proportion was 0.43 (S.D.=0.05). The highest proportion was 0.56 and the

lowest proportion was 0.38.

5. Discussion and Conclusion

The accumulated evidence indicated that the analogy of distance types show that
Cartesian distances (Euclidean and Manhattan distances) are strongly correlated with more
precise network distances [31]. In 2017 Suber [32] studied public transportation accessibility
impact. The findings indicated that accessibility measures for educational facilities are largely
concentrated on the number of facilities within certain metres or minutes to the closest
service. These distances are calculated based on several types (1) Euclidean distance,
(2) Manhattan distance (3) Network distance and (4) Minkowski distance method [31].
Furthermore, revealed show that Euclidean (near) distance and network distance are
reasonable in context to accessibility measures [33]. This study aimed to conduct general
last mile mode choice behavior for Nakhon Ratchasima's potential LRT users with no specific
origins and destinations.

The method used in this current research helped measure area accessibility which could
be easily applied in the actual areas. The spatial analysis around LRT station at distances
of 324 meters, 400 meters, 500 meters, 648 meters, 800 meters, and 960 meters within the

area of Nakhon Ratchasima Municipality was undertaken by ArcGIS 10.4 for Desktop. The
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author uses the official shapefile from Nakhon Ratchasima Municipality and the school of
remote sensing, institute of science, Suranaree university of technology. Both of them use
Universal Transverse Mercator (UTM) system, Indian 1975/UTM Zone 47 and Indian
1975/UTM Zone 48 most importantly, in 2017 Jirakajohnkool wrote in ArcGIS desktop 10.5
that Thailand commonly uses Universal Transverse Mercator (UTM). The above system is
accurate in terms of shape, area, distance, and direction most close to reality [30]. The
accessibility to the areas around the LRT stations in Nakhon Ratchasima Municipality can
be concluded as follows.

1) The urban areas had higher average proportion than the suburban areas. This is
because the urban area had road networks around LRT stations or 68 % of Grid Network.
The characteristics of roads in the area are connected. Moreover, there are numerous local
streets which help support the area accessibility. It is also the Central Business District (CBD)
the urban area had the highest average proportion of accessibility. Given this, quality
walkway as well as slope ramps for disabilities can be further developed along with the LRT
system. Facilities and environment should also be improved. More streetlights and a security
camera system should be installed to create reliable services for users. This could urge
service users to walk to the public transit instead of using personal vehicles.

In the urban area, several lines of minibus stop at almost every LRT station. This
indicates that the feeder system within the area is efficient enough to support public transport
users in the future. However, the feeder system still needs to be further developed in some
stations, such as City Municipality station, Provincial Education station, and Hakka
Association station, because there is only one line of minivans stops at those stations. In the
future, when the LRT system operates, there will be higher demand of travel in those areas.
This could lead to inadequate public transport services in the areas. Hence, in those stations,
an increase in the number of minibuses should be adopted as those stations are in the old
town area with dense communities, however, based upon future demand.

2) The suburban area has Linear-Network roads around stations. This type of roads
cuts through communities and separates into local streets. Mittraphap Road or Highway 2
passes through 17 stations and Transit Oriented Development (TOD) zones which is Nakhon
Ratchasima Bus Terminal2. This is the spot for public transport mode change for all modes
of public transport services: category 1-4. Moreover, Suranarai road or highway 205 passes

through 4 stations and communities with 6 stations. 1 of 6 stations, Hua Rodfai station, is
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the Transit Oriented Development (TOD) spot connecting both high-speed and double track
railway projects. It is possible that there will be higher demand of transportation in the future.
The average proportion of accessibility in the suburban area is less than the proportion in
the urban area because the main intercity highway is in the suburban. The areas around
stations are far from communities and has low population density. Therefore, the walkway
development might not be necessary in some stations because service users are not able
to walk to these LRT stations. The priority should be given to the feeder system development
which better supports the service users. This could lead to the accessibility to job
opportunities, residential areas, or basic infrastructure. More importantly, to create eco-
friendly communities, the areas around Nakhon Ratchasima Bus Terminal2 and Hua Rodfai
stations need to be developed according to the principles of Transit Oriented Development
(TOD). To reduce the use of personal cars, walking and cycling should also be promoted.
This is recognized as the effective public transport development for the increasing urban
area accessibility. Also, the measurement for Compact City planning needs to be promoted
with various kinds of activities. Eventually, it will become the center attracting more people
with convenient public transport connectivity.

The development of the feeder system in the suburban area is profoundly significant
because of the low accessibility of the stations especially outside the CBD area. It is also
necessary to improve public transportation modes in this area to support public transport
users.

The suburban area consists of a number of residential zones, communities, and
economic activities in Nakhon Ratchasima. It is suggested that the feeder system station
that should be developed for Chang Phueak 12W station. This is because there are
numerous communities in this area with only one line of minibus available. Additionally, it is
necessary to provide the users with paratransit to fill the gaps where public transport cannot

successfully operate.
6 Recommendations

6.1 The study of accessibility to catchment areas around LRT stations can be further

developed and improved for planning traffic policy in the future.
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6.2 In the future, the development of area accessibility to LRT stations will increase
users’ demand for public transportation. This could help reduce traffic density resulting from
the use of personal cars.

6.3 The study of area accessibility is useful for selecting appropriate LRT stations
which will be suitable for developing quality walkway in the future.

6.4 The study of area accessibility helps develop connectivity of all kinds of

transportation in order to create seamless travel.
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ABSTRACT

The objectives of a study for enhancing energy efficiency in pig farm were to enhance
performance by using Economic principles for analysis worth of investment many methods.
In this study, survey data in pig farm from 33 sample farms of Department of Alternative
Energy Development and Efficiency. Studies have shown that fan motors have the highest
percentage of energy consumption causing the most potential to increase energy efficiency
consumption. The study had 2 methods to solve the problem. The results of the study of 2
methods had (1) Switching to high efficiency motors method. The researcher has calculated
the potential and saving energy arising of replacing standard electric motors with high
efficiency motors. According to the comparison table, standard electric motor and high
efficiency motor had an average saving of 7.6% per year. Saving energy was depend on the
number of hours worked per year and the load that the motor receives. When analyzing the
investment by referring to high efficiency motor price standard for 10 years, the result is
large farms and medium farms are the worth investment. (2) Using of evaporative air
conditioning systems method. The researcher has calculated the potential and saving energy
arising of installing evaporative air conditioning systems. Can reduce energy consumption
20% of the motor. When analyzing the investment by referring to evaporative air conditioning
system price standard for 10 years, the result is large farms are the worth of the whole
investment. The factors that affect the value are total motor power.

KEYWORDS: Increasing efficiency, Energy Consumption, Pig Farm
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24 v 0.75 80 24 300 0.5 25,415.86 101,663.44
25 v 075 49 24 365 0.8  30,304.18 121,216.71
el 26 v 15 128 12 365 0.8  55740.91 222963.65
" 27 v 0.75 121 24 250 0.5 32,034.57 128,138.30
28 v 0.75 104 24 365 0.6 48,239.30 192,957.21
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. . PUIR L Y ea. watsznda @l
WA @288 Wi . Wean sl Auld e , v
. L dames , , gall Uszndale
win Wisun szuy sTuu Meod ude uded  Inaa ,
(kW) w 5 (kwh) el ()
da e (@) o
29 v 1.1 280 24 300 0.95 228,000.00 912,000.00
30 v 1.1 420 24 335 0.9 361,800.00 1,447,200.00
sl,‘vﬁfy' 31 v 0.75 104 24 365 0.8 64,319.07 257,276.29
32 v 1.1 96 18 365 0.85 58,020.78 232,083.12
33 v 2.2 940 21 350 0.6 697,560.74 2,790,242.94
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7 UszenTnIw *
Ja Wa (W) (W /)
§9 (1)
1 v 11,234 39,600 7,800 -16,558.85 2% 058 1116 1dau
v 10,370 39,600 7,800 -22,357.30 -1% 0.44 1515 15au
v
v
5,083 26,400 5200 -27,183.92 -100% -0.03 walu'le
9,600 31,200 5200 -1,67564 7% 095 71 2.6eu

1,463 15,600 2,600 -23,230.32 -100% -0.49  wen'laile

1,646 15,600 2,600 -22,003.33 -100% -0.41 e 'laile

Ol |IN[loo|lra || wW|IN

9,257 46,800 7,800 -37,02245 -8% 021 3212178

12,343 46,800 7,800 -16,317.06 3% 0.65 101 4 1aaw

3,812 39,600 7,800  -66,357.26 -100% -0.68 w1en Ll
4,448 26,400 5200 -31,447.49 -100% -0.19  wienlale
2,542 39,600 7,800  -74,884.39 -100% -0.89  wienlaile
6,126 17,000 2,600  6656.85 12% 1.39 4110 \fau
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6,126 17,000 2,600 6,656.85 12% 1.39 4110 1aaw
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e, Uszneia . lums B/C  Payback
. 3w » yaLaad . NPV IRR
w3 4 TUY vy ediad - GILLRINEN ratio period
7 Uyeansnaw
Ja Ja (W) (W /)
g9 (Um)
16 v
17 v 105,549 422,400 83,200 -272,434.74 -3% 0.36 18 T 11 1fau
18 v 12,369 33,000 6,500 6,381.82 10% 1.19 51 8 i5an
19 vV 14,843 39,600 7,800 7,658.18 10% 1.19 51 8 .fau
s 20 vV 6,354 33,000 6,500  -33,979.91 -100% -0.03 welu'le
21 v 19,790 52,800 10,400 10,210.91 10% 1.19 518 dan
22 v
23 Vv 19,543 46,800 7,800  31,99553 14% 1.68 49
24 vV 101,663 528,000 104,000 -543,678.49 -100% -0.03 wenbaile
5 Vv 121,217 323,400 63,700 62,541.82 10% 1.19 518 .dan
26 Vv 222,964 1,088,000 166,400 -708,453.28 -3% 0.35 191 3 ifan
277 v 128,138 798,600 157,300 -994,277.40 -100% -0.25 e baile
28 Vv 192,957 686,400 135200 -298,844.39 2% 0.56 11T 11 .fau
v 29 vV 912,000 2,184,000 364,000 1,493,124.61 14% 1.68 49
30 Vv 1,447,200 3,276,000 546,000 2,771,125.36 15% 1.85 318 .fau
31 v 257,276 686,400 135,200 132,741.82 10% 1.19 51 8 i5au
32 v 232,083 748,800 124,800 -28,921.55 7.6% 0.96 71
33 Vv 2,790,243 7,990,000 1,222,000 2,533,037.81 11% 1.32 51 2 ifan
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SEE Al
rinnaes Fwam Talug . y
WA G288 w3 mm@: waan M3k Awld e Naﬂ?mm m"l,wiimy
W3 wﬁmﬁ'mmmm Mold1 nuda Nuded lnaa el JeiL
(kW) - 5 (kWh) dadl (Un)
da (e (@12) W

1 v 0.75 6 24 340 0.65 6,347.87 25,391.49
2 v 0.75 6 24 255 0.8 5,859.57 23,438.30

3 v

4 v
5 v 0.75 4 24 300 0.5 2,872.34 11,489.36
6 v 1.1 4 24 300 0.7 5,760.00 23,040.00
7 v 1.1 2 24 80 0.8 877.71 3,510.86
LWan 8 v 1.1 2 24 80 0.9 987.43 3,949.71
9 v 1.1 6 24 150 0.9 5,554.29 22,217.14
10 v 1.1 6 24 200 0.9 7,405.71 29,622.86
11 v 0.75 6 12 300 0.5 2,154.26 8,617.02
12 v 0.75 4 14 300 0.75 2,513.30 10,053.19
13 v 0.75 6 8 300 0.5 1,436.17 5,744.68
14 v 1.5 2 24 300 0.85 4,677.71 18,710.83
15 v 1.5 2 24 300 0.85 4,677.71 18,710.83

16 v
17 v 0.75 64 16 365 0.8 5964255 238,570.21
18 v 0.75 5 24 365 0.8  6989.36  27,957.45
19 v 0.75 6 24 365 0.8 8,387.23 33,548.94
nany 20 v 0.75 5 24 300 0.5 3,590.43 14,361.70
21 v 0.75 8 24 365 0.8  11,182.98  44,731.91

22 v
23 v 1.1 6 24 300 0.95 11,725.71 46,902.86
24 v 0.75 80 24 300 0.5 57,446.81 229,787.23
25 v 0.75 49 24 365 0.8 6849574 273,982.98
Ywad 26 v 15 128 12 365 0.8 170,263.15 681,052.62
" 27 v 0.75 121 24 250 0.5 72,406.91 289,627.66
28 v 0.75 104 24 365 0.6 109,034.04 436,136.17
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WA A28814 Wi . Waaw  mald duld anse , v
. L wawes , , gall dendale
Wy Witun sTuu sTuu Mold1 Nuda uded Inaa ,
(kW) - 5 (kWh) dadl (un)
da e (@12) W
29 v 1.1 280 24 300 0.95 547,200.00 2,188,800.00
30 v 1.1 420 24 335 0.9 868,320.00 3,473,280.00
lﬁqj 31 v 0.75 104 24 365 0.8 145,378.72 581,514.89
32 v 1.1 96 18 365 0.85 139,249.87 556,999.48
33 v 2.2 940 21 350 0.6 2,034,552.15 8,138,208.59

WUBLAQ: M lnkfanrilIsas 4 un
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Uszinn Has ealWidha e
fagng 307

YUNQ . 209Wsu walees devida  dszanm B/C Payback
. Wiy — .. & M NPV IRR
w3u 4 U UL A lodad  midaas ratio  period
9 (uIn)
Ja e W) (uIn) (L)
71
1 v 4.5 25,391 187,560 37,512 -127,737.7 1.7% 0.5 a
5 00%
2 v 45 23,4438 187,560 37,512 -139,612.9 0.9% 0.5 8 1
3 v
4 v
14 1
5 v 3.0 11,489 162,540 32,508 -174,627.9 -4.7% 0.3 a
2 1nan
8 1
= 6 v 4.4 23,040 185,892 37,178 -139,525.6 0.8% 0.5 “
VAN 2 1han
- 429
7 v 2.2 3,511 149,196 29,839 -203,065.3 0.1 “
14.6% 6 Laan
- 371
8 v 2.2 3,950 149,196 29,839 -200,397.1 0.1 &
13.6% 10 La2H
91
9 v 6.6 22,217 213,876 42,775 -186,620.3 -1.0% 0.4 a
8 L1han
71
10 v 6.6 29,623 213,876 42,775 -141,5942 1.9% 0.6 3 1 80u
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YUR . a9y waeat dwwde  Uszanoe B/C Payback
. Wiy —— .. & M NPV IRR
SARRHY 4 TUU RUU NV ladad midaas ( ) ratio period
1 1N
da la (kW) (un) (U7n)
211
11 v 45 8,617 187,560 37,512 -229,725.0 -8.7% 0.2 »
10 LAaw
16 1
12 v 3.0 10,053 162,540 32,508 -183,359.7 -6.0% 0.3 a
3 1han
321
wn o 13V 45 5745 187,560 37,512 -247,188.5 -12.4% 0.1 a
8 Lhan
g il
14 v 3.0 18,711 162,540 32,508 -130,722.0 0.0% 0.5 a
9 Lha
g il
15 v 3.0 18,711 162,540 32,508 -130,722.0 0.0% 0.5 a
9 Lhan
16 4
21
17 v 480 238570 587,220 117,444 5672273 135% 16 . a
61
18 v 3.8 27,957 175,050 35,010  -93,320.1 34% 0.6 a
4 0%
51
19 v 4.5 33,549 187,560 37,512 -78,141.1 46% 0.7 a
8 Lhan
12 1
nay 20 v 3.8 14,362 175,050 35,010 -175,981.1 -3.3% 0.3 a
3 oo
47
21 v 6.0 44,732 204,660 40,932 -35,870.3 6.7% 0.9 a
8 Lhan
22 v
41
23 v 6.6 46,903 213,876 42,775 -36,533.3 6.7% 0.9 a
8 Lhan
21
24 v 60.0 229,787 554,100 110,820 563,644.5 13.7% 1.7 5 180%
19
25 v 36.8 273,983 475,958 95,192 949,887.7 17.5% 2.3 9 18an
21
26 v 192.0 681,053 1,525,620 305,124 1,846,000.3 14.6% 1.8 3 8w
. 21
1'v\ty 27 v 90.8 289,628 780,420 156,084 587,053.0 12.5% 1.5 9 18au
19
28 v 78.0 436,136 686,580 137,316 1,618,959.9 18.7% 2.6 8 1aa%
19
29 v 308.0 2,188,800 2,379,380 475,876 9,728,800.5 23.2% 3.7 2 8o
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30 v 462.0 3,473,280 3,512,820 702,564 15,833,478.0 24.0% 4.0 11
14
31 v 78.0 581,515 686,580 137,316 2,502,849.8 22.1% 3.4 3 1805
Ing 14
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