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ABSTRACT

OPTIMIZATION OF HIGHWAY VERTICAL ALIGNMENT
BY DIRECT SEARCH TECHNIQUE

zkan, Eray
M.Sc., Department of Civil Engineering
Supervisor: Dr. Soner Osman Acar

May 2013, 137 Pages

During initial stages of geometric design of highway projects, generally a number of alternative
horizontal alignments are developed. For any selected alternative horizontal alignment, the basic
features of the geometric design are to be completed by establishing the vertical alignment of the
roadway. Since for a given horizontal alignment there would be infinite number of vertical alignments
conforming to the specifications, it is essential to use an optimization process in order to achieve the
most economic design.

This study is focused on optimizing a vertical aignment already established by the designer. The
governing cost item in relation to vertical alignment being the earthwork cost, it should be minimized
to reach the optimum solution. Since the problem itself is a multivariable, complex and non-
differentiable one, a heuristic search technique; namely the direct search technique is chosen for this
purpose. In order to apply the optimization in an efficient and fast manner, AutoCAD Civil 3D
software is selected and a program module in Visua Basic programming language is written to
optimize the vertical alignment. The program module integrated to AutoCAD Civil 3D software is
applied for some virtual projects and for a segment of a real highway project as well. The results
showed that the method provides an incredible reduction in the earthwork costs of the projects by
adjusting the vertical alignments dlightly without changing the basic design features of the project.

Keywords: Highway, Vertical Alignment, Optimization, Earthwork



D REKT ARAMA TEKN LE
KARAYOLUD EY GZERGAH OPT M ZASYONU

zkan, Eray
Y ksek Lisans, n aat M hendidi i Bl m
Tez Y neticisi: Dr. Soner Osman Acar

May s2013, 137 Sayfa

Karayolu geometrik tasar mnn ilk a amalar nda genellikle bir ka alternatif yatay gze rgah
olu turulur. Seilen herhangi bir alternatif yatay g ze rgah i in geometrik tasar m n ana hatlar , yolun
d ey gzergghnnolu turuimas iletamamlanr. Seilen bir yatay g zerga h i in tasar m kriterlerine
uygun sonsuz sayda d ey gzergah olabilece inden, en ekonomik tasar ma ula mak iin bir
optimizasyon metodu kullan Imas gereklidir.

Bu a ma tasar mc taraf ndan hlihazrda olu turulan bir d ey gzergah optimize etmeye
odaklanm tr. D ey gzergah ile ilgili ana maliyet kalemi toprak i leri maliyeti olup, optimum
zme ula mak iin bunun minimize edilmes gerekmektedir. Problemin kendisi ok de i kenli,
karma k vet revlenebilir olmayan bir problem oldu ui in, problemin z m nde sezgisel bir arama
tekni i olan direkt arama tekni i bu ama iin seilmi tir. Optimizasyonu efektif ve hzl bir ekilde
uygulamak zere AutoCAD Civil 3D yazl m seilmi  ve Visual Basic programlama dili kullan larak
d ey gzergah optimize etmek iin bir program mod | haz rlanm tr. AutoCAD Civil 3D
yaz | m na entegre edilen program mod | baz sana projeler i in oldu u gibi ger ek bir karayolu
projesinin bir kesimi i in de uygulanm tr. Sonu lar, metodun projenin temel tasar m zell iklerini
de i tirmeden d ey ekseni bir miktar ayarlayarak toprak i leri maliyetlerinde nemli | de azama
salad n gstermi tir.

Anahtar Kelimeler: Karayolu, D ey G zergah, Optimizasyon, Toprak leri
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CHAPTER 1

INTRODUCTION

In our modern age, transportation is vital nearly for al the activities in our daily lives. There are
several different modes, namely highway, rail, air and water transportation classified according to the
vehicle and the movement type. Today, still the major part of the transportation worldwide is handled
by highways.

For sustainable highway systems, land use planning and road network planning are critical concepts
and they should be handled together. Different land uses create different demands and there are
different network design strategies to be developed for different land uses in order to have sustainable
transportation by minimizing congestion and increasing traffic safety. Therefore proper zoning plans
and road network should be prepared to distribute the land use patterns, such as residential areas,
shopping centers, trade areas, industrial facilities and others.

At the planning stage, land use study and traffic analysis will help the planners to conclude the
functional class and geometric class on which the geometric design of the project to be based on. After
land use study, traffic demand forecasting should be done to identify the present and the future needs,
and to select the geometric class of the highway.

During the planning stage, the needs versus funds are carefully evaluated and for any candidate
project the cost items are roughly examined and included in the feasibility study. The cost itemsto be
considered in the economic analysis of highway projects are generally divided into two broad
categories: (1) supplier costs, which are directly incurred by highway administrators, and (2) user
costs incurred by highway users. The supplier costs are further divided in three categories. (a)
construction, pavement, and other costs primarily depending upon the length of the alignment, (b)
right-of-way costs including those associated with land and environmental impacts as well as impacts
to stream and other water conduits, and (c) earthwork costs. The user costs are divided into three
categories: (a) travel-time cost, (b) vehicle-operating cost, and (c) accident cost. The indirect costs
associated with environmental damage are considered in order to protect environmentally sensitive
regions such as wetlands and floodplains (Jha and Schonfeld 2004).

If a highway project is approved for implementation, it is expected that the corridor, the standards, the
pavement type, and most of the geometric features of the project have already been decided during the
feasibility study and known before the final design stage. Provided that the basic design features of the
project are not changed and the revisions during the final design stage are minor, the changes in user
costs and benefits with such revisions will be very small and can be considered negligible. It follows
that the economic evaluation of the project during final design stage can be assumed to be controlled
only by the construction cost which is subject to change with the minor revisions in the alignment.

During the final design stage, firstly the best locations for the expensive structures like bridges and
tunnels are searched and the locations of those structures are fixed after extensive studies. Hence, the
start and end points of those structures become control points. For a highway segment between such
control points, the main cost factor is the earthwork cost. For finalizing the alignment design of such
segments, the designer’s purpose is to select the kest alignment between those successive control
points which would minimize the earthwork cost.



1.1. SCOPE OF THE STUDY

The earthwork cost minimization by changing the vertical alignment is a time consuming trial and
error process. The designer first fixes the horizontal alignment and then by studying on the centerline
ground profile will try to establish a vertical alignment. If the time permits, the designer would
calculate the earthwork volumes and the cost and then reconstruct the vertical alignment and
recalculate the volumes and the earthwork cost again. This process could be repeated a number of
times but the designer would never be sure whether the vertical alignment with minimum cost would
have been achieved or not. The level of success in selecting a satisfactory low cost alignment would
be directly dependent on the experience and the skill of the designer. However it is sure that the
success cannot be ascertained without using an efficient optimization process.

There are several researches in the literature summarized in Chapter 2 that aim to optimize the vertical
alignment for a given horizontal alignment. But, the earthwork volume calculationsin all these studies
are based on the difference between the centerline ground profile and the grade line profile which is
referred as the vertical alignment. Since the calculations of volumes in this manner are very rough, the
optimization based on these volumes will also be rough and sometimes be seriously erroneous.

The purpose of this study is to create a useful, fast and applicable vertical alignment optimization
method based on precise earthwork volume calculations. As discussed before, the aternative
horizontal alignment and the template (cross section assembly) of the highway segment is assumed to
be fixed beforehand and there are no highway bridges and tunnels between starting and end points of
the alignment. The optimization will start on a base case where the vertical alignment is constructed
by the designer. The objective function of the optimization process will only include earthwork costs,
namely excavation, embankment and earthwork transportation costs. As discussed above, the
variations of other probable cost factors, namely user costs and benefits which may dightly change in
relation to the vertical alignment are not considered within the scope of this study.

In order to clarify the parameters and basis of calculations in this study; the geometric design of
highway, the highway alignment, and the earthwork cost calculation subjects are summarized in the
following sections.

1.2. GEOMETRIC DESIGN OF HIGHWAY

Geometric design of highways includes specifying the horizontal and the vertical alignments and the
cross sections conforming to the design class and the selected standards.

1.2.1. HIGHWAY ALIGNMENT

Highway alignment is represented by the centerline of the highway route formed by straight lines and
curves. Although highway alignment is a three-dimensional (3D) problem, in practice, it is reduced to
two-dimensional (2D) alignments, namely, horizontal and vertical alignments.

For any selected design class and standards, the design speed is fixed and there are well defined
design controls and criteria set forth to design a safe and comfortable operating highway.

The horizontal alignment is composed of straight portions and curves connecting them. Figure 1
demonstrates a horizontal alignment between terminal points A and B composed of straight lines and
simple circular curves. The task is simply locating the centerline of the proposed highway on the plan
view, considering the design standards. The horizontal alignment should also be compatible with the
land use and the topography. The curves may be simple circular, or combination of transition curves
and circular curves.
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Design criteria are applied for horizontal curves and superelevation applications. In this stage, the
designer will establish aternative horizontal alignments conforming to the standards and the
congtraints of the land use and topography. The efficiency is directly proportional to the designer’s
talent and experience.

After the horizontal alignment is fixed, the next stage is to establish the vertical alignment. The class
and the standards of the project determine the maximum and minimum grades and the limitations for
vertical curves. The vertical curves should satisfy the sight distance and comfort requirements for the
design speed. For vertical alignment, first the ground profile along the horizontal alignment is created
by reflecting the centerline elevations from the topographic map and then the vertical alignment is
formed by drawing straight lines and placing parabolic vertical curves between crossing grade lines.
These features of vertical alignment are shown in Figure 3 and Figure 4.

ELEVATION

L: Vertica Curve Length T
PVC: Point of Vertical Curve -

PVI: Point of Vertical Intersection i
PVT: Point of Vertical Tangency -
G1: Roadway grade that approaches the PVC -

G,: Roadway grade that leavesthe PVT P

Figure 4. Geometry of parabolic vertical curve



1.2.2. CROSS SECTION

The template specifying the right of way width, the number of lanes, shoulder widths, ditches, cut-fill
dopes and walkways are prepared by the designer. A typical cross section for a 4-lane divided
highway isillustrated in Figure 5.

WALKWAY‘ ‘ TRAVEL LANES ‘ ‘ TRAVEL LANES
SHOULDER MEDIAN SHOULDER

Figure5: A typical cross section of a 4-lane divided highway

After generating the cross sections at definite intervals along the alignment, earthwork volumes can be
calculated. In usual practice, first the cut and fill areas of the cross sections are calculated and then by
using appropriate geometric models, the cut and fill volumes from station to station are calculated.
Then the designer prepares the volume sheet to calculate the cumulative cut and fill volumes.

1.3. DESIGN SOFTWARE

Complexities of the highway design works and time limitations force the engineers to make use of
computer software. The design software provides the designer very high flexibility to modify the
design at any time very quickly.

The process of designing a transportation facility with a design software package usually begins with
the preparation of the terrain file of the region where the highway is expected to pass. The terrain file
isadigital model of the topography of the region. The CAD program can display the digital terrainin
different styles as well as a topographic map with contour lines to enable the user to visualize the
terrain of the region. Once this file is ready for use, the user can immediately generate trial horizontal
and vertical alignments. The user also defines template cross sections by selecting the geometric
features of the cross section.

Whenever the horizontal and vertical alignments and the cross section templates are fixed, the three-
dimensional model of the project can be formed by the software. The software can also develop the
cross-sections at all specified locations. Design software has the capability to revise the design rapidly
and this is the main feature of the software. Whenever the design is revised the outputs are
recalculated quickly, alowing the designer to try more alternative alignments. An example of
highway design model displayed by CAD software is shown in Figure 6.



Figure 6: A sampleisometric view of a highway design model generated by CAD software

1.4. EARTHWORK COSTS

Earthworks on a highway design contain all the cutting, filling and hauling of soil materialsin order to
establish the road base platform on the ground surface.

Cutting costs are incurred when the design road profile is lower than the ground profile. Filling costs
are the costs of forming the embankments when the road profile is above the ground level. Although
the unit price of excavation may vary with depth of cut and soil type, these costs are basically
functions of the volume of earth moved. Transportation costs for hauling soil from borrow pits and/or
to dumping sites are also involved. (Chew et al. 1989)

Earthwork costs are highly dependent on the soil characteristics at site. In Turkey, cut and fill unit
prices are calculated per m® of soil for different soil and excavation types. According to the unit price
list of General Directorate of Highways (Karayollar Genel M drl , 2012), the unit price of cut is
exactly the unit price of excavation of the soil, and the unit price of fill covers both the unit price of
guenching and compaction of the soil when the cut materials with suitable soil quality are used in
embankments. If additional materials are needed in embankment then the excavation cost of materia
at borrow pit should be added to the fill cost. The price list of General Directorate of Highways for
earthworks for the year 2012 isgivenin Table 1.



Table 1: Pricelist of General Directorate of Highways, Directorate of Construction and

Consultancy Tenders Section (Karayollar Genel M d  rl

, 2012) for earthworks

EARTWORKSPRICE LIST

UNIT
ITEM NO DEFINITION UNIT PRICE (TL)

K GM/15.001/A Cu'g of all types of soil W|th excavator and usage m? 219
(soil from cut or close locations)

K GM/15.001/B Cu'g of all types of sc_)|l with excavator and usage m? 193
(soil from Borrow pit or to dump)

K GM/15.004/A Cu'g of all types of soil W|th bulldozer and usage m? 171
(soil from cut or close locations)

K GM/15.001/B Cu'g of all types of sc_)|l with bulldozer and usage 3 145
(soil from Borrow pit or to dump)

KGM/15.005 | Cut of weak soil (botanik etc.) and usage ° 1.33

K GM/15.006/A Cut of loose rock W|th_ excavator and usage (soil 3 304
from cut or close locations)

K GM/15.006/B Cut of loose ropk with excavator and usage (soil me 278
from Borrow pit or to dump)

K GM/15.009/A Cut of loose rock W|th_ bulldozer and usage (soil me 291
from cut or close locations)

K GM/15.009/B Cut of loose ropk with bulldozer and usage (soil me 265
from Borrow pit or to dump)

K GM/15.010/A Cut of soft rock with excavator and usage (soil me 540
from cut or close locations)

K GM/15.010/B Cut of soft rock with excavator and usage (soil m? 514
from Borrow pit or to dump)

K GM/15.013/A Cut of soft rock with t_)uIIdozer and usage (soil m? 531
from cut or close locations)

K GM/15.013/B Cut of soft rock with bulldozer and usage (soil m? 505
from Borrow pit or to dump)

K GM/15.014/A Cut of hard rock with excavator and usage (soil m? 6.04
from cut or close locations)

K GM/15.014/B Cut of hard roc_k with excavator and usage (soil m? 578
from Borrow pit or to dump)

KGM/15.017/A Cut of hard rock with _buIIdozer and usage (soil me 505
from cut or close locations)

K GM/15.017/B Cut of hard roc_k with bulldozer and usage (soil me 569
from Borrow pit or to dump)

K GM/15.018/A Cu’g of very hard rock with excavator and usage me 6.45
(soil from cut or close locations)

K GM/15.018/B Cu’g of very hard roc_k with excavator and usage me 6.19
(soil from Borrow pit or to dump)

K GM/15.023/A Cu’g of very hard rock with _bulldozer and usage me 6.36
(soil from cut or close locations)

KGM/15.023/B Cu’g of very hard roc_k with bulldozer and usage me 6.10
(soil from Borrow pit or to dump)

KGM/2205 Quenching and compaction of all types of soil m 1.49

KGM/2206 Quenching and compaction of all typesof looserock| m® 0.80

KGM/2207 Compaction of all types of rock m 0.25

, 2012).

Unit prices of hauling, and transportation of waste and borrow materials are calculated by the relations
given by Genera Directorate of Highways (Karayollar Genel M drl




Therelation for the unit price of hauling up to 10.000m distance is given by:

D

Where,
: unit price of hauling (TL/m3)
> unit price constant (yearly published by KGM, 176 for year 2012,

: isthe weighted average of square roots of mean hauling distances determined from
mass haul diagram.

Therelation for the unit price of transportation of waste and borrow up to 10.000m distanceis:

@)

Where, and define prices of trasnportation of waste and borrow respectively in
TL/m®. K and ~ areasdefined Eq. 1.



CHAPTER 2

LITERATURE REVIEW

2.1. STUDIESON HIGHWAY ALIGNMENT OPTIMIZATION

Vertical alignment design of a highway has a major effect on the safety, construction cost and
operation cost of a highway. The importance of the optimum design concept was realized and the
subject was studied since the 1960s with the increase in the usage of computers.

Theoretically, highway alignment optimization problem involves an infinite number of alternatives to
be evaluated. In some previous applications the optimization problem was formulated as a cost
minimization problem in which cost functions were non-differentiable, noisy and implicit. Thus, it is
inevitable to use fast and efficient search algorithms to solve such aproblem (Kim et al., 2005).

At the earlier studies on optimization of horizontal and vertical alignments simultaneously, Chew et
al. (1989) has used numerical research while calculating the earth volumes from a basic cross section.
Whereas on later studies the earth volumes are calculated from profile view, which do not account any
cross sectional areas. Some of these are; Kim et al (2002, 2004, 2007) with stepwise genetic
algorithms and with genetic algorithms, Jha and Schonfeld (2004) with genetic algorithms. In the
study of Easa (1988) on optimization of vertical alignment of highway, a simple cross-section
template was used for calculating the earthwork volumes in the solution with linear programming.
Some other vertical alignment optimization studies in which the earth volumes are estimated from
profile view are; Goh et a. (1988) with dynamic programming and state parameterization model,
Moreb (1995) with linear programming, Fwa et al. (2002) with genetic algorithms and G ktepe et a
(2005) with dynamic programming.

The earthwork volumes calculated from profile view can lead the progress to very rough and
sometimes seriously wrong alignment analysis. To obtain more efficient results, G ktepe et al. has
developed Weighted Ground Line Method on vertical alignment optimization studies (G ktepe et
al. 2003, 2004, 2005, 2009) by locating the vertical alignment on the volume centers of the cross
sections. Still the most precise work can only be supplied by calculating the earthwork volumes from
the design templates.

The optimization methods of those studies in literature are successful within their scopes. However,
none of them would be adequately used efficiently in a rea life design process, because of the
complexity of creating the required model assembly, the volume calculation method from centerline
profile view and the disadvantages listed in this chapter.

2.2. OPTIMIZATION METHODS

Optimization is the process of maximizing or minimizing a desired objective function while satisfying
the prevailing constraints (Belegundu and Chandrupatla, 1999). Optimization of highway alignment is
anon differentiable, complex and multivariable problem.



The traditional theoretical optimization techniques require the problem to be formulated
mathematically. This requirement presents a severe limitation in applying the techniques to solve the
vertical alignment problem. In a real-life highway design problem, not al constraints and
requirements can be easily quantified mathematically. Varying ground conditions from one road
segment to another and special discrete controls or constraints in specific points make mathematical
modeling by the conventional optimization techniques extremely difficult.

Kim at al. (2005) summarized the studies on highway alignment optimization and the deficiencies of
the existing highway alignment optimization methods as given in Table 2 and Table 3.

Table 2: Studies on highway alignment optimization (from Kim et al., 2005)

Target for Types of References

optimizing approach
Calculus of Wan (1995), Howard et al. (1968), Thomson and
variations Skyes (1988), and Shaw and Howard (1981.1982)
Network OECD (1973). Turner and Miles (1971),
optimization Athanassoulis and Calogero (1973), Parker (1977),

Horizontal and Trietsch (1987a,b)

alignment Dynamic Hogan (1973) and Nicholson et al. (1976)
programming
Genetic Jong (1998)
algorithms
Enumeration Easa (1988)
Dynamic Puy Huarte (1973), Murchland (1973), Goh et al.
programming (1988), and Fwa (1989)

Vertical Linear ReVelleet a. (1997) and Chapra and Canale (1988)

alignment programming
Numerical Hayman (1970), Goh et al. (1988), Robinson (1973),
search Fwa (1989), and MINERVA (OECD, 1973)
Genetic Jong (1998)
algorithms
Dynamic Hogan (1973) and Nicholson et a. (1976)
programming
Numerical Chew et al. (1989)

Horizontal and | research
vertical alignment -
simultaneously Two-stage Parker (1977) and Trietsch (19874)

optimization
Genetic Jong (1998), Jha (2000) and Kim (2001)
algorithms
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Table 3: Deficiencies of the existing highway alignment optimization methods
(from Kim et al., 2005)

M ethods Deficiencies

Calculus of variations Requires differentiable objective functions
Not suitable for discontinuous functions
Tendency to get trapped in local optima

Network optimization Outputs are not smooth
Not suitable for continuous search space

Dynamic programming Outputs are not smooth

Not suitable for continuous search space
Not applicable for implicit functions
Requires indepencies among subproblems

Enumeration Not suitable for continuous search space
Inefficient
Linear programming Not suitable for non-linear cost functions

Only covering limited number of points for gradient
and curvature constraints

Numerical search Tendency to get trapped in local optima
Complex modeling
Difficulty in handling discontinuous cost items

The very large number of feasible vertical alignment solutions in a typical highway design problem
also renders most conventional optimization techniques unsuitable for practical applications of road
alignment analysis (Fwaet a. 2002).

For a real life highway optimization problem, there exists infinite number of possible vertical
alignments. Even for a 1km length highway segment within the vertical grade limit of 6%, assuming
one PVI at every 200m horizontal distance and 1m elevation grids, there exist 25+49+49+25=148
possible PVI locations. Thus, there exist 25x49x49x25=1,500,625 possible vertical alignments. The
possible PVI locations are demonstrated in Figure 7.

6 % 6 %

PR

ELEVATION

6 % 6 %
1H/5V Exaggerate
0Om HORIZONTAL DISTANCE 1000 m

Figure 7: The possible PVI locationsfor a 1000m highway piece for 6% grade limitation
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Because the formulation of the earthwork volume calculation is very complicated, it is not practical
and possible to reach the absolute optimal solutions in real life problems. In this respect, heuristic
algorithms are considered as the efficient solution tools since they lead to an approximate but often
satisfactory solution in tractable time. Genetic Algorithms, Tabu Search and Random Search are some
of the well-known heuristic methods. On all of the heuristic methods, samples for comparison are
created either by modifying only the first sample or some other samplesindividually.

In this study, the first sample or the base case vertical alignment is the one that the design engineer
constructs. So that the geometric features like the gradients, the locations and lengths of vertical
curves and approximate locations of tunnels or intersections are already determined manually. The
base case vertical alignment is defined by the locations of PVI s of the designer s initia vertica
alignment. To create the sample space, the locations of PVI s are atered within a framework where
the neighbor points around old PVI s are defined by shifting them both in station and elevation. By
this means a stepwi se bounded direct search method is utilized to optimize the vertical alignment.

Direct search algorithm is very generic, simple and any time algorithm. It isiterative and starts from a
previous solution, examines all the neighbor sample space and chooses the best one among the new
solutions. The algorithm terminates either when it reaches the best among all the neighbors, or when it
reaches the specified number of steps. In this study, the algorithm stopped when the best sample is
detected.

Besides the advantages of the direct search algorithm, there are some disadvantages like; the result is
strongly dependent on the initial sample, and there is a high probability of getting trapped into local
minimum or maximum. In this study, the sample space is directly dependent on the initial base case
solution of the design engineer but it is not a disadvantage since the purpose is to find the optimum
solution close to the designer sinitial solution. The sample space searched for the optimum solution is
going to be bounded to include the vertical alignment solutions that meet the design criteria. On the
other hand the method will be applied in stepwise manner with varying station and elevation shift
distances, normally reducing the magnitude of the shift in every successive step in order to minimize
the probability of getting trapped into alocal minimum.

In order to work on a usable and practical methodology, al the earthwork volumes should have been
calculated from the volume difference of highway surface and ground surface; directly or traditionally
by cross section work. For that reason; to calculate the volumes and the costs correctly; a CAD
program, namely the AutoCAD Civil 3D, is selected as the working platform.

Today in highway design works, designers prefer to use CAD programs by which the highway can be
modeled in two-dimensional plan view and two-dimensional profile view and also a three dimensional
view and these models can be displayed to the user for interactive working. The AutoCAD Civil 3D
software, which is a universally well-known CAD program with the integrated highway design
module, is chosen as the working platform for optimization process of this study.

Before and after each step, the mass haul diagram for every solution is to be constructed and
earthwork transportation costs are calculated separately by considering economic hauling strategy. By
summing up the earthwork transportation cost and the cut and fill costs at the end of each step, the
effect of the variation of earthwork transportation is aso included as a cost parameter in the
optimization process.
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CHAPTER 3

METHODOLOGY

To minimize the earthwork costs, the simple direct search is applied in stepwise manner. The Method
of Hooke and Jeeves (Basic Optimization Methods, 1 984) is adopted to the study by repesting the
selection and the exploration phases until the solution for the final step is achieved.

First, the initial exploration is carried out for the neighbor points generated around the first Point of
Vertical Intersection (PVI) by shifting it with specified horizontal and vertical distances. The first PVI
is moved to the neighbor point which releases the lowest cost among all. The same process is applied
for all PVI points in sequence. The process is repeated starting from the first PVI every time until no
more cost reduction can be achieved for the specified vertical and horizontal shifts. The procedure up
to this point is counted as the first step. The earthwork transportation cost is also calculated at the end
of the first step to include its effect. After the completion of the first step with the initial vertical and
horizontal shift distances, the vertical and horizontal shift distances are reduced and the whole process
is repeated. Depending on the accuracy needed the process can be repeated several times. The flow
chart for the method is givenin Figure 8.

Set base PVI locations
Define the Vertical and
Horizontal Shift Distances

Select the
cheapest solution

Select PVI —m= Make exploration — = —mm=  Move PVI

Next PVI

Start Again from
the First PVI

Start Again from the First

PVI, change Shift Distances
Yes

Figure 8: Flowchart of stepwise direct search technique used
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3.1. OBJECTIVE FUNCTION

The objective function for the optimization process is to get minimum total earthwork cost. The
earthwork costs are calculated by the relations given in Eg. s 3to 9.

where;

where;

where;

where;

where;

where;

where;

HS . 1H'S( D%. DS

$ ¢ istheearthwork cost,

$( isthecut cost

$ ., isthefill cost

$  _ istheearthwork transportation cost

$¢ /¢ (

/ ¢ isthecut volume
(¢ istheunit price of cut per m*

$ / = ~ 2/ o o(

/ ~. isthefill volume
« isthe unit price of fill per m*
/ o istheborrow pit excavation volume
o¢ isthe unit price of borrow pit excavation per m°

$1 - $ ) $ P

$ isthe hauling cost
2 3547 iSthe waste material carriage cost
2 gg:-9: iStheborrow material carriage cost

$ /
/ is the hauling material volume
isthe unit price of hauling per m® (from formula 1)
2 34567 < 34567 — 34567

< 34567 iSthe waste material volume
= 3457 ISthe unit price of carriage per m® (from formula 2)

$89::9; /89::9; 89::9;

/ g9::9- istheborrow material volume
89::9- IStheunit price of carriage per m® (from formula 2)
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The unit prices of cut and fill (= ,»; and = 4 ) are selected according to the soil type and excavation
type from unit price list. Also borrow pit excavation cost is included to the fill cost in cases when
additional materia is needed after the consumption of usable cut materials. The transportation cost
(2 4-ac5p9-6 ) IS calculated by multiplying the transported earth volumes determined from mass-haul
diagram by the unit prices calculated by the relations given as Eq.1 and EQ.2 using the overall average
haul distance, the average distance to waste area and the average distance to borrow pit.

3.2.VARIABLES

To minimize the objective function, the variables defining the vertical alignments are the locations of
PVI determined by their elevations and station Km s. For simplicity, the locations are expressed by
the coordinates x and y as shown in Figure 9.

PVI, (X,¥4)

PVIZ (XZ’Y2)

! PV, (X5,Y5

—> ELEVATION (y)

—> STATION (x)

Figure 9: Variables defining vertical alignment; x;, y;

3.3. VERTICAL AND HORIOZONTAL SHIFTS

The location of any PVI can be altered by changing its elevation or station, or both. 8 neighbor points
are created for each PV by adding and subtracting the selected vertical and horizontal shift distances,

x and y to the coordinates of the PVI. The generated neighbor points around PVIs are
demonstrated in Figure 10.

— ELEVATION (y)

— STATION (x)

Figure 10: Neighbor points
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In order to select efficient and meaningful shift distances, x and vy, for the steps of optimizing
process, the variation of earthwork cost by moving the PVI s by different x and y values should be
studied. For this purpose, a virtual highway design of 1 km length with a vertical alignment with 3
PVI siscreated. Thisvirtual highway isalso studied in detail in CHAPTER 6 as Virtual Road 1: Flat
Terrain and will be also called as Study road th roughout this chapter. The horizontal and vertical
alignments of the study road are shown in Figure 11 and Figure 12.

“

Figure 11: Study road horizontal alignment

>

P

o PVI, (X,Y,)

—

< \/‘\_—_‘f_?_’
> PVI,(c5y9

d PVI, (x.,.y,)

—> STATION (x)

Figure 12: Study road vertical alignment

First, the PV locations are changed by moving them in negative and positive x directions with the
horizontal shift distances sequentially increased by 1m intervals and the earthwork costs are cal culated
for each new PVI position. The cost variations for al three PVI s are illustrated in Figures 13 to 15.
As can be observed from the figures, there are local minimum and maximum points making the graph
fluctuating. As a precaution, step size of x of the first step should be selected large enough to avoid
getting trapped into those local points.
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Figure 13: Earthwork cost variation of the study road with the movement of PVI; in horizontal
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Figure 14: Earthwork cost variation of the study road with the movement of PV, in horizontal
direction
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Figure 15: Earthwork cost variation of the study road with the movement of PVI3in horizontal
direction

The same process is applied to all three PVI s in vertical direction with variable y distances also.
Similarly, each PVI is relocated by moving both downwards and upwards with increasing vy
distances by 0.1m intervals up to 1m, and 1m intervals up to 10m sequentially. The cost variations for
al three PVI sdue to change in elevations are ill ustrated in Figures 16 to 18. Unlike the x search, the
local minimum and maximum points are nearly not observed within 10minterval.
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Figure 16: Earthwork cost variation of the study road with the movement of PVI, in vertical
direction
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Figure 17: Earthwork cost variation of the study road with the movement of PVI, in vertical
direction
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Figure 18: Earthwork cost variation of the study road with the movement of PVI3in vertical
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Results of the investigation on the variation of cut and fill cost with the change of shift distances
showed that the change in the elevation (y) of the PVI has a greater effect in comparison to the change
in the station (x) of the PVI. For the x values up to 50 m, costs varied between 420.000 TL and
435,000 TL. On the other hand, with a change of 8m in elevation results in a cost value exceeding
500,000 TL. Based on these results, it isreasonable to choose y values smaller than x values.

For the study road, generally the cost is increased when the PV s are shifted to new locations with  x
greater than 20m and y greater than 5m on both positive and negative directions. On the other hand,
when PVI s are shifted with  x smaller than 2m and y smaller than 0.1m, the change in the cost is
very small and can be considered as negligible.

3.4. SELECTION OF THE VERTICAL AND HORIZONTAL SHIFT COUPLES

Since x- y couples should be selected for the successive steps of the optimizing process, it is
required to investigate the variation of the cut and fill costs by shifting the PV s both in vertical and
horizontal directions simultaneoudly. For this purpose, based on the results of the prior investigation
above, 6 x- y couples given in Table 4 are chosen to create meshes for every PVI as shown in
Figure 19.

Table 4: Trial mesheswith various shift couples

X (M)
y (m)

Figure 19: Mesh structure

In Figures 20 to 22, each of the 8 radial directions symbolizes the increasing cost from center to
outside for every neighbor point of each PVI. And the costs calculated for each mesh is represented by
an octagon with a different color created by connecting the costs observed at neighbor points.
Moreover, in order to make a comparison, theinitial cost is represented as an extra octagon.
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It is observed that the changes in the excavation and embankment costs for mesh 6 are very low being
less than 1% of theinitial cost. Such a small change in the cost can be evaluated as insignificant. Asa
result, for second and third steps, meshes 4 and 5 are selected respectively.

Even though for different problems efficient mesh sizes might come out to be different, meshes 3, 4
and 5 are going to be used for all the vertical alignmentsin this study. Since the optimizing processes
will be applied continuously until no more cost reduction is achieved, the accuracy attained by using
the shift distances of mesh 5, namely 5.0m in horizontal direction and 0.5m in vertical direction can be
considered as adequate. In case of hesitation, mesh 6 with 2m of x and 0.1m of y or a completely
different mesh can always be used for an additional step (step 4) of the optimizing process. From this
point on, meshes 3, 4 and 5 will be called as Cour se Mesh, Fine Mesh and Finest Mesh
respectively as identified in Table 5. And these 3 meshes will be used sequentially in 3 steps of the
optimization process.

Table 5: Selected meshes with definite shift couples

X (M)
y (m)

3.5. COMBINATORIAL CASE COMPARISON

The selected PVI moved to the predetermined 8 neighbor points one by one in sequences and the costs
are recalculated for al 8 new locations. The one that gives the minimum cost among 9 solutions
(initial plus 8 runs) is selected as the new PVI position for the next base vertical alignment. The
process is applied for every PVI and the new base vertical alignment is established by the new
locations of al PVIs. For the study road, a possible second base vertical alignment that can be
achieved after 27 (9+9+9) runsis shown in Figure 23.

PVI, (x;Y2)

PVI,(X5Y5)

PVL'(x.y.)

—> ELEVATION (y)

—> STATION (x)

Figure 23: Sample PVI locations of study road after first step

For an alignment with 3 PVI s and the selected mesh, although the total number of possible solutions
is 729 (9x9x9) within one step for all neighbors of al PVI s, the number of possible solutions is
reduced to 27 (9+9+9) by making the search sequentially as explained above. It was necessary to
evaluate the loss in accuracy by reducing the sample space in this manner. For this purpose, the costs
for all the 729 combinations of the neighbor points are calculated with the coarse mesh around 3
PVI s of study road. The solutions are presented in Figure 24 so that the cost effect of the movement
of 3 PVI scan be examined.
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For the study road with the cost of 424,259.45 TL for the base case vertical aignment, the
combinatorial and sequential processes were repetitively applied for all three steps of the optimizing
process. The optimization was ended up after 8748 runs when all combinations are searched whereas
only 405 runs were utilized for the sequential search. For both cases the run numbers in each step and
the minimum costs obtained for each step are tabulated in Table 6. The difference between the
minimum costs of the final solutions is less than 1%. This result indicates the success of the
optimizing process. It should be kept in mind that the success level would be different for different
problems. Also the final vertical alignments after continues 3 steps of optimizations for both
combinatorial and sequential cases are shown in Figure 25.

Table 6: Comparison of theresults of combinatorial and sequential cases

COMBINATORIAL CASE

M ESH | RUNS | REV.COST(TL) | % of INITIAL

SINGLE ONE STEP
COARSE MESH | 729 | 369,451.30 | 87.08
CONTINUOUS ONE STEP
COARSE MESH | ax729 | 362,351.16 | 85.41
CONTINUOUS THREE STEPS
COARSE MESH 4% 729 362,351.16 85.41
FINE MESH 2x 729 356,492.25 84.03
FINEST MESH 6x 729 354,680.77 83.60

TOTAL 8748 RUNS 354,680.77 TL 83.60 %

SEQUENTIAL CASE

M ESH | RUNS | REV.COST(TL) | % of INITIAL
SINGLE ONE STEP
COARSE MESH | 27 | 370,945.87 | 87.43
CONTINUOUS ONE STEP
COARSE MESH | x| 368,949.24 | 86.96
CONTINUOUS THREE STEPS
COARSE MESH 7% 27 368,949.24 86.96
FINE MESH 3x27 350,968.30 84.85
FINEST MESH 5x 27 357,297.43 84.22
TOTAL 405 RUNS 357,297.43 TL 84.22%
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Figure 25: The vertical alignments obtained after continuous thr ee steps of optimization, asa
result of combinatorial and sequential processes.

3.6. THE EFFECT OF THE BASE CASE VERTICAL ALIGNMENT

In this study, the initial base case is assumed to be selected by the engineer in accordance with the
design standards. The method adopted herein does not necessitate changing the curve lengths.
Additionally, the module automatically eliminates the sample profiles with grades exceeding the
specified maximum. Also the sample profiles with vertical curve conflicts are discarded by the
system. Therefore the sample space for solutions will only include vertical aignments conforming to
the adopted specifications.

On the other hand, the final solution will obviously be dependent on the base case vertical alignment
constructed by the designer. Since the methodology adopted herein does not allow any change in the
number of PVI s, all of the solutions will contain the same number of PVI s. In other words, the
optimum vertical alignment reached will be the optimum one for the sample space bounded by the
number of PVI s of the base case profile. Therefore the optimizing method used herein can be thought
to be afine tuning of theinitial sample profile.

To evaluate the method s sensitivity on the base case profile, an investigation was conducted with 10
design engineers. These engineers were asked to design a vertical alignment with 3 PVI s for the
given topography and the horizontal alignment of the study road by trying to minimize the earthwork
cost.

Two different tendencies were observed in the initial design. 5 of the designers preferred to stick the
surface as much as they can by steeper grades, whereas the other 5 drew smoother grade lines while
trying to balance the cut and fill volumes. These designers and their initial alignments are represented
by two groups; the initial vertical alignments closely fitting to the surface profile are called Group 1,
and theinitial vertical alignments with smoother grades are called Group 2.

In Group 1; two engineers have almost 1 year of experience in highway design, and other three
members have experiences of 3,6 and 16 years. Also in Group 2; three engineers have 1 year of
experience and other two members have 8 and 30 years of experience in highway design. The initial
alignments of Group 1 and 2 are shown in Figure 26 and Figure 27 respectively.
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Figure 26: Initial alignments constructed by designersin Group 1
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Figure 27: Initial alignments constructed by designersin Group 2

The sequential optimizing process is applied to al those 10 initial alignments. The fina optimized
alignments of Group 1 and 2 are shown in Figure 28 and Figure 29 respectively.
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Figure 28: Optimized alignments of the designersin Group 1
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Figure 29: Optimized alignments of the designersin Group 2

Since the initia PV locations were selected independently by the designers, it was not possible to
reach exactly the same fina alignment for all the alternatives by using the same mesh sizes. On the
other hand, the costs of the optimized alignments are very close to each other in Group 1 and Group 2
separately. The overall sengitivity of convergence is directly related to the shift distances of finest
mesh. The progresses in cost reductions through the optimization steps for each designer s alignment
are shown in Figure 30 and Figure 31, for Groups 1 and 2 respectively.

COST (TL)
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Figure 30: Cost reductions achieved by optimizing the alignments of designersin Group 1
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Figure 31: Cost reductions achieved by optimizing the alignments of designersin Group 2

For the initial alignmentsin Group 1, the average cost is409,082.23 TL with a difference of 36,648.64
TL between the highest and the lowest. After three step of optimization, the costs of the final solutions
lay between 357,297.43 TL and 358,857.79 TL.

On the other side, the costs of the initial alignments in Group 2 vary between 403,307.72 TL and
450,010.58 TL, with a difference of 46,702.86 TL between the highest and the lowest. At the end of
three steps of optimization, the average cost of the optimized alignments becomes 364,711.22 TL with
the maximum and minimum values of 366,836.15 TL and 363,153.05 TL respectively.

The optimization process provided cost reductions varying between 9.04 to 19.08 % for al of the
initial designs. For different initial vertical alignments constructed by the designersinvolved in the
study, it isobserved that the cost and alignment differences become smaller and smaller after each
step of the optimization process. For the study road, the designs from different designers
in Group 1 are converged significantly. Besides, the optimized designs of Group 2 are considerably
different from each other. Although only one horizontal alignment is used in this investigation, the
results showed that the method is highly dependent on the initial base case alignment. Thisis expected

since the method suggested herein is a fine tuning technique developed with an adopted heuristic
algorithm.
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The shift distances of finest mesh, which determines the sensitivity of the optimization process, are
selected to get the minimum cost reduction value by around 1%. Certainly, the convergence level may
be increased by adding more optimization steps with additional smaller shifts.

3.7. LONG CORRIDOR PERFORMANCE

In spite of the fact that, AutoCAD Civil 3D has no limit for the corridor length, the capacity of the
current personal computers may not be adequate to complete the optimization process at once for very
long highway segments. As the length of the highway segment increases, the modeling process of
each run necessitates higher and higher computer memory and longer run time, which may result in
computer errors. To select an efficient highway length for optimization, highway segments of 10, 50
and 100 km lengths were studied. The process started successfully for each design, but for 50 and 100
km highway segments it ended up with an error due to lack of free computer memory. Although the
performance of the operations on highway models are also dependent on other factors, like the surface
model detail, cross section type and the highway alignment characterigtics, it is advised to divide the
long highwaysto 10 km length segments in order to not to face with computer capacity problems.

Another critical point that can affect the highway length limit for optimization processis the record of
temporary files. The software records one temporary file after every change in the highway model
while working. While undo option of AutoCAD Civil 3D is active, the software records those
temporary files to the temp folder in the hard disk of the computer. One system file created and
recorded to the disk after every run of the optimization by a change in a single PV1. Due to the folder
size limitations, the software stops with an error after 825 runs. This indicates that for an alignment
with 10 PV1 the possible number of optimization sets for one mesh is simply reduced to 9 which count
for 10x9x9 = 810 runs. On the other hand, the possible run number can be significantly increased by
turning the undo option to off. While the undo option is inactive, the software only works with the
cache memory. By using a computer with 8GB of RAM, the maximum number of runs observed as
8189 which allows a total number of 45 optimization sets on an alignment with 20 PVI in one step.
Such a performance can be considered sufficient for a 10 km length of highway design.
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CHAPTER 4

THE MODULE EARTHWORKER

The module EARTHWORKER was created in Visual Basi ¢ programming language within the
AutoCAD Civil 3D platform. The code of the module is given in APPENDIX A.

The module creates a sample space to apply the direct search method explained in Chapter 3. The
module extracts the volume data for each sample solution from AutoCAD Civil 3D platform to
calculate the earthwork cost. The stepwise direct search method was applied by running the module
three times with three meshes to optimize the vertical alignment of a given highway project. The user
interface shown in Figure 32 is prepared to enter data and control the module.

EARTHWORKER x|
— COST FACTORS — CURREMT
CUT{TL/m3):  FILL {TL/m3): EARTH TRANSFORT CUT VOL. {m3): cuT)|
{TL/m3) {TL/m3) COST (): {m3)
CUT MATERIAL BORROW EXCAVATION cer | GUT COST (L) cuT]
USAGE RATIO%): PRICE (TL/m3): PuicosT: [
| o | o -
TOTAL EARTHWORK COST {TL):
— TUNING O | oTAL|
STATION ELEVATION MAXIMUM
SHIFT {m) : SHIFT (m) : GRADE (%) :
E E |
— PVIset — REVISED PVI st
STATION {m)  ELEVATION {m) STATIOM {m) ELEVATION {m)
1z 0 | o BVL 1:
pura:| © | o PV 2:
pur 3| © | o PVI 3
pur4:| 0 | 0 PVI 4
RUN
pvrs:| 0 | o PVI 5
purs:| © | 0 PVI 6
izl 0 | 0 PV 7:
purs:| © [ 0 _— PVI 8
— REVIZED
CUT YOL.(m3): CUT| CUT COST {TL): CUT| TOTAL EARTHWORK COST (TL):
FILL VoL, {m3): FILL| FILL COST {TLY: ST OTAL|
— TIME
Start: Finish; Total Runs; Session Starts
| | | | | | 18-Dec-12 13:31:48/

Figure 32: Theuser interface
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The module first calculates the total earthwork cost of the initial vertical alignment. Then the
optimization algorithm is applied by altering the locations of the selected PV s with specified shift
distances, xand v, of selected mesh.

The required inputs to the module are as follows:

NougkMwbheE

Cut and fill unit prices,

Usable cut material ratio for fill,

Borrow pit excavation unit price,

Earthwork transportation cost calculated from mass-haul diagram,
Shift distances for elevation and station of PVIl's, xand v,
Maximum allowable vertical grade,

Initial coordinates of PVI s, (Xj, ;).

The outputs can be listed as follows:

o0k wpdpE

Cut and fill volumes of the initial and revised vertical alignment,
Cut and fill costs of the initial and revised vertical alignment,
Total earthwork cost of the initial and revised vertical alignment,
Revised coordinates of PVI s (x{, yi),

Start and finish time,

Total number of runs.

There are two operations available in the module under GET and RUN buttons. Clicking the
GET will provide the calculation of the earthwork cost by using the input unit prices and the initial
earthwork volumes that are calculated and stored by the AutoCAD Civil 3D. The RUN operation on
the other hand activates the module to perform the optimization by direct search method explained in
Section 3. The flow charts of the processes activated by GET and RUN buttons are given in
Figure 33 and Figure 34.

GET FUNCTION (CURRENT CONDITION)

4 Obtain:
-unit prices and earth
transport cost identified
g by the user

Accessing application
and document objects of
AutoCAD Civil 3D

Define: A
-Volume Surface

Obtain:

-cut and fill volumes Y,

. _

H

Calculation of:
-Cut Volume and Cost J

-Fill Volume and Cost
-Total Earthwork Cost

Figure 33: Flowchart of GET
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RUN FUNCTION (OPTIMIZE)
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-Run Counter =0

Accessing application
and document objects of
AutoCAD Civil 3D
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Figure 34: Flowchart of RUN
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CHAPTER S

PROCEDURE

In order to apply the optimization process explained in Chapter 3, the alternative horizontal alignment
should be completed and the trial vertical alignment should also be formed in AutoCAD Civil 3D
platform. The execution of Earthworker module cal culates the excavation and embankment costs.
The earthwork transportation cost for any solution should be calculated separately. The steps of the
overall optimization process are explained in the following sections.

5.1. STEP ONE: HIGHWAY DESIGN ON AUTOCAD CIVIL 3D

To run the module and optimize the vertical alignment successfully, initial geometric design should be
available in the AutoCAD Civil 3D. There are six steps to be completed for the preparation of atrial
geometric design:

Digital terrain map of the surface is created,

Horizontal alignment is established,

Ground profile and vertical alignments are established,
Assembly (cross section) is created,

Corridor and corridor surface are created,

Volume surfaceis created.

S A o

In Appendix B; highway design steps on AutoCAD Civil 3D are explained in detail. Much detailed
information can be found on AutoCAD Civil 3D User s Guide (User s Guide, AutoCAD Civil 3D
2011, 2010).

5.2. STEP TWO: EARTHWORK TRANSPORTATION COST

To calculate the earthwork transportation cost, it is necessary to draw the mass haul diagram and
calculate the costs of waste, barrow and hauling based on optimum mass haul strategy manually.

Mass Haul Diagram is the plot of cumulative cut-fill volume versus distance and it is a tool to select
the most economic scheme for the earthwork transportation. In cumulative volume calculation, cut
volumes are taken as positive and fill volumes are taken as negative. To draw the mass haul diagram,
the cut and fill areas of the cross sections at regular stations and then the cut and/or fill volumes
between successive stations should be calculated. In this study, the mass haul diagrams created by the
AutoCAD Civil 3D are used directly. The details for creating mass haul diagram in AutoCAD Civil
3D isexplained in Appendix B.7.

5.2.1. SELECTION OF ECONOMIC BALANCE LINE

The economic hauling strategy and the corresponding earthwork transportation cost are based on by

the economic balance line to be selected for the mass haul diagram. The balance lines are the

horizontal lines drawn on the mass haul diagram. A balance line stars at a point on the mass curve and
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ends at another point on the mass curve. The cut and fill volumes between two successive points of
the balance line on the mass curve are equal and they are balanced. The detailed information about
mass haul diagrams can be found in many standard reference books. The Introduction to
Transportation Engineering by Banks (Banks, 1998) is one such reference book.

The product of a volume of material times the average distance it is transported is referred to as haul
and is expressed in stations times cubic meters The distance across a loop, say the distance labeled x
in Figure 35, represents the distance that a particular unit volume of material (represented by the
differential element dV) would be hauled. Integration of xdV between particular limits gives the total
amount of haul between those limits. This means that total haul is represented on the diagram by the
areas under the curve between given limits (Banks, 1998).

Hauling within 100m distance is taken as free hauling in Turkish practice, for distances longer than
100m,; the unit price for hauling was calculated from Eq.1.

The unbalanced waste and borrow material volumes are obtained from the mass diagram as shown in
Figure 35. The unit prices are calculated by using Eq.2.

. Waste
Cumulative
earthwork Volume
volurne

Borrow e |
Volume Station |

Figure 35: Propertiesfrom mass diagrams, from Banks

Hauling strategy is determined by the location of the balance line. For the most economical hauling it
is necessary to select a balance line that would release the minimum earthwork transportation cost.
The problem of selecting the most economical balance lines for a given mass haul diagram requires
minimizing the total earthwork transportation cost function.

For this purpose, the limit of economic hauling distance should be determined. The limit of
economical haul (LEH) was determined by finding the distance for which the cost of hauling a unit
volume of material from cut to fill is equal to the sum of the costs of barrow and waste. The condition
for the economic hauling is then:

D) (10)

The LEH is the average haul distance (M) that satisfies the equality given by Eq.10. Inserting the unit
price relations given by Eq.1 and Eq.2 into EqQ.10, the parameter ~ can be solved and by taking the

square of it the average haul distance M which is the limit of the average economical haul (LEH) can
be determined.

By knowing the LEH, the economic balance line which defines the most economic hauling scheme
can be drawn for any given mass haul diagram. The selection of the most economic balance line is
done in a stepwise manner by studying the mass haul diagram loop by loop. For a single loop, the
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balance line that release an average haul distance equal to LEH is the most economic one provided
that such a balance line is possible. For two loops in succession, the economic balance line is the line
which has equal bases for crest and sag loops. An example of two loops in succession and its

economic balance line is demonstrated in Figure 36.

AB =BC

Figure 36: Balanceline at even number of loops

The specia treatment applied for two loop case as shown in Figure 36 can be generalized for
successive even number of loops by drawing a balance line that satisfy the equality of summation of

base of crest loops and summation of the bases of sag loops.

For odd number of multiple loops, balance lines were created optimally as shown in Figure 37.

N\ C

L3

o ,_/‘//

VL1+ VL3 = VL2 + YLEH

Figure 37: Balanceline at odd number of loops

Once the economic balance line is selected, the volumes are obtained from the mass haul diagram and
the costs are calculated by using Equations 6, 7, 8, and 9 mentioned in Chapter 3.1. In this study, an
excel sheet was prepared for the calculations, and the volumes were calculated from the mass haul

diagram manually by using the tabulated data.
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5.3. STEP THREE: MODULE APPLICATION

The module Earthworker is used in this step. To u se the module, installation of AutoCAD Civil 3D
and Visual Basic enabler application are necessary. After setup, the necessary data explained in
Chapter 4 should be inserted into the module for optimization. The details of the setup procedure and
the usage of the module are explained in Appendix C.

By performing the RUN function of the module thre e times with different meshes, the stepwise
direct search is applied to the vertical alignment. Before and after each step of application with
different meshes, the earthwork transportation cost is calculated and added to the total earthwork cost.

In summary, first the highway geometry is designed in AutoCAD Civil 3D, then the earthwork
transportation cost is calculated separately and the first step of optimization with coarse mesh is
applied. After the first step, the mass haul diagram is revised and second step of optimization with fine
mesh is applied. By the application of the third step of optimization with finest mesh, the procedure is
completed and the final mass haul diagramis revised.
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CHAPTER 6

CASE STUDIES

In this study, a number of optimization trials have been made on imaginary and real highway designs
during the development of the process. In this chapter, optimizations on three virtual projects and a
real highway project are presented

6.1. VIRTUAL ROADS

To demonstrate the progress, three virtual roads of 1km lengths are designed and optimized. The roads
are designed to illustrate the study on three different terrain types; flat, rolling and mountainous. Three
scenarios were made according to the terrain type; the maximum allowable gradient of the vertical
alignment of the highway, the earthwork unit prices and the average distances to borrow pits and
dumping areas have selected accordingly. In all the three design roads, the cross section is taken as the
basic divided highway assembly of AutoCAD Civil 3D. This cross section is 34m wide and has two
lanes of 3.6m, with 2.4m length shoulders and medians of 6.0m on both directions.

The process is done with a computer with i7 type quad core 3.40GHz of processor with 8GB of ram
and 4GB graphic card. With this configuration, volume calculations for the virtual roads for one run
take approximately 3.5sec. Since the process will continue until there is no more improvement, the
total computation time varies depending on the run numbers to reach the lowest cost solution in each

step.

For each road, first the plan views are illustrated in Figures 39, 41 and 43. The general properties are
listed in Tables 7, 11 and 15 respectively for roads 1, 2 and 3. The optimization statistics are also
tabulated in Tables 8 and 9 for road 1, in Tables 12 and 13 for road 2 and in Tables 16 and 17 for road
3.

Additionally the initial and final vertical alignments are demonstrated with blue and red colors in
Figures 40, 42 and 44 and finally the summary tables are presented in Tables 10, 14 and 18,
respectively for roads 1, 2 and 3.
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VIRTUAL ROAD 1. FLAT TERRAIN

START

Figure 38: Road 1; plan view

Table 7: Road 1; general properties

PROPERTIES
Total Surface Area (m2) 1619290
Total Number of Surface Data 19663
Length of the Road (m) 1000
Right of Way Width (m) 34
Total Number of PVI Examined 3
Max Vertical Gradient (%) 6
Soil Type soft
Cut Price (TL/m3) 171
Fill Price (TL/m3) 1.49
Cut Material Usage Ratio (%) 80
Borrow Excavation Price (TL/m3) 1.45
Average Distance to Borrow Pit (m) 2000
Average Distance to Waste Area(m) 2000
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Table 8: Road 1; step by step cost changes

MESH

START

END

DIFFERENC
E

C(transport
) (TL)

C(cut&fill
) (TL)

C(earthwork
) (TL)

C(transport
) (TL)

C(cut&fill
) (TL)

C(earthwork
) (TL)

C(earthwork)
(L)

COARS

449,281.00

424,259.4
5

873,540.45

161,133.00

368,949.2
4

530,082.24

343,458.21

FINE

161,133.00

368,949.2
4

530,082.24

95,819.50

359,968.3
0

455,787.80

74,294.44

Fl

NEST | 95,819.50

359,968.3
0

455,787.80

80,685.00

357,297.4
3

437,982.43

17,805.36

Table 9: Road 1; step by step PVI locations

PVI

INITIAL

AFTER COARSE
MESH

AFTER FINE MESH

AFTER FINEST
MESH

Station
(m)

Elevation

(m)

Station
(m)

Elevation

(m)

Station
(m)

Elevation

(m)

Station
(m)

Elevation

(m)

0+000.00

878.00

0+000.00

878.00

0+000.00

878.00

0+000.00
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0+144.00
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0+164.00
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0+164.00
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0+280.00
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879.50

0+490.00

873.50

0+430.00

875.50

0+414.00

876.50

0+394.00

877.00
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1+000.00
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1+000.00

878.00

1+000.00
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1+000.00

878.00
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870

865
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Figure 39: Road 1; initial and final alignments

Table 10: Road 1; optimization summary

TOTAL
INITIAL FINAL DIFFERENCE COMPUTER
C(earthwork) C(earthwork) No. of .
(TL) (TL) C(earthwork) (TL) runs Time
873,540.45 437,982.43 435,558.02 405 27 21"
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VIRTUAL ROAD 2: ROLLING TERRAIN

Figure 40: Road 2; plan view

Table 11: Road 2; general properties

PROPERTIES
Total Surface Area (m2) © 1619688
Total Number of Surface Data ;9571
Length of the Road (m) ;1000
Right of Way Width (m) 34
Total Number of PV Examined 5
Max Vertical Gradient (%) . 8
Soil Type © medium
Cut Price (TL/m3) : 540
Fill Price (TL/m3) . 0.80
Cut Material Usage Ratio (%) ;90
Borrow Excavation Price (TL/m3) : 514
Average Distance to Borrow Pit (m) ;1000
Average Distance to Waste Area(m) ;1000




Table 12: Road 2; step by step cost changes

START END DIFFEERENC
MESH
C(transport | C(cut&fill) | C(earthwork | C(transport | C(cut&fill) | C(earthwork | C(earthwork)
) (TL) (TL) ) (TL) ) (TL) (TL) ) (TL) (TL)
COéRS 206,976.00 1,409i538.9 1,616i514.9 43,698.00 1,064%601.0 1,108%299.0 508,215.84
FINE 43,698.00 1,064%601.0 1,108%299.0 43,698.00 1,064%601.0 1,108%299.0 0.00
FINEST | 43,698.00 1,064%601.0 1,108%299.0 42,478.00 1,0636229.0 1,105(,3707.0 2,592.01
Table 13: Road 2; step by step PVI locations
AFTER COARSE AFTER FINEST
PV INITIAL MESH AFTER FINE MESH MESH
No Station Elevation Station Elevation Station Elevation Station Elevation
(m) (m) (m) (m) (m) (m) (m) (m)
0 0+000.00 715.00 0+000.00 715.00 0+000.00 715.00 0+000.00 715.00
1 0+115.00 712.60 0+115.00 714.60 0+115.00 714.60 0+115.00 714.60
2 0+390.00 718.10 0+390.00 720.10 0+390.00 720.10 0+390.00 720.10
3 0+575.00 715.40 0+565.00 717.40 0+565.00 717.40 0+560.00 717.40
4 0+790.00 717.00 0+780.00 717.00 0+780.00 717.00 0+785.00 717.00
5 0+900.00 712.00 0+900.00 712.00 0+900.00 712.00 0+890.00 712.00
6 1+000.00 715.00 1+000.00 715.00 1+000.00 715.00 1+000.00 715.00
ELEVATION (m)
INITIAL
&s FINAL ‘
720 T e
5 77| T T ] ] TS
710
705
8 STATION(m) S 8
o Vel o
T + T
o o —
Figure 41: Road 2; initial and final alignments
Table 14: Road 2; optimization summary
TOTAL
INITIAL FINAL DIFFERENCE COMPUTER
C(earthwork) C(earthwork) C(earthwork) .
(TL) (TL) (TL) No. of runs Time
1,616,514.91 1,105,707.06 510,807.85 315 17 29"
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VIRTUAL ROAD 3: MOUNTAINOUS TERRAIN

Figure 42: Road 3; plan view

Table 15: Road 3; general properties

PROPERTIES
Total Surface Area (m?2) : 1597363
Total Number of Surface Data : 9226
Length of the Road (m) ;1000
Right of Way Width (m) 34
Total Number of PVI Examined : 4
Max Vertical Gradient (%) 12
Soil Type . hard
Cut Price (TL/m3) © 6.45
Fill Price (TL/m3) : 025
Cut Material Usage Ratio (%) . 95
Borrow Excavation Price (TL/m3) © 6.19
Average Distance to Borrow Pit (m) : 500
Average Distance to Waste Area(m) ;1000
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Table 16: Road 3; step by step cost changes

START END DIFFERENCE
MESH - -
C(transport) | C(cut&fill) | C(earthwork) | C(transport) | C(cut&fill) | C(earthwork) | C(earthwork)
(TL) (TL) (TL) (TL) (TL) (TL) (TL)
COARSE | 188,280.50 | 1,163,969.51 | 1,352,250.01 | 98,077.00 | 851,632.17 | 949,709.17 402,540.84
FINE 98,077.00 | 851,632.17 | 949,709.17 | 109,652.50 | 844,716.65 | 954,369.15 -4,659.99
FINEST | 109,652.50 | 844,716.65 | 954,369.15 | 107,157.00 | 838,536.00 | 945,693.00 8,676.16
Table 17: Road 3; step by step PVI locations
AFTER COARSE AFTER FINEST
PV| INITIAL MESH AFTER FINE MESH MESH
No Station Elevation Station Elevation Station Elevation Station Elevation
(m) (m) (m) (m) (m) (m) (m) (m)
0 0+000.00 932.73 0+000.00 932.73 0+000.00 932.73 0+000.00 932.73
1 0+353.75 966.23 0+343.75 968.23 0+351.75 969.23 0+346.75 968.73
2 0+556.01 976.10 0+606.01 978.10 0+582.01 978.10 0+592.01 978.10
3 0+821.42 966.32 0+821.42 966.32 0+821.42 966.32 0+816.42 966.82
4 0+909.2 956.03 0+909.2 956.03 0+909.2 956.03 0+904.2 956.53
5 1+000.00 945.53 1+000.00 945.53 1+000.00 945.53 1+000.00 945.53
ELEVATION (m)
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Figure 43: Road 3; initial and final alignments

Table 18: Road 3; optimization summary

TOTAL
INITIAL FINAL DIFFERENCE COMPUTER
C(earthwork) | C(earthwork) | C(earthwork) .
(TL) (TL) (TL) No. of runs Time
1,352,250.01 | 945,693.00 406,557.01 468 24 3"
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For all three roads, considerable amounts of cost reductions are achieved by the application of the
optimization process. The cost reductions are tabulated for all three roads separately for cut and fill

costs and earthwork transportation costs and overall earthwork costsin Table 19.

Table 19: Cost changesfor threeroads

COST CHANGES
C(transport) (TL) C(cut&fill) (TL) C(earthwork) (TL)
ROAD 1: 368,596.00 66,962.02 435,558.02
ROAD 2: 164,498.00 346,309.85 510,807.85
ROAD 3: 81,123.50 325,433.51 406,557.01

Additionally, the percent ratios of cost reductions per initial earthwork costs are also tabulated in
Table 20. As expected, the cut and fill cost reduction percentages observed for highways on flat
terrain are less than the percentages observed for the highways on mountainous terrain. Another
interesting point to mention is that the earthwork transportation cost reductions on flat terrain are
greater than the reductions on mountainous terrain.

Table 20: Cost changeratiosfor threeroads

COST CHANGES/INITIAL EARTHWORK COST
C(transport) (%) C(cut&fill) (%) C(earthwork) (%)
ROAD 1: 42.20 7.67 49.87
ROAD 2: 10.18 21.42 31.60
ROAD 3: 6.00 24.07 30.07

6.2. ASEGMENT OF KASTAMONU TA K PR ROAD

In this section, a real life highway design was optimized by the method suggested in this study. The
design road is a relocation road between Hann and Ta k pr in the province of Kastamonu. The
road is called Kastamonu - Ta k pr road. The start and end points of the project are at km:
54+552.81 and km: 64+248.82 respectively, as can be seen on Figure 44 aso with the location of the
road. The reason for relocation is a planned hydroelectricity power plant which will submerge the old
road under water. The total length of the road is approximately 10 kilometers. For the optimization
process, a piece of approximately 2.5 kilometers was chosen.
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Figure 44: Location of the Kastamonu - Ta k pr road

The start km of the road was changed to 0+000.00 as the necessity to work the module, as explained

in Appendix B. The plan view of the road segment is demonstrated in Figure 45.

PROJECT START

PROJECT END

KM: 02+467.75

Scale:
100m  500m

Figure 45: Plan of Kastamonu Ta k pr road
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The data tables for the Kastamonu - Ta k pr road are prepared in general properties, cost changes,
PVI locations and optimization summary separately in Tables 21 through 24. Also initial and final
vertical alignments are demonstrated on the same profile view given in Figure 46. Much detailed
information about the study can be found in Appendix D.

Table 21: General propertiesof Kastamonu Ta k pr road

PROPERTIES
Total Surface Area (m?2) 960200
Total Number of Surface Data 3473
Length of the Road (m) 2467.751
Right of Way Width (m) : 26
Total Number of PVI Examined ;4
Max Vertical Gradient (%) . 8
Soil Type (mixed) :
-s0il 40%
-loose rock 30%
-soft rock 25%
-hard rock 5%
Cut Price (TL/m3) 3.1395
Fill Price (TL/m3) 0.9110
Cut Material Usage Ratio (%) 87.5
Borrow Excavation Price (TL/m3) 2.9870
Average Distance to Borrow Pit (m) 1200
Average Distance to Waste Area(m) 600

Table 22: Kastamonu-Ta k pr road; step by step cost changes

START END DIFFERENCE
MESH C(transport) | C(cut&fill) | C(earthwork) | C(transport) | C(cut&fill) | C(earthwork) | C(earthwork)
(TL) (TL) (TL) (TL) (TL) (TL) (TL)
COARSE | 312,834.50 | 1,097,576.49 | 1,410,410.99 | 215,188.00 | 828,706.83 | 1,043,894.83 | 366,516.16
FINE 215,188.00 | 828,706.83 | 1,043,894.83 | 215,188.00 | 828,706.83 | 1,043,894.83 0.00
FINEST | 215,188.00 | 828,706.83 | 1,043,894.83 | 214,475.00 | 828,464.15 | 1,042,939.15 955.68
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Table 23: Kastamonu-Ta k pr road; step by step PVI locations

AFTER COARSE

AFTER FINEST

PV INITIAL MESH AFTER FINE MESH MESH
No Station Elevation Station Elevation Station Elevation Station Elevation
(m) (m) (m) (m) (m) (m) (m) (m)

0 0+000.00 546.31 0+000.00 546.31 0+000.00 546.31 0+000.00 546.31
1 0+127.55 549.00 0+127.55 551.00 0+127.55 551.00 0+122.55 551.00
2 0+447.55 545.00 0+427.55 543.00 0+427.55 543.00 0+427.55 543.00
3 1+207.55 513.80 1+187.55 511.80 1+187.55 511.80 1+187.55 511.80
4 2+102.55 520.70 2+132.55 520.70 2+132.55 520.70 2+132.55 520.70
5 2+467.75 538.05 2+467.75 538.05 2+467.75 538.05 2+467.75 538.05
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Table 24: Kastamonu-Ta k pr road; optimization summary

TOTAL
INITIAL FINAL DIFFERENCE COMPUTER
C(earthwork) | C(earthwork) | C(earthwork) .
(TL) (TL) (TL) No. of runs Time
1,410,410.99 | 1,042,939.15 | 367,471.84 288 23 23"
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Because of the continuous growth in transportation needs of our contemporary societies, the need for
expansion and improvement of existing highway networks are inevitable. Construction of new
facilities and improvement of existing ones necessitate enormous investments and improper designs
may result in serious economic costs. For this reason, there are several studiesin literature that aim to
optimize the highway alignments while minimizing the costs. The optimizing process for a highway
alignment with its three dimensional geometry and the random nature of the topography is a
multivariable, complex and non-differentiable problem. As a result, no optimizing strategy has been
developed yet to find the best or minimum cost solution for a given highway problem. The methods
developed and suggested in literature are simplified and generally aim to reach very rough solutions.

In this thesis work, it is aimed to optimize any vertical alignment alternative constructed by the
designer for an existing or an already fixed horizontal alignment of a highway on a given topography.
The direct search technique was selected as the method for optimizing. The base case condition is
taken asthe initial vertical alignment constructed by the designer. The optimizing processis applied in
a stepwise manner and the solution space at every step is bounded by moving the initial PVI s only to
some neighbor points around the initial ones. For optimizing process a program module was prepared
using Visual Basic programming language and integrated to AutoCAD Civil 3D software. The idea
behind using CAD software as the working platform is to create a practical and efficient optimization
tool to be used in vertical alignments of real highway projects.

The cut and fill volumes are obtained directly from the CAD software and the unit prices of General
Directorate of Highways, Directorate of Construction and Consultancy Tenders Section (Karayollar
Genel M drl , 2012) are used in the calculation of the earthwo rk costs. At the end of each step of
optimization the mass haul diagram was obtained from CAD program and the earthwork
transportation costs are calculated based on economic hauling consideration. Although the calculation
of the earthwork transportation cost from the mass haul diagram is a very complicated task, earthwork
costs will only be precise when cost of hauling is also included. The total earthwork cost is found by
the summation of excavation, embankment and earthwork transportation costs at the end of each step.

Although the earthwork transportation costs generally decrease with the decrease of the cut and fill
volumes, the reverse may also be encountered from time to time depending on the cut and fill
locations through the highway. As an example, in the virtual road 3 studied herein, although the cut
and fill costs were decreased, the earthwork transportation cost calculated after the second step is
obtained higher than the previous one, resulting a higher earthwork cost in total.

The optimization method was tested on several virtual projects and a real highway project.
Considerable earthwork cost reductions were achieved for all of them.

In virtual road project 1, the earthwork cost is reduced from 873.540,45 TL to 437.982,43 TL by the
application of optimizing process. This reduction corresponds to 49.87%. It is interesting that the
reduction in the earthwork transportation cost is the biggest part of the overall reduction. The
earthwork transportation cost reduction is from 449.281,00 TL to 80.685,00 TL.
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In virtual road project 2, the percent reduction achieved is 31.60%. The overall cost is reduced from
1.616.514,91 TL to 1.105.707,06 TL with a reduction of 510,807.85 TL. The share of transportation
cost reduction is 164,498.00 TL.

Invirtual road project 3, the earthwork cost is reduced by 30.07%. The initial cost of 1.352.250,01 TL
isreduced to 945.693,00 TL. The transportation cost reduction is only 81,123.50 TL out of 406,557.01
TL total.

In Kastamonu-Ta k pr road project, 26.05% reduction is achieved in total earthwork cost. The initial
and the final costs are 1.410.410,99 TL and 1.042.939,15 TL respectively. For this highway the
decrease in the earthwork transportation cost is only 98,359.50 TL out of 367,471.84 TL total.

The results are seemed quite satisfying; the earthwork costs on the studied alignments were decreased
significantly by the application of the optimization process.

Considering the wide usage of the AutoCAD Civil 3D software in highway designs, the optimization
method developed can be considered as a practical and efficient method for the designers. By using
AutoCAD Civil 3D in earthwork volume calculations, the volumes are calculated precisely in this
study.

The method can be improved by including the earthwork transportation costs calculation from mass
haul diagram directly in the program module in further studies.
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APPENDIX A

CODE OF THE MODULE EARTHWORKER
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APPENDIX B

HIGHWAY DESIGN ON AUTOCAD CIVIL 3D

Items necessary in geometric design of the highway section should be defined in the drawing file step
by step. There are numerous ways to create these items using the software, but only a typical
procedure for each step is explained here. Much detailed information can be found on AutoCAD Civil
3D User s Guide (User s Guide, AutoCAD Civil 3D 2011, 2010).

The AutoCAD Civil 3D interface with an empty drawing is demonstrated in Figure 47.
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Figure 47: AutoCAD Civil 3D interface

B.1. GROUND SURFACE

A surface is the digital representation of the project area. To start the highway design, the project area
should first be identified on the drawing. There are various types of surface and surface import
methods available in the software. In highway design, a TIN (triangulated irregular network) surface
was created from contour or random point data, which represents the project area. To prepare the
surface, first an empty surface is created.

To create an empty surface; Click Hometab “ Create Ground Data panel “  Surfaces drop-down “
Create Surface. The command is demonstrated in Figure 48.
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Figure 48: Creating an empty surface

In the Create Surface dialog box, in the Type list, TIN Surface is selected. The default settings can be

used for simplicity; or the user can change the name, description and other parameters for detailed
studies, see Figure 49.

i create surface i =
Twpe: Surface layer:
{TIN surface =] [eTere gi
Properties I Value: I
E Information
Mame Surface <[Mext Counter{CP}] =
Description Description
Style Contours 2m and 10m (Background)
Render Material ByLayer

@ Selecting ok will create a new surface which will appear in the list of surfaces in Prospectar.

O I Cancel Help

Figure 49: Create Surface dialog box

After creating an empty surface, the next step is to insert the map data to the surface. Usually, contour
or random elevation points were available as map data. The contours or points were first copied to the
drawing, and then inserted.

To insert the data; Prospector tab: Surfaces* <surface-name>“ Definition“ right-click “ <data-
type>*“ Add. The command is demonstrated in Figure 50.
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Figure 50: Adding contoursto the design surface

The next dialog box can be accepted directly with default settings, see Figure 51. The detailed changes
of these settings can be applied in further studies. Finally the items are selected from the drawing and
inserted to the surface. At random point data, the data type can be selected as drawing objects and the
same procedure can be applied.
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Figure51: Add contour data dialog box

B.2.ALIGNMENT

The next step in AutoCAD Civil 3D design isto create the aignment. The alignment here refersto the
horizontal alignment of highway, and vertical alignment will be created later in profiles section.
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Alignments can be stand-alone objects or the parent object of profiles, sections, and corridors. If you
edit an alignment, the changes are automatically reflected in any related objects (User s Guide,
AutoCAD Civil 3D 2011, 2010).

As with the creation of the surface, there are various ways to create the alignment. Here, creating an
Alignment with the Alignment Creation Tools is explained.

To create an alignment; Click Home tab “ Create Design panel “ Alignment drop-down
Alignment Creation Tools. The command is demonstrated in Figure 52.

{8} Civil 3D AutoCAD Civil 30 201
Insert  &Anotabe  Modify i Cutput Manage Help:  Online Add-Ins Expr
@ Tﬁ?n Q Import Survey Data Parcel = 7% Alignment - $ Intersections « M Profile view =
% y ’
Points = Feature Line + || 4— le Li
IToolspace ﬁ (=] =$ "') " iiiﬂliqnment Creation Tools RELEIES
@ Surfaces = @ Grading = = jon Yiews v
| | o i
Palettes | Create Ground Data | 1__"3 Create Bef Alignment Creation Tools
Y h Creates an alignment using the Alignment L
pilodispns =1Topll| =5
oy o= |z| '__'I} Create At This tacthar provides bwo bvpes of alianmer]
- 5 *  Freehand drawing fools for lines, cu
5 '
iM‘iSter e Bl = EL Create sl *  Constraint-based tools thet defi
- 1
[{,}] Paint Groups ;I g i} parameters such az length and radiul
i & (T y
@ Paint Clouds g_\‘r\ Create Blif Jo view the vidkeo, inatal the fatest Advbe
—J--@ Surfaces =) = Abtpafiget. adobe, comiflashplayery
© ¢ S 22 e
Create &lig =1 -
CreatealignmentLayouk
BT alignments 5 4 - . ks
-
E siE g e | Press F1 for more help
@ Catchments ﬁ Create Offset Aligrment
[J--sﬁ Pipe Metworks L
- = 2+, Create Wideni
[ carridars s 1525 Wisening
B Assemblies
* Intersections o
=
ILII--?&4 Survey U5_|
] Yiew Frame Groups
[—]IE Data shortcuts [1 |
5 fﬁ surfaces
- ﬁ Alignments o
B 2 2

Figure 52: Alignment creation

Like the previous steps, the general settings can be changed from the dialog box opened, or can be | eft
as default settings, as will be done here. All the settings can be changed, except the starting station
data. Although the starting station can be changed in highway projectsin rea life, the study alignment
should be started at 0+000.00 km, to run the optimization module Earthworker successfully. Seethe
dialog box in Figure 53.
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Figure53: Create alignment dialog box

By accepting the settings, the Alignment Layout Tools toolbar (see Figure 54) pops up to create the
alignment. By using thistoolbar, the alignment can be created in various ways.

= b

Av BAIB /v av e Oy P | A2 2| 0DADPE| & &

‘_—I-’_

!Sé_lett a command From Ehe layout baols i5|':-ira| Type: Clathoid

Figure 54: Alignment Layout Toolstoolbar

The basic technique is first to draw the straight lines as per the standard application, then curve

application. First, draw tangent-tangent command is selected and the intersection points are
established on the surface.
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o | A BE| G
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Isele
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Figure55: Draw Tangent-Tangent command

79



Figure 56: Drawing Tangent-Tangent lines without cuve

Then, the curves are fitted between the lines Hingg the alignment creation. To establish a curve
between two lines, there are various ways alsedistelow the curve fit button in Alignment Layout

Tools toolbar. Free Curve Fillet (Between two éesit radius) is used and demonstrated in Figure 57
and Figure 58.

Figure 57: Free Curve Fillet (Between two entities;adius) command

Figure 58: Curve fit operation
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